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Preface

After a 2-year absence, the British Carbon Group was delighted to organise the
21st edition of the World Conference on Carbon at Imperial College London.
Since the first World Conference on Carbon in 2000, scientists from around the
globe have met annually to discuss and celebrate advancements in the field of
carbon science - together in-person - and we continued that tradition in 2022.
It was especially appropriate that we met at Imperial College London. This was
the institution where Professor A. R Ubbelohde established his Carbon
Research Laboratory and organised the First UK Industrial Carbon and Graphite
Conference (one of the precursors to the World Conference on Carbon), held
in 1957 in London — 65 years ago.

Alfred R. J. P. Ubbelohde
The United Kingdom has a long history of carbon science starting with the ‘discovery’ of plumbago
(natural graphite) in Cumbria in 1564 during the reign of Elizabeth | — the word graphite didn’t really
exist until several centuries later when proposed by Werner and Harsten in 1879. Carbon science in
the UK has a long tradition associated with the rich coal fields found in the North of England and
through this led to many achievements including Rosalind Franklin’s very influential work on
graphitizing and non-graphitizing carbons. Certainly, the familiarity with industrial carbon materials
influenced the UK’s decision to focus on graphite-moderated civil nuclear power since the 1940s.
This era of the Advanced Gas-cooled fleet of nuclear electricity generation is coming to an end which
creates new challenges. Indeed, the UK has had a long association with industrial carbons, from
major production of anode carbons in Sheffield until the 1990s, to modern composites technology
especially in sports such as Formula One. Later the work by Sir Harry Kroto and colleagues on
Buckminsterfullerene led to the 1996 Nobel Prize, with a second Nobel prize in 2010 for Sir Andre
Geim and Sir Konstantin Novoselov, for their work on graphene. Carbon science has a rich and
influential history, but this conference showed it has a bright future too.

We had over 300 registered attendees with 45 countries represented, and over 200 talks and 150
posters presented. This extended abstract book represents a summary of some of the excellent
work seen over the week. We look forward to the discussions continuing in 2023 in Mexico!
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Keywords

Guest@host nanocomposites, zeolitic imidazolate frameworks (ZIFs), polyoxometalates (POMs), MOF-derived
nanocarbons, carbonization, electrocatalysis, oxygen evolution reaction (OER), oxygen reduction reaction
(ORR).

INTRODUCTION

The oxygen reduction and the oxygen evolution reactions (ORR and OER, respectively) are crucial
energy-related processes that take place in fuel cell and electrolyzer systems, correspondingly. In
addition, for the development of affordable and efficient unitized regenerative fuel cell (URFC)
devices (FIGURE 1) —systems that can act as electrolyzer or fuel cell depending on the energy
requirements in each period—, electrocatalysts (ECs) must present bifunctionality towards these
two processes (Freire, 2018). Thereby, regarding the real implementation of these devices, new
materials —alternative to the expensive state-of-the-art benchmarks: Pt/C for ORR, and RuO, and
IrO, for OER— are required, stimulating the quest for candidates to bifunctional EC during the last
years. In this context, nanostructured carbons obtained from metal-organic frameworks pyrolysis, i.
e., MOF-derived nanocarbons, have recently attracted a lot of attention due to their remarkable
structural and electrochemical features: carbon-embedded and well dispersed metal-containing
nanoparticles (NPs), presence of heteroatoms in the carbon matrix, and significant conductivity and
stability (Abdelkader-Ferndndez, 2019). Taking advantage of guest@host polyoxometalate
(POM)@MOF nanocomposites —previously developed in our group (Abdelkader-Fernandez, 2020;
Abdelkader-Fernandez, 2020)— with good performances towards the catalysis of the OER process,
but insufficient ORR activity, we have produced a set of POM@MOF-derived nanocarbons. Thus, we
present a study focused on the carbonization of a POM@MOF nanocomposite in which the POM
units (PW11Co) are individually confined inside the MOF (a cobalt-containing zeolitic imidazole
framework, ZIF-67) cavities.

EXPERIMENTAL

In-situ synthesis of guest@host PWi1:.Co@ZIF-67 nanocomposite. Co(NOs),:6H,0 methanolic
solution was mixed with a PW1;Co aqueous solution and stirred for 30 min. Next, 2-methylimidazole
methanolic solution was added, resulting in a violet mixture. After additional stirring for 2.5 h, the
purple fine powder was collected by centrifugation, washed with water and methanol, and dried.
Preparation of nanostructured materials derived from PWi1:.Co@ZIF-67. PW1,;Co@ZIF-67 was
employed as a sacrificial precursor/template to produce a set of five derived samples via thermal
treatments performed in a tubular furnace, and using different hold temperatures (200, 400, 500,
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600, and 950 °C) for 2 h, under N; flow. Physicochemical characterization. The changes produced by
the thermal treatments on PW1;Co@ZIF-67 composition/structure were assessed by using coupled
plasma optical emission spectrometry (ICP-OES), CHNS analysis, X-ray photoelectron spectroscopy
(XPS), attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, powder X-ray
diffraction (PXRD), Raman spectroscopy, N, and CO, adsorption/desorption measurements, and
transmission electron microscopy (TEM) with energy-dispersive X-ray spectroscopy (EDS).
Electrochemical characterization. Electrocatalytically active surface areas (ECSA), intrinsic
electrochemistry, and electrocatalytic performances toward ORR and OER were evaluated via the
acquisition of the corresponding cyclic and linear sweep voltammetry (CV and LSV, respectively)
plots utilizing a standard 3-electrode cell setup coupled to a potentiostat/galvanostat station by
modifying the glassy carbon working electrode with the selected sample (EC) ink.

FIGURE 1: Schematic illustration of a hydrogen/air fuel cell and electrolyzer principle of operation (Freire,
2018).

RESULTS

The two first derivatives —D200 and D400— show the same nanoarrangement that PW1:Co@ZIF-67,
although with incipient signs of both POM and ZIF-67 structural decompositions. Then, the following
samples —D500, D600, and D950— exhibit a carbonaceous nature consisting of C-embedded
compositionally complex nanoparticles that involve Co and W presented in diverse species —
metallic/oxide/phosphate/phosphide—. See the evolution of Raman profile in FIGURE 2a. Regarding
their electrocatalytic performances toward both OER and ORR processes, the corresponding
polarization curves obtained via LSV measurements in alkaline electrolyte are collected in FIGURE
2b.

CONCLUSIONS

The D200 and D400 samples undergo very limited modifications in both ZIF-67 skeleton and
confined PW1;Co units. These concurrent POM/ZIF partial decompositions probably compromise
their electronic interaction, deteriorating their electrochemical/catalytical features. Noteworthily,
D500 exhibits finely dispersed few nm-sized Co-enriched NPs embedded in a highly disordered C
matrix. In contrast, in D600 and D950, the higher treatment T generate two types of large-sized NPs,
one enriched in Co and one enriched in W —with low amounts of phosphates and phosphides
derived from PWi;Co—. As a consequence of the increasing T, these two samples show more
ordered C matrixes. Although the three carbonaceous derivatives undergo drastic ECSA drops, likely
caused by the collapse of the pristine ZIF-67 microporosity, their CV plots involve new anodic peaks
indicating an enhancement of their intrinsic electrochemistry. Apart from the new peaks, the CV of
D500 presents elevated current density, probably originated from an effective interaction between
its abundant doping N moieties —specially pyridinic groups— and the very small-sized Co-containing



NPs. The D500, D600, and D950 samples preserve in an important extension the “pristine”
PW1.Co@ZIF-67 OER activity, showing intermediate overpotentials —0.53, 0.53, and 0.50 V,
correspondingly—. More valuable, D500 and D600 generate significant ORR activity levels (with
onset potentials of 0.87 and 0.88 V vs RHE, respectively, and high selectivity levels of 3.6 and 3.7 mol
of electrons per mol of reduced oxygen, respectively) exhibiting an incipient bifunctional character.

FIGURE 2: (a) Raman spectra of PW11Co@ZIF-67 and their derivatives, and (b) ORR and OER LSV curves of the
same samples.
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INTRODUCTION

The design of efficient electrocatalysts for the oxygen reduction reaction (ORR) with low metal content
remains a significant bottleneck to the large-scale commercialisation of devices such as fuel cells or
metal-air batteries. Platinum-based materials are normally used as catalysts due to their high catalytic
activity, chemical stability, and high exchange current density (Yu, 2007). However, high Pt loadings
are required to overcome the kinetic limitations of the ORR, which entails high costs, together with
other important drawbacks such as Pt scarcity or poisoning by CO (Saleh, 2014). In the last years,
several strategies to optimise noble metal utilisation have been developed, such as alloying with non-
noble metal atoms or the reduction of size of the active phase (Liu, 2020). Thereby, not only the
efficiency of the metal utilisation is improved but also the catalytic properties are altered because of
the modification of the chemical environment.

Following these strategies, it has been recently reported that Fe-N-C sites can act as nucleation and
growth centres leading to strong interfacial interactions which are able to modify the electronic
properties and the catalytic activity of Pd nanoparticles (Pd NPs) (Zhong, 2021), which are a known
active phase for the ORR (Nunes, 2020). On the other hand, carbon nitride (CsN4) has been widely
studied as a transition metal host in heterogeneous catalysis and electrocatalysis due to the presence
of surface Lewis basic sites. It has been reported that transition metals can be anchored to CsN,4 basic
sites as ultra-small metal clusters or even as single-atoms (Alemany-Molina, 2022; Li, 2017). However,
its low surface area (~ 10 m?/g) due to strong layer stacking makes difficult the full utilisation of the
active sites.

In this work, highly dispersed Fe or Cu species were anchored on composite supports based on CsN4
and an activated carbon with exceptional textural properties (BET surface area > 3000 m?/g) (Alemany-
Molina, 2022). The carbon support allowed to maximise the Lewis basic groups exposed to the surface
by using a single-step and a reproducible synthetic protocol. Then, Pd NPs were prepared over the
composite materials and the physical-chemical properties and the catalytic performance of the
resulting electrocatalysts were studied.

EXPERIMENTAL

The activated carbon used as support (KUA) was prepared through chemical activation of an anthracite
with KOH. Fe and Cu-C3N4/KUA catalysts were synthesised using the as-prepared KUA and
dicyandiamide as the C3Ns precursor (Alemany-Molina, 2022). For that, KUA was mixed with
dicyandiamide to have a 15 wt% of the initial total mass. Then, the required amount of the metal
precursor (Fe(NOs)s or Cu(NOs);) was added to achieve a nominal metal loading of 1 wt. %. The
resulting mixture was dispersed in water by sonicating in an ultrasound bath for 15 min. After that,
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water was removed by evaporation until dryness. Next, the samples were subjected to a 4 h heat
treatment at 520 2C, with a heating rate of 5 2C/min and 150 mL/min of N,-atmosphere. After that,
Pd NPs were synthesised by standard impregnation method using Pd(O,CCHs), as precursor and
reduction at room temperature using Na(BH,) as the reducing agent (1:5 molar relation) in 30 mL of
acetone. The samples prepared were named Pd/Cu-C3N4/KUA, Pd/Fe-C3N4/KUA. For comparative
purposes, a sample without Cu or Fe was also prepared (sample denoted as (Pd/C3N4/KUA)).

RESULTS

The samples preserved a very high apparent surface area and micropore volume after the modification
with C3Ns and metals. TEM micrographs showed that KUA has a disordered structure which is not
modified after the incorporation of CsN4 and Fe or Cu, indicating that no metal NPs detectable by TEM
were formed. When Pd is prepared in Pd/C3N4/KUA, NPs with sizes ranging from 2 to 10 nm were
formed. However, in presence of the highly dispersed Fe or Cu atoms, the Pd NPs were more
homogeneously distributed, and the average particle size was smaller than 3 nm. N 1s XPS spectra
presented three contributions at binding energies equivalent to those of bare CsN,, although it was
observed an increase in the contribution at 399.5 eV that may be related to the presence of M-N
species. Even though the synthesis of Pd/Cu-C3N4/KUA catalyst was performed under reducing
conditions, the contribution of oxidised Cu detected in the Cu 2p XPS spectra was more important in
Pd/Cu-C3N4/KUA than in Cu-C3N4/KUA sample.

Fe and Cu-C3N4/KUA samples showed better catalytic activity in terms of onset potential (Eonset) and
half-wave potential (E1/2) than that of Pd/C3N4/KUA. However, the performance of those samples is
limited by the selectivity. The percentage of H,0, produced estimated from the number of transferred
electrons obtained from the Koutecky-Levich plot is around 20%. For Pd/C3N4/KUA sample, the
selectivity increased significantly up to 3.8 electrons but both E,nset and E1/> decreased. Interestingly,
it was observed that, when Pd NPs were synthesised in presence of highly dispersed Cu or Fe, the
catalytic activity is as high as in Cu-C3N4/KUA but the outstanding selectivity towards the 4-electron
pathway of the Pd NPs is maintained.

Moreover, the synthesis route can be modified to prepare more active Fe-N-C or Cu-N-C sites by using
high-temperature treatments. It has been observed that, when Pd NPs were prepared using these
samples as support, the electron transfer improved obtaining Tafel slopes lower than that of
commercial Pt/C electrode and Ey, values up to 0.80 V vs. RHE (E1/2(Pt/C)=0.82 V vs. RHE).

(a) Te)"
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1t Fe-C3N4/KUA / (B) 1 | ——Pd/Cu-C3IN4/KUA
Cu-C3N4/KUA / , |~ PaFecaNaKuA /
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E3t e /
:ﬂ /
4 |
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FIGURE 1: A) LSV curves of ORR for the supports and B) Pd modified samples compared to Pt/C commercial
electrode (KOH 0.1 M, 5 mV-s, 1600 rpm).



CONCLUSIONS

Pd NPs are active towards the ORR and show an excellent selectivity to the 4-electron pathway. The
presence of highly dispersed Cu or Fe affects the size of the Pd NPs and produces a synergistic effect
that enhances the catalytic properties.
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INTRODUCTION

The interest for the electrodes based on conductive boron-doped diamond powder (BDDP) is
increasing in recent years due to their excellent physical and chemical stability, the wide potential
window in both aqueous and non-aqueous electrolytes, the relatively large specific surface area, and
their great versatility (Kondo, 2021). BDDP is a boron-doped diamond layer deposited on the surface
of diamond powder (DP), normally obtained by chemical vapor deposition (CVD) procedure, in which
the particle size can be carefully controlled depending on the DP used. In addition, BDDP is a suitable
material for the preparation of inks or pastes, which facilitates the subsequent application. Therefore,
these materials have been recently studied in numerous electrochemical applications, for example as
screen-printed diamond electrodes, preparation of durable Pt-supported catalysts, aqueous electric
double layer capacitors, among others (Matsunaga, 2021; Kondo, 2018; Miyashita, 2019).

Regarding their application in electrochemical reactions, the oxygen reduction reaction (ORR) is a well-
known cathodic reaction that takes place in many electrochemical devices, such as fuel cells or metal-
air batteries, in which platinum (Pt)-based materials are normally used as catalysts due to their high
catalytic activity, chemical stability and high exchange current density (Yu, 2007). However, high Pt
loadings are required to overcome the kinetic limitations of the ORR, which entails high costs, together
with other important drawbacks (Saleh, 2014). Moreover, commercial catalysts for the oxygen
reduction reaction (ORR) based on platinum nanoparticles supported on carbon materials, usually
carbon blacks, show important corrosion problems of the carbon support that limit the durability of
fuel cells.

BDDP-based materials have been proposed as an alternative carbon supports due to their great
electrochemical stability and resistance to corrosion when subjected to highly positive potentials,
which are usually generated during start-stop operations in fuel cells, for example, in automobiles.
Moreover, owing to their wide potential stability range and low double layer current, BDDP substrates
can be used for fundamental electrochemical studies to deeply understand the role of specific
catalysts on different reactions, such as the ORR, as well as to know the influence of the surface
chemistry of BDDP samples in the interaction of catalysts and their electrocatalytic performance.
Therefore, we present three BDDP supports with different particle sizes and different surface oxygen
contents as supports of different iron species for ORR in alkaline solution.
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EXPERIMENTAL

BDDP samples were prepared by depositing a BDD layer on commercially available DP substrate. The
procedure used was the microwave-assisted plasma chemical vapor deposition (MPCVD) (Kondo et al,
2021). Afterwards, two BDDP supports were subjected to oxidizing conditions (4252C for 5 hours) to
remove sp? carbon impurities and to obtain an oxidized surface (O-BDDP), whose particle size
distribution is centred at 150 nm (O-BDDP-150) and 650 nm (O-BDDP-650). In addition, a third material
was obtained by reduction of O-BDDP-150 in hydrogen plasma, obtaining a substrate rich in C-H
terminations (H-BDDP-150).

O-BDDP and H-BDDP supports were modified with carbon nitride (CsN4) or phthalocyanines as
anchoring points for iron. For the preparation of the CsNs-modified materials, Fe precursor (Fe(NOs)s)
was introduced to obtain a nominal metal loading of 1 wt. % and using dicyandiamide as the C3N4
precursor. The samples were subjected to a heat treatment in N>-atmosphere, resulting in Fe-C3Na/H-
BDDP-150, Fe-CsN4/O-BDDP-150 and Fe-CsN4/O-BDDP-650. On the other hand, commercial Fe
phthalocyanine (FePc) was supported onto the BDDP substrates by using the incipient wetness
impregnation method. An appropriate amount of FePc dissolved in DMF (0.1 mg mL™) was mixed with
the BDDP materials to obtain a nominal metal loading of 1 wt. %, resulting in FePc/H-BDDP-150,
FePc/O-BDDP-150 and FePc/O-BDDP-650 samples.

RESULTS

The surface chemical composition was studied by temperature programmed desorption (TPD)
experiments. TPD results evidenced that the surface chemistry of all the substrates was significatively
different, in which O-BDDP-150 shows the highest mass loss. The O-BDDP materials show a total
oxygen content of 1240 umol g and 520 pumol g? for O-BDDP-150 and O-BDDP-650, respectively,
while H-BDDP-150 presents lower amounts of oxygen functional groups, about 300 pmol g
Furthermore, the morphological and structural characteristics were studied by TEM and Raman
spectroscopy, respectively. From Raman profiles, structural differences are minimal between H-BDDP-
150 and O-BDDP-150. O-BDDP-650 shows a clear contribution at 1317 cm™ related to diamond Csp?®
contribution, while the contribution at around 1340 cm™ could be associated to disordered Csp?
graphite impurities (Jawhari, 1995).

Fig. 1 shows the electrocatalytic study towards the ORR for the modified samples. The different
electrocatalytic performance observed confirmed the strong influence of the surface chemistry of the
BDDP supports on the activity of the metallic sites. While Tafel slope values calculated for H-BDDP and
O-BDDP supports were similar, the electron transfer was dependent on the surface chemistry for both
Fe-CsN4 and FePc samples (Fig. 1B). The low amount of oxygen functional groups of H-BDDP-150 leads
to better electrocatalytic performance, which might be associated to a better conductivity and
superior interaction with the Fe species.
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FIGURE 1: A) LSV curves of ORR for Fe-C3N4/H-BDDP-150 and FePc/H-BDDP-150 in 0.1M KOH, 5 mVs™ and B)
Tafel representations for all the samples compared to Pt/C commercial electrode (20 wt.% Pt).

CONCLUSIONS

Three BDDP substrates were modified with Fe species. Hydrogen termination in H-BDDP-150 favoured
the electron transfer for efficient ORR in alkaline medium. Interestingly, the environment of the iron
metal site is also decisive on the electrocatalytic performance towards the ORR.
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INTRODUCTION

Properties of general purpose carbon fibers (GPCF), especially thermal and electrical
conductivities, could be substantially improved by the incorporation graphene into their
structure. In this preliminary work, a coal-tar pitch, free of any solid particle (especially primary
qguinoline insoluble particles, Ql), was used as the fiber precursor and three thermal reduced
graphene oxides, differing in synthesis process, chemical composition and crystalline structure,
as dopant. Both, components were mixed by mechanical procedures in several proportions, and
the resultant graphene doped precursors were transformed into fibers by a multistage process
that involved melt-spinning, stabilization and carbonization. Different behaviors of the graphene-
based materials were observed depending on their characteristics, allowing a guideline of
selection of graphene-based materials to be stablished.

EXPERIMENTAL

A semisynthetic carbochemical coal tar pitch (CTPF), prepared in our laboratories, was used as raw
material. The primary QI particles were removed from the pitch by filtration. The softening point of
this pitch is 2152C. The elemental composition includes a 93 wt.% C, 1.4wt.%0 and 0.5wt.%N.

The graphene materials (thermally reduced graphene oxides) used in this work were prepared via the
chemical route from the same graphite oxide and by subsequent thermal treatment under different
experimental conditions. In one of the treatments, the graphene oxide and subjected to a flash
thermal heating to 3002C followed by their ramp thermal heating up to 10002C (named FlashTRGO-
1000). In other experiments, that graphite oxide was initially sonicated to produce a graphene oxide,
which was then thermally heated to 10002C and 2700 °C, at a heating rate of 5 2C /min (named
RampTRGO-1000 and TRGO-2700, with respect to the final temperature of treatment). Before
utilization, the graphene materials were dispersed in NMP and ultracentrifugated, discarding the solid
fraction recovered.

Figure 1: schematic diagram of the process for pitch dopping and the preparation of graphene dopped
general purpose carbon fiber.
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The graphene doped precursors were prepared by ball milling the mixture graphene/CTPF in different
ration (ranging from 0.025 to 0.5 wt.%) for 2h at room temperature. As comparative purposes, the
non doped precursor was also processed at the same experimental conditions (Blank).

GPCF were prepared by a typical three-stage process that involved melt-spinning, oxidative
stabilization with air and subsequent carbonization. A schematic illustration of the integral process is
shown in Figure 1.

Carbon fibers and precursors were characterized in terms of elemental composition and structure
(SEM). Their electrical conductivity was measured in monofilament by four-point probe method and
current—voltage measurements were done by using Biologic vpm multichanes Potentiostat under
atmospheric conditions.

RESULTS AND DISCUSSION

The characterization of the graphene materials used in this work reveals structural differences among
them, which is a consequence of their different processing conditions during the thermal reduction.
Thus, the grapehenes prepared from the graphite oxide by means of a flash procedure (comprising
their thermal exfoliations and reduction in the same step) exhibit more corrugated graphene sheets
(Figure 2,a). In contrast, the previous separation of the graphene oxide sheets by sonication and
subsequent ramp-based thermal heating allows obtaining more planar graphene sheets (Figure 2, b).

The doped precursors (containing from 0.025 to 0.5 wt.% of graphene material) were melt-spun and
the green fibers so obtained analysed by SEM. It was determined that, in comparison with the smooth
surface showed by doped fibers containing ramp-based grapehenes (Figure 2d), the utilization of
graphene materials from Flash treatments led, in all cases, to defects in the surface of the fiber (Figure
2, c), thus discarding their utilization as dopant in carbon fiber precursors. Additionally, it was
determined that precursors containing above 0.5 wt.% of ramp-based graphene materials led also to
defects in the surface of the fibers.

Figure 2: SEM images of grapehene material (a) FlashTRGO-1000 (b) and RampTRGO-1000 and doped
GPCF with flash-based graphene (¢, GPCF-RampTRGO-1000) and ramp-based graphene (d, GPCF-
RampTRGO-10002C)
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The green fibers with adequate surface properties were stabilized and carbonized and their electrical
resistivity calculated. It was determined that doping fibers with graphenes obtained at 10002C do not
produce any substantial increment in the electrical conductivity of the fibers. In contrast, the
utilization of graphene material obtained at 27002C in the range studied led to a decrease of the
electrical resistivity of the fibers of almost a 50% of the parent resistivity of no doped fibers (figure 3).

Figure 3: 1/V curve from which electrical resistivity was calculated in fibers without doping (grey color,
GPCF-Blank) and doped with a 0.25 wt.% pitch/ramp-based graphene ratio (yellow line, GPCF-
RampTRG02700(0.25wt.%)

CONCLUSIONS

Graphene-doped general purpose carbon fibers can be successfully prepared from a doped pitch
precursors and subsequent melt-spinning, stabilization and carbonization processed. The morphology
of the graphene sheets determined by their experimental preparation procedure crucially determined
their utilization as dopant of spinnable pitches. The inherent corrugation of the graphene sheets
prepared by flash procedures (thermal exfoliation and reduction of graphene oxides) discard their
utilization as pitch dopant. In contrast, graphenes prepared by thermal reduction of graphene oxides
(US exfoliated) allows to obtain carbon fibers with smooth surface even in rations up to 0.5 wt.%. It
was also determined that only the presence of highly reduced grapheme materials (>27002C) in the
fibers enhances their conductivity, leading to resistivity which decreases up to 50% of that of undoped
GPCF.
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INTRODUCTION

The development of active and inexpensive non-precious metal catalysts is a necessary and essential
requirement to replace currently used Pt-based catalysts, in order to reduce the cost of polymer
electrolyte fuel cells (PEFC). [1] Catalysts based on the Fe-N-C structure develop high electroactivity
towards the oxygen reduction reaction (ORR), the limiting reaction in fuel cells. To increase the
catalysts’ activity, Fe must be atomically dispersed in a carbon material with a high surface area. In
this context, carbon xerogels are excellent candidates, as their main properties can be easily
tailored: porosity, electrical conductivity and surface chemistry. [2] The meso/macroporosity of
carbon xerogels can be designed by modifying the conditions of the synthesis process, while
microporosity can be generated by subsequent carbonization/activation treatments.

In the present work, on the basis of carbon xerogels with an optimal ratio of micro/meso/
macroporosity, we investigate the effect of two different methods of nitrogen-doping in the catalytic
activity of Fe-N-C catalysts. Catalysts are evaluated both in half-cell and single-cell configurations and
their activity is correlated to their physical-chemical features.

EXPERIMENTAL

Organic xerogels (OXG) were synthesized by a sol-gel synthesis method from resorcinol and
formaldehyde. The first doping method consisted of mixing the OXG with urea followed by pyrolysis
at 800°C (N-CXG-1). The second doping method consisted of a first pyrolysis of the OXG into carbon
xerogel (CXG) at 800°C and then mixing the so-obtained CXG with urea, followed by a second
thermal treatment at 800°C (N-CXG-2). All thermal treatments were carried out in inert atmosphere
for 1h duration. The Fe doping was made by mixing either the N-CXG-1 or the N-CXG-2 in a planetary
ball mill with iron acetate. The obtained powder was pyrolyzed in N, atmosphere at 1050°C for 1h,
obtaining Fe-N-CXG-1 and Fe-N-CXG-2. [3,4] Subsequently, these materials were treated by a series
of acid treatments in HCIO, in order to eliminate inactive iron particles, followed by a thermal
treatment at 950°C in N; flow.

The textural features of the carbon xerogels were determined by means of N; and CO; physisorption.
The physical-chemical characteristics of the catalysts were determined by X-ray photoelectron
spectroscopy (XPS), optical emission spectroscopy with inductive coupled plasma (ICP-OES), and
elemental analysis (EA). The activity of the catalysts towards the ORR was determined in a three
electrode cell with a rotating disk electrode (RDE) and O,-saturated 0.5 M H,SO, electrolyte.
Membrane-electrode assemblies (MEAs) were prepared by hot-pressing of cathode (Fe-N-C catalyst,
4 mg cm2) and anode (commercial Pt/C, 0.2 mgp: cm2) with Nafion®212R membrane. The electrodes
were prepared by spraying the catalyst on a GDL-39BC (Sigracet) gas diffusion layer. A Fuel Cell
Technologies Inc. test station was used to evaluate the MEA performance at a cell temperature of
80°C and 100%RH.
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RESULTS AND DISCUSSION

Table 1 shows the N/C atomic ratio determined by EA and XPS. Figure 1 presents the high-resolution
N1s spectra with the N speciation. The Fe-N-CXG-2 catalyst presents a higher N/C and a higher
contribution of N-Fe bond compared to Fe-N-CXG-1.

TABLE 1: N/C atomic ratios
calculated by EA and XPS.

EA XPS
N/C N/C
N-CXG-1 0.07 0.12
N-CXG-2 0.07 0.09
Fe-N-CXG-1 0.02 0.03
Fe-N-CXG-2 0.05 0.06 FIGURE 1: High-resolution N1s spectra fitted with

individual peaks.

Figure 2 (a) shows the catalysts’ activity towards the ORR measured in a three-electrode cell system.
Fe-N-CXG-2 presents a significantly higher activity compared to Fe-N-CXG-1, what correlates with its
higher N/C and N-Fe content. The half-wave potential for Fe-N-CXG-2 is 110 mV lower that the one
for the commercial benchmark catalyst, Pt/C (40 wt. % Pt, Johnson Matthey). RDE measurements at
different rotation speeds (400 to 2500 rpm) were adjusted to the Koutecky—Levich (KL) equation in
order to determine the number of electrons transferred during the ORR (Figure 2 (b)). As expected,
the ORR on Pt/C goes through 4e". Fe-N-CXG-2 catalyst presents a similar slope to Pt/C, meaning that
the ORR in this catalyst also goes through a four-electron pathway, whereas Fe-N-CXG-1 follows 2e
mechanism. [5]
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FIGURE 2: (a) Polarization curves for the ORR, in RDE at 1600 rpm in O,-saturated 0.5M H,SO,. (b) Koutecky-
Levich plot j vs. w?®> at 0.6V vs. RHE.

The Fe-N-CXG catalysts’ activity and durability were also studied in a PEFC single cell. Fig. 3 (a) shows
the polarization curves and the power density curves. The Fe-N-CXG-2 catalyst exhibits a polarization
curve ca. 100 mV better than Fe-N-CXG-1, in line with the 3-electrode cell results. Therefore, the
maximum power density is about 80% higher for Fe-N-CXG-2. The catalyst’s durability is represented
in Figure 3(b). After 20h of operation at 0.5 V, both catalysts have a loss of activity of around 20%.
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FIGURE 3: (a) Power density curves. Cell temperature 80°C, 100% RH, hydrogen/oxygen (150/130 kPa-g
backpressure). (b) Polarization curves for MEAs comprising a cathode made with Fe-N-CXG after and before of
20 h operation test.

CONCLUSIONS

From these results, the two-step nitrogen-doping method appears more effective for the
preparation of Fe-N-C catalysts based on carbon xerogel substrate since a larger amount of Fe-N
species is favoured according to XPS results.
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INTRODUCTION

The current extensive consumption of fossil fuels releases huge and unsustainable amounts of
carbon dioxide (CO,) into the environment, which leads to global warming. Thus, there is a need to
develop strategies to mitigate the CO, levels in the atmosphere. In addition to CO, capture and
storage, direct conversion of CO,into value-added chemicals and fuels should be more
attractive. Among these products from CO, reduction, CO is more accessible because selective
production CO only needs two electron/proton transfers. More importantly, CO is a very useful
intermediate in chemical synthesis of syngas, phosgene, and other fuels (Li, 2016; Lu, 2016). Great
efforts has been made over the past years in which researchers have explored a variety of catalysts
(including metals, metal oxides and metal complexes) for the CO,RR. The metal-based catalysts such
as Au, Ag, Pd and their alloys or oxides are known to exhibit excellent selectivity and activity for CO
formation. However, exploring earth-abundant and low-cost alternatives for CO,RR is preferable (Li,
2017). The objective of this study is to investigate the electrochemical CO, reduction using
nanoporous carbon as metal-free electrocatalysts. A series of carbons was selected owing to their
different physicochemical features. A detailed physico-chemical characterization has allowed us to
clarify the importance of the surface chemistry and the size of the nanopores for an efficient
electroreduction of CO,.

EXPERIMENTAL

Various nanoporous carbons with different characteristics were selected as electrocatalysts: carbons
FY (biomass, steam activation), Q (bituminous coal, steam activation), CV (biomass, H;PO,
activation), and CVH8 (annealing of carbon CV at 850 °C, 30 min, N, flow 50 ml/min). The carbons
were thoroughly characterized (surface chemistry, porosity, composition). The materials were used
for the electrocatalytic reduction of CO, using a single compartment 3-electrode configuration cell
and an electrochemical workstation. The working electrode was prepared mixing the active carbon
materials with polyvinylidene fluoride (ratio 9:1) in a small volume of N-methyl-2-pyrrolidone. The
slurry was coated one side onto a Ti foil (1 cm?) and dried at 60 °C for 4 hours in an oven. A carbon
graphite rod was used as counter electrode, and a saturated calomel electrode (SCE) as reference.
Linear sweep voltammetry (LSV) was used to evaluate the electrocatalytic activity towards the CO,
reduction. Before experiments, the electrolytes were bubbled with CO, or He for 30 min. LSV
measurements in the gas-saturated electrolyte were carried out in the potential range of 0 V to -1.8
V versus SCE at a sweep rate of 10 mV st

RESULTS AND SICUSSION
The performance of the selected carbons for the electrochemical reduction of CO, was examined by
LSV measurements in CO, and He-saturated 0.5 M Na,SO, electrolyte (Figure 1). As seen, significant
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differences in both the onset potentials and the intensities of the current densities are obtained for
the series of investigated carbons.

FIGURE 1: Linear Sweep Voltammetries of the investigated nanoporous carbons in He and CO,-saturated
electrolyte (0.5 M aqueous Na,SO, solution). Scan rate 10 mV st

For all the carbons with the exception of sample CVH8, the LSV curves show a more positive onset
potential compared to the response obtained in the He-saturated electrolyte. This indicates that the
CO, reduction occurs at potential less negative than that of the competing hydrogen evolution
reaction. In the case of carbon CVHS8, the difference is less noticeable; the profile is rather similar
than that in helium atmosphere with a slightly difference in the overall current density from ca. -500
mV due to the contribution of the CO, reduction. This suggests that the activity of this carbon is
lower than that of the other carbons of the series. It can also be observed that hydrophobic carbons
Q and FY show larger current densities for the reduction of CO, than hydrophilic carbon CV (also for
CVH8 compared to CV). This is attributed to the high functionalization degree of carbon CV that
decreases its conductivity. Regarding the nature of the carbons, data showed that the carbons with
high micropore volume exhibited larger current density and similar onset potentials. On the other
hand, presence of oxygen-containing functionalities seems to have a negative effect on the
performance for CO, reduction in terms of overall current density (sample CV vs CVH8) due to the
lower electron density in the electrode. However, it should be noted that the onset potential of
carbon CV is lower than that of the hydrophobic carbons.

CONCLUSIONS

We have investigated the electrocatalytic activity of a series of nanoporous carbons with different
characteristics for the electrochemical reduction of CO,. A preliminary screening by LSV has revealed
that hydrophobic carbons with large micropore volumes display large current densities at similar
onset potentials. On the other hand, hydrophilic carbons displayed lower onset potentials but lower
current densities, due to the large surface functionalization. Based on these results, the
electrocatalytic activity will be tested upon long-term catalytic assays, and evaluated the impact on
the intermediates generated.
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INTRODUCTION

The industrial revolution has improved the global economy and the quality of life. However, many
industries have caused a remarkable environmental damage due to the toxic organic and inorganic
compounds released to effluents. For instance, the agroindustry has focused on the development
and application of pesticides for the control of crops. Despite the high toxicity, atrazine (AZT) is one
of the most widely pesticides used worldwide due to the low cost and high efficiency. In Latin
American countries, regulations, or policies for the use of ATZ have not been stablished. Thus, an
increasingly common sustainable strategy to remove ATZ is to use agro-industrial wastes to prepare
low-cost activated carbon (ACs). As an example of circular bioeconomy, sustainable nanoporous
carbons were prepared from mangosteen peels-derived chars by physical activation under CO; flow
and used to remove ATZ (Amézquita-Marroquin et al., 2020).

EXPERIMENTAL

Mangosteen peels denoted PM were used as agricultural waste. In a first-step, the PM was pyrolized
under N, flow at 800 °C by 3h (1 atm, 100 mL min™). In a second step, this char was activated at 700
°C, 800 °C, and 900 °C, under CO; flow by 3 h (1 atm, 100 mL min). The so prepared carbons were
denoted APM-7, APM-8 and APM-9 for 700°C, 800°C, and 900°C, respectively. Kinetic and
equilibrium studies of atrazine adsorption were carried out varying the temperature, the mean
particle size of the adsorbent, and the initial concentration of pollutant. The kinetic data was
analysed using different kinetic models (pseudo-first, pseudo-second order and Avrami’s) and
different equilibrium models for the adsorption isotherms (Langmuir, Sips and Redlich-Peterson).
The carbons were characterized by gas adsorption, scanning and transmission electron microscopy
(SEM/TEM), chemical composition by energy dispersed X-ray analysis (EDX), acidic and basic groups
on the surface of the ACs by the Boehm acid-base titration method, surface pH of carbons in terms
of the point zero charge (pHrzc), and Fourier transformed infrared spectroscopy (FTIR).
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RESULTS AND DISCUSSION

Several adsorption models such as Langmuir (two parameter), Sips and Redlich-Peterson (three
parameters) were applied to verify the influence of carbon’s properties on the uptake of atrazine.
Additional kinetic models (pseudo-first order, pseudo-second order and Avrami’s) allowed to
establish that a mixture of physi-/chemisorption describes the interaction between the nanoporous
carbons and atrazine. An important diffusion of atrazine from the bulk of solution to the surface of
carbons was observed. Several correlations between the kinetic and equilibrium parameters for the
atrazine adsorption were found as a function of the textural properties and surface chemistry. Based
on the kinetics and equilibrium parameters, the present work proposes a mechanism (Figure 1) for
the atrazine adsorption on nanoporous carbons contributing to the understanding of the
interactions between pollutant molecules and the surface functional groups on nanoporous carbons
in the liquid-solid interface. The mechanism proposed for ATZ adsorption involves that the hydrogen
atom from the secondary amine group in atrazine interact through an H-bridge (structure A) with a
basic oxygen group such as pyrone. The electronic vacancy formed in the atrazine after adsorption is
solvated by a proton of a second adsorbed atrazine molecule (structure B) promoting a
polymerization-type process (structure C) yielding by successive steps to the formation of molecular
aggregates (structure D and E).
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Figure 1. Mechanism for the atrazine adsorption on the mangosteen-derived nanoporous carbons.

CONCLUSIONS

The present work has demonstrated that mangosteen peels can be used as precursor to prepare
nanoporous activated carbons for the efficient removal of a common pesticide such as atrazine. The
kinetics and the equilibrium parameters for the atrazine adsorption were correlated with the
textural properties and surface chemistry of the nanoporous carbons. We do believe the correlations
presented in this work open a door for the understanding of the interfacial interaction between
molecular clusters of pesticides such as ATZ and the functional groups in carbon-based adsorbents.
Accordingly, a mechanism of adsorption has been proposed based on the kinetic and equilibrium
studies
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INTRODUCTION

The presence of harmful and potentially harmful constituents in the smoke resulting from burning
tobacco is well known. Recently, new nicotine delivery gadgets, such as heated tobacco products
(HTPs), have been developed as alternatives to tobacco smoking in order to avoid the intake of
compounds generated in the combustion of traditional cigarettes. Since combustion does not occur
in HTPs, this system can be considered less harmful than regular cigarettes. However, there are still
few studies aiming to characterize the aerosol generated by the use of HTPS and its comparison with
the cigarettes smoke.

EXPERIMENTAL

A laboratory setup recently designed and optimized in our laboratory (Amords-Pérez et al., 2021;
2022) (Figure 1A) has been used to perform puffing experiments with cigarettes and HTPs (5 and 15
units of each) in the following conditions: inhalation of 55 mL aerosol volume in 2 s every 30 s (similar
to the Health Canada Intense regime). The HTPs used, also called Heets, were produced by Phillip
Morris. Any generated particulate and/or soluble matter (deposited in different parts of the setup or
dissolved in water, resembling what would be deposited in different parts of the body) has been
collected and analysed. Deposited matter on glass surfaces has been extracted with 40 mlisopropanol.
and the solution (or suspension) has been analysed by: i) High resolution transmission electron
microscopy (HR-TEM) in a Thermo Scientific TALOS F200x model with energy dispersive X-ray (EDX)
spectroscopy signal detection. The copper grid (Lacey Carbon Supported Copper Grids 200 mesh) was
immersed in the solutions and then, the solvent was evaporated and ii) UV-Vis spectrophotometry
(UV-vis V-670 JASCO) after filtration of the resulting liquid using a 0.2 um filter (Chromafil®PET-20/25).

RESULTS

Puffing experiments with cigarettes (either 5 or 15 ones) leave significant amount of solid matter
deposited on several parts of the setup and coloured water in the gas washing flask, while analogous
experiments with HTPs leave much cleaner surfaces and colourless water in the gas washing flask. The
isopropanol solution resulting from collecting deposited matter is dark yellow after experiments with
cigarettes (Fig. 1B) and almost colourless after experiments with HTPs (Fig. 1C). The solutions from
cigarettes’ tests were too concentrated to be analysed by UV-vis absorption spectrophotometry,
leading to saturated signals, and they had to be diluted (DF, dilution factor, of 31). UV-Vis adsorption
results (Figure D) clearly show that the filtered solutions from cigarettes’ tests are much more
concentrated than those from HTPs’ ones. TEM and EDX analysis of the solution/suspension from
cigarettes tests reveal the presence of some insoluble particles, mainly composed of C and O, but also
by traces of S, K, Ca, Fe, As, Na, Al, Si, and Ba. In contrast, the analogous liquid from HTPs tests contains
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a much lower proportion of organic compounds soluble in isopropanol and a significantly much lower
amount of particulate matter (mainly composed of C and O).

A B C D
or Heet —¢ 4

31 15 cigarettes (DF =31)
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bump 200 300 400 500
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FIGURE 1: A) Experimental setup to simulate cigarettes smoking (or Heets use); collected samples from the flask
walls of the setup in experiments with puffs: B) from 15 cigarettes and C) from 15 Heets. D) UV-vis absorption
spectra of samples collected in isopropanol from flask walls and glass tube after tests with 15 cigarettes or 15
Heets. Sample from cigarettes’ tests was diluted (DF=31). (Redrawn from Amords-Pérez et al., 2021; 2022)

CONCLUSIONS

The experiments performed, which simulate puffing cigarettes and HTPs, have shown notorious
differences between them. Cigarettes puffing leaves a much higher amount of solid matter deposited
in different parts of the setup and compounds dissolved in water that HTPs puffing. Besides those
substances from cigarettes or Heets experiments have different composition. This study allows to
conclude that smoking cigarettes will leave more residues on the human body than the use of HTPs.
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INTRODUCTION

Metal-based catalysis is ruling the world’s most important industrial processes, including energy
generation, conversion and storage. However, it faces multiple disadvantages related to the high
cost of precious metals (often most active ones), the uneven geographical distribution of their
reserves, and the limited durability due to poisoning during operation. Replacing costly metallic
catalysts with abundant materials has become a priority of most research programs to boost
sustainable and renewable solutions towards current energetic and environmental challenges.

The proof-of-concept of the potentialities of carbon materials as alternatives to metallic catalysts
has been demonstrated (Dai, 2018). Among them, high catalytic activities have been reported for
nanoporous carbons, surpassing certain state-of-the-art non-precious metal catalysts for energy
conversion and environmental protection (with better performance and durability for certain
carbons), complying sustainability, and bringing down costs to competitive levels.

In the field of photocatalysis, our pioneering studies have demonstrated that nanoporous carbons
are capable of efficiently absorbing photons, which can be converted into photochemical reactions
at the nanopore level (Velasco 2010, 2012). Exploiting the photochemical activity of carbon
materials is not straightforward and yet much work needs to be done in the appropriate direction.
Building a deeper understanding of the nature of the light/carbon interactions will lead to lay the
foundations for boosting their integration in a plethora of novel applications.

DISCUSSION

In 2010, our group demonstrated the photochemical activity of a semiconductor-free nanoporous
carbon (Velasco 2010). Since then and aiming at understanding this behaviour and the mechanisms
governing the photochemical activity of carbons, several research directions are being explored:
Self-photocatalysts. We have demonstrated the correlation of the photochemical activity of carbons
with the formation of radical species and upon irradiation in the full UV-VIS spectrum, the
photogeneration of charge carriers and their stabilization through chemical reactions (Velasco,
2013). An adequate choice of the carbon features through appropriate modifications (doping,
chromophore sites, porosity) offers the possibility to couple high adsorption capacity to
photoactivity, leading to tuneable light harvesting properties. The challenge is in controlling the
selectivity by balancing surface composition, nanoporosity and charge-carrier mobility (Gomis-
Berenguer 2017). Such systems allow achieving photoinduced reactivation of the exhausted carbons,
enabling on-site regeneration.

Solar energy conversion. As photoanodes for the photoreforming of water, remarkable
photocurrents have been recorded for carbons with varied composition, at overpotentials lower
than those reported for benchmark metal-catalysts. The surface functionalization of the carbon has
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revealed to be an important factor for its performance as photoanode, if the conductivity is not
compromised (Ania, 2014; Gomis-Berenguer, 2016). A balance of both aspects is essential to prevent
photocorrosion of the anodes upon long-term operation. In the photorreduction of CO,, promising
results combining functionality and porosity of carbons towards the conversion into carbon
monoxide in dry conditions (Gesesse, 2021).

Additives to semiconductors. Photoactive carbons as additives enhance the visible light harvesting
ability of the semiconductor, and favour the charge transfer at the carbon/semiconductor interface
and inside the nanopores. The role of the nanoconfinement and their interfacial interactions with
the pore walls of the carbon additives are important seem to be important factors that control the
overall photoconversion yields. The carbon additive creates a percolation path for the majority
carriers, favouring delocalization through the graphitic layers. These hybrid semiconductor/carbon
materials have shown good cyclic performance and stability during long-term illumination cycles for
the degradation of pollutants and the photoelectrochemical water oxidation (Gomis-Berenguer,
2018.

Photoassisted synthesis of carbons. We are investigating the use of light activation to promote the
cross-linking of polymer precursors (Cocina, 2021) in the synthesis of porous carbons with controlled
features. By changing the chemistry of the organic precursor it is possible to control the porosity of
the obtained carbons, as it is defined by the structure of the precursor and the number of reactive
positions (Balan 2017). Light irradiation can also control the nature of the surface defects in rGO and
GO derivatives (Quezada 2020).

Photoluminescence of porous carbons. The phenomenon of photoluminescence has only been
demonstrated for certain members of the carbon family with high electron mobility and a high
degree of transparency (e.g., graphene-derivatives, carbon dots). We have recently been able to
measure light emission features in some porous carbons, by controlling the dispersion conditions in
solvents of different polarity. Different emission features have been observed in porous carbons,
correlated to the surface functionalization.
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INTRODUCTION

Interest in the use of anion-intercalated graphite compounds (GICs) as positive electrodes in dual-ion
batteries (DIBs) has been increasing over recent years.(Placke et al., 2018; Zhang et al., 2021) The
DIB concept relies on the intercalation of both anions and cations in graphite electrodes.(Seel, 2000)
In this mechanism, the electrolyte acts as a medium for ion conduction and a source of ions for
charge storage in the electrodes. A typical dual-ion battery features anion intercalation in graphite-
based electrodes above 4.3 V vs Li*/Li. The following equations summarize the working principle of a
DIB with two graphite hosts for lithium and anion intercalation:

C +xLi*t + xe” 2 Li,C (—) electrode [1]
yC + xA™ —xe” 2 AC, (+) electrode [2]
xLi* +xA™ + (1 +y)C 2 Li,C + A,C, overall cell reaction [3]

Various anions including halides, AICly, ClO4, BF4, PFe, FSI, and TFSI can be stored in graphitic
carbon electrodes.(Guo et al., 2021b; Kotronia et al., 2021a; Guo et al., 2021a; Kravchyk and
Kovalenko, 2020) DIBs can reportedly deliver capacities ranging from 60-120 mAh g* with discharge
voltages averaging 4.5-4.7 V, and energy density and specific energy reaching 200 Wh L' and 100 Wh
kgt. Thus, the DIB technology opens up the opportunity for replacing transition metal-containing
cathodes with graphite to design more sustainable batteries, especially in combination with a broad
selection of abundant electrolytes salts. The most common electrolytes for DIBs are based on
organic solvents and ionic liquids (n-butyl pyridinium FSI) with fluorinated inorganic salts. However,
organic solvents such as carbonates and phosphates degrade severely on graphite positive and
negative electrodes leading to poor coulombic efficiency (CE) and limited cycling life of the
DIBs.(Kotronia et al., 2021a) Apart from electrolyte decomposition, Al current collector corrosion,
binder degradation, decomposition of intercalated anions and ultimately graphite exfoliation due to
solvent co-intercalation contribute to irreversible reactions. Such limitations are inherently
aggravated since most electrolytes cannot form a stable cathode-electrolyte interface (CEl) layer
unless appropriate salt (e.g. LiBOB, and LiDFOB) and solvent additives (e.g. FEC and VC) are used.
(Kotronia et al. submitted manuscript)

In this talk, | will explore the stability of anion-intercalated graphite electrodes prepared in
concentrated carbonate-based electrolytes with the help of Raman spectroscopy and operando gas
pressure measurements. Ongoing efforts aimed at mitigating these limitations through the design of
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a stable cathode-electrolyte interface (CEl) layer using additives will be highlighted. Various
techniques including electron microscopy, XPS, Raman spectroscopy and operando gas pressure
measurements are combined in an attempt to reveal the nature of the CEl layer in different
electrolyte systems containing salt additives and co-solvents.

ELECTROCHEMICAL SYNTHESIS OF ANION-INTERCALATED GRAPHITE COMPOUNDS

Electrochemical intercalation of anions in graphite is defined by a series of peaks in cyclic
voltammograms (see Figure 1 (a)) attributed to the formation of different p-doped GICs, with
different anion content(Kotronia et al., 2021a). The reversibility and efficiency of these processes is
dependent on the type of anion and electrolyte solvent used as in can be seen in the cyclic
voltammograms. In general, DIBs perform reasonably well at high rates since they make use of both
cations and anions in the electrolyte for charge storage. The rate capability of FSI intercalation/de-
intercalation in graphite is given in Figure 1 (b)-(d) for currents ranging from 50 to 2000 mA g*.
Accordingly, the capacity at 50 mA g is typically ~90 mAh g, and decreases to ~57 mAhg'at2 Ag?
corresponding to a ~62 % capacity retention. It should be noted, however, that the coulombic
efficiency remains fairly low, particularly at lower currents.

FIGURE 1: Electrochemistry of anion-intercalated graphite (a) cyclic voltammograms showing electrochemical
intercalation and extraction of various anions in graphite from carbonate-based electrolytes (CV), (b)
galvanostatic curves for FSI anion intercalation and extraction in graphite electrode in 4M LiFSI-EMC
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electrolyte, (c) the rate performance of FSI anion cycling in graphite at currents ranging from 50 to 2000 mA g
1, (d) the Ragone plot showing the specific energy and specific power normalized to the mass of graphite
cathode corresponding to data in (c).

PROBING INTERFACIAL STABILITY OF ANION-INTERCALATED GRAPHITE USING XPS

In our previous study using X-ray photoelectron spectroscopy (see Figure 2), we have shown that no
stable CEl layer forms in the concentrated electrolytes containing LiFSI, LiTFSI, and KTFSI salts in
carbonate solvents (Kotronia et al., 2021a; Kotronia et al., 2021b), unless polymerizing additives such
as triallyl phosphate (Asfaw and Kotronia, 2022) are included. Interface characterization using XPS
and electron microscopy only help characterize insoluble products forming as a result of electrolyte
decomposition. It is likely that most of the parasitic reactions generate gaseous products which are
not probed during XPS measurement.

FIGURE 2: XPS spectra showing the surface composition of graphite electrodes before and after galvanostatic
charge-discharge cycles in 4 M LiFSI EC-DEC electrolyte, reproduced from reference (Kotronia et al., 2021a)
licensed under CC-BY

TRACKING STABILITY OF FSI-INTERCALATED GRAPHITE USING RAMAN SPECTROSCOPY

The galvanostatic curve in Figure 3 (a) display a reversible discharge capacity of ~92 mAh g? at 50
mA g and ~97 % coulombic efficiency. Corresponding to the stage plateaus in the galvanostatic
curves, multiple peaks are observed in the differential capacity plots characteristic of phase
transitions among the different staged GICs. On charge, the peaks centre around 4.4V, 45V, 4.7V,
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and 4.82 V and the corresponding de-intercalation processes appear on discharge appearing at 4.6
V, 4.4V, 4.23 V, and 4.13 V. |n situ Raman spectroscopy (see Figure 3 (b)) was able to support the
intricate structural changes accompanying the formation of various FSl-intercalated graphite
compounds. The Raman spectra of the electrodes prior to and after charge and discharge to
different voltages are shown in Figure 3 (c). Initially, the characteristic bands appear at ~1347 cm
(D band) and ~1575 cm™ (G band) as expected for pure graphite. Additional bands emerge in the
course of FSl intercalation at higher frequencies. At its fully charged state at 4.9-5 V, a new, intense
band appears at ~1636 cm™. This can be attributed to resonance enhancements as the blue-
coloured stage-ll GIC has formed. On discharge, FSI extraction causes a series of phase
transformations among the different stage-GICs as verified by the different bands in the Raman
spectra. After fully discharged to 3 V, mainly the D, G, and 2D bands are observed similar to the
pristine graphite (but at a slightly higher frequency), thereby hinting at the highly reversible nature
of FSl intercalation in the electrolyte under consideration.

FIGURE 3: Reversibility of electrochemical anion intercalation in graphite (a) A galvanostatic curve and the
differential capacity plot thererof for FSI anion reaction with graphite positive electrode measured versus
lithium reference, (b) a picture of the in situ Raman spectroscopy measurement on a pouch cell, (c) Raman
spectra from in situ measurements conducted on graphite electrode charged and discharged to different
potentials, (c) operando measurement of gas pressure inside a 3-electrode LTO-graphite vs Li cell in the course
of charge and discharge processes. Inset is a picture of the electrochemical cell with a pressure sensor.
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OPERANDO GAS PRESSURE MEASUREMENT

Furthermore, the short- and long-term stability of FSl-intercalated graphite electrodes is assessed
using self-discharge tests followed by ex situ and in situ Raman spectroscopy, and operando gas
pressure measurements (Figure 3 (d)). However, increasing the upper voltage cut-off tends to
increase the parasitic current suggesting electrolyte decomposition is aggravated. In a graphite-LTO
vs Li three-electrode, it is observed that an extended voltage plateau emerges when the voltage
increases to 4.9 V vs. Li*/Li and beyond. This phenomenon is accompanied by a drastic pressure
increase inside the cell, indicative of the decomposition of the electrolyte to generate gaseous
products.

CONCLUSIONS

Similar alkali metal GICs, anion intercalation in graphite exhibits staging behaviour in which a series
of intercalation compounds are formed (as verified using in situ Raman spectroscopy) in the voltage
range 4.3 and 5.2 V vs. Li*/Li. These materials are considered attractive for use in dual-ion batteries
(DIBs) The wunusually high potentials required for anion intercalation trigger electrolyte
decomposition leading to poor charge efficiency and short cycling lifetime in DIBs. Based on
operando gas pressure measurements, the parasitic reactions result in the formation of gaseous
products, which are aggravated as the upper cut-off potential is increased. X-ray photoelectron
spectroscopy studies indicate that the concentrated electrolytes fail to form stable interface layer
which could have passivated the graphite electrodes and prevented electrolyte decomposition.
Thus, there is a need for further studies to find better electrolytes and additives to improve the
performance of DIBs.
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INTRODUCTION

The development of new methods of manufacturing electric energy storage devices, such as
batteries and electrochemical capacitors, is important for the widespread introduction of electric
vehicles and for increased mobility of portable electronics (Kotz and Carlen 2000, Zhang et al. 2009).
Therefore, this study uses a unique approach to improve the devices of electrochemical energy
storage devices by examining a new nanocomposite system to improve the performance of
electrodes based on carbon nanomaterials. In order to fabricate the hybrid electrodes were used
activated carbons (AC) obtained from the different source and sub-millimeter long few wall carbon
nanotubes (FWCNT). Electrochemical properties of the obtained electrodes were investigated by the
cyclic voltammetry method (CV). Electrochemical characteristics were measured using the three-
electrode cell contained of AC-FWCNT as a working electrode, a YP-80F-FWCNT counter electrode
and a Ag/AgCl reference electrode with an electrolyte of Na,SO4 (1 M) aqueous solution. Also, the
morphological properties of obtained electrodes were studied using scanning electron microscope
(SEM), the SSA was investigated by the Brunauer-Emmett-Teller analysis. SSA, conductivity, and
resistivity of WS-FWCNT electrodes were summarized. The specific capacitance of AC-FWCNT
electrodes made from different size of ACs was about 140 F/g. The volumetric capacitance at scan
rate 1 to 100 mV/s lies in the limit 27-18 F/cm?3, the areal capacitance at scan rate 1 to 100 mV/s
shows 0,39 to 0,27 F/cm?>.

MATERIALS AND METHODS
To achieve the necessary goals and solve the set tasks, the following research methods were used:
Electron scanning microscopy, energy dispersive analysis, cyclic voltammetry.

RESULTS AND DISCUSSION

At the traditional electrode fabrication method is to mix the active material with a binder,
conductive fillers to form a sheet or film. At work networks of carbon nanotubes are investigated to
replace the polymer binder in the fabrication of hybrid electrodes based on activated carbons
obtained from biomass-derived materials. Preparation of electrodes from CNTs with AC in hybrid
electrodes has been developed to improve the electrical conductivity of common electrodes, and to
replace ordinary additives, as polymeric binder, fillers. From the point of view of practical
applications, it is important to take into account the dispersibility and cost of CNTs. In the
manufacturing of AC-CNT electrodes, the type of CNTs will affect the characteristics of the final
electrode mainly in terms of electrical conductivity due to the different ease of manipulation
between them. In this work, FWCNT with a sub-millimeter length, synthesized by the fluidized bed
method, were dispersed in ethanol to obtain their electrodes after vacuum filtration
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FIGURE 2: Example of SEM images of obtained ACs from WS

FIGURE 4: Example of SEM images of CNTs

FIGURE 5: Scheme of electrode preparation method from FWCNT and AC particles in EtOH by
vacuum filtration and image of the final self-supporting hybrid electrode
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FIGURE 6: CV curves of AC-FWCNT electrodes

CONCLUSIONS

Self-supporting, flexible hybrid EDLC electrodes were obtained by combination of high capacitive
biomass derived ACs with an electrically conductive matrix of few-wall carbon nanotubes (FWCNTs).
The optimal weight ratio of AC:FWCNT, 90:10 in weight to obtain physically robust, high capacitive
electrodes was find. AS-FWCNT, WS-FWCNT hybrid electrodes exhibited higher specific capacitance
equal to 140-150 F/g with comparison to the YP8OF-FWCNT standard electrode.
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INTRODUCTION

The granulometric composition of activated carbons (AC) is one of the key parameters affecting the
specific capacitance of particle-based electrodes, is the particle size. As is known, hybrid electrodes
with smaller particles show higher specific capacitance and operating speed than electrodes with
larger ones. In addition, AC with a large specific area and finer particle sizes is effective for improving
electrode speed performance (Cao and Zheng 2013). In the case of AC particles, the influence of
their size was carefully evaluated. It has been found that hybrid electrodes with smaller particles
show higher specific capacitance and speed than electrodes with larger particles. This is due to the
low resistivity between the particles and the rapid diffusion of ions in the pores of AC particles. AC
dispersed in ethanol were applied by centrifugation to silicon plates, and then observed using
microscopes. It has been found that sonication, due to the energy of cavitation, can destroy the
particles. To determine the effect of sonication of AC particles, the samples were dispersed in
ethanol and sonicated for 10, 30, 60, and 30 + 30 min (sonicated for 30 min, then the vial was shaken
and sonicated for 30 min). Based on the results of the scanning microscope, it was shown that the
diameter of AC particles after sonication in the bath decreased, the volume ratio of particles with a
diameter of less than 10 um exceeds the number of particles with a diameter of more than 100 mm.
This means that the shaking process during processing is necessary to obtain well-distributed smaller
diameter particles. Additionally, to separate the exact size fractions, all AC samples were sifted
through a sieve (brand: ONE MVS-1). The sieve has 3 parts with different size: 75 um, 53 um, 25 um
and has an adjustable automatic shaking mode. After sieving, all AC samples were divided into
different sizes in the range: more than 100 um, 100-75 um, 75-53 um, 53-25 um, less than 25 um.

MATERIALS AND METHODS

To achieve the necessary goals and solve the set tasks, the following research methods were used:
Raman spectroscopy, thermogravimetric analysis, Brunauer—Emmett—Teller (BET) analysis (low-
temperature nitrogen adsorption), energy dispersive analysis, X-ray diffraction analysis.

To obtain (AC) with a high specific surface area and a developed morphological structure, the
original cheese of various origins (Apricot stones (AS), walnut shell (WS), rice husk (RH), sunflower
seeds (SS) and beet pulp (BP) was thoroughly washed with water and detergents to remove
mechanical contaminants and then dried to complete dehydration. After purification, it was
subjected to carbonization during multi-stage high-temperature pyrolysis in an inert argon
atmosphere at a temperature of 550 °C. The installation diagram is shown in the figurel

RESULTS AND DISCUSSION
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It has been found that hybrid electrodes with smaller particles show higher specific capacitance and
speed than electrodes with larger particles. Therefore, all AC samples were sifted through a sieve
(brand: ONE MVS-1) for separation into accurate size fractions.

FIGURE 1: General view and schematic diagram of a furnace for carbonization and chemical
activation of raw materials of plant origin

The sieve has 3 parts with different size: 75 um, 53 um, 25 um and has an adjustable automatic
shaking mode. After sieving, all AC samples were divided into different sizes in the range: B 100 pm,
100-75 pum, 75-53 pum, 53-25 um, B 25 um. Information on the granulometric composition of all
obtained ACs was presented. It has been established that AK samples contain particles with a
diameter of 55 um or less. The number of particles with a diameter of 55 um is more than particles
of a smaller diameter. The size distribution of particles at three different points of the RS sample was
similar. The volume ratio of SGO and SS particles at different points of the powder is the same,
which means that particles of larger and smaller sizes are evenly distributed throughout the volume
of the powder. The highest volume content in the AC sample based on SF was shown by particles
with a diameter of more than 55 um. It has been found that sonication, due to the cavitation energy,
can destroy and break up the AC particles. To determine the effect of sonication, AC samples were
dispersed in ethanol and sonicated for 10, 30, 60, and 30 + 30 min (sonicated for 30 min, then the
vial was shaken and sonicated for 30 min). It was established that the diameter of the AC particles
after sonication in the bath decreased, the volume ratio of particles with a diameter of less than 10
um exceeds the number of particles with a diameter of more than 100 um. This means that the
shaking process during processing is necessary to obtain well-distributed smaller diameter particles.

It has been established that all AC samples have two diffraction peaks located in the range 2 theta =
15-30 and 40-60, which indicates the presence of both amorphous and graphitized carbon, which is
most likely arbitrarily stacked with carbon masses. Peaks were found in all samples, indicating
impurities for iron ions and FeN0.0324. Peaks of divalent iron oxide (Fe304) were also found in
samples of walnut shell (WHO) and apricot kernel (AK). It has been established that in the diffraction
spectrum of the obtained AC, the face of a microcrystalline crystal (002) appears at 2 theta = 22.6,
with respect to all samples with different intensities, the diffraction angle of the crystal face for all
AC has unique characteristics for each raw material. Raman spectroscopy of the surface of AC
samples showed the presence of graphene-like structures. As a result of comparing the ratio of the
IG /12D and ID / I1G peaks for all samples, an increase in the number of graphene layers in the sample
based on SF up to 5-7 layers was found. In the case of a sample based on CGO (ID / IG = 0.66), the
number of graphene layers is similar to other samples, but the defectiveness of the carbon structure
has become twice as high. The highest value of defectiveness of the carbon structure was shown by
a sample based on rice husk (RH) ID / IG = 0.87, which may indicate disorder and deformed
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morphological structure of the graphene layers contained in AC. The presence of a large number of
graphene layers and their defectiveness can be due to the parameters of the feedstock, given by
nature.

RESULTS AND DISCUSSION

TABLE 1: Activation methods and specific surface area of AC samples

AC Type of source Activation agent Specific area, m?/g
AS Apricot stones KOH (70%) 2464
WS walnut shell KOH (70%) 2584
RH rice husk KOH (70%) 1788
BP beet pulp KOH (70%) 1474
SS sunflower seeds KOH (70%) 1740

According to the results of calculation of low-temperature nitrogen adsorption by the BET method,
AC samples have a specific area from 1474 m2/g to 2584 m2/g and a mesopore volume of 50-60
cm3/g. AC based on AA - 2464 m2/g, AC based on RSH - 1788 m2/g, AC based on SGO - 2584 m2/g,

AC based on SO - 1474 m2/g, AC based on SH - 1740 m2/g.
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FIGURE 2: Raman and XRD spectra of prepared activated carbons from various biomass.
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FIGURE 3: Thermal analysis of various AC precursors at a heating rate of 5 °C min by DSC-TG.

FIGURE 4: Example of particle size distribution of RH activated carbons after bath-sonication
treatment

CONCLUSIONS

All samples were subjected to thermogravimetric (TG) analysis. It was found that for all initial TG
samples, the curves were characterized by a bend in the temperature range of ~30-100°C,
associated with the removal of moisture. The values of the start of loss (Ti), the maximum rate of
weight loss (Tmax) and the end of thermal degradation (Tot) for all sources of feedstock were set to
79.9-202.6, 203.5-352.6 and 353.1-507.1 °C for SJ; 65.7-225.3, 226.4-343.4 and 344.5-517.3°C for
SS; 75.4-224.8, 225.1-375.8 and 376.1-524.4 °C for SHO; 68.7-257.3, 258.7-376.7 and 377.8-506.7
°C for RSH; 70.7-260.1, 261.3—-380.4 and 381.6-528.6 °C for AK, respectively. The order of thermal
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stability is established: SZh> SGO> ShS> RSH> SGO. Analysis of samples by DSC indicates the
appearance of exothermic peaks in all initial biomasses. Exothermic peaks can be attributed to the
complex and varied chemical reactions involved during the thermal decomposition of extractives.
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INTRODUCTION

Zeolite-Templated Carbons (ZTCs) feature unique textural properties that reveal very promising for a
number of applications and majorly for the design of advanced electrocatalysts as described by Kim
et al. (2021). These nanostructured carbons are achieved using zeolites as sacrificial templates and
develop within their microporous system. After the dissolution of the zeolite, the ZTCs feature
textures that can be described as the negative copy of the zeolite structure. Various parameters play
an important role in the synthesis of ZTCs such as the structure of the zeolite template and the
nature of the counterion.

In this communication, we present the impact of the zeolite crystal size on the textural quality of the
resulting ZTCs after a thorough characterization of hybrid materials (zeolites/carbon) and final ZTCs
by nitrogen physisorption, XRD, and electron microscopy. A computational study is then carried out
in order to determine the atomistic structure of the ZTC in accordance with its characteristics, as
described by Aumond et al. (2022).

MATERIALS AND METHODS

Two proton-exchanged *BEA structured zeolites with different crystal sizes of 20 nm named as N-
BEA (for Nano-sized crystal *BEA zeolite) and 5 um named as M-BEA (for Micron-sized crystal *BEA
zeolite) have been used as a template for the synthesis of ZTC, respectively named N-ZTC and M-
ZTC. After activation of the zeolites, ethylene flow (6.7vol% in N,) was passed through at 700 °C for 4
hours followed by a pyrolysis treatment at 900 °C for 2 hours under N,. The hybrid material was
treated with a 49wt% aqueous solution of HF in order to dissolve the zeolite template and obtain the
pure ZTC. Both hybrid and final ZTC have been characterized.

CHARACTERIZATION OF PARENT ZEOLITES

In order to study the impact of the crystal size, two zeolites with *BEA structure with comparable
properties have been used. Both proton-exchanged, their Si/Al ratio are of similar values and equal
to 12.9 and 14 for N-BEA and M-BEA respectively. Their lattice parameters are the same as well as
their microporous volume and their pore opening diameter confirming the similarity between their
textural properties. Only the morphology of these zeolites is different and can be described as
agglomerates of crystals of approximately 10-20 nm for N-BEA and truncated bipyramidal of 5 um
crystals for M-BEA.
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CHARACTERIZATION OF FINAL ZTCS

The characterization of the hybrid compounds leads to a higher apparent density for N-ZTC than for
M-ZTC which strongly suggests the presence of structural defects on this latter related to mass
transfer issues of the carbon precursor within the extended micropore system of M-BEA.

These defects are confirmed by characterizing the resulting ZTCs after zeolite dissolution. Using
electronic microscopy images, both N-ZTC and M-ZTC present the same morphology as their
template zeolite indicating a good replica of the parent zeolite: particles of N-ZTC measure 10-20 nm
while M-ZTC particles size is of 5 um (figure 1). However, flaccid edges compared to the template
zeolite are observed for M-ZTC which can be due to the presence of defects as already suggested.
Furthermore, important differences can be observed in the pore size distribution of these two ZTCs
(figure 2a). N-ZTC presents only one contribution indicating that the entirety of the porosity in the
ZTC is due to the templating of the zeolite. Two contributions in the micropore range are observed
for M-ZTC. The first is centered at a similar value as for N-ZTC and the second occurs at 2 nm
indicating the presence of larger micropores (supermicropores), resulting from defect zones in the
ZTC.

FIGURE 1: SEM images of N-BEA (a) and resulting N-ZTC (b) and M-BEA (c) and resulting M-ZTC (d).

These defects are further inferred by a shift to higher binding energy of the Cis photoelectron peak
in XPS, suggesting a higher degree of sp® hybridization for M-BEA than N-BEA. Another method that
allows to confirm these defects is the differential temperature analysis which clearly shows a second
contribution at higher temperatures during the carbon oxidation for M-ZTC due to the presence of
ill-templated carbon that results from the defects in the structure.
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FIGURE 1: (a) PSD of N-ZTC and M-ZTC,
(b) diffractograms of experimental N-ZTC (top) and simulation (bottom).

Surprisingly, the XRD powder patterns present long-range structural order peaks for both N- and M-
ZTC. Three reflection peaks can be observed centered at 3.58, 5.95, and 6.73° 2theta. In order to
achieve further insights into the long-range pore-to-pore ordering revealed by XRD, powder patterns
were simulated considering the ribbons to form a crisscrossed long order structure that matches
well with the experimental diffractograms (figure 2b).

CONCLUSIONS

Both N- and M-BEA zeolites lead to the formation of ZTCs. Nevertheless, using large crystal zeolite
leads to structural defects in the carbon structure due to mass transfer issues within the micropore
system of the zeolite during the synthesis. These defects can be revealed using N, physisorption,
SEM, and XPS characterization techniques while XRD patterns present long-range structural order no
matter the crystal size. Simulated XRD powder patterns allowed to propose a graphene-based
nanoribbon structure grown in the zeolite pores as a satisfactory model for ZTCs in *BEA zeolite
structure.
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INTRODUCTION

Zeolite-templated carbons (ZTCs) have been synthesized for the first time by Kyotani (1997) and are
today a well-established class of microporous carbons. They feature defined textural proprieties that
reveal very interesting in a number of fields including (electro)catalysis and adsorption as shown by
Wang (2009), due to their unique electronic properties in combination with very high porous volume
and homogeneous micropore size distribution related in Nishihara’s review (2018). These ZTCs
develop within the microporous system of a template zeolite and are hence a negative copy of their
structure.

In this communication, we present the impact of the active site concentration of the template
zeolite (FAU structure) and the synthesis temperature on the properties of achieved ZTCs. Despite
the known impact of acid site density in many zeolite catalyzed reactions, this parameter has never
been taken into consideration for ZTC synthesis. The thorough characterization of hybrid materials
(zeolites/carbon) and final ZTCs by nitrogen physisorption, XRD, electron microscopy, conductivity,
MAS NMR, Raman, and EPR allowed us to draw sound conclusions on the ZTC formation mechanism
as a function of the studied parameters.

MATERIALS AND METHODS

Five proton-exchanged FAU structured zeolites with acidities varying from 54 to 1004 umol g* were
used as zeolite templates. After activation of the zeolites, ethylene flow (6.7vol% in N>) was passed
through at a target temperature (690, 740, 790, and 840 °C) for 4 h. Additional pyrolysis treatment
was carried out at 900 °C for 2 h under N, flow. The achieved hybrid materials were treated with
aqueous HF, which allowed to dissolve the template zeolites and obtain the pure ZTCs.

RESULTS AND DISCUSSION

In a relatively narrow range of synthesis temperatures very different behaviors of ZTCs formation
can be identified. For low synthesis temperatures (i.e. 690 and 740 °C), the structural packing density
(SPD) of the hybrid materials which refers to the amount of carbon within the zeolite micropores,
clearly depends on the acidity (figure 1). By increasing the acidity, an increase in SPD can be noted as
well as a decrease of the residual microporous volume of the hybrid material. That informs about
carbon filling within the micropores only, where the acid sites are located. For a synthesis
temperature of 790 °C, a similar SPD no matter the acidity of the template zeolite is obtained as well
as an almost complete filling of micropores. On the contrary, using the highest synthesis
temperature (840 °C) involves a decrease of the SPD by increasing the acid site content. This can be
explained by the textural properties of the template zeolites: mesoporous volume that is filled using
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this temperature decreases linearly by lowering Si/Al ratio. Acid sites no longer govern the synthesis
of ZTC but it is the textural properties of the template zeolite.

FIGURE 1: Structural packing density as a function of acid site concentration for the four synthesis
temperatures.

These observations are confirmed by characterizing the final ZTC materials after zeolite dissolution.
TEM images show perfect replicas of zeolite for low synthesis temperatures only when the acid site
content is high enough. On the contrary, when a zeolite containing low acidity is used as template a
mixture of ZTC and unstructured carbon compound is obtained (figure 2). At 790 °C, the morphology
of the ZTC is similar to the one of the template zeolite no matter the acidity of the template. Finally,
at 840 °C the morphology is also transcribed to the ZTC but external carbon deposition occurs as well
as mesopore filling. The composition also depends both on the synthesis temperature and acid sites
content: using low synthesis temperature C/H ratios clearly decrease by decreasing the acidity while
these ratios are equal no matter the acidity at 790 °C, and increase by decreasing the acidity at
840 °C due to mesopores filling and carbon deposition on the external surface.

FIGURE 2: TEM images of ZTCs obtained for a synthesis temperature of 690 °C from high acid site
concentration (i.e. 1004 umol g%, left) and from low acid site concentration (i.e. 54 pmol g, right).
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Interestingly, ZTC which seemed to present similar properties for a synthesis temperature of 790 °C
show important differences as far as their electronical conductivity, as well as their structuring order
are concerned. This can be explained by a higher amount of acid sites that favor condensation of
carbon compounds

CONCLUSIONS

These observations together with nitrogen physisorption, electron microscopy images, Raman, and
EPR spectroscopy allow to conclude that as a function of the acid site concentration and synthesis
temperature different ZTC formation mechanisms are involved: the synthesis of ZTCs i) using low
and medium synthesis temperatures (i.e. 690, 740 and 790 °C) the synthesis is importantly impacted
by the acid site concentration. and, ii) using high synthesis temperature (i.e. 840 °C) the textural
properties of the zeolite sole seem to direct the synthesis of carbons.
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INTRODUCTION

Treatment of polluted water is still one of the main challenges for scientists and engineers. Water
pollution by so-called emerging pollutants becomes a major environmental issue with the potential to
cause adverse ecological and human health effects. This problem is related not only to residual
industrial liquids (RILs) but also to residual domestic waters (RDWs). However, RILs include toxic
cancerogenic molecules such as phenol from pharmaceutical industry. The removal of this class of
pollutants can be addressed by advanced oxidation processes (AOPs) based on Fenton, Photo-Fenton,
hydrogen peroxide, ozonolysis and heterogeneous photocatalysis. Therefore, important efforts have
been devoted in the search of alternative photoactive materials for the treatment of polluted waters.
In the present work, metal-free nanoporous carbons, either as received or sulphur doped, have been
studied as photocatalysts for the degradation of phenol under solar light irradiation (Bandosz et al.,
2020).

EXPERIMENTAL

Commercial wood-based carbon, BAX 1500 (Mead Westvaco) and two synthetic carbons, C1 and C2,
were used in this study. The latter two were obtained from Poly(4-styrenesulfonic acid-co-maleic acid)
sodium salt (Aldrich) and poly(4-styrene sulfonic acid) sodium salt (Aldrich), respectively, by heating
at 800 °C for 40 min with a nitrogen flow of 300 mL min and heating rate 50 °C min™™. To introduce
sulfur species, all carbons were heated in H,S atmosphere (1000 ppm in N2) from a room temperature
to 800 °C with 3 hours holding time at 800 °C (flow rate 150 mL min and heating rate 10 °C min™).
The modified carbons were denoted as BAX-S, C1-S and C2-S. An open-to-air batch photoreactor was
employed (Bandosz et al., 2020). Irradiation was performed by using a solar simulator with a Xe-lamp
(450 W m™). The catalysts were evaluated using the adsorption of nitrogen, thermal analysis,
potentiometric titration and XPS. Various parameters related to phenol adsorption and
photodegradation were investigated. They include the kinetics of adsorption and the intraparticle
diffusion coefficient. The effect of the surface density of the molecules adsorbed in the dark on the
efficiency of photodegradation was also evaluated.
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RESULTS AND DISCUSSION

As listed in Table 1, the photocatalytic activity in terms of the surface-catalysed reaction-rate (¢rei-vsur)
is ca. 25, 2 and 3 times higher after sulfidation for the BAX, C1 and C2 series, respectively. As XPS
analysis indicated, sulfidation introduced more sulfur, and mainly that in thiophenic configurations,
especially in the case of BAX where 100 % sulfur is in thiophenes. Even though some sulfur is present
in C1 and C2, it is evenly distributed between reduced and oxidized species. After sulfidation, both
sulfur content and the contributions of reduced sulfur increased, and both these features are
responsible for an increase in the photoactivity for C1-S and C2-S. Nevertheless, the deactivation of
the C2 series during the experiments deserves further attention, and the reason for this is likely related
in a specific surface chemistry. For this series, an increase in the density of adsorbed phenol after
sulfidation was the least pronounced and only about 10 %. That series of samples, and especially C2-
S, was also the most hydrophobic based on the potentiometric titration results. It was found that
thiophenic groups in small pores enhance phenol adsorption via providing basicity and hydrophobicity
and contribute to photoactivity by inducing defects altering the energy band gap. Sulfoxides and
sulfones, on the other hand, increase the selectivity of phenol oxidation to catechol and participate in
oxidation through increasing the population of holes, which might promote the formation of reactive
sulfur and oxygen species.

Table 1. Kinetic parameters of the PhOH photodegradation.

Sample Kapp X 1073 R2®b Orel-kapp © Cspd Vsur X 1073 Orel-vsur -
(min)? (%) (molec.nm?.min") ©

Photolysis 0.06 0.777 - 4 -0-¢ -
BAX 410 0.888 1.0 31 0271 1.0
BAX-S 105 0.949 9.9 100 6.880 25
Cl1 .90 0.941 1.0 87 5 201 1.0
Cl1-S 5 60 0.904 1.4 100 4710 2.0
C2 6.10 0.946 1.0 44 5 195 1.0
C2-8 175 0.894 2.9 59 6.804 3.1

2Obtained from the linear regression of the kinetic data according to a first-order kinetic model. ® First-order quadratic linear factor (R?).
¢ Photoactivity relative to the analogous non-sulfur treated sample in terms of kapp. ¢ PhOH conversion after 5h irradiation. ¢ Surface-
catalysed reaction-rate defined by Vsr = Kapp.psur, Where psur is the surface density of phenol molecules adsorbed in the dark. f
Photoactivity relative to the analogous non-sulfur treated sample in terms of vs.r. 8 Photolysis is a homogenous phase reaction.

CONCLUSIONS

The results collected show the high activity of sulfur doped hydrophobic carbons not only for phenol
adsorption in the dark but also for its photochemical degradation under solar light. That degradation
ability is linked to the visible light photoactivity of the S-doped carbons and to their favourable porosity
(a high contribution of ultramicropores similar in sizes to phenol molecule).
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INTRODUCTION

The current energy model involves significant negative environmental effects, many of them related
with the growing concentration of CO, in the atmosphere. To reduce CO; emissions, it is necessary to
replace fossil fuels and, for that purpose, green H,, i.e. generated using renewable energy sources, is
one of the best options. Thus, this study focuses on the photo-reforming of cellulose and
lignocellulosic biomass (almond shell wastes) in aqueous medium with the aim of obtaining hydrogen
(Caravaca, 2016; Zhang, 2016; Granone, 2018). For this purpose, TiO>-M (Cu and Ni) (1 wt. % M)
catalysts have been prepared using different synthesis methods with commercial and synthesised
titania (in this latter case also including carbon doping). The aim is to achieve high hydrogen
production, with a high H,/CO, ratio, and to obtain value-added products in solution.

EXPERIMENTAL SECTION

A series of photocatalysts has been prepared using the commercial titania P25 (Degussa) by the
following procedures (i) impregnation with aqueous copper or nickel nitrate solution (P25-Cu-i and
P25-Ni-i), (ii) calcination at 500 °C of P25-Cu-i (P25-Cu-ic), (iii) reduction in H, flow at 500 °C of P25-Cu-
i and P25-Cu-ic (P25-Cu-ih and P25-Cu-ich, respectively), (iv) impregnation and reduction with NaBH,
(P25-Cu-ib). Other photocatalysts have been prepared from TiO, synthesised by a hydrothermal
process (12 h, 180 °C) using titanium tetraisopropoxide or from an additional TiO»-C sample prepared
adding sucrose (C precursor) to the synthesis medium. After drying (100 °C, 12 h) these samples were
calcined (350 °C, 2h). TiO, and TiO,-C were impregnated with aqueous copper nitrate solution, leading
to TiO,-Cu-i and TiO,-C-Cu-i, respectively. The catalysts were characterised by ICP-OES atomic
spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy and transmission electron
microscopy. The catalytic activity tests were performed in a Heraeus UV-RS-2 glass reactor with a 150
W mercury lamp (365 nm). In each experiment, 1 g cellulose or biomass (both milled), 20 mg
photocatalyst and 500 mL distilled water were used. The generated gas is swept by He flow (60
mL/min) and continuously analysed by mass spectrometry (Omnistar GSD 301 O1, Balzers). At the end
of the experiment (5 h), the solution is collected and analysed for total organic carbon.

RESULTS AND DISCUSSION
According to ICP-OES, the M content (wt. %) is very close 1 wt.% in all catalysts, excepting P25-Cu-ib,
in which the Cu content is 0.5 wt. %.

XRD data for the catalysts show the characteristic peaks of TiO, and very low intensity peaks that could
correspond to Cu species. A mixture of copper species, such as CuO, Cu,0, and Cu in different
proportions, seems to be present in the catalysts.

46



Table 1 shows the main results regarding the oxidation state of the supported Cu species. The P25-Ni-
i catalyst exhibits BE at 855.6 and 856.85 eV corresponding to Ni (II) and Ni (lIl), respectively.

Fig. 1 shows TEM images of the P25-Cu photocatalysts, including the determined average particle size,
which is lower than 3 nm in all catalysts.

FIGURE 1: TEM images a) P25-Cu-i, b) P25-Cu-ic, ¢) P25-Cu-ich and d) P25-Cu-ib

Table 1 shows the amount of H, and CO; generated (in umol - h'* - gcat?) using all the tested
photocatalysts, revealing that the Cu catalysts are more active than pure P25 and thus, the positive
effect of copper species as co-catalysts. On the other hand, Ni seems to be no effective as co-catalyst.
Using the synthesized titania the results are similar or better than using P25, and it is outstanding that
the incorporation of carbon during the synthesis of TiO, (and subsequent Cu impregnation) leads to
an increased H; generation. Using biomass as substrate the hydrogen generation is very limited,
probably because other reduction reactions compete and are more favoured.

Table 1. XPS data of the supported copper species; and hydrogen and carbon dioxide generated in
photocatalytic tests.

XPS data Catalytic activity results
Catalyst B.E. (eV) (umol_r_f_gcat_l) (pmol_f_f_’;cat_l) H/CO>
Cu(l) or Cu(0) Cu(Il)

P25 297 211 1.4
P25-Ni-i 265 224 1.2
P25-Cu-i 932.1 (76%) 934.2 (24%) 731 407 1.8

P25-Cu-i* - - 38 357 0.1
P25-Cu-ic 932.38 (87%) 933.99(13%) 437 277 1.6

P25-Cu-ih - - 510 313 1.6

P25-Cu-ich 932.34 (91%) 933.63 (9%) 275 1.7
P25-Cu-ib 932.34 (91%) 933.63 (9%) 653 341 1.9

TiO2-Cu-i 932.11 (88%) 933.12 (12%) 733 488 1.5

TiO2-C-Cu-i 932.18 (89%) 933.89 (11%) 954 610 1.6
Blank™ - - 69 19 3.6

"B Using almond shell as substrate. “*With P25 and without cellulose or biomass

CONCLUSIONS

The Cu containing photocatalysts are more active than the pristine P25 and that the P25-Ni catalyst.
The P25-Cu-i sample stands out for its very good catalytic activity results and for its simple and cheap
preparation procedure. It is observed that Cu-based catalysts prepared with the synthesised titania
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are very active and that the incorporation of carbon during titania synthesis provides higher H,
evolution values. The test carried out with biomass has led to a small H, evolution which is related
with the much more complex structure of this substrate.
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INTRODUCTION
Combustion of fossil fuels for power generation has a major environmental impact through
emissions of CO,, SOx, NOx, and other trace species. Post combustion capture of CO; from flue gases
at source has the potential for mitigating global warming and climate change. However, existing CO,
capture technology is currently not economically viable (Sholl, 2016). CO, (10-15%), H.O vapor
(8-12%), and residual O, (2-3%) and N, (67-78%) are the main components of flue gas from natural
gas combustion with NOx (150-500 66 ppm) as a minor component (Chaffee, 2007). Natural gas
combined cycle power plants have flue gases with lower concentrations of CO, with typical
compositions of CO, (3.9%) with a balance of N, (74.4%), O, (12.4%), H.O (8.4%), and Ar (0.9%)
(Siegelmann, 2019). Flue gases produced by coal combustion also contain SOx (500-3000 ppm) as
well as other trace inorganic species. The use of porous adsorbent materials for carbon capture and
storage (CCS) from flue gases is being considered as a low-energy economic method (Webley, 2014).
CO, cyclic separation processes proposed include pressure swing adsorption/vacuum swing
adsorption (PSA/VSA) (Vos, 2014) and temperature swing adsorption (TSA) (Merel, 2008).

Adsorption of flue gas on porous materials is a complex process due to competitive
adsorption of species with different mechanisms and potential reactions of species in the pores. A
comparison of multicomponent (CO,, H,O, and N,;) and pure CO, adsorption showed that
multicomponent studies were essential for the assessment of adsorbents for CO, capture (Mason,
2015).

In this work, the adsorption/desorption characteristics of pure N, CO,, and SO, gases, and
H,0 vapor on an activated carbon, including both thermodynamics and adsorption dynamics, were
systematically investigated to give a comprehensive representation of the adsorption processes. The
CO2/N, competitive adsorption was determined by the integral mass balance (IMB) experimental
method (Bell, 2021) and the isotherm and selectivity results were compared with ldeal Adsorbed
Solution Theory (IAST) (Myers,1965).
RESULTS AND DISCUSSION
Carbon F400 was used in a previous European interlaboratory study of CO, adsorption with
temperatures in the range 318-318.8 K. Comparison of the high-pressure carbon dioxide adsorption
up to 50 bar at 318.5 K for the F400 sample used in this study showed that it was not significantly
different from the sample used in the interlaboratory study (Bell, 2021). CO, adsorption studies
showed that the Dubinin-Radushkevich micropore volume was 0.363 cm? g! and the total pore
volume was 0.55 cm? g. The adsorption isotherms for the main components of flue gas show that
there are major differences in adsorption characteristics. The isotherms for adsorption of H,O vapor,
S0O,, CO; and N; at 298.15 K are shown in Figures 1a and b. The adsorption isotherm for H,O vapor is
Type V in the IUPAC classification whereas the SO, isotherm is Type I/Il. The isotherms intersect each
other at low pressure (~13 mbar) because of the different adsorption mechanisms, which give
different isotherm shapes. It is apparent from the isotherms that the spreading pressure for the flue
gas components was in the order: H,0 > SO, > CO, > N, for surface excess values > 1 mmol g™. The
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isosteric enthalpies of adsorption for H,O vapor (193.15-303.15 K), SO, (290.65-303.15 K), CO;
(283.15-318.49 K) and N, (298.15-313.15 K) were determined as a function of surface excess using
the Clausius-Clapeyron equation. Virial methods were used to determine the isosteric enthalpies at
zero surface coverage using virial methods for SO,, CO; and N; adsorption. The isosteric enthalpies
of adsorption for the flue gas components was in the order: H,0 > SO, > CO; > N, for surface excess
values >1 mmol gt
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FIGURE 1. Adsorption isotherms for H20 vapor, SOz, CO2 and N2 on carbon F400 at 298.15 K a) 0-100 mbar and
b) 0-50000 mbar.

H,0 vapor and SO, adsorption studies showed that these components had much slower adsorption
kinetics that either CO, or N, (Bell, 2021). The kinetics for both H,O and SO, adsorption obey the
Linear Driving Force (LDF) model and this is consistent with the presence of a surface barrier. The
adsorption and desorption kinetic minima with surface excess for H,O vapor are attributed to the
formation of H,O clusters. The SO, adsorption/desorption are attributed to dipole-dipole
interactions on the surface. The adsorption of water vapor has potentially a large effect on the
capture of CO; because of the large amounts present in flue gas and the low rates of adsorption of
water vapor in the steep uptake region of the Type V isotherm due to the effect of clustering of
water molecules in pores. These water vapor adsorption rates were much slower than SO, and this is
a result of the different adsorption mechanisms. Both the SO, adsorption and desorption kinetics are
also very similar for specific surface excess values, and there is a minimum in the kinetics.

Figure 2 shows a comparison of experimental isotherm measurements and selectivities for
CO,/N; mixtures using the IMB method as a function of mole fraction and corresponding IAST
calculations, which are based on the pure gas isotherms (see Figure 1b). Results for CO,/N, mixtures
show how spreading pressure controls competitive adsorption and the CO,/N; selectivity decreases
with increasing CO; mole fraction. The experimental and IAST isotherms were comparable, but the
experimental CO,/N» selectivities were significantly different from IAST calculations. Small
differences in the isotherms are significant in determining selectivity, in particular, at the extremes
of CO./N, gas phase ratios. The N, IAST isotherm values are significantly higher than the
experimental values. Comparison of the predictions of the IAST model for CO2/N; selectivity with
experimental selectivity measurements showed that experimental selectivity determinations were
needed for process development. CO,/N; is a straightforward binary mixture compared with flue
gas. IAST calculations are appropriate for CO,/H,O mixtures because of the different adsorption
mechanisms and therefore CO,/H,0 selectivity has to be determined experimentally. This research
shows the need for experimental determinations of amounts of adsorbed species from complex flue
gas mixtures to determine selectivity as a function of relevant conditions for process development.
The capture of CO; from flue gases on porous materials is strongly influenced by other components
with a higher spreading pressure as well as kinetic effects for diffusion of SO, and H,0 in pores and
possible reactions of species such as CO, and SO, with H,0 in pores.
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FIGURE 2. Adsorption of CO,/N; mixtures on F400 at 298.15 K a) The variation of experimental
surface excess adsorbed for N, and CO, with IAST predictions for total gas phase pressure of 1.5 bar,
b) The variation of CO,/N, selectivity calculated using IAST and experimental values obtained using
the IMB method with CO, mole fraction for total pressures of 1 and 1.5 bar.

CONCLUSIONS

Measurements of competitive adsorption are challenging for flue gas. Spreading pressure is a key
factor in controlling the capture of CO; from flue gas mixtures with the main components in the
order: H,0 > SO, > CO; > N, for surface excess values > 1 mmol g. The order for isosteric enthalpies
of adsorption is the same as for the spreading pressures over an identical surface excess range.
Adsorption and desorption kinetics of H,0 are also a critical aspect in the capture of CO, from flue
gases since kinetics are slow and could lead to loss of capacity with increasing adsorption/desorption
cycles and more frequent adsorbent regeneration.

Selectivity is a key parameter in the design of separation processes. Comparison CO,/N,
selectivity measured by the integral mass balance method and IAST calculations based on high
resolution pure component measurements showed significant differences indicating that
experimental measurements of selectivity were necessary for process design calculations. Even in
the case of CO,/N, where the adsorption mechanisms are similar, Ideal Adsorbed Solution Theory
(IAST), which uses isotherms for pure gases as the starting point for the calculation, does not give a
sufficiently accurate prediction of selectivity for use in process design. H,0/CO, selectivity have
different adsorption mechanisms and therefore selectivity must be determined experimentally in
this case.
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INTRODUCTION

In a recent study of a biochar showing certain electroconductivity (Prado, 2019), we proposed that
carbon properties other than conductivity greatly promote the response of the material towards
electron transfer with electroactive bacteria for pollutants degradation in a bioelectrochemically-
assisted constructed wetland (METland®). This material, the so-called electroactive biochar, is the
most promising candidate for large-scale environmental applications of microbial electrochemical
systems (Schievano, 2019). Despite this interest, the role of conductivity and other carbon properties
determining these bioelectrogenic processes, i.e. the concept of electroactive biochar, needs to be
explored. This work compares for the first time the response of an electroconductive biochar (ecB)
with a non-conductive one (ncB), together with other reference conductive or isolating materials
(graphite, coke (C), and gravel (G)), for the treatment of a real urban wastewater.

EXPERIMENTAL

Different laboratory-scale upflowed biofilters (METland®-type), in the absence or presence of plants,
were built with the 5 different materials (beds) (Fig. 1A). The materials were thoroughly analysed by
different techniques (SEM, Raman, XRD, N, and CO, adsorption, Hg porosimetry, TPD, XPS, and four-
probe conductivity measurements) to establish properties-performance correlations. The impact of
the different physicochemical properties on the wastewater treatment efficiency (COD and N
removal), bioelectrochemical response, and diversity of microbial communities was studied. The
bioelectrochemical activity was evaluated from cyclic voltammetry and in-depth electric potentials
(EP) profiles. These EP profiles were measured as potential differences between two Ag/AgCl/Cl-
(sat.) reference electrodes connected to a digital voltmeter, one fixed in the upper layer (surface) of
the biofilter immersed in water (reference potential), and the other one moving every 3 cm along
depth, at time O (abiotic conditions) and during the start-up (10 days) and the steady state (20 days)
periods. The microbial diversity was analysed by 16S rRNA metagenomic sequencing.

RESULTS

Materials analysis (Table 1) evidences a negligible conductivity and porosity in the gravel, while the
coke exhibits high conductivity and porosity (Hg), but lacks surface oxygen groups (SOGs) and
microporosity. Contrarily, SOGs abound in both biochars, mainly in the non-conductive (ncB), and
both present a developed and hierarchical porosity, but the conductive biochar (ecB) presents a
conductivity 5 orders of magnitude higher and a higher microporosity. The biodegradation results
show that the electroconductive materials outperformed the non-conductive ones, being the
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electroconductive biochar the one with the best overall response (Table 1), allowing removal rates
as high as 175-180 gCOD/bed*m? day and capable to support a land footprint as low as 0.4 m?/pe.

TABLE 1: Main physicochemical properties, biodegradation efficiency at 20 days (influent: 862.0 mg/L COD and
64.7 mg/L NH4*) and key functional microbes found for the materials (results of planted reactors).

Textural properties Surface Chemistry Removal Bacteria (reads)
(TPD) Efficiency
. Cond. SeeT Aco. | Porosity co CO2 COD | NH4*
Material | (syem) | (mi/g) | (m?/g) | (Hg) (%) | (umol/g) |(umol/e)| (&) | () | B |ANMamoX
gravel <1E-12 <1 - 2 - - 63.0 | 49.1 1447 5186
nc-biochar | 2.6E-9 13 395 53 2725 1953 82.2 | 82.3 6184 4224
ec-biochar | 5.8E-4 | 305 630 37 994 605 90.8 | 834 21898 4411
coke 104 1.2 5 46 42 68 89.8 | 56.2 2391 825

FIGURE 1: (A) Scheme of the METland®-type reactor; and (B) in-depth electric potential profiles of the
biofilters with the different materials at different operation conditions.

Microbial biodiversity analysis (Table 1) revealed that the properties of this material favour the
presence of Geobacter and annamox bacteria, the most efficient for electrogenic degradation of
organics and nitrogen removal, respectively. Furthermore, the presence of a marked electric
potential profile along the bed height in electroconductive materials (Fig. 1B) demonstrated that
electroconductivity is necessary for an effective electron flow from bottom to uppermost layers of
the bed and, consequently, an unlimited metabolism.

CONCLUSIONS

The electroconductive biochar has been found the most effective material for urban wastewater
treatment in METlands. Its superior response is attributed to the combination of a rich surface
chemistry with electroactive SOGs and adequate microporosity, favouring the “geobattery”
mechanism of e-transfer with bacteria; together with a sufficient conductivity to promote the
"geoconductive" mechanism and support the electron flow through the bed.
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INTRODUCTION

Graphene oxide (GO), the oxidized form of graphene, is a versatile platform to prepare
multifunctional systems as it is full of oxygenated groups that can be chemically modified using
controlled reactions (Guo, 2022). In this context, GO has been extensively explored for biomedical
applications and its biocompatibility and biodegradability have been proved (Ma, 2020). The
possibility to modulate the number of defects and functions, the insertion of new functional groups
and the control of the size distribution allow to render this material safe in the biomedical field. We
have recently exploited GO for different applications in combined cancer therapies, focusing on solid
tumours and glioblastoma.

RESULTS AND DISCUSSION

One of the mechanisms of killing cancer cells is based on depletion of glutathione (GSH) and
generation of reactive oxygen species (ROS) (Ma, 2021a). Starting from GO, we have first reduced it
to so-called reduced graphene oxide (rGO). rGO was combined with manganese dioxide
nanoparticles (MnO; NPs) to design a multifunctional platform (rGO@MnO,) for efficient
photothermal/chemodynamic combined therapies (PTT/CDT) (Figure 1) (Ma, 2021b). Manganese-
based NPs were complexed to the surface of rGO nanosheets (rGO NSs). We found that these NPs
are able to oxidize intracellular GSH, generating manganese ions that convert hydrogen peroxide
into hydroxyl radicals by Fenton reaction. As graphene materials have the capacity to adsorb light in
the near infrared region and generate heat, we also applied rGO NSs-mediated PTT to enhance the
mortality of cancer cells. The high temperature caused by the photothermal conversion increases
the Fenton reaction rate, ameliorating the efficacy of MnO, NPs-induced chemodynamic effect.
These hybrid materials have great potential in cancer therapy by exploiting the synergistic effect of
photothermal and chemodynamic combined therapeutic modalities.

FIGURE 1: rGO@MnOz-mediated photothermal therapy (PTT) and photothermal/delivery effect enhanced
chemodynamic therapy (CDT) for synergistic elimination of cancer cells.
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Glioblastoma is the most common and malignant primary brain tumor in adults associated with a
high mortality rate and survival between twelve and fifteen months after diagnosis. Unfortunately,
glioblastoma poorly benefits from modern molecular therapies. Peritumoral brain invasion is one of
the main targets to cure glioblastoma. Chemo/radiotherapy and targeted therapies failed to combat
peritumoral relapse. Brain inaccessibility and tumour heterogeneity explain this failure. We have
found that rGO can provide a unique opportunity to modulate the local brain microenvironment
(Chin, 2022). Multimodal graphene impacts have been reported on glioblastoma cells in vitro but
failed when translated in vivo because of low diffusion. To solve this issue, we have developed a
protocol to prepare a functional rGO, involving rapid ultra-mixing during the functionalization with
polyethyleneimine (PEI), leading to the formation of highly water stable rGO-PEI. Wide mice brain
diffusion and biocompatibility were demonstrated. Using an invasive GL261 model, we observed a
strong anti-invasive effect. These results open the way to a new microenvironment anti-invasive
therapy using graphene-based nanomaterials that have been optimized for in vivo brain delivery.

FIGURE 1: PEl-functionalized rGO distribution in a mouse brain affected by a glioblastoma.

CONCLUSIONS

Graphene oxide is a versatile carbon material that allows designing multifunctional systems
following a controlled chemical modification of its surface, leading to complex conjugates with
specific biological properties that can be exploited to treat different types of cancer.
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INTRODUCTION

Lignocellulosic biomass residues (LBR) are attractive and promising starting materials for the
sustainable production of fuels and chemicals. Different avenues can be used for such revalorization
(Taylor et al., 2019). Photocatalysis is among the most appropriate ones because it is efficient,
simple, and less expensive than others (Liu et al., 2019). In this context, the present study focuses on
the photocatalytic reforming of almond shell, a local lignocellulosic biomass waste used as a model,
to produce hydrogen. For that purpose, Metal/TiO, photocatalysts have been prepared, and
different pretreatments (physical, thermochemical, etc.) have been assayed over the lignocellulosic
biomass to increase its reactivity and, thus, the photo-reforming efficiency.

EXPERIMENTAL

The almond shell sample (AS, local origin, with a 35 wt. % cellulose content) was submitted to the
following treatments: i) Grinding (electric grinder), sieving to get the 1 mm fraction and milling in a
planetary ball mill (PM 200 Retsch ball mill, 3:1 steel balls/solid weight ratio, 500 rpm, 7 h), resulting
in sample named MAS, ii) Pyrolysis of MAS at 450 °C for 1 h in N3 flow (sample PMAS) and iii)
Hydrothermal carbonization (HTC) of MAS at 200 °C for 6 h. From this HTC treatment, the generated
solid sample (HMAS-S) and the solution (HMAS-L) were separated. For comparison purposes, a-
cellulose (Sigma-Aldrich) was also ball milled in conditions previously described (leading to sample
MC). Catalysts with 5 wt.% metal were prepared by impregnation of titania P25 (Degussa) with
aqueous solutions of Ni(NOs),:6H,0 and Cu(NOs),:3H,0 (both Panreac), as follows: 5 mL of the
metallic salt solution were mixed with 2 g of P25, stirred for 2h, followed by 30 min sonication.
Water was removed at 80 °C for 24 h, resulting in Ni/TiO, and Cu/TiO, catalysts. These catalysts
were tested as prepared or after reduction treatment (H,, 60 mL/min flow, 5 °C/min up to 500 °C, 2
h, then named Ni/TiO2-r and Cu/TiO,-r). The techniques used for the characterization of substrates
and/or catalysts include physical adsorption of N, and CO, (Autosorb-6, Quantachrome Instruments),
X-ray diffraction (Bruker D8-Advance), scanning electron microscopy (Jeol, model IT500HR),
transmission electron microscopy (FEI Talos F200X) and ICP-OES (Perkin Elmer, 7300 DV). The
photocatalytic tests were conducted in a cylindrical glass reactor (Heraeus UV-RS-2) with a UV lamp
(Heraeus TQ-150, 150 W, Amax=365 nm) in the following conditions: 20 mg catalyst, 500 mL water,
stirring, 30 mL/min He, 5 h, and variable amounts of the substrate (pretreated samples): 5 g of MAS,
the amounts of PMAS and HMAS-S obtained by treating 5 g of MAS, or the amount of MC equivalent
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to the cellulose contained in 5 g of MAS. Water splitting tests with Cu/P25 and photolysis assays
were also conducted. The gaseous products were analyzed by mass spectrometry (Omnistar GSD301
01, Pfeiffer), whereas the solution at the end of the reaction was analyzed for total organic carbon
determination (TOC-V CSN Shimadzu analyzer).

RESULTS AND DISCUTION

The SEM analysis has shown that the average particle size of the MAS, PMAS and HMAS-S sample is
12, 18 and 22 um, respectively. The textural characterization has confirmed some porosity creation
in PMAS and HMAS-S. TEM images of the catalysts show a very good dispersion of Cu or Ni over TiO,.
Photocatalytic tests with Cu-TiO, or Ni-TiO, using MAS as substrate lead to similar productions of H,
(32 umolh™gcat?), well above the water splitting (7 pmolh™gcat™), or photolysis test (1 umolh™).
Considering the lower cost and greater availability of Cu, most of the study has focused on Cu-TiO..
Regarding the influence of the catalysts reduction treatment, it has been concluded that it does not
improve the activity and it can be skipped with the important advantage or reducing costs and
energy consumption. Similar amount of H, is obtained using PMAS or HMAS-S (around 15 and 16
umolh™gcat?, respectively), highlighting that despite their slightly higher porosity compared to MAS
pyrolysis and hydrothermal carbonization are not suitable treatments. Using the liquid from
hydrothermal carbonization (HMAS-L) a high amount of H, (73 pmolhgcat?) is obtained, opening
the possibility of using this residue as an efficient substrate. As expected, the highest production of
H, was achieved using the milled cellulose simpler substrate, 930 pmolh™gcat. The TOC values of
the resulting solutions depend on the substrate used and, in general, they are higher in those tests in
which the generation of hydrogen is also higher.

CONCLUSIONS

Biomass photorreforming largely depends on the substrate and the applied pre-treatments. Good
results have been obtained using Cu-TiO; photocatalysts prepared by a simple and economical
procedure (avoiding high-temperature treatments). The liquid from the hydrothermal carbonization
of almond shell has shown particularly attractive results, which opens the way to revalorize this
residue.
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INTRODUCTION

Heterogeneous photocatalysis using TiO; is effective for the treatment of wastewater containing
recalcitrant contaminants. Reported studies have highlighted that the addition of activated carbon
(AC) to TiO; improves its dispersion and increases the concentration of contaminants on its surface
(Che Ramli, 2014), which can favour or enhance the photocatalytic process. Thus, this study
compares the removal of an organic contaminant by a TiO,/AC photocatalyst with its adsorption on
the AC, both analyzing results at equilibrium and the process kinetics.

EXPERIMENTAL

An activated carbon (named AC) was prepared from Luffa cylindrica by impregnation at reflux with
an 85 wt.% H3PO, solution, at a weight ratio HsPO,/luffa equal to 3/1, followed by heat treatment at
500°C in N, flow of 60 ml/min (Boumad, 2021). Commercial titania P25 (Degussa) was used as
photocatalyst, and also for the preparation, by a simple mechanical mixing method, of the
composite named P25-AC (containing 70% P25 and 30% AC). The materials were characterized by
physical gas adsorption (QuantaChrome Autosorb-6B) and X-ray diffraction (Miniflex Il Rigaku (30
kV/15 mA), and were used in the removal of malachite green dye (MG) in solution via: a) adsorption
(under dark) or b) photocatalytic degradation under simulated sunlight (ATLAS SUNTEST CPS+
instrument with a xenon arc lamp (NXE 1500B) for 2 hours, noting that the UV-lamp was switched on
for the photodegradation tests at t= 0 min, without establishing the adsorption equilibrium. In both
cases, 250 ml of 10 mg/L MG solution and 0.125 g of adsorbent or photocatalyst were used. Before
irradiation, the suspension was sonicated for 2 min to well disperse the photocatalysts. At specified
time intervals, 4 ml of the solution were taken, filtered, and analyzed by UV-vis spectrophotometry
(Shimadzu PC1201) to follow the evolution of the MG concentration with time.

To study the mechanism of photocatalytic degradation, tests were carried out using 2 ml solution
with 2 mol/L concentration of: i) absolute methanol (99.8%), ii) benzoquinone (99%), or iii) 2-
propanol (>99.5%) solutions (from Sigma Aldrich), as inhibitors of superoxide radical anions (O;'e),
hydroxyl radicals (OHe) or positive holes (h*), respectively.

RESULTS AND DISCUSSION

The study of the textural properties revealed that the specific surface areas of the AC, P25 and P25-
AC samples are, respectively, 1139 m?/g, 60 m?/g and 383 m?/g. P25 contains 73% anatase and 13%
rutile and P25-AC sample maintains its crystallinity and phase contributions.
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Fig. 1a presents the MG removal from solution by AC adsorption, showing that MG is completely
adsorbed in less than 30 minutes on the AC and P25-AC samples, whereas there is practically no MG
adsorption for P25. Fig. 1b presents the removal of MG from solution under simulated sunlight,
showing that P25 is a good photocatalyst for this reaction, with a fast degradation of MG. Using the
composite, the MG removal is much more efficient, but comparison with MG removal by adsorption
in AC shows that using the P25-AC composite is hardly an advantage (over the AC). It must be
considered that MG removal by P25-AC is the result of the combination of MG photodegradation
and adsorption, meaning that the reaction products from MG photodegradation should be identified
(to evaluate if total mineralization occurs), whereas MG removal by AC adsorption should imply a
subsequent desorption step, both for the regeneratiorlmoof the adsorbent and/or for MG recovery.
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FIGURE 1: MG removal: by adsorption (a) and under simulated sunlight (b).

Regarding the photodegradation mechanism, different scavengers for the reactive oxidative species
(ROS) have been added to the solution tests, in separated experiments, to analyze which one is the
dominant in the photooxidation mechanism. Obviously, the presence in solution of the scavengers
significantly decreases the photodegradation efficiency. It can be concluded that, using P25,
superoxide anion radicals are the most contributing ROS, followed by a moderate contribution of
positive holes, while hydroxyl radicals contribute the least. Using the P25-AC composite, superoxide
radicals are also the most determining ROS, although the relative influence of positive holes and
hydroxyl radicals is greater than for P25.

CONCLUSIONS

Under the studied conditions the removal of MG in aqueous solution is more efficient by adsorption
(in activated carbon) than by photocatalytic degradation with titania using simulated sunlight. The
incorporation of AC to the catalyst implies no clear advantage from the point of view of MG removal
efficiency and kinetics. The study of the photocatalytic degradation mechanism by scavengers
highlights that superoxide radicals are the most influencing ROS in the photodegradation.
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INTRODUCTION

Waste tyres are problematic: over one billion are produced per year and the majority of them are not
recycled (Bowles and Fowler, 2022). Despite these drawbacks, tyres have a high carbon content due
to the addition of carbon black (Cb) as a filler in rubber formulations during the tyre manufacturing
process. Cb contains unique spheroidal carbon lattice assemblages which are potentially excellent
sites for activation due to the high density of aromatic structures in their conducting phase (Doja et
al.,, 2022). The potassium hydroxide (KOH) activation process has been thoroughly researched for
producing highly microporous biomass-derived activated carbons (Blankenship and Mokaya, 2022),
yet has been neglected for tyre char porosity enhancement, especially in CO,-capture applications.
This study has rigorously investigated the effectiveness of KOH activation for producing microporous
CO, adsorbents from tyre char.

METHODS

Waste car and truck tyre granules (100 g) were pyrolysed at a 20 °C/minute ramp rate to 550 °C under
flowing N2in a batch rotary kiln, which has been previously described elsewhere (Fan et al., 2017). The
tyre char produced was then chemically impregnated with KOH at KOH:C mass ratios of 1, 3, 6, and 9.
The KOH-impregnated chars were then heated in a Carbolite TF 12/65/550 horizontal tube furnace,
fitted with a bespoke quartz reactor system, at 800 °C for 2 h under N, flow (see Figure 1). The resulting
activated carbon was then washed with 5 M HCl for 1 h and then deionised water, and finally dried at
105 °C for 24 h.

FIGURE 1: a) Diagram of the tube furnace. bi) Sample boat pre- and bii) post-activation. c) Photograph of the
reactor setup. d) Photograph of the condensation system used.
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The carbons were then analysed for ash content (ASTM D36.10), surface area (ASTM D6556-19a),
pore size distribution (by applying the NLDFT model to N; and CO; isotherms measured at 77 K and
273 K respectively), and CO, adsorption capacity on an Autosorb iQ 3 (Quantachrome Corp).

RESULTS AND DISCUSSION

Table 1 shows that increasing the KOH:C mass ratio caused a linear increase in the activated carbons
BET surface area (by ~80 m?/g/KOH:C) and pore volume (by 0.08 cm3/g/KOH:C), yet a linear decrease
in its yield (by ~7%/KOH:C). Ash content increased, especially at higher KOH:C ratios, as the carbon
framework was selectively removed. The average pore width reduced, due to the opening of new
micropores and ultramicropores within the non-porous part of the carbon black structure that was
present in the blank sample. Despite the large average pore widths (see AvPW of Table 1), Figure 2
shows that ultramicropores contributed to most of the surface area, accounting for approximately
72% of BET surface area in AC-KOHC-1, reducing to 53% in AC-KOHC-9.

Table 1: Showing the yield (Y), Ash content, BET surface area (BET-SA), total pore volume (tPV), and average
pore width (AvPW) of the activated carbons.

Sample KOH:C Y [%] Ash [%] BET-SA [m?/g] tPV [cm3/g] AVPW [nm]
Blank 0 86.7 2.8 80.1 0.71 3520
AC-KOHC-1 1 65.6 6.5 179.9 0.90 1657
AC-KOHC-3 3 57.5 6.6 333.3 1.01 1196
AC-KOHC-6 6 35.2 10.7 651.3 1.31 988
AC-KOHC-9 9 18.2 23.65 812.5 1.45 662
a) b)

R

<)

FIGURE 2: a-b: Cumulative pore surface areas as a function of pore width attained from a) CO2 and b) N»
isotherms. c-d Change in pore surface area as a function of pore width for c) CO2 and d) N2 isotherms. P-W =
pore width.

These high ultramicropore surface areas are unique to KOH activation (Blankenship and Mokaya,
2022), and suggest that K* intercalates at the interstices of the lamellae (Chen et al., 2020), causing
plane distortion as illustrated in Figure 3. The increase in ultramicropore surface area with greater
KOH:C ratio (around 51 m?/g/KOH:C) is maintained between KOH:C ratios of 1-6, suggesting that the
mass of KOH is the primary a limiting factor in the reaction. Between AC-KOHC-6 and AC-KOHC9, the
increase in ultramicropore surface area reduced in magnitude (18 m2/g/KOH:C) (see Figure 2c). This
may be due to limited conducting phase availability for the K* intercalation reaction, as the carbon
framework started to become saturated with KOH. Alternatively, ultramicropore destruction may
have increased relative to formation, minimising additional ultramicropore surface area.
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The surface area of the tyre char feedstock (~76 m?/g) provided sufficient accessibility for the KOH to
enter the conducting phase of conjugated aromatic compounds, enhancing the activation process.
After contact with the conducting phase, KOH may cause oxidation of carbon to the carbonate ion to
form KyCO5; (Wang et al., 2009). Liquid-solid reactions between K,0 and the carbon would similarly
chemically oxidise its surface. Oxidising gasification reactions would then occur from the resulting CO,
and H,0 produced as by-products, further degrading the carbon structure (see Figure 3).

FIGURE 3: lllustration of the K* intercalation process.

The high contribution of ultramicropores to the overall surface area suggests significant potential for
these tyre-char derived activated carbons as adsorbents for CO; capture, because ultramicropores
exhibit an adsorptive force onto the quadrupole moment of CO; (Blankenship and Mokaya, 2022).
Ongoing experiments investigating CO, capture via gas sorption show that these carbons have high
CO; adsorption capacities of over 80 mg CO,/g at 25 °C and 1 bar pressure. This shows that tyre-
derived chemically activated carbons have promising potential for use in high performance
applications such as carbon-capture and storage. This finding is important in several sectors because
it not only supports zero-pollution initiatives, but also circular economy principles and in the ongoing
work to mitigate climate change.

CONCLUSIONS

e KOH activation is an effective process to increase the surface area, porosity, and CO; adsorption
capacity of tyre char. Ultramicropore surface areas of between 130 and 420m?/g were produced.

e Further work regarding understanding the KOH-carbon reaction mechanism during activation is
required to optimise these adsorbents.

e  Waste tyres offer an abundant supply of feedstock that can be recycled into a product which could
benefit the mitigation of climate change.
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INTRODUCTION

Activated carbon, which can be produced by carbonization and activation of plant, animal, mineral or
petrochemical substances, is characterized by its high specific surface area of over 1000 m? g*. Due to
this high surface area, it can be used as an adsorbent for unwanted substances in gas phase, i.e. as a
gas filter. Thus, activated carbon filters are already finding applications in respiratory protection
masks, as cabin air filters, or for cleaning exhaust gases from production plants. During the activation
of the carbon material, i.e. the formation of the pore structure responsible for the high surface area,
temperatures of 700 — 1000 °C are typically used. In this process, coal is usually partially gasified with
steam or CO,. With the use of catalytically acting chemicals such as KOH or KCl, the gasification of coal
can be accelerated, which significantly improves the activation process and can save a considerable
amount of energy. In this study, different sulfate salts will be used to accelerate the activation of bio-
based carbon fibers and fabrics to form a pore structure that is well suited for adsorption from gas
phase.

EXPERIMENTAL

Commercially available viscose fibers (1.7 dtex; 36 mm) were impregnated with a 5 wt.% diammonium
hydrogen phosphate (DAHP) solution and carbonized at 850 °C under nitrogen atmosphere at
10 °C min. The carbonized fibers were treated with different salt solutions (Table 1). After drying,
20 g of each sample was activated for 105 min at 870 °C with a CO, flow rate of 80 L hX. The obtained
activated carbon fibers (ACFs) were analyzed by N, isothermal adsorption (77 K) using the Brunauer—
Emmett—Teller (BET) method and non-local density functional theory (NLDFT) to calculate the specific
surface area Sger and derive the pore size distribution (PSD), respectively.

RESULTS AND DISCUSSION

The sample that was not treated with DAHP prior to carbonization shows a low total yield of only 2.4 %
with an Sger of 1791 m? g (Table 1). By using the DAHP solution, the total yield increases to 15.9 %,
while the Sger also increases to 2024 m? g, This behavior could already be demonstrated by us in more
detail (Breitenbach, 2020). The treatment with 0.1 N ammonium, sodium, magnesium, iron, copper,
and zinc sulfate solution before activation results in a partly significantly higher activation yield, while
the specific surface area is lower than without the treatment. These chemicals, therefore, do not seem
to accelerate the activation process with CO,. With the use of 0.1 N K;SO, or KOH solution, the
activation yields decrease to 13.9 % and 12.4 %, respectively. At the same time, the Sger increases to
2442 m?gtand 2208 m?g?, respectively. Both potassium-containing solutions catalyze the gasification
of coal and thus the formation of porosity (Arnold, 2019). According to previous results, K;SO4 seems
to be more effective than KOH (Huttinger, 1986). However, an interaction of K;SO4 with phosphate-
containing compounds resulting from impregnation of the fiber prior to carbonization cannot be
excluded. This interaction could enhance catalytic activity during activation (Laine, 1991). For a more
detailed investigation, the concentration of the K;SO, solution was varied. Here, the result is shown
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with a 0.05 N K;SO. solution, where the activation yield of 35.0 % is lower than with the 0.1 N K,SO..
However, the Sger is significantly higher at 3419 m? g. Thus, the use of small amounts of K;SO4 seems
to catalyze the activation and favor the formation of the pore structure. The potassium-containing
solutions also shift the PSD towards larger radii (Figure 1), whereby pore radii of 0.8 — 4.0 nm are
achieved. Interestingly, Zn also has a similar effect.

TABLE 1: Overview of activated carbon fibers produced.

Sample DAHP / Salt solution Activation yield / Total yield / Seer /
wt.% % % m2g?
AC-b 0 - 15.0 2.4 1791
AC-D 5 - 46.9 15.9 2024
AC-D-NH4 5 0.1 N (NHa)2S04 84.8 28.8 1007
AC-D-Na 5 0.1 N Na2SOa 54.1 18.4 1715
AC-D-K 5 0.1 N K2SO4 39.8 13.9 2442
AC-D-K_0.05 0.05 N K2S04 35.0 11.9 3419
AC-D-Mg 5 0.1 N MgSOg4 55.9 19.0 1382
AC-D-Fe 5 0.1 N FeSO4 50.3 17.1 1514
AC-D-Cu 5 0.1 N CuSO4 38.1 12.9 1708
AC-D-Zn 5 0.1 N ZnSO4 47.8 16.3 1952
AC-D-KOH 5 0.1 N KOH 36.6 12.4 2208
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FIGURE 1: (a) Nitrogen adsorption isotherms and (b) PSD of the produced ACFs.

CONCLUSIONS

The use of potassium-containing solutions made it possible to catalyze the activation with CO, of
viscose-based carbon fibers. Despite the short activation time of 105 min, ACFs with a Sger of more
than 3400 m?g* and pores between 0.8 — 4.0 nm were produced. In combination with SEM, XPS, and
pH analyses we conclude that the produced ACFs are well suited for use as gas filter materials.
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INTRODUCTION

Global energy consumption has accelerated alarmingly due to the rapid development of the global
economy and the growing world population. To meet the growing energy demand needed to maintain
today's standard of living while avoiding resource depletion and pollution, it is necessary to develop
efficient, cost-effective, and environmentally friendly energy sources. Research efforts are currently
focused on improving the performance of energy storage devices, e.g. supercapacitors. Carbon-based
materials have attracted great interest in the application as supercapacitor electrodes due to their
frequency, chemical and thermal stability, processability, and the ability to adapt their structural
properties. Activated carbon materials in particular are characterized by their large surface area
(>1000 m? g') and their pore volume (>0.5 cm?® g?) at relatively low costs.

In the current work, cellulose-based viscose fibers were chosen as precursor material. These are man-
made fibers from bio-based resources, thus combining sustainability and availability in good and
constant quality, while also offering the full advantage of fibrous materials. Three different activation
methods are applied and their effects on the porosity of the activated carbon fibers (ACFs) and their
properties on the electrochemical performance of the supercapacitor are investigated. The physical
activation after carbonization by means of carbon dioxide and water vapor is considered. In addition,
the chemical activation by means of potassium hydroxide, which takes place during the carbonization
step, is examined

EXPERIMENTAL

Cellulose-based viscose fibers were treated with a 37.9 mmol L'* diammonium hydrogen phosphate
(DAHP) solution, dried, and carbonized in nitrogen atmosphere in a chamber furnace with a heating
ramp of 10 °C min™ up to 850 °C. The activation with H,0 and/or CO, was done after carbonization in
a rotary kiln. The furnace was heated to 870 °C under nitrogen and kept isothermal for 30 min prior
to the actual activation. A gas flow of 80 L h'* for 180 min was used for the CO; activation. For the
activation with H,0, 1.0 mL min™! of water was injected with a peristaltic pump for 180 min. Activation
using KOH took place during the carbonization step. The DAHP-impregnated and dried viscose fiber
was impregnated again with a 50 wt.% KOH solution. The ACF made like this was washed several times
with a 10 % HClI solution and with distilled H,O until a neutral pH was achieved. The ACFs were ground
in a mortar mill. After adding 10 wt.% graphite and 10 wt.% PTFE, the ACFs were ground again until a
kneadable dough was obtained. This dough was rolled out to a thickness of 90 — 100 um using a sheet
metal roller and electrodes were punched out. The electrodes were dried in vacuo overnight at 110
°C. Two symmetrical electrodes soaked with a 1 M TEMA BF4 solution in PC were used in a 2-electrode
test cell. All cells were built under argon atmosphere. A potentiostat was used for cyclic voltammetry
(CV), and galvanostatic discharge curves (GDC).
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RESULTS AND DISCUSSION

The CVs of the supercapacitors are recorded at a scan rate of 10 mV s with a potential window of -
2.7 —2.7 V (Figure 1a). The test cell prepared from the CO,- and the H,0O-activated fibers have a quasi-
rectangular shape, which is typical for EDLCs. The KOH-activated sample shows a parallelogram,
indicating a higher internal resistance. A similar trend can be seen in the GDCs measured at 1.0 A g*
(Figure 1b). While the EDLC made from CO,-activated ACFs shows a relatively small internal resistance
(IR) drop, the other two samples have a much stronger decline. The calculated equivalent series
resistance (ESR) is 584 Q) for the KOH-activated sample, 430 Q for the H,0-activated sample, and only
254 Q for the CO,-activated EDLC. The specific capacitance Cscy, derived from the CVs at various scan
rates v, is shown in Figure 1c. At the smallest scan rate studied (1 mV s?), the highest specific
capacitance is achieved. The H,0O-activated sample shows the largest specific capacitance at 180 F g%,
the electrode made of CO,-activated fibers 171 F g, and the KOH-activated sample 166 F g?. This
trend persists at more rapid scan rates. Even at very fast scan rates of 300 mV s, the investigated
EDLCs still reach values of 45 F g (H,0), 34 Fg? (CO,), and 24 F g? (KOH). Evaluation of specific
capacitance by GDC is recommended over that by CV because side reactions can occur, especially at
the edges of the potential window, which can enlarge the specific capacitance calculated by CV. The
calculated specific capacitance Csepc of the samples Figure 1d) behave slightly different than Cscv.
Here, the KOH-activated sample shows the maximum specific capacitance of 140 F g at the lowest
specific current /s of 0.1 A g*. For the electrodes produced from CO;-activated ACFs, Csepc is 121 F g2,
and for the H,O-activated fibers 112 F g*. With the increase of Is, a larger voltage drop occurs,
probably caused by a high internal resistance of the KOH sample, causing Cscoc to drop sharply. At
currents of 2.0 Ag? and higher, the IR drop was so large that no specific capacitance could be
determined. The best performance at discharge currents above 0.6 A g is shown by the CO-activated
sample. From the GDCs, the specific energy Es and the specific power Ps of the complete EDLC (not
per electrode) are calculated and are shown in a Ragone plot (Figure 1e). The highest power of
1360 W kgt is obtained with the CO, activated electrodes, followed by the H,O activated (626 W kg?)
and the KOH activated electrodes (410 W kg?). Also, the highest specific energy of 25.9 W h kg! is
achieved by the CO,-activated fibers. The other two samples reach specific energies of 20.8 W h kg™*
(H20) and 18.9 W h kg* (KOH) per device, respectively.

FIGURE 1: Electrochemical measurements of the EDLCs: CVs at a scan rate v of 10 mV s (a), GDC at a specific
current Is of 1.0 A g (b), Cscv at different scan rates v (c), Cs,coc at different current densities Is (d), and Ragone
plot calculated from GDC per device (e).
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CONCLUSIONS

Three different ways of obtaining activated carbon from DAHP-impregnated viscose fiber and using it
as electrode material for supercapacitors were investigated. It was shown that activation by CO, or
H,0 yields ACFs with a high specific surface area and a PSD that is very suitable for use as an electrode
material for supercapacitors. Unlike activation with KOH, which requires immense amounts of
chemicals and additional washing steps, here the fiber structure was preserved, resulting in cells with
remarkably low internal resistance. The H,O activation also allowed the removal of the majority of
heteroatoms without the need for a subsequent washing step as can be shown by EDX analysis. By
combining the two activation methods involving CO, and H,0, ACFs can be produced, which due to
their porosity with pores between 0.5 — 5.5 nm and a specific surface area of 2850 m? g}, morphology,
and purity are ideally suited for use in EDLCs. Thus, supercapacitors could be produced that exceeded
a specific capacitance of 178 F g per electrode (calculated from GDC) and an energy density of
42 W h kg for the device.
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INTRODUCTION

Fossil fuels still represent the main source for obtaining primary energy and plenty of chemical
products, despite all the greenhouse gases emission problems related to these uses. New directives
and plans for decarbonization of energy propose the use of green hydrogen, obtained in a
sustainable way from renewable sources, as an energetic vector and an industrial raw material. One
alternative to produce green hydrogen lies in steam reforming (SR) of the liquids resulting from
biomass waste pyrolysis. Nickel based catalysts were regarded as the most active for SR. However,
their low stability and sustainability needed to be addressed (Li and Gong, 2014). The latter could be
increased by using activated carbons (ACs) as catalytic support, prepared from the same biomass
waste used as pyrolysis feedstock. However, they might suffer from gasification, when operating at
high temperatures or high steam content. In this sense, chemical activation with H3PO. of
lignocellulosic waste generated surface phosphorus functionalities with acid character (Rosas et al.,
2009). These P groups also governed the carbon reactivity with oxygen, conferring strong oxidation
resistance to ACs (Rosas et al., 2012; Valero-Romero et al., 2017). In this work, the effect of P surface
groups on the activity and stability of Ni-AC catalysts for steam reforming of model compounds of
pyrolysis liquids was studied.

MATERIALS AND METHODS

Pistachio shell was chosen as the activated carbon precursor since it represents a non-edible and
abundant agroforestry waste. A P-containing activated carbon, named PS3P, was obtained by
chemical activation with HsPO, of the raw material using a 3:1 acid-to-precursor mass ratio and an
activation temperature of 500 °C, followed by a washing stage. P surface groups in PS3P were
reduced by applying a hydrogen treatment at 600 °C for 4 h, obtaining the corresponding PS3LP
sample. Finally, a P-free AC was also prepared by partial gasification of pistachio shell char with CO,
at 800 °C for 2 h (PSG sample). 10 % wt. Ni nominal loading was supported onto the ACs by incipient
wetness impregnation method, with Ni(NOs),-6 H,O and thermal annealing in N, atmosphere at 700
°Cfor 2 h.

Resulting catalysts have been evaluated for steam reforming of an equimolar mix of ethanol,
acetone and acetic acid, as model compounds of pyrolysis liquids, at 700 °C, using a space time of 50
mgers-umol? and a concentration of 0.75 % for each model compound. Steam to Carbon (S/C)
molar ratio was set to the stochiometric value.

Bulk and surface chemical composition and oxidation state were determined by XRF and XPS. In
addition, the porosity and the crystalline composition of the catalysts were analysed by N,
adsorption-desorption and X-ray diffraction (XRD) analyses, respectively.
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RESULTS AND DISCUSSION

The three obtained catalysts showed a very similar specific surface area with values around 950
m?/g, although PSG sample presented mainly a microporous structure (Vmicro=0.36 cm3/g and
Vmeso=0.07 cm3/g), whereas PS3P and PS3LP were mostly mesoporous catalysts (Vmicro=0.32 and
0.37 cm3/g and Vmeso=0.82 and 0.88 cm?3/g, respectively). Bulk phosphorus content varied from 0.5
down to 0.25 and 0.00 wt.% for PS3P, PS3LP and PSG support, respectively. After nickel loading, the
Ni2p XPS region of P-free PSG catalyst showed the highest peak intensity at 852.5 eV, indicative of
the presence of metallic nickel content. Differently, the PS3LP and PS3P catalysts showed a lower
peak intensity of this band. Both catalysts also showed a small band at 128 eV in P2p XPS spectra,
related to the presence of phosphide. The XRD patterns of the catalysts are shown in Figure 1.
According to these results, nickel in PSG sample appears as metallic nickel, meanwhile, in PS3P
catalysts, nickel phosphides are the main species formed, probably as a consequence of the
interaction of surface phosphorus with nickel. PS3LP, which shows a lower P content, presents an
intermediate behaviour, showing an incipient contribution of nickel phosphides, being the metallic
nickel the most abundant compound.

The results of steam reforming of model compounds at stoichiometric S/C ratio (Figure 2) revealed
that PSG catalyst needs a 3-hours induction period during which nickel was in situ reduced before
starting to produce H,. This period was not necessary when using PS3P, which was probably related
to the presence of nickel phosphides as active phase. When a previous reduction was carried on,
PSG provided a greater initial H; yield, followed by PS3LP. However, PSG catalyst, with and without
previous reduction, suffered from a strong deactivation with time on stream, whereas PS3P showed
a very stable H; yield at the operation conditions studied. A fast initial deactivation was also
observed for PS3LP, from which a stable yield value was observed. This value was similar to that
observed for PS3P.
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FIGURE 1: XRD profiles of Ni-AC catalysts FIGURE 2:. H; yield during reaction at 700 °C

CONCLUSIONS

The presence of phosphorus in ACs support for nickel catalysts promoted the formation of nickel
phosphides. As a result, the reduction of the active phase before steam reforming reaction of
pyrolysis liquids became unnecessary. Despite pre-reduced, P-free carbon support initially showed a
larger hydrogen yield. However, a more stable activity was observed for P-containing catalysts.
These results suggested that nickel phosphides as active phases provided a better long-term stability
of the catalysts.
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INTRODUCTION

Carbon xerogels (CXs) are polymeric materials that can be produced with controlled chemistry and
porosity. They can be treated at high temperatures to produce graphitic materials while preserving
porosity. These characteristics are significant for electrochemical applications. On the other hand,
sodium dual-ion batteries (Na-DIBs) operation, which can used carbon materials in both electrodes,
is based on the reversible intercalation/insertion of anion and cation from the electrolyte sodium
salt in the cathode (graphitic) and in the anode (no graphitic). Herein, the intercalation of PFs anions
in a graphitized xerogel doped with graphene oxide (GXGO) was studied by galvanostatic cycling.

EXPERIMENTAL

GXGO was prepared from a carbon xerogel doped with graphene oxide by heat treatment at 2800 °C
in Ar flow (Canal-Rodriguez, 2019). Two-electrode (working, WE, and counter, CE) Swagelok-type
cells were used. WE composition was 80 wt.% of GXGO, 10 wt.% of NaCMC binder and 10 wt.% of
carbon black. WEs were prepared by tape-casting with a doctor blade of 350 um. A metallic sodium
disc was used as CE. WE and CE were separated by two microfiber glass discs of 12 mm diameter
soaked by 165 L of the electrolyte: solutions of NaPFgat concentrations of 1.2, 1.5 and 2.0 M in 1:1
mixtures (w:w) of ethylene carbonate (EC) and dimethyl carbonate (DMC), diethyl carbonate (DEC)
or ethyl methyl carbonate (EMC) with and without the addition of 20 wt.% of fluoroethylene
carbonate (FEC), henceforth denoted as for example 1.2MNaPF¢/EC:EMC(FEC). The cells were
assembled in a glove box. Because the potential refers to the redox pair Na/Na*, the term voltage is
used instead of potential. Galvanostatic cycling of the cells (GXGO/Na) were conducted in a Biologic
battery tester in 2.9-5.0 V or 2.9-5.1 V ranges, at 372.0 mA g during 2500 charge-discharge cycles.

RESULTS AND DISCUSSION

Fig. 1 shows the specific capacity (SC) and the coulombic efficiency (Ef) vs. cycle number plots of
GXGO cathode (versus metallic sodium) in the 2.9-5.0 V and 2.9-5.1 V ranges, using free-FEC
1.2MNaPF¢/EC:EMC and added-FEC (20 wt%) 1.2MNaPF¢/EC:EMC(FEC) electrolytes. The presence of
FEC improves the performance of GXGO as regards (i) irreversible capacity during the first cycle with
a decrease from 70% to 53%, (ii) Ef, and (iii) cycling stability with capacity retention values of 100%
after the initial cycles in which electrolyte decomposition on the electrode surface occurs. An
increase of the upper cut-off voltage (UCOV) from 5.0 to 5.1 V initially leads to higher capacity.
However, despite FEC, also cause larger electrolyte decomposition as indicated by the decrease of
the Ef and the continuous capacity fading, which implies GXGO cathode material degradation.
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FIGURE 1: Effect of FEC and voltage range. FIGURE 2: Effect of electrolyte solvent mixture.

Fig. 2 exhibits the SC and the Ef vs. cycle number plots of GXGO cathode in the three electrolyte
solvent mixtures at UCOV of 5 V. The best results were reached in EC:EMC(FEC). To explain this, the
differential capacity vs. voltage plots for the intercalation/de-intercalation of PFs anions for cycle
1500 appears in Fig. 3. In EC:EMC(FEC), GXGO cathode presents more and sharper anion
intercalation peaks and the onset voltage (PFsanions intercalation starts) is lower, which implies that
less work is needed for this intercalation, thus accounting for the larger specific capacity achieved.

FIGURE 3: Differential capacity vs. voltage. FIGURE 4: Effect of electrolyte salt concentration.

The SC of GXGO cathode increases by increasing the electrolyte salt concentration (Fig. 4).
Specifically, this increase is particularly remarkable during the first cycles in which the electrode
activation occurs, i.e. the electrode activation is accelerated.

CONCLUSIONS

The best performance of GXGO material as cathode for Na-DIBs was achieved in 2.0M
NaPFe/EC:EMC(FEC) electrolyte for the 2.9-5.0 V range.
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INTRODUCTION

Carbon Aerogels (CAs) are materials which structural and chemical properties can be easily tailored
according with the required application. Between all the possibilities, these carbons have been
widely used in different energy storage systems such as fuel cells! and mainly in supercapacitors?
and Li-ion batteries?, showing competitive results with respect to those obtained with the already
available commercial carbons. However, their performance in new emerging energy devises such us
Li-ion capacitors (LICs) is still poorly known.

Li-ion capacitors are nowadays raising interest due to its ability to gather Li-ion batteries and
supercapacitors advantages in a single device. This is achieved combining a capacitor-like positive
electrode with a battery-like negative one.

In the present study, CAs with ad-hoc designed porous characteristics have been synthesized by an
easy and straightforward methodology to be used as positive electrode in LICs. The way the porosity
affects electrode performance has been evaluated. Moreover, a full-LIC was assembled with the best
CA employing a commercial hard carbon as anode. The results have been compared with those of an
analogous LIC but with a commercial activated carbon as the EDLC like electrode.

MATERIALS AND METHODS

Both pristine and hybrid organic aerogels were synthesized by a sol-gel process using resorcinol (R)
and a solution of formaldehyde (F) as main reagents, water as solvent and a solution of NaOH 0.1 M
as catalyst. The hybrid gel was easily obtained by the substitution of 100% of the water used as
solvent by a GO suspension. The initial conditions of the precursor solution were a R/F ratio of 0.5, a
dilution of 5.7 and a pH of 6.5. The precursor mixtures were then placed in a microwave oven at
85°C for 5h to undergo gelation, ageing and drying.

To obtain the respective activated carbons, the organic precursors were subjected to two one-step
carbonization/activation process in a horizontal tubular reactor under a CO; flow of 50 ml min* and
a heating rate of 50 °C min? up to 1000° C. The residence times were adjusted to obtain two
different surface areas of ca. 1700 and 2300 m? g. The nomenclature employed for the materials
was: “CASger” in the case of the pristine xerogels and “CAGOSger” for the hybrid one.

The textural properties of the carbons were estimated from N, adsorption-desorption isotherms at
77K (Micromeritics Tristar 3020). The electrochemical measurements were performed in a VMP3
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Capacitance(F g™)

potentiostat from Biologic using both two and three-electrode Swagelok testing cells and 1 M LiPFs
(EC:DMC)(50:50 wt%) as electrolyte.

For the electrochemical characterization of the materials, self-standing electrodes were prepared by
a 90 wt% of active material and 10 wt% of PVdF as binder. Electrodes made by 90/5/5 wt% of active
material/C65/NMP and Al foil as current collector were employed for the Full-LIC evaluation.

RESULTS AND DISCUSSION

The rate capability of the carbon aerogels and YP8OF (Figure 1), was firstly analysed in a half
Swagelok cell configuration, employing metallic lithium as the counter electrode and self-standing
electrodes as the working ones. Clear variations were observed, attributed mainly to the different
porous characteristics of the materials under study (Table 1).

TABLE 1. Porous characteristics of the carbons

120 studied.
—e— CA1700
110 —a— CAGO1700
—e— CA2300
—O— YP8OF Vo Vimeso Dmeso Sger
(cm’g?)  (em’g?) (nm) (m’g?)
CA1700 1,1 0,5 7,0 1796
CAGO1700 1,2 0,6 14,2 1652
CA2300 1,7 0,9 6,6 2248
YP8OF 1,2 0,4 2,5 2312
40+
- . . . . .
0 2 4 6 8 10
Current density (A g™ At the range of low current densities, a relation
between microporosity and charge storage was
detected as micropores are the pores where the
FIGURE 1. Specific capacitance of the ions are stored?. Hence, at 0.1 A g%, those materials
carbons under a voltage window with higher Sger (AX2300 and YPSOF) registered
between 2,0-4,0 V vs Li*/Li. capacitances of 113 and 105 F g?, while the

capacitances of CA1700 and CAGO1700 were 91
and 97 F g}, respectively.

As the current density increased, the capacitance decreased, however, a noticeable difference was
observed in the curve slope between YP8OF and all CAs, being the former more pronounced due to
the narrow diameter of mesopores. Mesopores act as transport pores that enable a suitable
movement of ions though the carbonaceous framework until they rich the micropores?.
Nevertheless, comparing the performances of CA1700 and CAGO1700 it can be concluded that there
is a maximum mesopore diameter above which no improvements are attained, as even though the
last one, has a Dmeso double that of CA1700, the capacitance decay of both materials was of ca. 50%.
CA2300 was the most stable carbon at all range of current densities applied, due to its high content
of micropores and a suitable volume and diameter of mesopores.

Consequently, CA2300 was the one used as positive electrode to assemble a full LIC with a
commercial HC as anode and a disc of Li metal as reference. The full device was analysed by a rate
capability study under a cell voltage window between 2.2-3.8 V vs Li*/Li. As it is observed in Figure 2,
the device registered a really stable performance even at a high current density of 5 A g?, that
corresponds to 9 s of discharge time.
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FIGURE 2.GA charge/discharge profiles of LIC-CA2300 at 5 A g and Ragone plot of both LICs.

At these demanding conditions, the CA potential swings from 2,5 to 4,0 vs Li*/Li, coupling perfectly
with the cell voltage swing. That, allows to exploit the maximum capacitance the HC is able to
provide, avoiding Li-plating as it swings above 0V, specifically between 200-50 mV vs Li*/Li.

This suitable performance was also reflected in the Ragone plot (Figure 2), where it is evidenced that
the LIC made by CA2300 is able to store high energy densities even when high power densities are
required. What is more, the values obtain are competitive to those of the LIC made with the already
available commercial carbon YP8OF.

CONCLUSIONS

Carbon aerogels are potential candidates to be used in energy storage devices due to the possibility
to tailor their porous characteristics. So far, they have been mainly employed in Li-ion batteries and
supercapacitors, however an in-depth study is required for their used in novel energy devices such
as Li-ion capacitors. In the present study, it was found that the presence of micropores plays an
important role for the positive electrode to reach high capacitances mainly at low current densities.
Nevertheless, a suitable diameter of mesopores is the clue to obtain a stable device able to retain
these high values at more demanding conditions without penalizing power delivery. By synthesizing
CAs with the same volume of micropores but different diameter of mesopores, it could be concluded
that it is @ maximum diameter of mesopore above which the capacity retention does not improve
anymore. The CA with a Sger of 2248 m? g and Vimeso of 0,9 cm? g! with a diameter of 6,6 nm, was
the material that delivered the best performance at all range of current densities studied. When this
carbon was used in a full LIC as positive electrode versus a HC as anode, the device showed really
stable performance with energy and power density values similar to those of a LIC made by
commercial carbons.
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INTRODUCTION

Advanced technologies have the potential to ensure safe and sustainable water supply, a major global
challenge of the nearest future. Among, these technologies those harnessing solar light emerged as
promising processes for mineralization of non-biodegradable pollutants under mild and
environmentally benign conditions. TiO,-containing photocatalysts, which combine TiO, with carbon-
based materials, are promising materials for wastewater treatment due to synergistic
photodegradation and adsorption phenomena (Mestre & Carvalho 2019). In an even more sustainable
perspective, there are some literature studies reporting the self-photo-activity of activated carbon
materials.

Moreover, the TiO,/AC composites (and other semiconductor/AC materials) can also promote the
regeneration of the system through an oxidative process, instead of the ex-situ and high energy
consuming conventional thermal regeneration. The oxidative regeneration by a photocatalytic process
is a convenient but scarcely explored approach with potential to enhance both the removal and/or
mineralization of the target pollutants and the number of reuse cycles without extra reagents
consumption (Salvador et al. 2015).

The purpose of this study was to develop TiO,/AC composites and test fresh and photo-regenerated
materials for the removal of methylene blue in aqueous solution prepared in ultrapure water or in
wastewater effluent.

EXPERIMENTAL

TiO,/AC composites were produced by the in situ immobilization of TiO, over activated carbon (AC)
obtained by steam activation of spent coffee grains, using two different TiO,/AC proportions. The
TiO,/AC composites and the AC material were tested as adsorbents (dark) and as photocatalysts in a
combined adsorption+photocatalytic process (solar irradiation) for methylene blue (MB) removal
from ultrapure water, and from a secondary effluent (Seckf) of an urban wastewater treatment plant.
All the materials were characterized by X-ray diffraction, N, adsorption isotherms at =196 °C, scanning
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electron microscopy, UV-Vis diffuse reflectance, Fourier-transform infrared spectroscopy,
temperature programmed desorption, X-ray photoelectron spectroscopy, and thermogravimetric
analysis.

RESULTS AND DISCUSSION

The TIAC60 (60% C) composite presented the lowest band gap (1.84 eV), while, for TIAC29 (29% C),
the value was close to that of bare TiO; (3.18 vs. 3.17 eV).

Regardless of the material, the solar irradiation improved the percentage of MB discolouration when
compared to adsorption in dark conditions. In the case of simultaneous adsorption+photocatalytic
assays performed in ultrapure water, TIAC29 presented the fastest MB removal. Nevertheless, both
TiAC29 and TiAC60 led to excellent MB discolouration percentages (96—98%).

UV-induced photoregeneration was a promising strategy to recover the adsorption and photocatalytic
capacity of the materials, especially for TIAC60 and AC which attained colour removals of 96-98%
(Figure 1). When the assays were performed in Seckf, all the materials promoted discolouration
percentages close to those obtained in ultrapure water. The bulk water parameters revealed that
TiAC60 allowed the removal of a higher amount of MB, associated with the overall improvement of
the SecEf quality.

FIGURE 1. Comparison of methylene blue removal percentage during combined adsorption + photocatalytic
removal of MB, between the original (first run), re-used without regeneration (reuse) and UV regenerated
catalysts (second run after UV regeneration for 90 min).

CONCLUSIONS

The advantage of the combination of the TiO, with the AC material for the effective removal of MB
and of the background organic matter was clearly demonstrated by the improved performance of the
TiO,/AC compared to the bare TiO,.
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INTRODUCTION

Nucleobases are biological compounds that form nucleosides, which are components of nucleotides,
with all of these monomers constituting the basic building blocks of nucleic acids. The nucleobases
are fundamental units of the genetic code; adenine (A), guanine (G), cytosine (C) and thymine (T) are
found in DNA, while (A), guanine (G), cytosine (C) and uracil (U) are present in RNA. DNA
modification plays an important role in several biological processes and diseases, including
development, aging, cancer, etc. Similarly, cellular RNA is also decorated with diverse chemical
modifications which affect the RNA metabolism. Different type of bases modifications can occur
such as, methylation, oxidation, and also nucleic base halogenation (Sanjuan, 2018). For this reason,
the interest in the fast and simple detection of the DNA and RNA bases modifications has been
growing during the last decades with the aim to achieve a useful tool for an early detection of
diseases.

In this regard, electrochemical techniques show great potentialities to meet this need in the fields of
“point-of-care” techniques using electrochemical devices capable of detecting the above-mentioned
modifications. Furthermore, miniaturization of these electrochemical devices takes on a
fundamental role in the evolution of electrochemical techniques which can be achieved thanks to
the development of two- and three-dimensional printing technologies.

This work will deal with the use of some additive manufacturing techniques for the fabrication of
miniaturized electrochemical sensors and their applications towards the detection of epigenetic
modifications in nucleobases. To do that, the electrochemical characterization of two- and
three-dimensional printed platforms has been addressed i.e., - graphite and graphene films when
using two-dimensional screen-printed electrodes. All carbon-based films have been used for the
qualitative determination of various halocytosines, haloguanines and halouraciles.

EXPERIMENTAL

Solutions of different nucleic bases were prepared in 0.1 M phosphate buffer solution (PBS) of pH
7.0 (close to physiologic pH) in the concentration range between 0.3 and 2.5 mM. All the
electrochemical experiments were carried out under atmospheric conditions. Cyclic voltammetry
and square wave voltammetry (SWV) have been used for the qualitative detection of the selected
bases upon two and three dimensions-based screen-printed electrodes. Glassy carbon electrode was
also employed with comparison purposes.

RESULTS

Figure 1 shows the SWV response of the explored nucleobases on graphite-based screen-printed
electrode. The results reveal an oxidation peak for each compound between 0.4 and 1.5 V vs. Ag.
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Well-differentiated oxidation peaks for the bromided bases (Figure 1 left) with values of +0.6, +1.0
and +1.1V vs. Ag for BrG, BrU and BrC, respectively, were observed. With regard to the current
intensity, BrG showed ca. two times current intensity peak compared with BrU and BrC, despite the
same concentration is employed. Differences obtained in terms of peak potential and current
intensity is mainly associated to the interaction between the compound and the carbonaceous
electrode.

On the other hand, the series of halocytosines (Figure 1 right) shows an overlapped oxidation peaks
for all the halogenated compounds, with a slight trend for the oxidation potential following FC <
CIC< BrC. The observed trend is in agreement with electron-withdrawing effect due to the
electronegativity of the halogen atoms. The higher electronegativity makes the compound less
hydrophilic, enhancing their interaction on hydrophobic carbonaceous electrodes.

FIGURE 1: Square wave voltammetry of 0.5 mM of BrC, BrU and BrG (left), and C, BrC, CIC and FC (right) in
0.1 M PBS pH 7.0 using a graphite screen printed electrode. SWV parameters: modulation amplitude 25 mV;
frequency, 8 Hz; modulation step, 2 mV.

CONCLUSIONS

In this work, we have been studied the electrochemical behaviour of various halogenated
nucleobases on carbon-based screen-printed electrodes with the aim to show the qualitative
detection of different modifications on the bases. Results reveal the appearance of well-defined
peaks associated to the electrooxidation of the compounds at physiologic pH. The different
electrochemical response, in terms of position, shape and intensity of the oxidation peaks, could be
attributed to changes in the electronic density within the molecule through the effect of the halogen
atom, which have a considerable influence on the interaction between the molecule and the
carbon-based electrode surface.
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INTRODUCTION

Higher-quality gasoline is obtained when high-octane number Cs — C; di-branched alkanes are present
in the blend. Therefore, molecular sieves are of great industrial interest as they are able to separate
di-branched alkanes from mono-branched and linear ones (Laredo et al., 2013). Herein, two micro-
mesoporous carbons: a disordered mesoporous carbon and an ordered mesoporous carbon (DMC and
OMC, respectively), are proposed as molecular sieves for the separation of Cs isomers, namely n-
hexane (nHEX), 2-methylpenthane (2MP) and 2,2-dimethylbutane (22DMB).

MATERIALS AND METHODS

Mimosa tannin extract was used as a carbon precursor to synthesize the materials by an easy, low-
cost, and green mechanosynthesis method, as detailed by Castro-Gutiérrez et al. (2018). The
characterization of the materials was carried out using different techniques such as: TEM imaging;
physisorption of Ar at 87K, N, at 77K and CO; at 273K; immersion calorimetry; and vapor adsorption
of the alkanes at 318K. The pore size distributions (PSDs) were obtained by applying the QSDFT model
to either Ar or N, isotherms and the NLDFT model to CO; isotherms. Using the ideal adsorbed solution
theory (IAST), multi-component adsorption isotherms for binary and ternary mixtures of the Cs alkanes
were obtained from the single-component isotherms.

RESULTS AND DISCUSSION

Textural properties and mesoporous network

The Ar and N; isotherms of DMC and OMC are a combination of type la and type IVa isotherms, which
are characteristic of micro-mesoporous materials (Thommes et al., 2015). The PSDs clearly
demonstrate that both materials have similar microporous textures due to the use of the same carbon
precursor for their synthesis. The differences are essentially in the mesopore range, where the OMC
exhibits a narrow PSD centered at ~6 nm while the DMC contains pores over a wider range of
mesopores, from 3 to 30 nm.

Information on the pore network connectivity was obtained by a thorough comparison of the PSDs
obtained from both adsorption and desorption branches using different probe molecules, here Ar and
N,. By identifying the mechanisms of desorption from the mesopores, it is possible to distinguish freely
accessible mesopores from constricted mesopores (Cychosz et al., 2017). For the DMC, Figure 1la
demonstrates very good agreement between the PSDs obtained from the corresponding Ar and N,
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adsorption branches. The PSDs obtained from the desorption branches, Figure 1b, show differences
in the lower mesopore range that are due to cavitation-induced evaporation from a small fraction of
the mesopores, which can only be accessed through narrow pore necks. For the OMC material, the
strong disagreement of the PSDs obtained from the Ar and N, desorption isotherms (Figure 1d)
suggests that evaporation from the entire mesoporosity of the OMC occurs primarily by cavitation. In
addition to its mesoporous network, the OMC exhibits mainly ultramicropores; hence, these
micropores must be the narrow constrictions connecting the mesopores that lead to cavitation-
induced evaporation. As OMC and DMC samples have similar microporosity, the micropores must also
be responsible for the fraction of the mesopores that is emptied by cavitation in the DMC.

FIGURE 1: Pore size distributions (PSDs) in the mesopore range obtained from Ar and N, isotherms using their
(a, c) adsorption branches, and (b, d) desorption branches. [Adapted from (Castro-Gutiérrez et al., 2021)]

To further assess the accessibility of the Cs isomers to the inner pores of OMC and DMC materials,
immersion calorimetry measurements were performed using all three iso-alkanes in the liquid phase.
The enthalpy of immersion was used to calculate the surface area accessible to each Cs isomer, S.
Values of S decrease as the kinetic diameter of the probe molecule increases (Snuex > Samp > S220ms).
However, for the OMC, S decreases more rapidly than for the DMC. The poor accessibility of 22DMB
in the OMC sample indicates that the constrictions connecting its mesoporous network are slightly
wider than 0.5 nm, allowing partial access to 2MP and almost excluding 22DMB. On the contrary, the
higher values of S observed for the three Cs isomers in the DMC corroborate that its porous network
is connected by pores of various sizes, improving the accessibility of the surface even to the largest
probe molecule.

Vapor adsorption and selectivity of Cs isomers

Again, vapor adsorption at 318K of the Cg isomers indicates significant differences between the DMC
and OMC samples. In the DMC, nHEX has full access to the entire inner structure, and increasing the
size of the molecule reduces the accessible pore volume while maintaining the hysteresis loop
practically unchanged. This indicates that accessibility to the mesoporous network is not completely
limited, even for the bulkier 22DMB. For the OMC, nHEX can access the inner porous structure, while
2MP has limited access to the micro-mesopore network, and 22DMB is almost completely excluded.
The schemes in Figure 2a and 2c illustrate the connectivity of the porous structure of the materials
based on the characterization results.

The adsorbed amounts of each component from binary and ternary gas mixtures of nHEX, 2MP, and
22DMB (at 318K) were obtained by using the single-component adsorption isotherms as input data
for the IAST. These data were then used to calculate the selectivity of nHEX (in binary mixtures) and
nHEX+2MP (in ternary mixtures). For the ternary mixtures, Figure 2b shows the adsorption selectivity
of NnHEX+2MP over 22DMB when increasing the pressure from 5 to 55 kPa for the DMC. The selectivity
decreases with increasing pressure until reaching minimum values, between 2 and 3.7, at 55 kPa.
Remarkably, for the OMC, the minimum values of selectivity of nHEX+2MP over 22DMB at the lowest
pressure (5 kPa) are already around 40 and increase significantly with pressure, as shown in Figure 2d.
For binary mixtures, regardless of the amount of nHEX in the mixture, the values of selectivity are
higher at pressures < 20 kPa, where the effect of the larger kinetic diameter is more obvious. For
higher pressures, the selectivity decreases considerably and remains almost constant at ~2 and ~4 for
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the NnHEX+2MP and nHEX+22DMB mixtures, respectively. On the other hand, the OMC exhibits a
relatively low selectivity, between 1.5 and 3.8, in nHEX+2MP mixtures. However, for binary mixtures
of NnHEX+22DMB and ternary mixtures, a higher selectivity towards linear hydrocarbons is achieved.
In this case, selectivity increases with pressure and with the % of nHEX in the mixture up to values of
the order of ~10°. The high selectivity of the OMC in binary and ternary mixtures, especially those
containing 22DMB, is a clear consequence of the narrow size of the constrictions connecting the
mesoporous structure, very close to the kinetic diameter of 22DMB, resulting in the exclusion of the
di-branched isomer from the material.

FIGURE 2: Schematic representation of the porous structure of (a) DMC and (c) OMC. Selectivity of nHEX+2MP
over 22DMB from ternary mixtures at 318K and different pressures for (b) DMC and (d) OMC. [Adapted from
(Castro-Gutiérrez et al., 2021)]

CONCLUSION

The results of this study clearly demonstrate that the unique pore structure of the OMC, where the
entire mesoporous network is exclusively accessible through ultramicropores, is ideal for the
separation of C¢ isomers, with the advantage of being produced by an easy, low-cost, and green
synthesis method.
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INTRODUCTION

This work fits into the context of carbon and electromagnetic (EM) waves. To be exact, the
frequency domain concerned is that of radio frequencies, and in particular that of the Ka band,
between 26.5 and 40 GHz. This domain, corresponding to wavelengths between 0.75 and 1.13 cm,
has indeed many advantages: (i) non-ionizing radiation (i.e., not able to alter the DNA); (ii) very small
parabolas required (20 cm diameter); (iii) very directional generated beams for a concentration of
energy and better exploitation of the spectrum; (iv) many frequencies available vs. other bands.
Therefore, it is commonly accepted that the Ka band represents the future of space
communications, including the Internet by satellite. Thus, there is an urgent need to develop
appropriate materials for handling EM waves in the GHz range, whether as focusing devices (EM
lenses for centimetre waves) or as shielding devices. In this very particular context, carbons are a
material of choice because they are electrical conductors with Ohmic losses i.e., with a conductivity
much lower than that of a perfect metal, resulting in a greater skin depth and absorption, and
therefore not only reflection of EM waves. It is also easy to produce porous carbon structures, from
where a favoured attenuation and/or possible resonance phenomena depending on the pore size.
Finally, multiple geometries are possible for the realisation of a large number of systems, which
leads to the concept of metamaterials and carbon photonic crystals, the objects of this work.

MATERIALS AND METHODS

In electromagnetics, a metamaterial is an artificial composite that has EM properties not found in a
natural material. It is most often a periodic structure, dielectric or metallic, which behaves like a
homogeneous material that does not exist in its natural state. Whereas a photonic crystal is a special
case of a metamaterial that modifies the propagation of EM waves. To realise carbon materials
having such special properties, two cases were considered and treated separately: 3D periodic
lattices on the one hand, and 2D arrays of hollow spheres on the other.

The EM response of the different materials was measured in a waveguide as signal ratios:
reflected/incident (S11) and transmitted/incident (S;1) in the 26-37 GHz range. Fig. 1 shows how the
reflectance (R), absorbance (A) and transmittance (T) are then calculated. The results were next
compared with models made with the help of CST Studio® 3D electromagnetic simulation software.
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FIGURE 1: Measurement of reflectance (R), absorbance (A) and transmittance (T) in waveguide. The incident
wave arrives from the left and the material is represented by the grey area.

RESULTS AND DISCUSSION
3D periodic carbon lattices
3D periodic architectures, see Fig. 2, have been prepared in two different ways: (i) by laser
stereolithography (SLA) and phenolic resin (Szczurek et al., 2015); or (ii) by fused deposition
modeling (FDM) of ABS filled with short carbon fibers (Kuzhir et al., 2021). Methods (i) and (ii) thus
produced materials with a bulk electrical conductivity of about 1200 to 2000 S/m and 0.5 to 10 S/m,

respectively.
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FIGURE 2: Periodic 3D carbon architectures produced by SLA (left and centre) or FDM (right), based on Gibson-
Ashby (left and right) or Kelvin (centre) cells.

Experiments and modelling demonstrated that these 3D cellular structures give: (i) high (not perfect,
but over 85% if their conductivity is 10 - 30 S/m with this geometry) broadband absorption if made
with low-conducting carbon (Kuzhir et al., 2021); or (ii) perfectly tunable resonant absorption if
made with high-conducting carbon (Bychanok et al., 2016a). The use of either approach, SLA or
FDM, to achieve the required EM performance therefore depends on the intended application.
Modelling can help to find the most suitable geometry to achieve broadband or perfect resonance
from a given conductivity carbon, which is difficult to scale. In cubic geometry, substantial changes in
conductivity (e.g. from 5 to 40 S/m) do not significantly change the EM response, so it is not strictly
necessary to control the conductivity of the carbon (Kuzhir et al., 2021).

Hollow carbon spheres

Two types of hollow spheres were prepared: (i) by impregnation under hydrothermal conditions of
polymer beads with sucrose (Celzard et al., 2019), followed by pyrolysis at different temperatures
between 700 and 1500°C; and (ii) by 3D printing (by SLA) of a silica-filled photoresin, followed by
pyrolysis at 900°C. Methods (i) and (ii) thus produced hollow spheres of the same diameter (0. 8 - 1
mm) but with different conductivities (from 3.5 x 10® to 15 x 10* S/m), and of different diameters (5,
4,3, 2,1 and 0.8 mm) but of the same conductivity (125 S/m), respectively, see Fig. 3.

FIGURE 3: Hollow carbon spheres: of the same diameter (0.8 - 1 mm) and different conductivities (from 3.5 x
10 to 15 x 103 S/m) on the one hand (left), and of different diameters (5, 4, 3, 2, 1 and 0.8 mm) but the same
conductivity (125 S/m) on the other hand (right).
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Modelling showed the existence of an optimum shell diameter and thickness for a given carbon
skeleton conductivity, leading to excellent microwave absorption (almost 100%) (Bychanok et al.,
2016b). Conversely, for a given size of hollow sphere, there is an optimal conductivity, neither too
low nor too high, to have a good absorption (Bychanok et al., 2021). It is therefore possible to
predict the best structure for a given application, in particular for the realization of anti-reflection
systems in the microwave domain, as are the eyes of moths in the visible domain, which is a typical
example of bioinspired material (Bychanok et al., 2016b).

Producing a 2D array of hollow carbon spheres therefore allows for a very compact and lightweight
GHz absorber. Depending on whether this 2D packing is in contact with a conductive plate or
separated from it by an air gap, one can have a broadband absorber or a resonant absorber. Finally,
the value of the air gap allowing obtaining an asymmetric absorption peak, another possible
application of these materials are microwave filters (Bychanok et al., 2017).

CONCLUSIONS

The data obtained in this work, combined with those from our previous research on the same
subject, are necessary for the construction of ordered networks and metasurfaces, for example (but
not only) using conductive hollow spheres as building blocks. The next step will be, among others,
the development of gradient metamaterials by varying the dimensions of the building blocks and the
lattice constant, with an expected partial focusing effect for the transmitted EM waves. Possible
applications are tunable electromagnetic lenses and filters, wave absorbers, surface and bulk
waveguiding systems, stealth devices, negative refractive index optical systems, etc., for
radio/telecommunication technologies.
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INTRODUCTION

Indian high ash coal was converted to value added products such as carbon foam by solvent
extraction followed by carbonization. The Indian metallurgical coal having 17% ash content was
taken for the solvent extraction. The coal was mixed with N-methyl-2-pyrollidone (NMP) and
ethylene diamine (EDA) and heated to about 180 °C for 1 h. The solution was filtered twice to get the
two different clean coals. The clean coal thus obtained, was placed inside a tube furnace in alumina
boat. The coal is heated to 600 °C with a heating rate of 3-5°C/min under nitrogen flow of 2 LPM to
get the green foam. It is kept at that temperature for 1-5 h and then cooled to room temperature.
The green foam was carbonized at 1000°C for 1 h to get the carbon foam. The foam is characterized
with TGA, SEM, BET, density, proximate and ultimate analysis. The produced carbon foam had 6.9-
8.3 MPa compressive strength and 0.21-0.22 g/cc density. The produced carbon foam can be used in
various fields like structural materials, carbon-carbon composites, and insulating material for
furnace.

EXPERIMENTS

Low ash clean coal prepared by solvent extraction of coal A is used as precursor for atmospheric
pressure foaming. Two grades of clean coal, one containing 5% ash (SCC-l) and another containing
0.72% ash (SCC-Il) is used (Chen, 2006).100 g Coal A of less than or equal to 250-micron particle size
(-60 mesh) is taken in a round bottom flask. N-methyl pyrrolidone (NMP) is taken as solvent and
ethylene diamine (EDA) is taken as co-solvent for the extraction of clean coal. 1:10 ratio of coal to
solvent is taken. Therefore, 1000 ml of solvent is taken for extraction. Solvent to co-solvent ratio is
maintained at 17:1. So, 945 ml of NMP & 55 ml of EDA is added to the coal, then the mixture is
heated in a rotary vacuum evaporator under normal atmospheric pressure, at 180 °C for 1 hour.
After extraction is completed, solution is filtered in 500 SS wire mesh. The filtrate obtained, is
termed as super clean coal (SCC ). This filtrate is then filtered for the second time to further reduce
the ash percentage of the coal. The residue part that is obtained as the cake from the filter mesh is
called residue coal. We get two different grades of super clean coal from the two-step filtration. The
super clean coal along with solvent is then again sent back to the vacuum evaporator to separate the
solvent. This is done under vacuum. Pressure inside the system is maintained at 700 mm Hg by a
vacuum pump. Temperature is kept at 120 °C. This process is carried out until a dry cake of clean
coal is obtained in the flask. Separated solvent is collected in a receiver flask, placed after the
condenser. The super clean coal is then removed from the flask and washed with distilled water to
remove the residual solvent. Then it is dried at 110 °C for 3 hours to get the dry super clean coal of
very low ash content. Precursor in the powder form in an alumina boat is placed inside a tube
furnace. Then it is heated to 600 °C with a heating rate of 3-5°C/min under nitrogen flow of 2 LPM. It
is kept at that temperature for 1-5 hours and then cooled to room temperature. Carbonization is
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done at 1000°C at the rate of 3°C/min with holding time of 1 hour. Nitrogen flow is maintained at 2
LPM for all the time (Lewis, 1980).

RESULTS

As the pore gets larger, NMP diffuses inside the particles and as a result, a better extraction is
achieved. NMP dissolves the organic parts and bring them in the extracted phase. So, when the
extraction is carried out for a sufficient time, residue coal only contains high amount of ash in it.
Yield of SCC-I by this process is around 36% and SCC-Il is 12%. Here, SCC-I refers to the coal that is
obtained on top of the filter paper of 2" filtration & SCC-Il is the clean coal obtained after solvent
separation of 2™ filtrate. It is interesting to note that fixed carbon is decreasing to a smaller extent
and volatile matter is increased largely. This means that the short chain components present in the
parent coal is getting extracted selectively by the organic solvent (Inagaki, 2015).

Table 1: Proximate analysis result of Coal A & SCC

Coal Ash VM M FC
Coal A 17.00 24.77 1.52 56.71
SCC-I 5.08 38.64 3.47 52.81
SCC-II 0.72 44.71 3.63 50.94

TGA-DTA curves for the SCC is presented in figure 1. This is important to determine the self-foaming
temperature. It also indicates the temperature at which the volatiles start evolving rapidly. The
temperature at which rate of mass loss i.e., the rate of volatile evolvement drops again, is the
temperature about which, self-foaming is required to be done. For the coals, 600 °C is chosen as the
self-foaming temperature.

Figure 1: TGA-DTA curve of SCC-|

In case of super clean coal, mass loss is consistent with temperature. This again signifies that short
chain hydrocarbons are present in the precursor because of selective extraction of such compounds.

Self-foaming of SCC-1 & SCC-Il is done following the same foaming & carbonization conditions. SCC-I
has ash content of 5.08% and SCC-Il has ash content of 0.72%. Though the temperature for foaming
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should be different for treated coal tar pitches and clean coals depending on the TG-DTA data, still to
compare the foam samples, all are treated with the same conditions. Ash content plays a significant
role in self-foaming. Lower the ash content of the precursor, better is the swelling and development
of porosity. This is because ash constituents are heavy inert particles which try to settle down and
resist the swelling. Foam prepared from SCC-l & SCC-Il gave good results.

Figure 2: SEM image of SCC-I self-foam Figure 3: SEM image of SCC-IlI self-foam

Figure 2 shows that SCC-I self-foam exhibits pores of 350-500-micron diameters i.e., macrpores with
window of 15-25-micron diameter. Pore distribution is uniform, and pores are not circular. Structure
is interconnected throughout with carbon walls of 40-45-micron thickness. Figure 3 shows that SCC-
Il self-foam of well interconnected structure. Pore distribution is uniform but there is wide range of
pore sizes. Pores of 215-micron diameter are observed and also pores of 50-micron diameter are
also seen.

CONCLUSIONS

Self-foaming process is better as compare to template foaming because of high yield with more
compressive strength. Super clean coal obtained using solvent extraction method gave good results
in terms of different carbon foam properties. In case of self-foaming, heating rate should be
controlled depending on the volatile matter present in the precursor.
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INTRODUCTION

The concern about environmental problems derived from the use of fossil fuels has brought the
search for alternative energy sources to the forefront of research. Among the explored alternatives,
the use of hydrogen is very promising yet challenging. One of the main drawbacks that might
overshadow the potential of hydrogen in the energy supply is its difficult storage. The production of
hydrogen from liquid organic hydrogen carrier (LOHC) molecules stands up as a promising option
over the conventional hydrogen storage methods. Formic acid (HCOOH, FA) has received great
attention during the last decade (Eppinger, 2017; Wang, 2018). The production of hydrogen from FA
proceeds via a dehydrogenation reaction (HCOOH &> H, + CO) (Iglesias, 2018). The heterogeneous
catalysts used in this reaction are frequently based on Pd nanoparticles supported on materials of
diverse compositions, with carbon materials being some of the most common supports (Navlani-
Garcia, 2018). Despite the vast literature reporting on Pd-carbon-based catalysts for the
dehydrogenation of FA, most of the studies are aimed at optimising the properties of the catalytic
active phase, while the potential of tailoring the properties of the carbon support is frequently
disregarded. In this study, we explore the potential of FA as a convenient hydrogen carrier. For that,
soft-biomass-derived carbon-supported Pd catalysts were synthesised by a Hs;POs-assisted
hydrothermal carbonisation method and further heat treatment. To assess the impact of the
properties of the support in the catalytic performance towards the dehydrogenation of formic acid,
three different strategies were employed: (i) incorporation of nitrogen functional groups; (ii)
modification of the surface chemistry by performing a thermal treatment at high temperatures (i.e.,
900 2C); and (iii) combination of both thermal treatment and nitrogen functionalisation.

MATERIALS AND METHODS

The activated carbon (denoted as BC) was prepared by hydrothermal carbonisation (HTC) assisted by
phosphoric acid at low concentrations and using a soft biomass residue as a precursor (Quesada-
Plata, 2016). From this activated carbon, N-BC and BC_TT samples were synthesised by modification
of the starting activated carbon. N-BC was prepared through N doping of BC using an organic
reaction under mild temperature conditions (Chaparro-Garnica, 2020), while BC_TT was obtained by
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heat treatment at 900 2C. Finally, BC_TT was modified with nitrogen following the same strategy.
The resulting sample was denoted as N-BC_TT. Pd catalysts were synthesised by impregnation of the
precursor salt and without adding any reducing agent (Chaparro-Garnica, 2020). The performance of
the catalysts for the dehydrogenation of formic acid in the liquid phase was evaluated using a
volumetric system. The catalyst was mixed with an aqueous solution of formic acid and sodium
formate with a molar ratio of 9 to 1, and a final concentration of 1 M.

RESULTS AND DISCUSSION

Mainly microporous activated carbons were obtained, although the presence of mesopores was also
observed. Nitrogen content ranges from 1.3 to 1.7 wt %. Regarding the surface chemistry, the
nitrogen groups present in the samples contribute to the basicity of the support, which was
confirmed by measuring the pH at the point of zero charge. The Pd content was close to 1 wt % for
all the catalysts. Pd present in the fresh catalysts mainly corresponds to Pd?*" species, which are
reduced in the reaction medium giving rise to the formation of nanoparticles with an average size
between 2.6 and 3.7 nm (observed in the used catalysts after 6 reaction cycles). Figure 1 shows the
gas evolution profiles for all the catalysts in the first reaction cycle. It can be observed that the
catalytic performance depended on the support. Catalysts prepared with heat-treated supports
showed a better activity compared to non-heat-treated counterparts. Among the heat-treated
catalysts, Pd/BC_TT presented a higher volume of gas generated than that of Pd/N-BC_TT in the first
reaction cycle. However, the evolution of the catalytic activity with the cycles showed that Pd/N-
BC_TT was the most stable catalyst. This might be indicating the stabilising effect of nitrogen groups
on Pd nanoparticles. ICP results confirmed that no leaching of metal nanoparticles occurred during
the reaction.

FIGURE 1: a) Gas evolution profiles (H2 + CO2) attained in the first reaction cycle for all the catalysts studied in
the dehydrogenation of formic acid, b) Gas evolution profiles achieved in cycles 1%, 37, and 6" for Pd/N-BC_TT.

CONCLUSIONS

Pd catalysts supported on activated carbon derived from biomass residues showed promising
catalytic activity and excellent stability even after several consecutive cycles of reaction. It was
observed that a suitable modification of the support by both heat treatment and nitrogen
functionalisation resulted in catalysts with a better catalytic performance compared to that of the
catalyst with unmodified support. This effect was related to the decrease in the acidity of the
support due to the loss of oxygen groups and the incorporation of nitrogen groups.
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INTRODUCTION

Hydrogen is one of the most promising alternatives to replace conventional fossil fuel-based energy.
However, its use is limited by problems related to its storage and transport. In this sense, the
chemical storage of hydrogen offers advantages over physical methods. There are numerous
molecules used for the chemical storage of hydrogen and, among them, formic acid (HCOOH) has
been postulated as one of the most promising liquid organic hydrogen carriers, due to its properties
and its high hydrogen content (43.8 g H, kg and 52 g H, L) (Wen, 2019; Chen, 2020). Numerous
studies dealing with the development of efficient catalysts able to boost the dehydrogenation of
formic acid can be found in recent literature. However, most of them show a lack of long-term
stability, so that finding stable catalysts is highly desirable but challenging (Bulushev, 2015; Wu,
2017; Navlani-Garcia, 2019). In the present study, catalysts based on Pd and PdAg nanoparticles
supported on activated carbon derived from biomass residues were prepared following a simple
synthesis protocol. The effect of the modification of both the metal phase and the support has been
evaluated by incorporating Ag in the form of bimetallic nanoparticles and functional nitrogen groups,
respectively. The effect of the method followed for the preparation of the catalysts was also
checked. The incorporation of Ag in the metal phase and nitrogen functional groups significantly
improved the catalytic behaviour compared to the reference materials. The selection of a suitable
protocol for the synthesis of PdAg/N-C catalysts gave rise to materials that showed very promising
catalytic activities and great stability under the reaction conditions used in the decomposition of
formic acid in the liquid phase. In conclusion, the present study highlights the potential of
modulating the features of the catalysts, not only in terms of the composition of the metal phase
and the incorporation of heteroatoms in the support but also in terms of the synthetic protocol
used.

MATERIALS AND METHODS

Activated carbons were prepared from almond shell residues by hydrothermal carbonisation
assisted with phosphoric acid at low concentrations, followed by activation treatment in an inert
atmosphere (Chaparro-Garnica, 2020). The activated carbon obtained (AS) was functionalised with
nitrogen through an organic reaction (Chaparro-Garnica, 2021), and the resulting material was
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named as N-AS. Both AS and N-AS were used as support for the Pd and PdAg nanoparticles, with the
total amount of Pd being 1 wt % for all catalysts and with a molar ratio Pd/Ag=0.5 in the case of
bimetallic nanoparticles. The catalysts were prepared by impregnation with the precursor salts,
using two reduction strategies: (i) addition of sodium borohydride, (ii) in situ reduction step under
reaction conditions. The catalysts that were reduced prior to the reaction were named X/AS and
X/N-AS (X = Pd or Pd/Ag), while the nomenclature of the in situ reduced catalysts was X/AS (n.r.) and
X/N-AS (n.r.). The catalytic activity towards the decomposition of formic acid, as well as the stability
of the prepared catalysts, was monitored by measuring the evolution of the gases generated at 75
oC.

RESULTS AND DISCUSSION

Both monometallic and bimetallic catalysts presented a Pd content close to 1 wt %, while the
percentage of Ag was around 0.35 wt %. As shown in Figure 1 (a), the incorporation of Ag in the
nanoparticles and N functionalities in the support improved the catalytic activity compared to the
reference sample (Pd/AS). Likewise, the preparation method also plays a significant role in the final
behaviour of the catalysts (Figure 1(b)). This difference in the catalytic activity may be related to the
formation of PdAg alloy in the case of the pre-reduced catalysts, while the in-situ method could lead
to segregated Pd and Ag species and/or particles with non-optimal size or non-adequate electronic
properties for the studied reaction. All catalysts showed great stability under reaction conditions,
even during 6 consecutive cycles. Among the samples studied, PdAg/N-AS catalyst displayed the best
catalytic behaviour, reaching a TOF of 1577 h''.

2) b)
1100 T T T T T T T T T T T T llUU T T T T T T
——Pd/AS —o—Pd/AS (n.1)
00T o pyinaas /r—/“ 00 o pgN-AS (ar)
900 1 PAgiAs ) 900 1 PdAg/AS (ar.)

|

800 4 ——PdAg/N-AS (n.r)
700
= 600
<5 500 ]
400 4
1 300 -
1 200 -
1 100

) Ledn

Iy

— §00 ] ——PdAg/N-AS
=700 /

gml

1 !
\“gas"
V |

gas !

Time (min)

FIGURE 1: Gas evolution profiles (Hz2 + COz) for the catalysts with: (a) pre-reduced nanoparticles; (b) in situ
reduced nanoparticles.

CONCLUSIONS

The selection of a suitable catalyst synthesis protocol directly influenced on the catalytic activity for
the decomposition of formic acid. The combination of the nitrogen functional groups together with
the incorporation of Ag in the metallic nanoparticles gave rise to the preparation of outstanding
catalysts for the studied reaction. Among the catalysts studied, PdAg/N-AS exhibited the best
catalytic behaviour, which was attributed to the small size and good distribution of the
nanoparticles, as well as to the modification of the electronic properties of Pd by an effective
formation of PdAg alloy. In addition, the presence of nitrogen contributed to the basicity of the
catalyst, which favours the interaction between the support and formic acid molecules.
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INTRODUCTION

A carbon nanotube yarn (CNTY) (Li et al. 2004), a one-dimensional assembly of CNTs, is known to have
strength equivalent to a few percent of individual CNTs. A fiber implementing the mechanical
properties of CNT have not yet been reported due to yarn failure mechanism based on slippage
between CNTs (Bai et al. 2018). Accordingly, recent advances in CNTYs have been directed toward
strengthening the interaction between CNTs, which determines the performance of CNTY. The tensile
strength of CNTY scales with the aspect ratio of constituent CNTs as long as the intertube friction
dominantly determines the strength of CNTY. The theoretical calculation has predicted that the
achievable strength of CNTY could be comparable to that of CNT if the constituent CNTs are longer
than a certain length and perfectly dense along the yarn axis (Yakobson et al. 2000).

Herein, we report a possible route to enhancing the specific tensile strength of CNTY closely to its
theoretical maximum strength through the direct spinning method, which is fast, simple, and
ecologically friendly. The specific strength of CNTYs with various bundle structures was analyzed
according to the theory and the maximum strength possible through the direct spinning technique
was predicted to be 5.6 N/tex with our CNTs. Furthermore, we successfully fabricated as-spun CNTY
with an average specific strength of 4.5 N/tex, which is 80% of the estimated maximum strength
achievable, exceeding that of previously ever-reported as-spun CNTY. The self-assembly behavior
control was suggested to be one of the most influential factors determining the specific strength of
the resultant as-directly-spun CNTY.

METHODOLOGY

Double-walled CNTs are synthesized at 1200 °C by a floating catalyst chemical vapor deposition
method in a vertical alumina tube reactor. The carbon source, methane of 60 sccm, was flowed into a
furnace together with hydrogen at 1200 sccm and argon at 500 sccm. Ferrocene, a catalyst precursor
kept at 80 °C and thiophene, a promoter kept at -20 °C were carried by a hydrogen flow into the
furnace at corresponding rates of 0.5 mg/min and 3.6 mg/min while keeping the total hydrogen flow
rate at 1200 sccm. The DWCNTs were directly spun into CNTYs by passing through a water-bath and
two guide rollers, whereby guide-roller A is immersed in water and guide-roller B is located directly
above the water-bath, followed by a take-up roller of which the winding speed was varied in the range
of 5 m/min to 9 m/min. The sample of CNTYs taken up directly after running through guide-roller A
only is denoted as CNTY-AX, while that obtained after running through both guide-rollers A and B is
denoted as CNTY-BX, where X states the winding speed.
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RESULTS AND DISCUSSIONS

FIGURE 1: (a) Schematic of a hexagonally packed CNT elementary bundle and (b) the plot of a load-bearing
ratio (t) with the number of elementary bundle layers (N). (c-g) SEM micrographs of radial cross sections of FIB
cuts of CNTY-B series with effective area ratios, specific strengths and winding rates in the upper right of the
image. (inset: stress-strain curve of corresponding CNTY) (h) The log-log plot of specific strength (o) and
effective area ratio (Aef) are based on FIB data (c-g).

Before fabrication of CNTY, we tried to develop a theoretical model and equation that enables us to
predict the ultimate strength of CNTY within the model system. As we already know that the load-
bearing mechanism of CNTY is based on the slippage between the load-bearing elements, the
elementary bundles in a secondary bundle, the strength of CNTY would be proportional to the area
where the elements are in contact with each other. To estimate the strength of CNTY, we considered
a hexagonal array of load-bearing element as shown in Figure 1a (Vilatela et al. 2011). In the model,
the gray area excludes the area in the perimeter of the array and contributes to the strength of CNTY.
The specific strength will be proportional to the ratio of the aforementioned region to the entire
region of the array. This is expressed as the load-bearing ratio (t), which can be expressed as the
number of elementary bundle layers in the secondary bundle (N) (Equation 1, Figure 1b).

3N -2
[1]

t=1-———
3NZ—3N + 1
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Among as-directly-spun CNTYs, we experimentally achieved specific strength of 4.5+£0.2 N/tex through
CNTY-B6, an increase of 48% from 3.0+0.1 N/tex of CNTY-A6. The FIB analysis for CNTY-B5~9 was
performed to confirm the correlation between bundling behavior and strength (Figures 1c-g). When
the spinning rate was 6 m/min, the specific strength (o) reached the optimal point. As the rate
increased, the specific strength decreased, which matches the bundling behavior. As shown in Figures
1c-g, it becomes impossible to measure the diameter of the secondary bundle as CNT aggregation
takes place. Thus, we propose a new parameter, the effective area ratio (Aes), which indicates the ratio
of the area occupied by CNTs in the entire cross section.

oot (Aeff)k; logo = klogA.rr+ C (2]

The relationship between t, 0, and A5 is shown in Equation 2. The specific strength is expressed as an
exponential function for A Since k, the index of Acg, is an empirical factor, Ac and o of Figures 1c-g
were plotted on a logarithmic scale to confirm the equation (Figure 1h). The graph clearly shows that
the equation linearly fits well to experimental data, resulting in a slope of 2.5 and intercept of 0.75.
This supports the assumption that the load-bearing element of the CNT yarn proposed previously was
correct. The intercept indicates the logarithm of maximum specific strength is achievable through CNT
bundling when the intrinsic property of CNT is determined. The maximum specific strength of the
CNTY that can be achieved with CNT synthesized under the same conditions was 5.6 N/tex. Our results
reached 80% of the theoretically predicted maximum specific strength, which surpassed the carbon
fiber T1100 (~3.9 N/tex), known as one of the strongest fibers in recent times through engineering of
assembly behavior of CNT elementary bundles.

CONCLUSIONS

We modified a direct spinning technique to fabricate CNTYs with comparable or even superior
properties to commercialized superfibers and engineering metals. Our findings showed that the
theoretical maximum strength of the as-directly-spun CNTY is clarified by the suggested model system,
followed by the best ever reported specific strength of the as-directly-spun experimental CNTY. These
results highlighted the suitability of appropriate self-assembly engineering with a simple modified
direct spinning technique for achieving ultra-strong CNTYs.
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1. Introduction

In Colombia, fique bagasse is an agro-industrial waste derived from the fique fiber extraction process, generates a by-product that is almost 25% -
by weight- with respect to the fique leaf. Unfortunately, it is normal for this waste to be left to decompose in the crop or discarded in aquifers, which
generates a problem of environmental contamination [1]. Therefore, it is important to look for alternatives for the use of this biomass and to be able
to socialize these alternatives with the communities. Nevertheless, the study of each adsorbent, as well as adsorbate-adsorbent interactions have
become a new challenge when researching new adsorbents and their application in the retention of certain contaminants. Using calorimetry to analyze
this process is very interesting. There is still a lack of information in the scientific literature that clearly establishes the type of interactions between
adsorbate-adsorbent from thermodynamics, using a material as novel as fique and correlating it with simple and competitive adsorption isotherms
in emerging-type pollutant molecules. That is why this research was approached, with the aim of studying the type of interactions that occur between
five biochar materials prepared from fique waste in different probe molecules, using immersion calorimetry. Finally, the competitive adsorption
capacity of caffeine and diclofenac sodium in the five-fique bagasse biochar was determined.

2.  Materials and Methods
2.1 Biochar Preparation

The procedure followed to prepare and modify the different biochars in this research is detailed in a recent publication by Correa et.al., [2].
2.2 Immersion Calorimetry Measurements

In order to acquire information that allows obtaining an adequate understanding of the interactions between the adsorbate-adsorbent, various
analytical techniques have been used. However, immersion calorimetry is a little-explored technique that allows characterizing adsorption-adsorbent
systems. Of the different types of calorimetry, the one that is adequate to address this type of study is immersion calorimetry. By means of immersion
calorimetry it is possible to measure immersion enthalpy (AHimm), which is defined as the change in enthalpy, at constant temperature and pressure,
that occurs when a solid is immersed in a liquid in which it does not dissolve or react [1].

2.3 Competitive adsorption procedure

To start with, stock solutions of caffeine (CFN) and diclofenac sodium (DCF) were prepared in ultrapure water. Afterwards, different volumes of
each compound solution were taken to prepare mixtures of these two substances at different concentrations. Thereafter, 5.0 mL of each mixture were
placed in a glass vial and were put in contact with 20.0 mg of each of the biochar evaluated, after that, the vessels were placed in an orbital shaker
and shaken for 48 h at 20.0 °C. Finally, a sample of each solution was taken, filtered, and analyzed by High Performance Liquid Chromatography
(HPLC) to obtain the amount of caffeine and diclofenac adsorbed at equilibrium Q. (mg g™') using equation 1.

_V(Co—co) (1)

€ m

Where Coand Ce correspond to the initial and equilibrium concentrations of CFN or DCF, respectively (mg L™!); V is the volume of solution (L) and
m is the mass of the biochar used in each determination (g).

3. Results and discussion
3.1 Calorimetric Experiments

Figure 1 shows the results obtained for each of the biochars samples based on their adsorption capacity for the DCF and CFN molecules and the
hydrophobic factor. These results show that for DCF the adsorption capacity increases as the hydrophobic factor increases, showing that a direct
relationship between the hydrophobicity factor was evaluated. Here again a clearly linear correlation can be seen. For the CFN molecule, its
adsorption capacity also increases as a function of the hydrophobic factor, but the results are more dispersed. According to Figure 1, the highest
adsorption capacities are reached for samples F850-3N and F850-3Na. These results agree with what was previously discussed with those obtained
with immersion calorimetry, since it is observed that the adsorption capacity of the biochars prepared in this research is directly related to the surface
chemistry and the porosity of the prepared adsorbent.
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Figure 1. Relationship between the hydrophobic factor and the maximum adsorption capacity of the fique bagasse biochars evaluated.
Figure 2 shows in the form of a histogram, the enthalpies of the interactions (AHint) between the different FBB samples and the caffeine molecules,

diclofenac, in water; It can be seen that the enthalpies corresponding to the interactions with these molecules were lower than AHint of these same
biochars when they were placed in contact with water, except for the sample FB850-3C.
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Figure 2. Enthalpy of interaction of caffeine and diclofenac at 50 mg L-! and immersion enthalpy of water into fique bagasse biochar evaluated.

Thanks to this it is possible to infer that the values of the immersion enthalpies measured (by immersion calorimetry) are associated with the H2O-
adsorbent interactions, they decreased with the presence of CFN and DCF. These results suggest that to overcome the attractive forces of the
adsorbent H>O, it was necessary to obtain energy from the environment to displace the water from the surface of the FBB and achieve the desolvation
of CFN and DCF. On the other hand, for the FB850-3C sample, negative AHint values were obtained in this study, which supports the idea that the
adsorbate-adsorbent interactions were mainly influenced by the hydrophobic character of this biochar, and it is feasible to assume that the interactions
happened due to factors such as: (a) decreased competitive adsorption with water because in this case additional hydrogen bonds were formed; (b)
greater availability of electrons from the graphene layers in the tested FBB and the aromatic rings of CFN and DCF, which favored the formation of
the n-n donor-adsorbate complex [3].

In summary, up to this point it can be stated that using wave molecules of different molecular size, it is possible to obtain the "Calorimetric PSDs"
that reasonably coincide with those obtained with the classical models calculated from the isotherms of N2 at 77 K. Additionally, when performing
adsorbate-adsorbent studies using this technique can make correlations with parameters such as the hydrophobic factor evaluated from immersion
calorimetry in benzene and water.

3. Conclusions

For the fique bagasse biochar evaluated, the pore size distribution (PSD) was determined through density functional theory correlated with the PSD
obtained by immersion calorimetry in liquids of different molecular dimensions. Furthermore, through the pore size it was evidenced that the
microporosity of the FBB allowed the adsorption of CFN and DCF molecules. However, the increase of the molecule size, either by a solvation or
by the formation of dimers, limited the access of these analytes to the inner porous structure of the FBB analyzed, particularly in the competitive
adsorption.
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INTRODUCTION

Bromate in drinking water is classified as possibly carcinogenic to humans and the World Health
Organization (WHO) has established a maximum value of 0.01 mg/L as a guideline value for bromate
in drinking water (WHO, 2017). Once formed, bromate removal from drinking water presents several
challenges and it is not readily achieved in conventional water treatment plants. Catalytic reduction
with hydrogen is one of the most promising alternatives for the reduction of bromate, presenting
several advantages, particularly its high removal efficiency and no production of unwanted sludges
and secondary streams (Restivo, 2015). It has been demonstrated that various noble metal
monometallic catalysts are highly active and efficientin bromate reduction, and their performance is
highly dependent on the support used for the metal phase (Soares, 2019, Restivo, 2015). Carbon
materials, in particular, carbon nanotubes, have already proved to be good candidates for metal
catalysts supports; moreover, the catalytic performance can be enhanced by tuning their surface with
functional surface groups (Soares, 2019).

In the present work, we aim to evaluate and improve the efficiency of the catalytic reduction of
bromate at environmentally relevant levels (i.e., micrograms per litre) and provide insights on the
transition from batch stirred tank reactors to a continuous system. For this end, using palladium -based
catalysts, a systematiccomparison between supports with different chemicaland textural properties
for the metal phase was carried out using a stirred tank reactor. The best performing catalysts were
thenselected for testing in real water matrices in a lab-scale fixed-bed continuous reactor pilot unit,
evaluating the capability of the catalysts to achieve contamination levels below those in the relevant
legislations or recommended by the authorities when used in practical conditions.

MATERIALS AND METHODS

Multi-walled carbon nanotubes of 90% purity (MWCNT-O, from Nanocyl, Sambreville, Belgium,
NC7000) were used as-received and after modification of their surface chemical and textural
properties. A commercial activated carbon support was also used for comparison purposes as an
example of atraditional catalyst support (AC). The nanostructured 1 wt.% palladium metallic catalysts
were prepared by incipient wetness impregnation using an aqueous solution from the corresponding
metal salt (PdCl,), using the modified supports. After impregnation, the catalysts were heat-treated
undernitrogen flow and later reduced under hydrogen flow, at 200 °C.
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The catalysts were tested in semi-batch and continuous mode. The semi-batch experiments were
carried out in a semi-batch tank reactor equipped with a magnetic stirrer for a total reaction time of
3 h, using hydrogen as areducing agent. Hydrogen flow rate was kept at 50 cm® min~' and the catalyst
suspension was maintained under constant stirring at 400 rpm. A pre-reduction/saturation step was
used where the 100 mg of catalyst were added to 790 mL of distilled water and stirred under flowing
hydrogen for 15 min. After this period, 10 mL of a concentrated bromate solution was added to the
reactor to achieve an initial concentration of 200 ppb.

The continuous reactions were carried out with a 5 mL min~! feed flow rate of water containing a
concentration of 200 ppb of bromate in a fixed bed reactor. The system used consisted of two
columns; one was used to saturate the bromate solution with hydrogen, where a flow rate of 50 cm3
min~! was maintained throughout the reaction. The bromate solution was subsequently circulated
with a peristaltic pump to the other column, in which 200 mg of the selected catalyst was located.
Later, experiments were carried out varying operation conditions, towards the optimization of the
continuous catalytic system, where the removal of bromate in a real water collected in a water
treatment plant (WTP) using the most promising conditions was assessed. The bromate reduction
progress was followed using a Shimadzu Bromate Analysis liquid chromatography system.

DISCUSSION
Figure 1 presents the performance of the 1 wt.% Pd catalysts during bromate reduction under
hydrogen, supported on as-received and modified nanostructured carbon supports.

= = |
@ Pd/MWCNT-BM
= & Pd/MWCNT@N
S Pd/MWCNT-O
2 4 Pd/MWCNT-HNO;-900
w ¥ Pd/MWCNT-HNO;
) @ Pd/AC
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——— =
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t (min)

FIGURE 1: Dimensionless bromate concentration during semi-batch hydrogen reduction over 1 wt.% Pd
catalysts on different carbon supports. (H2 = 50 cm3 min%, Co (BrO37) =200 ppb, 0.125 gear L2).

It is clear from Figure 1 that the nature of the support used for the metallic phase has a substantial
impact on the performance of the catalyst, being highly influenced by the textural and surface
chemical properties. Palladium supportedon the ball milled multi-walled carbon nanotubes (MWCNT-
BM) showed a complete removal after 15 min, thus being the most efficient. It is noteworthy that
palladium supported on MWCNT doped with nitrogen (MWCNT@N) and on the original MWCNT
(MWCNT-0) and also showed great efficiency. Figure 2a) presents the performance of the three best
performing 1 wt.% Pd catalysts during the continuous bromate reduction in the fixed bed reactor.
Here, the Pd catalyst supported on the original multi-walled carbon nanotubes (MWCNT-0) showed
to be the most promising, resulting in outlet bromate concentrations significantly below the legal limit
of 10 pg L™* throughout the entire duration of the reaction. Figure 2b) shows bromate concentrations
using the MWCNT-O sample in the fixed bed reactor for a continuous operation reaction, where a
constant decrease in the performance of the catalyst was observed when using real water, suggesting
a constant mechanism of deactivation. This catalyst deactivationis mainly related to the competitive
adsorption of co-existingions or the formation of mineral deposits on the catalyst active centers, with
only small compromises related to the presence of organic matterand the dissolution of Pd.
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a) b)

FIGURE 2: Bromate concentration (ppb) during continuous hydrogen reduction using 1 wt.% Pd catalysts on
different supports (a) (Q =5 mL min-1, 200 mgcar, H2 =50 cm3 min-1) and the 1 wt.% Pd/MWCNT-O catalyst
using the optimized conditions with distilled water and water from a water treatment plant (b) (Q = 7.8 mL min
1,200 mgcar, H2 =12.5 cm3 min1).

Further studies are required with this catalytic system to design an efficient regeneration system,
provided the deactivation mechanism can be furtherunderstood.

CONCLUSIONS

A systematic study was carried out to assess the role of the properties of nanostructured carbon
supportsin the performance of a catalytic system forthe reduction of bromate over palladium. It has
been observed that it is possible to reduce bromate in water with hydrogen using both semi-batch
and continuous operation modes. The chemical and textural properties of the supports have been
shown to significantly affect the performance of the catalysts. In semi-batch experiments, the
following trend for the catalyst supports was found: oxidative treatment < original < nitrogen -doped
< milling process. Inthe continuous fixed bed reactor, the Pd catalyst supported on the original multi-
walled carbon nanotubes (MWCNT-0) showed to be the most promising.

Adecrease in the catalytic performance for the realwaters tested was observed whereatendency for
a deactivation of the catalyst over time was also apparent, likely related to the competitive adsorption
of inorganic matter on the catalyst active centers or formation of mineral deposits on the catalyst
active centers.
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INTRODUCTION

The oyster French production represents 85% of total European production (Agri d'Agreste, 2021) so
the production of marine molluscs is an important economic activity. In shellfish hatcheries, a good
water quality is required for the different stages of rearing. Different processes such as sand filtration,
activated carbon adsorption and ultraviolet radiation disinfection, are used to deal with emerging
contaminations, either biological or chemical in nature. The optimisation of these water treatment
processes is necessary due to the presence of organic micropollutants in coastal waters, at trace
concentrations, from a few tens of ng.L? to a few pg.L* (ADAQUA Ifremer, 2017).

Therefore, the adsorption of 22 organics micropollutants at trace concentrations such as pesticides
and pharmaceutical residues were studied at lab scale with various granular activated carbons (GAC)
from different origins (wood, bituminous coal and coconut shell) and several types of water: ultrapure
water (UPW), synthetic seawater (SSW) without organic matter (ASTM D1141- 98, 1998), and coastal
seawater (CSW) directly taken in shellfish hatcheries.

According to the scientific literature, salts can have a neutral or negative impact depending on the
surface properties of the adsorbent and the adsorbed molecules. A phenomenon of charge
neutralization was observed blocking the adsorption of molecules, either when the cations neutralize
the negative charges on the surface of the material (Wibowo, 2016), or by interactions of cations with
the molecules to be adsorbed (Arafat, 1999). However, increasing salinity may have no effect on
adsorption on powdered carbon (Younker, 2015) or on carbon nanotubes (Joseph, 2011). However,
too few studies have been carried out on the impact of marine natural organic matters (MNOM) on
adsorption and its competition with organic micropollutants at environmental concentrations.
Therefore, it is not advisable to make assumptions about MNOM impact on the adsorption of organic
micropollutant.

Thus, the mass transfer was studied by plotting isotherm curves of adsorption in batch reactors and
breakthrough curves obtained thanks Rapid Small-Scale Column Tests (RSSCT). Breakthrough curves
modelling lead to a deeper understanding of the limiting mass transfers and the influence of operating
conditions. To model the breakthrough curves over a longer period of time, the equilibrium
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parameters from the Freundlich model were used in combination to the Homogeneous Surface
Diffusion Model (HSDM) for the external/internal mass transfers.

The objectives were, firstly, to optimize the removal efficiencies during seawater treatment processes
in order to secure the production of marine mollusc, and secondly, to approach the mechanisms and
the impact of salinity and MNOM on adsorption capacities and kinetics of trace contaminants.

MATERIALS AND METHODS

The GAC studied are produced from different precursors but are all steam activated. Various
characterisations were carried out to understand their differences: point of zero charge (PZC), ash
content, specific surface area and pore size distribution using nitrogen adsorption at 77 K, mercury
porosimetry and surface chemistry. Some characteristics are shown in Table 1. The specific surface
area and the surface chemistry are relatively similar for all carbons and their PZC is higher than the pH
of seawater, which is on average 8.2, so the surfaces of the three carbon are positively charged.

Structure
Origin Wood Coconut shell Bituminous coal

BET - Specific surface area (m2.g™) 1196 1036 1005
Total pore volume (cm*g™) 0,634 0,511 0,784
Relative ::Jer:::(r):sr:\:zc;cr::))ores and 29% 6% 56%
Relative number of micropores (<2nm) 71% 74% 44%

Surface chemistry

PzC 11,2 9,3 9,4

Carboxylic (peq.g™) 58 82 65

Lactone (peq.g™) 106 98 87

Phenolic (p.eq.g'l) 6 7 15

Acidic surface (peq.g™) 170 188 167

Basic surface (peq.g™) 72 76 76

TABLE 1: Physico-chemical characteristics of wood, coconut shell and bituminous coal carbon.

The organic molecules studied were chosen to represent a wide range of molecular weights,
hydrophobicity values and industrial applications. The molecules ranked in order of increasing
hydrophobicity from LogDn7,4) =-3.34 to LogDpn7,4) =5.62 are: metolachlor-ESA, nicosulfuron,
ofloxacin, metolachlor-OA, atrazine-2-hydroxy, lincomycin, ketoprofen, diuron, caffeine,
carbamazepine, naproxen, diclofenac, benzotriazole, atrazine-desethyl, isoproturon, atrazine,
metolachlor, propyzamide, tributyltin, oxybenzone, difenoconazole, quinoxyfen. All the analysis was
performed using an online solid-phase extraction coupled with an ultra-performance liquid
chromatography-tandem mass spectrometer (online-SPE-UPLC-MS/MS).

RSSCT were chosen to predict the breakthrough curves of an industrial GAC filter, used in hatcheries
and fed with seawater. The experimental setup was designed for a flow velocity and a GAC particle
size in order to respect the hydraulic conditions of the industrial filter. Therefore, the hydraulic
Reynolds is similar at both scales (Reynolds numbers = 4.2). The Empty Bed Contact Time (EBCT) is 5
seconds for the RSSCT corresponding to 339 seconds for the industrial scale while a particle diameter
ratio of 4 between two scales was determined. The inlet concentration (Co) of organic micropollutant
was at about 1 pg.L™? and the outlet concentrations (C), ranged from 10 ng.L'2 to 1 pg.L%. All curves are
expressed as C/Co ratio versus treated bed volume (TBV) which represents the volume treated at a
given flow rate and through a defined volume of carbon fixed bed.
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SCHEMA 1: RSSCT laboratory set-up
RESULTS AND DISCUSSION

Similar behaviors were observed for all the molecules and the adsorption of diuron (Graphic 1) is used
for illustration. In UPW, (Graphic 1, a), the breakthrough curves highly depend on the nature of the
adsorbent. The carbon produced from coconut shells seems to have a better adsorption capacity,
followed by adsorbents from other precursors, bituminous coal and finally wood. The wood GAC has
a low adsorption capacity because the breakthrough curves show rapid saturation of the carbon.
Contrary, coconut and bituminous coal carbon seem to have better adsorption capacities. They differ
from each other in their adsorption kinetics: at the beginning of the breakthrough curve, adsorption
is fast in the case of coconut coal and adsorption is slower in the case of bituminous coal carbon.

On the other hand, in SSW, i.e. seawater without MNOM, (Graphic 1, b), differences between the
adsorbents are less pronounced and activated derived from bituminous coal exhibited the largest
adsorption capacity. Thus, the type of carbons has a much greater impact in the absence of salts. The
lower adsorption capacity of wood-based activated carbon could be explained by its higher PZC. On
the contrary, the higher total pore volume of bituminous coal carbon may be an advantage and could
explain the higher adsorption capacity of this adsorption in SSW.

Breakthrough curve in UPW - Diuron

1,0
0,8
- 06
3 X
S o4 o X- X X x wood
EXX o b
02 o oo ituminous
’ poAo 0 O coconut
00 BO_O
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Graphic 1: Breakthrough curve of diuron onto activated carbons made from bituminous coal, wood, and
coconut shells in UPW [a] and SSW [b].

Regarding the impact of salinity, regardless of the type of activated carbon, the increase in salinity
considerably modified the shape of the breakthrough curves (Graphic 2 shows the breakthrough
curves obtained with nicosulfuron). For all molecules, the total breakthrough, expressed as C/Co=1,
was reached more quickly in SSW than in UPW.

The surface of the carbon is positively charged at pH = 8.2, so, according to the literature, two
hypotheses can be made: Firstly, the anions present in the seawater interact on the surface of the
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carbon, thus blocking the adsorption sites for the organic molecules. Secondly, the ions interact with
the chemical groups of the molecules and slow down their transfer to the adsorption sites.

Graphic 2: Breakthrough curve of nicosulfuron onto bituminous coal-based activated carbon in two different
matrices: UPW and SSW.

Regarding the impact of the MNOM, there is a slight difference in adsorption capacities between CSW
and SSW. The RSSCT experiments compared two matrices (Graphic 3): real CSW and real CSW diluted
with SSW in order to lower the concentration of MNOM. The CSW used by the hatcheries had quite
low contents of organic matter as the total organic carbon (TOC) is 2.6 mg.L . After dilution, the
MNOM content was lowered to 1.2 mg.L™.

Graphic 3: Breakthrough curve of Metolachlor-OA [a] and Lincomycin [b] with bituminous coal
carbon in two different amounts of TOC.

There was no significant impact of the content of MNOM on the breakthrough curves for metolachlor-
OA (Graphic 3, [a]), and lincomycin (Graphic 3, [b]) and this conclusion was drawn for the majority of
micropollutants in the study. Experiments in seawater with a higher concentration of MNOM should
be carried out in order to define the threshold content of organic matters above which a significant
impact could be observed. This last result also showed that a slight variation in seawater quality will
not directly impact the adsorption performance.
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CONCLUSIONS

The monitoring of micropollutants in seawater was possible thanks to a sensitive and rapid analytical
method based on online solid-phase extraction coupled with UPLC-MS/MS runs. This method permits
the accurate and rapid multi-residual determination of 22 organic micropollutants in seawater at low
detection and quantification limits, on average 10 ng.L™.

The RSSCT methodology highlighted the differences in kinetics and adsorption capacities between
three carbons of different origins and three different water matrices. A granular activated carbon with
a large pore volume (0.78 cm3.g?), produced from bituminous coal, was the most suitable for the
adsorption of organic micropollutants in coastal sea water. Salinity has an impact on the breakthrough
of organic micropollutants through the adsorbent: the mass transfer is limited and the adsorption
capacity is lowered. Therefore, this difference must be considered in the design of industrial-scale
filters. Regarding the amount of MNOM in seawater, no impact was observed between a salty matrix
with TOC= 1.2 mg.L'* and TOC= 2.6 mg.L?%, so it can be assumed that small variations in water quality
in terms of marine organic matter will not impact adsorption on activated carbon. Nevertheless, these
are relatively low TOC values from a specific hatchery and are not necessarily representative of other
coastal water sources. The differences observed between the UPW, SSW and CSW show the
importance of performing experiments in the target matrix in order to obtain the best predictions of
the breakthrough curves. In addition to these conclusions from RSSCT, a larger experimental unit
should validate the conclusions in seawater and confirm the scale-up procedure.
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INTRODUCTION

Raman spectroscopy is a standard nondestructive tool for characterizing structural information of
carbonaceous materials. This technique is applied on a large scale of carbonaceous materials varying
from order, disorder to amorphous carbon. Nowadays, the application of Raman scattering for ex-
situ measurements is largely dominating where the samples are collected before characterization
being conducted in laboratory. However, our recent studies demonstrated that the sampling process
and oxidization while performing ex-situ Raman measurements under atmospheric conditions may
lead to problems from modification of soot structures. In this perspective, development of online
Raman scattering for the structural analysis of carbonaceous materials in the aerosol phase without
the sampling problem is required. This presentation will provide the delimitations of ex-situ Raman
spectroscopy and introduce online Raman spectroscopy to the community.

MATERIAL AND METHODS

Two sets of experiments were performed. One set was performed to compare the aerosol soot and
the deposited soot Raman spectra using online and ex-situ Raman spectroscopy (Le, Lefumeux and
Pino, 2022). In this work, we used flame soot produced in low pressure premixed ethylene/oxygen
flame (p = 40 mbar, ® = 3.15) at the height of 18 mm from the burner. The second set was devoted
to soot oxidation during ex-situ measurements. Two typical types of soot representing black/mature
and brown/immature soot were investigated for comparing their potential different behaviors. A
mini-CAST soot generator was used to produce OP1 soot (black soot) and OP6 soot (brown soot).
Their distinct optical, structural and chemical properties were presented in our previous works
(Torok et al., 2018; Le et al., 2019). The samples were oxidized by two methods involving long-term
exposure to the laser radiation and heat treatment in the air environment. These results were then
compared to the measurements in nitrogen environment where no oxidation was occurred. In both
studies, Raman signals were observed by our home-build Raman set-ups whose excitation
wavelength was 532 nm. While the laser power in ex-situ measurements were a few kW/cm?, the
laser irradiance of about few tens kW/cm? was procured in the online measurement due to low
concentration of soot in the aerosol phase.

RESULTS AND DICUSSION

Influence of sampling process on soot structure

Fig. 1a shows raw spectra while in Fig. 1b the spectra are plotted after subtraction of the
fluorescence (PL) backgrounds, and normalized to the maximum of the band at about 1600 cm™. In
the aerosol phase, the PL is probably dominated by the molecular component (mainly free-flying
polycyclic aromatic hydrocarbons (PAHs) (Ciajolo, 2009) and decreases in intensity with Stokes shift.
In the deposited phase the PL probably arises from PAHs adsorbed on the soot particles with the
maximum appearing shifted to longer wavelength, as is usually observed using an excitation at 532
or 514 nm. It should be noted that the intensities of the bands observed in the spectral region
between 1700-2300 cm™ are clearly weaker in the Raman spectra of the deposited soot.
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FIGURE 1: Raman spectra of soot produced by the same ethylene/oxygen flame conditions (C/ O = 1.05, P = 40
mbar, HAB = 18 mm) in the aerosol phase at low pressure (black curve), deposited phase under vacuum (red
curve) and deposited phase at atmospheric pressure (blue curve). (a) Raw data, (b) Raman spectra after
subtraction of the fluorescence background, their relative intensity being scaled to the maximum at about

1600 cm -1 Raman shift.

The aerosol phase spectrum is successfully fitted
by a combination of nine Gaussian bands as
shown in Fig. 2a. For comparison of the spectral
variation between aerosol and deposited soot,
we use the same fitting procedure. More details
on the fitting procedure can be found in
subsection 4.2 of our published paper (Le,
Lefumeux and Pino, 2022). Indeed, the band’s
FWHM traces the degree of disorder of the
samples. The large FWHMs in our samples trace
a high disorder and presence of defects. These
contribute to the shortening of the phonon
lifetime and, correspondingly, broaden the
homogeneous linewidth. In addition, the large
variety of local bonding induces a strong
inhomogeneous broadening that lead to the
mostly Gaussian profile. This indicates that the
soot nanostructure is less disordered with
mostly polycyclic aromatic content after
deposition than that in the aerosol phase. It
suggests that exposure to ambient air or
atmospheric pressure leads to additional
reorganization of the soot sample, especially the
rapid disappearance of C; and C, peaks. They are
representative of carbon chain structures
consisting of cumulenic double-bond stretching
(=C=C=) and polyynic triple-bond stretching
(-C=C-), respectively. These effects clearly plead
for online diagnostics of aerosol soot.

Soot oxidation in ex-situ Raman measurements
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FIGURE 2: Decomposition of the Raman spectrum of
soot (black line) in the aerosol phase (a) and
deposited phases (b, c). The residual gray line
(vertically shifted) shows the difference between the
spectrum  and  the result of the fit.

Figure 3 compares Raman spectra of black soot/mature soot (OP1) and brown/immarure soot (OP6)
under laser radiation (a;, bi, ci, di) and heat treatment (a;, b, c3, d2) in nitrogen and air
environments. Once stored in nitrogen, Raman signals of black soot (Fig. a1) and brown soot (Fig. c1)
are stable though the samples were irradiated. However, there was a significant change in the
spectra of brown soot in the air (Fig. d1) while this can be negligible in black soot (Fig. b1).

109



Exposure to laser radiation Heat treatment

[—2s5°c

) OP1 - Air OP1-N, — =
5000 OP1-N, 5000 OPL - Air [—6omin| = 2975 60000 b2 o
1 1 | S0 min 2 50000 I
4000 D, G 4000 N —— 40 min| | 15000 Al prg
| | —— 30 min AR 40000 170°c|
3000 3000 V 20 min | \ | I
| 10 min 10000 INW ‘ 30000 —— a00°c
2000 2000 0 min AN/ 500°C
& \ / ‘ 20000 —owcg
£ 1000 / N2 A 50009 \ A
g . 1000 N 10000 1
\8/ 0 042 0 — 0
2 500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
2
i)
c 35000 60000
= 18000 36000 ;
OP6 - N, d OP6 - Air 30000 C2 p
150001~ 1 i 1 A — 75°c |50000
\ . 25000 o
12000 A 27000 2o0+| 40000
20000 m,.
9000 / N\t 180004 / H 300 C 30000
y, 15000 B
6000 4 500 °c| 20000
r~" ‘Shba ol
9000 10000
3000 5000 e - 600°C 10000 e
0+ 0+ - - . ) of L , : . 0+—L - : ¥ y
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 200¢ 2500

Raman shift (cm™) Raman shift (cm-1)

FIGURE 3: Raman spectra of OP1 and OP6 soot exposed to the laser radiation (on the left) and during heat
treatment (on the right) in air and nitrogen environments.

In Fig. 3 ay, by, ¢z, d2, we show spectral evolution when heating soot in nitrogen and in the air. The
immature sample was clearly oxidized faster than the mature one as the former was completely
oxidized at 600°C while the latter is slightly above 700°C. During heat treated temperature (HTT),
while the signals of mature soot always increase no matter the environments, the signals of
immature soot in nitrogen steady decrease. The HTT behavior of immature soot becomes even more
complicated in air. It rapidly increased between 25°C and 150°C then showed a sharp decline before
completely oxidized. The heat treated temperature also changes the color of soot towards more
blackish as volatiles/semi-volatiles or organic compounds are vaporized. This means that HTT
enhanced their absorption properties. The authors are looking forward to discussing with the
audiences about the oxidation phenomenon happening in ex-situ Raman measurements of soot at
the conference.

CONCLUSIONS

For the first time, a comparison between online and ex-situ Raman measurements on the same soot
has been carried out. Cumulenic structures have been found to dominate the sp carbon
components. Both cumulenic and polyynic structures are less stable in the soot nanostructure after
deposition and under atmospheric conditions. Our results reflect the influence of sampling processes
on the structure characterization of soot, particularly on the sp hybridized structures and the
disordered character of the sp? polycyclic aromatic components. Additionally, soot oxidation process
could happen during ex-situ measurements modifying soot properties and morphology. Notice that
soot oxidation is also one of steps in atmospheric soot aging routines. Atmospheric soot properties
are interest of reflecting their impacts on climate and human health. They thus attract a great
attention from many scientific communities.
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INTRODUCTION

Radionuclides emitting Auger electrons with low energy (ca. 0.02-50 keV) are of interest in Targeted
Radionuclide Therapy (TRT) (cancer diagnosis, preclinical studies, radiolabeling, imaging) [1]. Among
them, ®°Er is a pure Auger Electron (AE) emitter and a useful tool for fundamental studies on the
biological effects of AE emitter. Furthermore, **Er may be easily produced by irradiation of natural
holmium target with proton or deuteron beams. However, separation of adjacent lanthanides is
challenging as they have similar oxidation states, coordination chemistry, and unfavorable mass ratio
in the target (e.g., 1:10" for ®*Er:Ho) [2]. Radiochemical separations of lanthanides may be
performed by solid-liquid extraction methods using functionalized porous supports. In this regard,
recent works have highlighted the potential advantages of other materials (i.e., silica, layered double
hydroxides) due to their higher stability under harsh irradiation conditions, easy functionalization,
low cost and versatile of forms and pore architectures [3].

The objective of this study was the use of mesoporous carbons of varied origin and physicochemical
properties for the selective separation of ®*Er from an irradiated Ho target. The carbons were
modified upon impregnation with organophosphorous extractant bis(2-ethylhexyl) phosphoric acid
(HDEHP), commonly used to separate lanthanides [4]. Performance was compared to commercially
available resins (e.g., LN®, Triskem) manufactured with similar extractants. Extractive performance in
static (coefficient of distribution) and dynamic tests have demonstrated similar profiles of ***Er/Ho
separation with certain of the studied modified carbons than those of the commercial resin, using
lower concentration of nitric acid. Such improved extraction performance is explained by the tight
immobilization of the extractant inside the mesopores. Furthermore, the functionalized materials
proved to be stable after at least one year. The obtained results are in line with those of commonly
used supports for the *Er/Ho radiochemical separation, opening new perspectives for mesoporous
carbons in this application.

EXPERIMENTAL

Various nanoporous carbons with different characteristics were selected as for the immobilization of
the linker. Radiotracers of Ho, ***Ho, and Er, **°Er, were produced by irradiation of Ho foil with a 17,5
MeV deuteron beam. Quantification of each element was determinated by spectrometry gamma.
Each test has been triplicated: for extractive performance in static, concentration of HNO3 (0,01 to
5M) and used Ho quantity (capacity of resin : 20 to 400%) have been modified. Used protocol for
production of '*°Er has been applied with 1mg of irradiated Ho target to the best expected
nanoporous carbon support. A comparison with LN (50-100um), LN2 (20-50 and 50-100um) was
been done and only profile of elution of *Er was established by measurement with an activimeter.

111


mailto:isidro.dasilva@cnrs-orleans.fr

RESULTS AND DISCUSSION

Selected carbons have the following properties (Figure 1) :
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FIGURE 1: Adsorption profile of 4 used supports

MS sample (spheres) has a similar semiporosity as Amberlite (support of comercial resins LN). CV
sample (powdered porous carbon) has a large mesoporisity whereas PG simple (powdered) is
narrower mesoporosity and has a lower volume. For separation of ***Er from Ho target, impregnated
Ms sample demonstrated no effects with variation of nitric concentration. PG sample have given
similar results in static tests as Amberlite support but no stability to high concentration of acid (2 -
5M). At least, only CV sample has selective capacity of separation with stability to acid and radiations
exposure. On column tests, profiles of CV sample are similar to LN2 resin ever the linker is different.
Reproducibility of separation Ho/Er and recycling CV sample have been validated.

CONCLUSIONS

We have investigated the separation of *Er from a Ho target using nanoporous carbon. CV sample,
powdered carbon, with a large mesoporosity and 78% of linker impregnation was stable to high
concentration of nitric acid (5M) and radiations exposure. Coefficient of distribution (Dw) was drift
to lower nitric acid compared to Dw of LN resin. Elution profile of Ho/Er with CV sample was near to
LN2 resin (20-50um) using a different linker. These first results demonstrate potential interests of
mesoporous in production of radionuclides for imaging applications.
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INTRODUCTION

Enteric viruses (particles of ~30 nm diameter) are widely spread in water environments, some being
harmful for human communities and responsible for gastroenteritis. They are emitted from human
feces and driven to Waste Water Treatment Plant (WWTP). Regular epidemics highlight the
usefulness of such virus’s analysis in wastewaters as a tool for epidemiologists to monitor their
dissemination extent among populations. With the aim of developing a passive sampler of the
enteric viruses, we studied their adsorption and recovery on various forms of Activated Carbon (AC)
in order to allow their quantitative analysis by RT-gPCR (Quantitative Reverse Transcription
Polymerase Chain Reaction). In a first approach, Murine Noroviruses (MNV) adsorption/recovery
was studied as they are considered as models of human enteric viruses. Then, an automatized
sampler was developed for field detection of human enteric virus in wastewater issued from WWTP.

EXPERIMENTAL

Activated Carbon materials and characterization

A Norit 1240 microporous AC was milled in powder and compressed with additives (15 wt. % PTFE
and 5% carbon black) at 50 MPa in order to obtain a pellet.

The CNovel™ (50 nm) porous carbon (from Toyo Tanso, Japan) is mesoporous and obtained from the
dissolution of MgO nanoparticles templates (Soneda et al., 2013). CNovel™-based self-supported
films or deposits on a polymer “brush” (Figure 1 (a) and (b)) were prepared by evaporation of an
“ink-like” mixture made out from the AC and 14 wt. % of PTFE or PVDF and 6 wt. % of carbon black in
N-methyl-2-pyrrolidone. The “brush” comprised of thin Nylon rods was 3D-imprinted.

The activated carbons were characterized by SEM, N, adsorption-desorption (77 K), CO, adsorption
(273 K), and by zeta potential versus pH measurements of AC suspensions (1g/L) prior and after
MNV adsorption (at Co=10° ug/mL).

FIGURE 1: AC self-supported film (a). Brush-type (b) and Probe (c) designs were coated with AC.
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Batch norovirus adsorption kinetics and adsorption/retrieval experiments

The viral genetic materials were analysed by RT-qPCR in order to obtain the virus concentrations of
the studied solutions expressed in genome unit per mL as reported by Delafosse et al. (2022).
Adsorption kinetic and isotherm at 25°C of Murine Noroviruses (MNV) (at Co=3.8 10° ug.mL) were
studied in bare saline solutions (0.1 M NaCl) or in phosphate buffer (pH 7.4) on pelletized Norit 1240
(0,1 g/50 mL). MNV (Co=10% ug.mL?) adsorption kinetics were studied on CNovel™ self-supported
films (1,2 g/30 mL) in saline solutions (0.1 M Nacl).

MNV adsorption/retrieval cycles and adsorption assays under polarization (cf. protocol details
reported by Delafosse et al. (2022)) were studied on CNovel™ AC in the form of self-supported films
and MNV adsorption/recovery tests were performed in saline solutions (0.1 M NaCl) on CNovel™
coated on “brush” polymer rods.

On field virus adsorption/retrieval sampling by activated carbon probe

A home-made automatized sampler was designed and tested in situ on wastewater at the outlet of
the “Grand Chambéry” WWTP) (France), i.e. after it went through both, primary physicochemical
and secondary biological processes. The human Norovirus of Genogroup | (NoV-Gl) and Adenovirus
(AdV) recovery were measured using protocols reported by Delafosse et al. (2022) on Nylon 3D
imprinted probe coated with CNovel™ (Figure 1 (c)).

RESULTS AND INTERPRETATIONS

Characterization of activated carbon materials

The Norit 1240 AC is mainly microporous (Vmicropore=0.20 cm3.g?, Sger=1083 m2.g!) while the CNovel™
is mainly mesoporous (Vmesopore=0.82 cm3.g™}, Sger=660 m?.g?). The mesoporosity (50 nm mean &
given by BJH method) is preserved in films despite a loss of volume (Vmesopore=0.48 cm3.g™, Sger=375
m2.g?).

A decrease in the zeta potential is observed after MNV adsorption (negatively charged viral envelop)
in the pH range 4-5 and 5-8 for Norit 1240 AC and CNovel™ AC (Figure 2), respectively, as adsorption
is promoted by electrostatic attractions and additional weak interactions. Thus, CNovel™ is more
suitable for MNV adsorption in wastewater (pH range 7 to 8).
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3 ‘.' \ CNovel 50nm + MNV
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.E O ~ 0-—‘\.\
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FIGURE 2: pH variation of the zeta potential of the CNovel™ 50 nm AC loaded or not with MNV.

Norovirus batch adsorption and retrieval

The MNV kinetics of adsorption on Norit 1240 pellets are rapid (2h equilibrium time) compared to
the diffusion-limited ones on CNovel™ films (24h equilibrium time). MNV adsorption isotherm on
Norit 1240 pellets shows a typical Freundlich profile without any saturation in the concentration
range 10-10° ug.mL? as previously reported by Gerba et al. (1975) for poliovirus on AC. In saline
solution, the CNovel™ films MNV (Cinitiar = 1.8 107 ug.mL™) adsorption capacity (38 mg/2 mL) reached
~90% of the virus initial amount. No saturation was obtained after four repeated adsorptions on the
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same film with fresh virus suspension. CNovel™ film polarization did not increase the adsorption
equilibrium compared to the non-polarized experiment.

The MNV retrieval rate on films is higher than 10% and improved after four adsorption/recovery
cycles (14+2% at 1st cycle and 36+£7% at 4th cycle) suggesting that weaker interactions are needed
for its promotion. Moreover, a limitation of the lysis buffer diffusion in the AC porosity and a
possible re-adsorption of genetic material after lysis might have occurred.

MNYV adsorption/retrieval studies on CNovel™-coated brushes have shown their possible reuse on at
least three adsorption/recovery cycles and confirmed that retrieval yield increases (up to 30%) after
a2"ora3™cycle.

Field virus adsorption/retrieval sampling with activated carbon probe

A preliminary field assay of a passive sampler in a WWTP yielded to the detection of autochthonous
human Norovirus Genogroup | (NoV Gl) and Adenovirus (AdV) in wastewaters (Figure 3) where
retrieved virus amounts are divided by the total water volume which had passed through the probe.
It suggests a promising application as virus detection tool in such high loaded and complex waters.
Despite a low retrieval rate of virus, this study has shown that the optimization of the sampler
exposition time is needed as the retrieval rate was higher after 2,5 h exposition than after 5 h.
Adenovirus have been detected by the coated-probe type sampler despite their 80 nm diameter,
higher than the 50 nm average pore diameter of CNovel™ AC.

(a) (b)

FIGURE 3: Wastewater concentration ofHuman Norovirus Genogroup | (NoV Gl) and Adenovirus (AdV): (a)
from wastewater direct analysis, (b) as assessed from the AC-based probe .

CONCLUSIONS
The developed “catch and retrieve” protocol, using the mesoporous CNovel™ AC -based sampling
tools allowed to collect virus samples to proceed downstream RT-gPCR molecular analysis.
As it, the sampler should be considered only as a virus detection tool. In addition, the experiments
highlighted the next important tasks that should be addressed: 1/ to evaluate an exposition time
balancing efficient adsorption and virus recovery, 2/ to improve the virus recovery, 3/ to develop an
AC with appropriate adsorption mesoporous sites allowing desorption, and finally 4/ to convert the
virus detection probe into a concentration one.
Acknowledgements
This research was supported by the ABIOLAB laboratory (Montbonnot Saint-Martin, France) and by the
ASPOSAN association. Fields experiments were possible thanks to the “Grand Chambéry” WWTP authorities.

References

Gerba, C. P., Sobsey, M. D., Wallis, C. and Melnick, J. L. (1975). Adsorption of Poliovirus onto Activated Carbon
in Wastewater. Environmental Science & Technology, 9, [8], 727-731. https://doi.org/10.1021/es60106a009

Soneda, Y. and Kodama, M., (2013). Effect of Mesopore in MgO Templated Mesoporous Carbon Electrode on
Capacitor Performance. Electrochemistry, 81,[10], 845-848.
https://doi.org/10.5796/electrochemistry.81.845

Delafosse, D., Reinert, L., Azais, P., Fontvieille, D., Soneda, Y., Morand, P. and Duclaux, L., (2022). Potentialities
of a mesoporous activated carbon as virus detection probe in aquatic systems. J. Virol. Methods, 303,
114496. https://doi.org/10.1016/j.jviromet.2022.114496

115



Topographic and electrical characterization of Proton Exchange Membrane
fuel cell catalytic layers prepared using carbon black
and carbon xerogel supports

F. Deschamps?, J.G. Mahy?, A.F. Léonard?, A. Dewandre?, B. Scheid?, N. Job?
1Dept. Chemical Engineering, Liége Université, B6a, allée du 6 aolt 11, 4000 Liége, Belgium
Email : nathalie.Job@uliege.be
2 Université libre de Bruxelles, Transferts, Interfaces et Procédés (TIPs), Avenue F.D. Roosevelt 50, 1050
Brussels, Belgium

Keywords
PEM fuel cells, carbon supports, catalytic layers, conductivity, topography.

INTRODUCTION

Catalytic layers of Proton Exchange Membrane (PEM) fuel cells are usually made of a Pt/C catalyst
blended with a proton-conductiong polymer, Nafion®, the role of which is to ensure both the layer
cohesion and its ionic conductivity. In order to enhance the properties of this layer regarding mass
transport and durability, many carbons have been used in literature to replace the commonly selected
carbon blacks (Maillard, 2013). However, modifying the nature of the support leads to many other
modifications in the final catalytic layer properties: pore texture, morphology, Pt dispersion and
accessibility, contact with Nafion®, ionic and electrical conductivity, etc. All these parameters depend
on the carbon chosen and have an impact on the cell performance. It is thus important to measure
them accurately.

In the present work, the topography of catalytic layers prepared from (i) a classical carbon black and
(ii) carbon xerogels was studied. To do so, two inks composed of Nafion® and carbon black or a carbon
xerogel with controlled pore texture were deposited on Kapton® sheets by film-casting and spray-
coating. The surface topography was characterized by contact profilometry and laser 3D microscopy.
Data were processed to obtain accurate 3D images of the layer surfaces, in order to measure the
thickness and check for homogeneity. Similar layers containing various amounts of Nafion® were
prepared and ex situ four-point measurements were developed to determine their ionic and electrical
resistivity, using chronopotentiometry techniques. The present work shows that layers prepared using
different carbon supports can display different limiting transport phenomena: (i) ionic conductivity in
the case of the carbon black and (ii) electrical conductivity in the case of carbon xerogels.

EXPERIMENTAL

The carbon black selected for the study was the classical XC-72R from Cabot. Three carbon xerogels
were prepared using a well-known procedure (Job, 2004) and displayed average mesopore sizes of 45,
85 and 210 nm. The samples are named CX45, CX85 and CX210 hereafter. They were grinded as
particles with a size of ~500 nm. A second batch with larger particles (~7 um) was also prepared.

For topographic characterization, layers containing carbon and Nafion® were prepared either by film
casting or by spray coating. In the case of film casting, an Elcometer 4340 bar-coating device was used
together with an Elcometer 3580 film applicator. For spray-coating, the device was a home-made
robotized spray-coater using a a Nordson EFD 781 nozzle with a 781S-SS tip. In both cases, the
Nafion®/Carbon (N/C) mass ratio was fixed at 1, and the solvent/solid mass ratio was adjusted
depending on the coating device (film casting: 13; spray-coating: 500), since they require very different
ink viscosities. The solvent chosen was isopropanol, and Nafion® was used as a 15 wt.% suspension in
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isopropanol/water (LQ-1115 1100 EW from Liquion). 7 cm x 7 cm layers of various thicknesses were
prepared using both methods and two different carbons (carbon black and carbon xerogel CX85).

Contact profilometry was performed using a Veeco Dektak 8 contact profilometer; confocal 3D laser
scanning microscopy measurements were performed on a Keyence VK-X200 device. Contact
profilometry enables performing measurements on the whole sample surface (5 cm x 5 cm). In the
case of 3D laser microscopy, only a small fraction is analysed (0.25 cm?) with high definition. The
comparison between the two techniques was done via simulation of the profilometer tip motion on
the microscopy profile, which allowed to determine the error on profilometry measurement.

Specific 4-point measurement displays were set up to determine (i) the electrical and (ii) the ionic
conductivity of layers made of carbon and Nafion® by spray-coating. It both consists in applying a
voltage between 2 outer points of a layer strip, and measuring the voltage between two inner points;
however, in the case of ionic conductivity, small pieces of Nafion® are also placed between the sample
and the metallic (Pt) contacts so as to impose an electrochemical reaction at the Pt/Nafion® interface
and thus induce proton exchange. Resistivities were measured using chronopotentiometry; the
behaviour of the layers was modelled using transmission lines to extract the ionic conductivity from
the transient data. The impact of the carbon nature as well as that of the Nafion® content were
investigated. In the case of carbon xerogels, measurements were performed using ~5 um particles.

RESULTS AND DISCUSSION

Results show that the layer topography (i) is quite different using the two different carbons and (ii) is
much influenced by the deposition technique (Figure 1). Globally, film casting leads to poor
homogeneity and thickness control is not easy, while spray-coating allows for better layer
homogeneity, reproducibility and thickness tuneability. The use of carbon xerogels often leads to the
detection of large particles at the surface, even when grinded at ~0.5 um, which in turn can lead to
internal short-circuits. Since grinding is unavoidable in the case of carbon xerogels, the final powder
granulometry remains a source of problems in electrode manufacturing. The elimination of the largest
particles should be done prior to any processing.

In general, the catalytic layer ionic resistance is preponderant (vs. electrical resistance) when carbon
blacks are used; electrical resistance is thus often neglected right away in the analysis of cell
performance (Maillard, 2013). However, the latter can be much higher than expected when new
carbons with different structural properties are used. The ex situ four-point measurement method
was first validated with carbon black/Nafion® layers. Transient regimes were modelled by a
transmission line representing two distinct conduction lines (ionic and electrical) separated by
capacities. The measured transient profiles agree with modelling results. It was also shown that
increasing the N/C ratio from 1 to 4.6 leads to both an increase in electrical resistivity and a decrease
in ionic resistivity (Table 1). Usually, N/Cis close to 1 in practical applications.

The method was then applied to carbon xerogel-based layers, using various xerogels and N/C=1. In
that case, and opposite to what is usually observed, the electrical resistance of the layer is not at all
negligible compared to the ionic resistance (Table 1), whatever the carbon pore texture. This impacts
the further design of fuel cell Membrane-Electrode Assemblies and their final behaviour in the real
device. Indeed, when identifying (and solving) performance issues, one cannot neglect anymore the
limitations due to electrical resistance. This difference is attributed to the fact that nanostructured
carbons are made of larger particles than carbon blacks, which significantly decreases the number of
contact points between the carbon particles, hence decreasing drastically the electrical conductivity
of the layers. By contrast, the ionic conductivity is rather constant and close to that observed with the
carbon black-based layers prepared with the same N/C ratio (Table 1).
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FIGURE 1: Topography of layers (XC-72R) prepared by film casting (up) and spray-coating (down) measured by
profilometry (left) and 3D microscopy (right) (Deschamps, 2020).

TABLE 1: Electrical (per)and ionic (pion) resistivities for layers made of carbon black or carbon xerogel and Nafion,
as a function of the N/C ratio and the carbon xerogel pore texture.

Carbon XC72R XC72R XC72R CX45 CX85 CX210
N/C 1 2 4.6 1 1 1
Pel (©Q2.m) 0.96 2.7 24 234 86 186
Pion (Q2.m) 37 14 6.9 52 43 35

CONCLUSIONS

This work sheds light on features that are quite often overlooked in fuel cell catalytic layer studies, i.e.
the quality of the layer deposition and its electrical/ionic conductivity, while both have strong impacts
on the behaviour of the catalytic layer in the fuel cell, especially at high current densities. In particular,
the electrical resistance cannot be neglected if carbon black is replaced by a nanostructured carbon
material such as a xerogel with um-sized particles: on the contrary, it may become the limitating
transport phenomenon in the final catalytic layer, which has to be taken into account when designing
Membrane-Electrode Assemblies from innovative catalyst structures.
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INTRODUCTION

Carbon nanomaterials have generated a great interest for electrochemical applications given their
good dispersibility and mixing, large external surface area for chemical modification and short
diffusional pathways. To be used in supercapacitors, these nanoparticles must also have a large
specific surface area and a controlled pore size. However, the production of highly porous carbon
nanoparticles (d < 100 nm) by easy and sustainable procedures is still a significant challenge. In this
work we present a straightforward synthesis strategy to produce highly porous carbon nanospheres
with a monodisperse size distribution (d ~ 100 nm) and ultra-high BET surface areas (>3000 m? g)
associated to micropores and small mesopores (< 4 nm). Pyrrole has been selected as the carbon
precursor as it can be easily polymerized in the form of nanospheres, and polypyrrole has a high
carbon yield (> 50%). The polymeric nanospheres were directly activated with benign potassium
bicarbonate (KHCOs), yielding highly porous nanoparticles that retained their morphology and
remained uncoalesced. These nanoparticles were analysed as the electrode material in symmetric
electrical double layer capacitors using aqueous and organic electrolytes, showing a high capacitance
and an excellent electrochemical response at high power demand.

EXPERIMENTAL

Polypyrrole nanospheres were synthesized in aqueous media following the procedure reported by Lee
et al. (Kwon, 2010). Briefly, PVA was dissolved in distilled water under vigorous stirring and, then, FeCls
was added and stirred for 1 h. Subsequently, recently distilled pyrrole was slowly added. After 2 h
under stirring, the solid black product was collected by centrifugation, washed with water and
lyophilised. The nanoparticles were chemically activated by using a solution of KHCO3 (KHCOs/PPy wt.
ratio=6). After evaporating the water, the solid mixture was heated up to 750-950 2C for 1 h in nitrogen
flow. The carbonized product was washed using distilled water and dried at 120 2C (Diez, 2022).

RESULTS AND DISCUSSION

The polymerization of pyrrole in the presence of PVA as stabilizing agent and FeCl; as oxidant gives
rise to polymer nanoparticles with a mean diameter of 112 nm. After mixing with KHCO3; and a
subsequent thermal treatment, the carbonization of the polymer and the generation of internal pores
takes place. During this treatment, the bicarbonate decomposes to potassium carbonate at 150-200
oC (eq. 1). At higher temperatures (>700 2C), the carbonate oxidizes the carbonaceous matter (eq. 2),
which, together with the intercalation of K vapours, leads to the generation of microporosity. At higher
temperatures (>850 2C), the carbonate decomposes to K,O and CO; (eq. 3), both of which can further
oxidize the carbon, enlarging thus the micropores or generating new microporosity. After activation,
the inorganic impurities were removed by simply water washing.

2 KHCO3 > K2CO3 + CO2 + H20 (1]
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K2CO3+2C—>2K+3CO [2]
K2C03 - K20 + CO2 [3]

Morphology and Physicochemical Properties of the Porous Carbon Nanoparticles

After activation, the size of the porous carbon nanospheres (PCNs) is slightly reduced to 90-97 nm,
depending on the activation temperature. Remarkably, the nanospheres did not agglomerate and
retained their spherical morphology (Figure 1a). A closer inspection of the activated materials reveals
that the porous nanoparticles consist of randomly oriented graphene-like layers enclosing narrow
micropores (Figure 1a, inset). The N, adsorption isotherms of the PCNs are of type Ib, which reveals
that their porosity is made up of micropores and small mesopores (Figure 1b). The broadening of the
knee at low relative pressures with the increase of the activation temperature indicates a widening of
the pore size. In fact, the pore size distributions (Figure 1c) indicate a decrease in the number of pores
with a size of ~ 0.8 nm and an enlargement of the second pore system that extends to the mesopore
range, likely due to the additional carbon etching produced by the K;CO; decomposition products. As
shown in Table 1, the PCNs have ultra-high BET surface areas exceeding 3000 m? g as well as large
pore volumes of 1.4-1.8 cm3 g1, Carbonization in the absence of KHCOs led to carbon nanoparticles
with low surface area and pore volume (sample CNP, Table 1). Despite the carbon precursor being a
N-rich substance, the activation brings about the complete removal of N-groups (N content < 1.2 wt%).
The removal of oxygen with the increase of temperature (from 7.5wt% at 750 2C to 3.8 wt% at 950
9C), together with the progressive rearrangement of carbon atoms, leads to the increase of their
electrical conductivity to values that compare well with those of commonly used conductive additives.
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FIGURE 1: (a) Scanning electron microscope and (inset) transmission electron microscope images of ANP-750.
(b) N2 isotherms and (c) pore size distributions of the PCNs obtained at different temperatures.

o

TABLE 1: Physico-chemical properties of the carbonized (CNP) and activated (ANP) nanospheres.

Sample Carbon Diameter Seer Vp Vmicro ElZCtT.:a.It Electrode density
code yield [%] [nm] m2gl  [em3gl  [cm3gl] COFS ;i]_'l‘? ¥ [g cm3]

CNP-800 54 89+11 60 0.08 0.01 3.1 -

ANP-750 31 93+9 3040 1.40 1.16 1.6 0.40
ANP-800 27 90+11 3090 1.50 1.21 2.4 0.38
ANP-850 26 93+10 3010 1.62 1.16 3.7 0.34
ANP-900 19 96+ 12 2980 1.81 1.07 4.2 0.35
ANP-950 14 97+11 2640 1.71 0.91 7.6 0.37

Electrochemical Properties of the Porous Carbon Nanoparticles

Due to their large specific surface area, short ion migration pathways and good electronic conductivity,
a large energy storage capacity and fast electrochemical response is expected from the PCNs. Thus,
electrodes with a mass loading typical of commercial EDLC (~¥9-10 mg cm™) were assembled in
symmetric cells using 1 M H,SO4, 1 M TEABF, in acetonitrile (AN) and EMIMTFSI in AN as the
electrolytes. The Nyquist plots obtained for the PCNs show a much shorter Warburg region compared
to that of the commercial YP-17D carbon, which indicates an easier diffusion of the electrolyte ions
throughout their porosity. As shown in Figure 2b, the relaxation time constant calculated for the PCNs
is also much lower than that of YP-17D, especially in the case of the PCNs containing small mesopores.
The charge storage capacity and rate capability of the PCNs was evaluated by galvanostatic charge-
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discharge experiments. In the aqueous electrolyte, ANP-750 achieves the highest capacitance, of 262
F g%, by virtue of its larger micropore volume. The commercial activated carbon (AC) shows a
capacitance of only 135 F g%, and fails at current densities over 40 A g. On the contrary, the PCNs
withstand ultrahigh current densities of up to 80 A g in the case of the micro-mesoporous ANP-900.
Even in volumetric terms, the electrode made up of the ANP-750 nanospheres surpasses that made
out of YP-17D (89 vs. 78 F cm3), despite its lower electrode density (0.40 vs. 0.68 g cm3). Replacing
the aqueous electrolyte by 1 M TEABF4 in AN and EMIMTFSI in AN allowed increasing the cell voltage
up to 2.7 and 3 V, respectively. Despite the lower conductivity and higher viscosity of these
electrolytes, the PCNs were able to withstand much higher current densities than the commercial AC.
Remarkably, the wider pore size distribution of ANP-900 allowed taking full advantage of the high
voltage EMIMTFSI/AN electrolyte, and could be charged and discharged up to a high current density
of 50 A g retaining 70 % of its maximum capacitance. In this electrolyte, ANP-750 and ANP-900
achieved a maximum energy density of 52 and 48 Wh kg™, the latter retaining 31 Wh kg™ at a high-
power density of 31 kW kg. The PCNs could be steady cycled up to 10000 charge-discharge cycles,
experiencing a capacitance loss lower than 6 % and 14 % for aqueous and organic electrolytes,
respectively.
a) b) c)

FIGURE 2: Electrochemical characterization of the PCNs: (a) Nyquist and (b) Bode plots in 1 M H2S04. Rate
performance in (c) 1 M H2S0s, (d) 1 M TEABF4/AN and (e) EMIMTFSI/AN. (f) Ragone plot.

CONCLUSIONS

Monodisperse, highly porous carbon nanospheres have been successfully obtained by direct
activation of polypyrrole nanoparticles with KHCOs. They combine a high electronic conductivity with
an ultra-high BET surface area (>3000 m? g) and short ion diffusion pathways. Due to the unrestricted
access of electrolyte ions to their microporosity, they show high capacitance, good rate capability and
excellent cycling stability in aqueous and organic electrolytes.
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INTRODUCTION

For the past few decades, indoor air quality has been recognized as an important public health
concern with a non-negligible economic impact. Indeed, people are commonly exposed to
household air pollutants including particulate matter, formaldehyde (CH,0), carbon monoxide (CO),
ozone (0s), nitrogen dioxide (NOz) and some volatile organic compounds (VOCs). The indoor air
quality can be improved by reduction of pollution sources, and the optimization of ventilation
performances (diluting pollutants issued from indoor sources). But an alternative consists in
removing pollutants by adsorbent filters based on Activated Carbons (ACs) integrated in heating,
ventilation and air-conditioning system. Some investigations are nevertheless needed to overcome
process limitations as some pollutants such as formaldehyde are poorly adsorbed due to moisture
competitive adsorption and a low affinity that drastically decreases the adsorption capacities (Suresh
et al., 2018). In the case of NO,, a chemical reduction to NO occurs on ACs, yielding to the formation
of oxygenated surface groups thus its physisorption is rather limited.

Formaldehyde can be removed on ACs by physisorption, by chemisorption on amine surface groups
or by catalytic degradation on supported metallic or oxide nanoparticles. Previous studies have
shown both the importance of a high ultramicroporous volume (Song et al., 2017) and the presence
of nitrogen groups for the removal of formaldehyde by ACs (Suresh et al., 2018). The role of a high
microporosity and the presence of appropriated oxygenated groups on ACs was pointed out for
increasing the NO; removal (Ghouma et al., 2018).

Carbon beads were reported to be prepared from biopolymers such as alginate and chitosan (Guy et
al.,, 2021). Chitosan, a random linear copolymer of B-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine mainly derived from crustacean waste, is a carbon materials precursor of interest
because of its abundance and its high content in nitrogen groups. In this study, new nitrogen
enriched ACs in form of beads, possibly supported by Cu/CuO nanoparticles, have been prepared by
tailored activation of chitosan,to make them suitable for the purification of formaldehyde and
nitrogen dioxide from indoor air.

ACTIVATED CARBONS PREPARATION AND CHARACTERIZATION

Activated carbons preparation

The AC beads were prepared by thermochemical activation of chitosan hydrogel spheres enriched or
not in CuCl, and impregnated with KOH or NH3 solutions at 63 wt. % impregnation ratio with respect
to the chitosan precursor. This activation was performed at 500°C and 700°C for the hydrogels
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impregnated with KOH (giving samples referred to KOH500-63, KOH700-63, respectively), and at
900°C for the one impregnated with NHs (referred to NH3900-63). KOH and NHs; had a dual role of
chitosan gelation agent and activating agent generating the microporosity. The CuCl, addition allows
the growth of CuO (and Cu at 500°C) nanoparticles supported on the carbons activated by KOH
(referred to KOH500-63Cu and KOH700-63Cu) or activated by NH3; (named NH3900-63Cu).
Textural and chemical characterization of adsorbents
The BET specific surface areas (Sger) of the synthesized ACs vary from ~ 640 m2.g* to 1145 m2.g? and
from ~ 1260 m2.g! to 1340 m2.g? for activation by KOH and by NHs, respectively (Table 1). The
highest Sger was obtained for after activation by NHs (Table 1, sample NH3900-63). All ACs samples
were found mainly microporous (2 pores < 2 nm, determined by N, adsorption at 77K) with the
preponderance of ultramicropores (2 pores < 0.8 nm, determined by CO, adsorption at 273K). The
presence of homogeneously dispersed Cu and copper oxide nanoparticles (in the AC beads obtained
from Cu-doped chitosan) was evidenced by SEM and XRD (Guy et al., 2021). The prepared samples
possess pyridine, pyrrole, amide and amine type nitrogen functional groups observed by X-Ray
Photoelectron Spectroscopy (XPS) analyses. Elemental analyses indicate a higher amount of nitrogen
groups and a lower content of oxygen groups for the samples activated by NHs. The water sorption
isotherms by the ACs measured at 25°C in the P/P, range [0-0.8] showed that carbons activated by
NHs; have a significantly lower affinity with water vapor than those activated by KOH.

TABLE 1: Summary of ACs structural and chemical properties.

Textural properties surface groups content from XPS (wt. %)
SgeT Vyitramicropore Vimicropore Vmesopore 0=C 0-C Pyridine Amide, Amine
(m2.g) (cmd.g?) (cm3.g?) (cm3.g?) Pyrrole
KOH500-63 642 0.24 0.29 0.02 34.4 4.4 1.7 3.8
KOH700-63 1081 0.44 0.55 0.02 21.4 11.7 0.4 2.3
NH3900-63 1340 0.53 0.60 0.03 2.4 12.1 5.7 3.7
KOH500-63Cu 608 0.23 0.25 0.09 17.5 9.7 2.7 4.2
KOH700-63Cu 1145 0.35 0.41 0.09 4.8 19.4 2.7 4
NH3900-63Cu 1257 0.48 0.54 0.04 1.8 10.3 6.4 13.4

NITROGEN DIOXIDE AND FORMALDEHYDE REMOVAL

Experimental

The breakthrough curves were studied on ACs powder (20 mg) obtained from AC beads milling, at
850 ppbyv initial concentration of NO, (or CH,0) in air (total flow: 1,5 mL.min’, gas speed in empty
column: 1.98 m.s) upon given relative humidity (0% RH, 20% RH, and 50 % RH). For the most
relevant samples, concentrations in the range 250 to 1500 ppbv were studied. Some breakthrough
tests were performed on beads (250 mg) in a cylindrical column (diameter 15 mm, flow: 4.5 L.min™).
Nitrogen dioxide removal

For carbons activated by NHs, the maximum NO, removal amount (~140 mg.g?) is reached in dry air
and is quite higher than the average values reported in the literature. The NO, removal amount
decreases as increasing humidity in relation with a competition effect with water.

For carbons from pure chitosan activated by KOH, a maximum NO; removal uptake of about 80 mg.g
1 js reached at RH = 20%. This means that water molecules interfere in the NO, adsorption
mechanism. NO; can be directly hydrated in nitrous acid (HNO;) and nitric acid (HNOs) mixture or
chemisorbed by reaction with oxygenated carbon atom according to -(CO) + NO,—> C(ONO,)
reaction. The C(ONO,) hydration can also yield to HNO, and HNOs, thus increasing the AC pH after
testing.

The presence of nanoparticles induces a NO; catalytic degradation into nitrogenous subspecies. The
maximum of NO, degradation is reached at RH = 20% which could be explained by the free radicals’
formation in water, thus improving this catalytic effect. The catalytic conversion rate at 20% RH is
1.3 10® mol.gt.s for samples NH3900-63Cu and KOH700-6Cu.
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Formaldehyde removal

The maximum formaldehyde adsorption capacity at RH = 50% reaches about 43 mg.g* for carbon
activated by NH; from pure chitosan (sample NH3900-63). This can be related to the presence of high
amounts of ultramicropores (@ pores < 0.8 nm) and nitrogen functional groups on its surface (Table
1). The adsorbed uptake varies linearly as the concentration increases from 250 to 1500 ppbv
according to the Henry’s law. For all the carbons prepared from pure chitosan, the maximum
adsorption capacity is achieved in dry air.

Similarly, the ACs including CuO nanoparticles, display their highest adsorption capacity at 0 % RH.
The nanoparticles presence induces the CH,O catalytic degradation into CO; and H,O regardless of
the tested relative humidity. The CH,O conversion rate is the highest at 20% RH (2.7 10® mol.g.s*
for sample NH3900-63Cu) suggesting that the water presenceimproves the CuO catalytic activity.

FIGURE 1: Formaldehyde breakthrough adsorption curves on ACs from chitosan (Co=850 ppbv and 50 % RH).

CONCLUSIONS

The NHs-activated beads were found more efficient for formaldehyde adsorption and less effective
for NO, removal than KOH-activated ones. This is related with a lower number of oxygenated groups
and higher amount of nitrogen groups such as pyridinic and pyrrolic ones (evidenced by XPS) in NH;
ACs (~ 10 wt. %) compared to KOH-activated ones. The removal uptake capacities at 50 % RH were
found around 140 mg.g* and 60 mg.g* for NO, and formaldehyde, respectively. The CH,O adsorption
competes with water vapor adsorption while NO, removal is promoted by humidity through
chemisorption reactions (Gao et al., 2011). For the AC beads including CuO nanoparticles, both for
NO; and CH,0 removal, a catalysis plateau was observed in the breakthrough curves showing on the
one hand the possible catalytic reduction of NO, (maximum at 20% RH) and on the other hand the
CH,0 decomposition in water and CO; (40% of the total removed formaldehyde).
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INTRODUCTION

lon desolvation and confinement are key physical processes in porous-carbon-based Electrical Double-
Layer supercapacitors (EDL) undergoing charging and discharging cycles. The term of electrical double
layer (EDL) capacitor comes from the classical picture of non-porous electrodes that accumulate
oppositely charged ions at their vicinity upon voltage polarization in a mean-field dielectric continuum
description of the solvent populated with point charged ions at a given concentration. This picture
although very popular obviously does not hold for porous electrodes with sub-nanometric pores. In
particular, the mean-field Gouy—Chapman—Stern description of a EDL fails in high molar
concentrations and for pore sizes smaller than a few nanometers (typically 4 nm for car- 25 bon
substrates). EDL predictions usually rely on the Poisson-Boltzmann theory and modified versions such
as Debye-Hiickel. Presently, there is no theory capable of solving the electrostatics problem for ions
confined in the nanopores of a disordered porous carbon material commonly used in electrochemical
devices.

METHODS

In this work, we proposed a modified version of the constant charge CC method guided by
experimental and theoretical DFT results showing the key role of chemical defects and subnanopores
inthe building up of the capacitance (Chiamola, 2006). We call this approach “Chemistry Driven Charge
localization (CDCL, Dupuis 2022). The local electrostatic field generated by the matrix defects (in the
present work non sp2-carbon atoms and edge hydrogen species) drives ion adsorption on the
electrode external surface as well as in the whole porosity including the sub-nanopores. Our
electrodes are made of porous carbon texture that is found to be realistic for charcoal, activated
carbon as well as for mature kerogen (Pikunic 2003). It was obtained using Hybrid reverse Monte Carlo
with a density around 1g/cc. Note that our activated carbon texture mainly contains sub-nanometric
pores. We used MD simulations with the COMPASS force field at 300K. The electrodes are separated
by 30A on both sides. The system is periodic in all directions and it is initially prepared with water
molecules, sodium and chloride ions in the inter-electrodes regions corresponding to a salt
concentration of 0.67 132 mol/L (see Fig. 1).

RESULTS

Under polarization this drives ionic and water adsorption in sub-nanometric pores. We provide
insights at the molecular level looking into the free distribution in the carbon nanopores. First we
observe an asymmetrical desolvation process of sodium and chloride ions at the external surface of
the electrodes. We found that the ionic distribution at the external surface of the electrodes is
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consistent with the Debye-Hickel electric potential equation. In a second stage, we demonstrate that
the nano-porosity of the electrodes is filled with ions and scarce water molecules and contributes to
a significant part of the overall capacitance (See Fig. 1) that is in quantitative agreement with
experiment with capacitance values at around 100 F/g for carbon-based supercapacitors (Simon
2008). We also found that a non-negligible fraction of desolvated ions are irreversibly trapped in the
core of electrodes during discharge. While maintaining the overall electroneutrality of the simulation
cell, we found that anodes and cathodes do not carry the same amount of ions at all time steps leading
to charge unbalance.

FIGURE 1: |eft: capacitance as a function of voltage showing the different contributions of cations
and anions, right: atomistic configuration of sodium (blue) and chlorine (orange) ions in the 2
electrodes under 1V polarization (water molecules not shown)

CONCLUSIONS

We propose a new approach to describe the charge and discharge process in sub-nanoporous carbon made
electrodes, in a supercapacitor setting, that we call chemically driven charge localization model (CDCL).
Despite its mean-field character, the CDCL approach is an improvement of the current standard methods
to simulate charged devices at the atomic scale, namely the constant charge and the constant voltage
methods that are ineffective to correctly describe ionic docking in sub-nanopores. Informed from DFT
calculations, the CDCL method consists in localizing charges on defective non-sp2 carbon sites, including
chemical or topological defects. By contrast to the standard methods, this allows simulating both
adsorption on the electrodes external surfaces and in-sub-nanopore docking. Applied to a realistic texture
of nanoporous carbon, we could unravel the fundamental processes underlying the capacitive effect of a
sub-nanoporous carbon-based supercapacitor device in operation. We show in particular that
subnanometric pores constitute about 20% of the capacitance of such a device using a standard aqueous
electrolyte. In more details, we show that the docking of ions in pores is preceded by an assymetrical
desolvation at the vicinity of the external pore surface. The desolvation process is actually different for
sodium and for chloride ions as the hydration shell of sodium is tighter than that of chloride. Once ions are
desolvated, they can access nanopores; sub-nanopores being mostly populated with bare ions in
agreement with in-situ X-rays experiments (Prehal 2017).
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EXTENDED ABSTRACT

In situ and operando techniques become more and more important tools to study electrode and cell
reactions during charging and discharging. Operando electrochemical dilatometry (ECD) is a
powerful method to investigate the thickness change of an electrode during electrochemical cycling.
In contrast to X-ray diffraction or spectroscopic methods, that provide information on the
chemical/structural changes during the electrode reaction, ECD gives information on the overall
expansion of the electrode, including also influences from inactive electrode components, e.g. the
binder. ECD has been used to investigate different electrode materials for lithium- and sodium-ion
batteries (LIBs, SIBs) (see also Figure 1). (Escher et al., 2022) The focus for this abstract should be on
carbon materials as negative electrodes in sodium-ion batteries.

FIGURE 1: Thickness change of several electrode materials for LIBs and SIBs in the first cycle, measured with
electrochemical dilatometry. Reproduced under terms of the CC-BY license. (Escher et al., 2022) Copyright
2022, Wiley-VCH GmbH.

Graphite is the most common anode material for lithium-ion batteries. In this case, binary graphite
intercalation compounds (b-GICs) are formed during the charging process. (Nayak et al., 2018)
Similar reactions are found for other alkali metals except sodium for which the formation of sodium
rich b-GICs is thermodynamically not favorable. (Moriwake et al., 2017) The problem can be
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overcome by the intercalation of solvated sodium ions, resulting in the formation of a ternary
graphite intercalation compound (t-GIC). (Jache and Adelhelm, 2014) This co-intercalation reaction
results in a quite high electrode expansion, which can be easily followed using ECD. Even though, the
reaction is highly reversible (Goktas et al., 2018) a reduction of the expansion is favorable, especially
for the use in a full cell application. The comparison of the electrode expansion using different
binder materials and the addition of a co-solvent showed promising outcomes using CMC (sodium
salt of carboxy methylcellulose) as binder and the addition of 10 vol% ethylenediamine. (Escher et
al., 2021b)

Hard carbons have also become promising anode materials in SIBs due their redox potential close to
Na*/Na, a storage capacity which is typically between 150 — 350 mAh g* and especially low cost.
(Dou et al., 2019) Even though, a lot of research has been done on this field the storage mechanism
is not totally clarified yet. Operando ECD helps to get further insights into the storage mechanism of
a commercial hard carbon electrode. The storage mechanism of the intercalation of sodium- and
lithium-ions has been compared and differences, especially in the low voltage region, were detected.
In this way, an intercalation — pore filling — plating process was proposed for the storage of sodium
ions whereas an intercalation — pore filling mechanism was found in the case of lithium ions (see
Figure 2). (Escher et al., 2021a)

FIGURE 2: Electrochemical dilatometry results for the storage of sodium and lithium ions in hard carbon
electrodes. Differences in the low voltage region can be clearly seen. Dashed lines indicate the electrode
potentials, full lined the dilatation. Reproduced under terms of the CC-BY license. (Escher et al., 2021a)
Copyright 2021, Wiley-VCH GmbH.

In conclusion, electrochemical dilatometry was found to be a powerful tool to get further insights
into the influence of different components (binder, co-solvent) on the co-intercalation of sodium
ions in graphite as well the charge storage mechanism in hard carbon electrodes.
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INTRODUCTION

The generation of biomass waste in different sectors such as agriculture and forestry, urban or water
purification plants is becoming a problem with serious consequences at the environmental level and
from the economic point of view related to the costs derived from its management. The energy
transition towards a better and more efficient energy production, is paving the way towards the use
of waste generated in certain sectors, as energy sources or as raw materials for transformation into
other valuable products. Traditional thermal transformation of biomass using pyrolysis to obtain
biocarbons has been extensively used for many years. These high valuable biocarbons are of great
interest in applications in different sectors such as energy storage, water effluents and gas streams
purification. However, pyrolysis is a time and energy consuming process due to the low heating rates
of electrical furnaces and the high energy necessary to reach the desired temperature.

In this context, microwave-assisted transformation of biomass residues into valuable biocarbons has
encouraged extensive research due to the heating advantages against traditional thermochemical
processes. Microwave technology offers a reduction in waste volume, high heating rate, selective
heating, increased capability for testing in-situ due to possibility of portable equipment and low
energy consumption compared to traditional pyrolytic processes.

Biomass is generally a poor microwave absorber. Therefore, in microwave-assisted biomass pyrolysis
the introduction of carbonaceous additives, as microwave absorbing substances, is necessary to
enhance the microwave absorption capacity and reach the desired temperatures quickly and
effectively. In this work, the influence different parameters, such as microwave power, biomass
amount, humidity and wt% of activated carbon on the pyrolysis temperature have been studied.

EXPERIMENTAL

The biomass and activated carbon used in the microwave-assisted biomass pyrolysis were previously
dried overnight in a stove oven at 105 2C. The biomass particle size was less than 1 mm and the
activated carbon was sieved between 20-150 um particle size. Before the microwave-assisted
pyrolysis reaction, the system with the dry sample was inerted with N».

To study the effect of microwave power, the rest of the pyrolysis parameters were fixed: 5wt% of
activated carbon, same samples mass and samples previously dried.
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On the other hand, to study the influence of humidity the samples were previously dried and
subsequently the corresponding amount of water was added. The water was weighed and added to
the mixture of biomass and activated carbon. Final sample humidity was also measured by
thermobalance to check the value.

RESULTS
The obtained results have shown that the reaction temperature increases with the amount of sample,
the moisture content, the wt% of activated carbon and the microwave power.

The humidity increased the microwave-assisted pyrolysis temperature, achieving up to 5562C with
50wt% of humidity samples. However, the heating rate observed was slow, around 72C/min.

Biomass amount increased the final temperature of the sample with fast heating rate.

The 1000 W and 700 W microwave power increased the temperature around 250-300 2C. No
difference was observed within these two powers.

Activated carbon wt% was the most important parameter to increase the microwave absorption
capacity of pine chips. The final temperature in a microwave-assisted pyrolysis with 10wt% of
activated carbon was 498 C and its heating rate was about 8 2C/min.

In FIGURE 1 it can be seen the influence of microwave power and wt% of activated carbon in the
microwave-assisted pyrolysis.
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FIGURE 1: Influence of microwave power (left) and wt% of activated carbon (right) in the temperature of
microwave-assisted biomass pyrolysis of pine chips.

CONCLUSIONS

The obtained results have shown that the addition of activated carbon increases the microwave
absorption capacity of the pine chips, producing an increase in the temperature reached and lowering
the time necessary for a good biomass to biocarbon transformation.
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INTRODUCTION

The search for new production forms of carbonaceous materials from renewable and sustainable
sources is a field of research of great interest nowadays. The production of sustainable
carbonaceous materials from residues coming from forestry, agricultural or other sectors has been
widely demonstrated. Such transformation procedures allow to obtain carbonaceous materials with
tuned properties for different fields of application such as energy storage, water filtration and gas
purification. For the use of these sustainable carbonaceous materials to become a reality, it is
necessary to scale up to have production at an industrial level. The control of the production process
variables is of great importance for an adequate parameterization of the pyrolysis plant so that the
transformation of the waste occurs in an effective and efficient way to obtain a good quality carbon
material.

In this context, this work shows the work carried out in the scaling-up of the production of
sustainable activated carbon from forestry residues. Data obtained from the laboratory scale
production of sustainable activated carbon was used to develop a semi-continuous slow pyrolysis
plant.

EXPERIMENTAL

The developed pilot plant has a 2-meter tubular furnace where a temperature gradient can be
programmed. Five differentiated heating zones can be controlled where the different biomass
transformation steps take place progressively. The feed and dosage flow as well as the residence
time are variables that have been evaluated to determine their influence on the produced carbons.
The properties of biochar and activated carbon (porosity, specific surface area, pore types and ash
content) as a function of feed rates, temperatures, residence time and gas flow rates have been
evaluated.

RESULTS

The results of this study show that the developed pyrolysis pilot plant can operate with a feed rate
between 1 and 5 kg/h depending on the density of the starting biomass, being able to feed particles
of up to 60 mm. For biomass with a density of less than 0.3 g/cm?3, the maximum feed rate reached is
1 kg/h. However, for high-density biomass (>0.6g/cm?3) feed rates increase to 5 kg/h. The maximum
operating temperature is 9502C, which allows physical activation of the carbons with CO,.
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The selected temperatures for bio-carbon production are obtained from the biomass
thermogravimetric decomposition profile, where the different transformation steps can be
calculated (FIGURE 1).
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FIGURE 1. Thermogravimetric decomposition profile for pine wood under N2 atmosphere.

Different gradient temperatures were used for pine wood pyrolysis between 150 and 5502C. In a set
of experiments for evaluation of the temperature gradient on the pine wood pyrolysis, the five
heating zones of the oven were programmed with the temperatures showed in TABLE 1. A
production of 30% biochar was obtained for all the experiments. However, differences on the bio-oil
and bio-gas yield were observed. When the residence time at 5509C is higher, the bio-oil cracking
increases producing an increase of the bio-gas production. On the other hand, when the pine wood
spends more time in the temperature range between 250-3502C and the heating rate in that range is
slower, the production of bio-oil increases up to 41% yield.

TABLE 1. Reaction conditions product yields for a set of experiments with pine wood.

Reaction [Temperature gradient (2C)| % biochar (% bio-0il|% bio-gas
1 150-250-350-450-550 28 36 36
2 250-300-350-450-550 30 41 30
3 250-350-450-550-550 31 29 40

The characterization of biochar obtained after pyrolysis shows that higher amount of volatile matter

was removed when the residence time at 5502C is 30 minutes (Figure 1).
102
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FIGURE 2: Thermogravimetric decomposition profile of pine wood biochar acquired under N2 atmosphere after
different pyrolysis residence time.
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A second step allows the activation of biochar using CO; as physical activating agent. Adjusting gas
flow and residence time the textural properties of AC can be tuned. These results show that the
developed screw reactor for slow pyrolysis pilot plant is a versatile production line which allows to
parametrization of all the variables taking place in any thermochemical transformation process
allowing the production either biochar and activated carbons coming from different biomass wastes
with tuned physicochemical and morphological properties.

Thanks to the digitization of the entire pilot plant and its integration with renewable energy sources,
it has allowed an evaluation of energy consumption and optimization of all the variables of the
biomass transformation process into carbon for improved process efficiency.

CONCLUSIONS

This study demonstrates the possibility of producing sustainable carbon from biomass wastes
coming from other sectors that can replace the different activated carbons currently used in Europe
from third countries.
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INTRODUCTION

For decades, human beings have produced and used various types of chemical products both for
their daily comfort and for the development of the industrial activity. In recent years, water analysis
has found the presence of many pollutants in water, which are directly related to numerous health
problems in both animals and humans [1]. One of the most prominent groups of pollutants is
pesticides, which are not only harmful to living beings but also cannot be easily and effectively
eliminated from water systems [2]. Imidacloprid, a pesticide belonging to the neonicotinoid group, is
mainly used for insect and pest control, both in agriculture and in parks and lawns, etc [3]. Exposure
to this substance in high doses can lead to degenerative changes in vital organs of the body. The
main problem with imidacloprid is its ability to accumulate in nature, which makes most of the
removal techniques used (advanced oxidation, photocatalytic degradation, nano-membrane
filtration, ozonation, etc.) unsuitable as they generate equally harmful by-products [4]. For this
reason, much research has been focussed on the use of adsorption to remove the compound from
water, rather than degradation. Adsorption using nanoporous materials has several advantages such
as low cost, reasonable removal values, the high surface area available, and many active sites for
adsorption [5]. One of the most widely used adsorbents in water treatment is activated carbon. Due
to the slow kinetics in a liquid phase, activated carbons must be designed with a proper porous
structure combining micropores (adsorption sites) and mesopores (diffusional channels). Based on
these premises, the main goal of the present study is the evaluation of the adsorption performance
of a micro/mesoporous activated carbon, RGC-30 (from Nuchar), in the removal of imidacloprid in a
liquid phase.

EXPERIMENTAL

Imidacloprid quantification was performed based on a UV-Vis spectroscopy method. A 100 ppm
stock solution was prepared to dissolve 0.1 g of Imidacloprid in 1000 ml of ultrapure water. The
calibration curve was developed by measuring concentrations from 1 to 50 ppm using the UV-Vis
Spectrophotometer. Measurements were made at a fixed wavelength (270 nm) with 3 cycles of
measurements with an interval of 5 seconds between each cycle. To evaluate the adsorption
process, adsorbent dosage and volume of solution studies were carried out to determine the effect
of these parameters on the process. The adsorbent dosage effect was investigated by adding
different amounts of RGC-30 as an adsorbent to the fixed concentration of Imidacloprid solutions
(from 5 to 30 mg). The volume effect was investigated by adding the same amount of RGC-30 ( 5mg)
to different volumes (from 50 to 100 ml) of Imidacloprid solutions. All experiments were left under
stirring until equilibrium was reached. Aliquots were taken at different times to evaluate the kinetic
behavior of RGC-30. The activated carbon reaches complete adsorption equilibrium after 48 hours.
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RESULTS AND DISCUSSION

The adsorption results are displayed in Fig. 1. As it can be observed, the adsorption kinetics are very
promising with more than 70 % removal in less than 10 h. Interestingly, the amount of imidacloprid
adsorbed does not scale with the amount of sorbent incorporated. In general, the adsorption
capacity at equilibrium (mg/g) decreases with the amount of RGC-30, except for the experiment with
2.5 mg. Most probably at a low carbon dose, diffusional limitations are important, thus limiting the
adsorption performance. A closer look at the removal capacity shows that 30 mg is able to remove
100 % of the pesticide in less than 10 h. A much smaller amount of sorbent (5 mg) exhibits an
optimum performance with close to 92 % removal efficiency after 25 h and a total capacity of ca.
500 mg/g. In the case of the effect of the volume of the initial solution, the results were as expected.
An increase in the concentration of pesticide molecules present in the medium causes an increase in
the adsorption capacity of the adsorbent, while the performance is worse under diluted conditions.

(a) (b)

% Removal

§ 0 10 20 30 40 50 60 70
Time (Hours)

Time (Hours)

FIGURE 1: Effect of (a-b) amount of RGC-30 incorporated and (c-d) volume of the initial solution of
Imidacloprid in the adsorption performance (amount adsorbed at equilibrium - Qeq, and removal percentage).
Experiments are performed at 252C.

CONCLUSIONS

These results anticipate that an activated carbon with a properly designed porous structure
combining micro and mesopores exhibits a promising performance for the removal of pesticides
with high efficiency (close to 100 %), excellent kinetics (less than 10 h), and a high adsorption

capacity (up to 500 mg/g).
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INTRODUCTION

In recent decades, air quality and air pollution control have been the main lines of action in EU
policies on environment, human health and well-being. Therefore, it is vitally important to have
methods for determining gases and toxic components in the atmosphere that allow information to
be obtained quickly, reliably and economically. There are also many other economic sectors where
the strict control of the atmosphere composition is a key factor, such as facilities for the storage or
transport of climacteric products to avoid premature ripening and the disposal of such products,
among others [Paul, 2014]. Therefore, there is considerable interest in developing new materials
and methods to obtain gas sensors with better analytical characteristics, in particular good
adsorption, sensitivity, selectivity and thermodynamic stability. Carbon-TiO, composites can be
prepared using different synthesis procedures and combinations with many carbon phases available,
with different loadings and using thermal treatments to fit the crystallographic TiO, phases. These
composites are important functional materials with excellent physicochemical properties and have
been applied in the field of catalysis [Hamad, 2019], including photocatalysis, electrochemical
applications in supercapacitors and sodium ion batteries. Nevertheless, research into the gas sensing
properties of carbon-doped TiO, is limited. In this study, we demonstrate the successful features of
resistive sensors to determination of ammonium gas based on carbon gel-TiO, composites.

EXPERIMIMENTAL

The synthesis of the carbon gel-TiO, nanocomposites was

carried out by a fitted sol-gel process in a three-neck

balloon using a mixture of resorcinol (R)-formaldehyde (F)

as the precursor of the organic fraction and tetrabutyl

orthotitanate (TBTi, 97 wt%.) as the TiO, precursor

[Maldonado-Hdédar, 2000]. The resistive gas sensor was

prepared on a clean glass slide (2.5 x 2.5 cm) by screen

printing two 10 mm x 2 mm silver electrodes on it with a  Figure 1. Representation of the
separation of 1.5 mm (Figure 1). For the determination of  silver electrodes used as support of
sensor response, experiments were performed inside a  the carbon gel-TiO; nanocomposite
homemade plastic climate chamber where the sensor was films for resistive gas sensors.
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introduced and connected to the electrometer. A UV lamp VL-6MC 6 W (1.4 mW/cm?) (A = 312 nm)
is placed in the lid of the box. The gas or vapour input and electrical connections are located on the
side.

RESULTS AND DISSCUSSION

Carbon gel-TiO, nanocomposites with a TiO, content ranging between 27-84% wt. were synthetized
by sol-gel method. The physicochemical properties of materials were exhaustively determined by
complementary techniques and the synergism between phases was pointed out. The
thermogravimetric analysis of the pyrolysis processes denoted the formation of weaker bonds in the
composites. After thermal treatment, the carbon phase presented a micro-macroporous structure
with a surface area of ca. 500 m2. g’ while the neat TiO, showed a low porosity. The surface area in
the composites increased up to 700 m2. g*! at low TiO; content but decreases with higher TiO;
content. A developed mesoporous volume was observed for composites with TiO, content around
50% wt., in this case, the pore size distribution changing from macroporous to bimodal macro-
mesoporous character. The morphology of the prepared materials showed a well distribution of TiO,
nanoparticles in the composites; only the sample with a high TiO, content (i.e., 84% wt.) showed a
XRD-pattern denoting a certain sintering and diffraction peaks corresponding to a mixture of
anatase-rutile phases. The morphology and distribution of TiO; in the composites were analysed by
SEM/TEM-EDS imaging and mapping (Figure 2). Surface composition was analysed by XPS
experiments and the results are collected in Table 1.

Table 1. Bulk and surface composition of the RF-TiO;
composites carbonized at 900 2C

TiO, Surface composition by XPS

Composite o/ i) T C (%) Ti(%) 0 (%)
10Ti 27 91.2 1.5 7.3
20Ti 41 828 45 12.7
30T 54 761 6.4 17.5
50T 84 68.7 8.4 22.9

Figure 2. TEM-EDS mapping of 30Ti composite

The resistance of the films of pure phases and composites in air and dark/UV conditions at a
potential difference of 1.0 V was determined (Table 2). Conductivity increased with TiO; content and
under UV radiation. Resistivity was also determined in the presence of different gases with
concentrations in the range 0-1000 ppm. The gases tested were ammonia (NHs), carbon dioxide
(CO,), ethanol (C;HsOH), methanol (CHsOH), butanol (C4H100) and ethyl acetate (C4HgO,). The
response of the resistive sensor is expressed as response sensitivity, S (%), increasing linearly as
increasing concentrations of the gas. In Figure 3 is showed the evolution of the response changing
the butanol concentration, as an example. The sensor response is obtained at room temperature
and under dark/UV irradiation. The results showed that the increase of the TiO, content in the
composite trigger a higher response to the analyte. The sensor based on carbon-TiO, nanocomposite
with 84% wt. of TiO; presented a good sensing performance in terms of sensitivity (sensor response
~18.8 for 100 ppm NHjs), selectivity (selectivity factor for NH3 is about ~5.8 against C4HgO,, C4H100
and ~4.5 for CO,, CHsOH, C;HsOH), stability (both long-term and short-term) and influence of
humidity. The prepared film possesses the advantages of low power consumption, cost-effective and
detection ability for VOCs detection, but is more specific for NHsz sensing.
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Table 2. Influence of UV light on the resistance
value of different materials in air.

Electrical Resistance

Material (kQ)
Dark uv

C 34228.3 £ 32.5 32725.0 £+ 36.3
TiO, 90.7 £17.2 85.2+12.4
P25 119.1 +8.2 100.4 £6.2
10Ti 25540.0 £ 22.1 24021.3 £ 18.3
20Ti 9236.3+7.3 8205.1 £ 8.2
30Ti 5432.6 + 6.5 4302.1+7.2
50Ti 528.7 4.6 430.2 £ 3.8

Figure 3. Evolution of the resistivity changes
as a function of the butanol concentration.

CONCLUSIONS

Carbon gel-TiO, nanocomposites have been proposed as sensing materials. The C-XTiO, exhibits
different gas sensing to ammonia, ethanol, methanol, butanol, ethyl acetate and carbon dioxide at
ambient temperature and under UV illumination. The resistive sensor behaves like an n-type
semiconductor. Carbon doped with 84% TiO, has the best sensor properties: good selectivity
towards ammonia (100 ppm, S = 18), low response and recovery times (50 and 170 s, respectively),
stability over time and a low influence of humidity on the response with a low applied voltage of 1.0
V.
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INTRODUCTION

CO; capture and storage (CCS) is expected to reduce industrial CO; by about 20% by 2050 (Han et al.,
2019). Among the various CCS technologies, adsorption has an important role to play because of its
low energy consumption, ease of use and high robustness. Zeolites, metal-organic frameworks
(MOFs), covalent metal-organic frameworks (COFs), carbon materials, among others, have been
proposed as CO, adsorbents. Activated carbons (ACs) are one of the best solutions for CCS (Garcia-
Diez et al., 2019), especially those doped with nitrogen, which increases the AC basicity and thus the
CO, affinity (Canevesi et al., 2022). Furthermore, AC texture can be tailored depending on the
activation conditions because CO, adsorption capacities are related to the amount of micropores, i.e.,
pores narrower than 2 nm (Marco-Lozar et al., 2014).

Most CO; adsorption studies are performed in commercial manometric devices at 273K and up to 1
bar. However, CCS is usually performed after combustion and thus at temperatures well above 298K.
As the increase in temperature is unfavorable to adsorption, the effect of temperature, textural
properties and surface chemistry should be analysed together. To this end, this study analyses the
effect of textual properties and heteroatoms content as a function of temperature. We used three
commercial ACs doped with nitrogen by a chemical treatment with urea, assisted or not by a
preliminary oxidation in order to increase their reactivity. Their textural properties and elemental
compositions were studied, and their CO; adsorption isotherms at three different temperatures (273,
298 and 313K) were obtained up to 25 bar.

MATERIALS AND METHODS

Three commercial ACs named MSP-20X (Kansai Coke & Chemicals, JAPAN), MSC-30 (Kansai Coke &
Chemicals, JAPAN), and CW30 (Silcarbon & Aktivkohle, GERMANY) were used in this study. These ACs
were selected for the diversity of their porous structures, with BET areas ranging from 1736 to 3200
m? gt and micropore fractions ranging from 40 to 95%. The commercial ACs were doped with oxygen
and/or nitrogen usig the following three methods: (1) Oxygen-doped materials were prepared by
oxidising 3g of AC with 30mL of hydrogen peroxide solution (31%, VWR) at room temperature; (2)
Nitrogen-doped carbons were obtained by mixing ground urea and powdered AC, using a urea/AC
weight ratio of 1 or 2. After mixing, the blend was subjected to heat treatment in a tube furnace
heated to 623K under synthetic air atmosphere. The final temperature was maintained for 3 h. The
materials were finally washed with hot water to neutral pH and dried for 24 h in a ventilated oven at
378K; (3) The O-N doped carbons were obtained by mixing 1g of the O-doped carbons with urea
powder, using the same protocol as described above. The chemical and textural characteristics of the
surface of the pristine and doped materials were obtained by XPS and physisorption techniques. The
bulk composition was obtained by elemental analysis. High-pressure CO, adsorption isotherms were
measured up to 25 bar and at three different temperatures (273, 298 and 323 K).
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The contributions of textural properties and surface chemistry to the CO, adsorption capacity were
evaluated as follows. First, based on PSDs, the pore volumes V; (cm3/g) of the materials were divided
into four classes according to their pore size L (nm): Vi<os, Vos<i1<07, Vo7<L<2, Vi>2; a coefficient
representing the contribution to adsorption was assigned to each range. Then, the contribution of the
surface chemistry was attributed to oxygen and nitrogen contents (Cn o), obtained by XPS. Therefore,
the CO; adsorption capacity, q (mol kg™), was represented mathematically as follows:

q = a1 Vicos + 02 Vosaco7 + a3 Vog<ica + s Vis2 + b Cso

RESULTS AND DISCUSSION

The pristine and doped MSP-20X and MSC-30 materials showed type la and Ib nitrogen isotherms,
while the pristine and doped CW30 materials showed a type IV nitrogen isotherm with a hysteresis
loop at a relative pressures above 0.50. Urea treatment induced a progressive decrease in surface area
and average micropore size, as evidenced by changes in the knee angle of the nitrogen isotherm at
low relative pressures (p/po < 0.2), as well as the pore size distribution calculated by 2D Non-Local
Density Functional Theory. Bulk composition analysis showed that the oxygen content increased
significantly after oxidation wit H,0,, and the O content favoured nitrogen doping. The highest
nitrogen bulk content, up to 16.5 wt %, was obtained with materials pre-oxidised with hydrogen
peroxide and then subjected to urea treatment. N and O doping decreased the surface area, probably
due to steric hindrance and deformation, affecting supermicropores and mesopores. XPS analysis
showed that the grafted O groups were mainly in carbonyl form, while the N groups were pyridinic
and pyrrolic. Furthermore, the non-proportionality between the oxygen and nitrogen contents on the
surface and in the bulk could indicate the creation of clusters, probably localized in the larger pores.
The latter hypothesis can be advanced due to a more significant volume reduction in the mesopore
region after N doping, although N doping always produce a decrease in surface area.

FIGURE 1: (a) Model fitting efficiency; (b) adsorbed density in pores below 0.5nm and (c) in mesopores (i.e.,
larger than 2.0nm); (d) effect of heteroatom content at different temperatures.

The CO; adsorption capacity at high pressures was strongly affected by the surface area, so that the
N-doped carbons had lower capacities than the pristine ones at high pressures. However, the doping
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had a positive effect on the Henry’s constant, which accounts for adsorption at lower pressures. The
polynomial expression showed good efficiency in fitting the experimental data at all evaluated
temperatures and pressures (Fig. 1a), although some discrepancies are observed at 25 bar. Since the
regression coefficients (a1, az, a; and as) are representative of the adsorbed phase density for each
pore diameter, we estimated the average CO, density in micropores with diameters less than 0.5 nm
(Fig. 1b) and mesopores (Fig. 1c). Narrow micropores are able to produce densities above that of
supercritical CO; at lower pressures than mesopores. At 273K, the term b, related to the contribution
of the heteroatom content, increases up to 5 bars (see Fig. 1d), which means that there is a shift from
a surface chemistry-controlled behaviour to a pore texture-controlled behaviour at 5 bars. When
increasing the temperature from 273 to 323 K, this shift occurs at increasing pressures: 10 bar at 298K
and 15 bar at 323 K.

CONCLUSIONS

Three activated carbons (ACs) were efficiently doped with O and N and the highest bulk nitrogen
content, up to 16.5 wt %, was obtained with an AC pre-oxidised with hydrogen peroxide and then
subjected to urea treatment. N and O doping decreased the surface area, probably due to steric
hindrance and deformation, affecting supermicropores and mesopores. We simultaneously took into
account the surface chemistry and the texture of all materials to study CO, adsorption at 3
temperatures up to 25 bar. We concluded that the presence of heteroatoms, such as N or O, on the
surface of ACs promotes CO, uptake due to specific interactions at pressures below 5 bar at 273K. The
shift from surface chemistry-controlled to pore texture-controlled behaviour occurs at increasing
pressures from 5 to 15 bar when increasing temperature from 273 to 323 K.
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INTRODUCTION

Fuel cells and metal-air batteries are promising devices employed for the conversion of chemical
energy into electrical energy, facilitating the transition towards a more sustainable world and
decreasing the use of fossil fuels. However, the oxygen reduction reaction (ORR) that occurs in the
cathode presents sluggish kinetics; electrodes thus generally use Pt-based electrocatalysts due to their
great catalytic performance, but Pt is scarce and expensive. Perovskite metal oxides such as LaBOs (B
being a 3d transition metal) are attractive to substitute platinum-based materials because their
physicochemical and electrochemical properties can be tailored, modifying their catalytic response
towards ORR (Sunarso et al., 2012)(Ashok et al., 2018). However, these materials need to be studied
in alkaline conditions due to their instability in acidic medium. Among the different B-site cations, Mn
and Co are the most active for ORR, even though it was reported that Co-doped LaMnQs; perovskite
have a better performance (Flores-Lasluisa et al., 2020). However, perovskite metal oxide materials
exhibit both low electrochemical active surface area and low electrical conductivity, which limits their
catalytic activity. Therefore, they need to be employed together with carbon materials that mitigate
these drawbacks. Previously to the characterization of the materials in a fuel cell station, it is essential
to prepare Membrane-Electrode-Assemblies (MEAs) (Kruusenberg et al., 2012). However, this is a
challenging process due to several problems related to the reproducibility in assembling, the poor
knowledge of fuel cells in alkaline conditions and the low stability of the alkaline membrane (Zheng et
al., 2021)(Mustain et al., 2020). In this investigation, we propose a synthesis of perovskite/carbon
black materials, which were employed for the preparation of MEAs to test them in alkaline membrane
fuel cells (AMFCs).

EXPERIMENTAL

The perovskite metal oxides were synthesized by a sol-gel method described elsewhere (Flores-
Lasluisa et al., 2020). The metal oxides were characterized by different physicochemical techniques
such as XRD, XPS, EDX, TEM, and SEM. To measure the electroactivity of the as-synthesized materials,
they were firstly mixed with carbon black (Vulcan). The selection of the material for the preparation
of MEAs was based on its electrocatalytic behaviour in ORR studied by LSV using a rotating ring-disk
electrode (RRDE). To prepare MEAs, it is necessary to make a catalyst ink to deposit it on the gas
diffusion layer (GDL) using a doctor blade technique. The ink is prepared by stirring and sonicating the
catalyst and the anionic ionomer (30 wt.%) in NMP. However, it is important to reduce the size of the
metal oxide particles by employing a ball-milling approach, and then, the metal oxide material was
physically mixed with Vulcan using a mortar (ratio 1:1). The alkaline membrane used to prepare the
MEAs is the commercial Fumapem FAA-3-50. The resulting MEAs were characterized by
electrochemical techniques such as polarization curves and electrochemical impedance spectroscopy
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(EIS) experiments. To compare with a commercial reference, platinum-based MEAs were also
prepared using a commertial 60 wt.% Pt/C material.

RESULTS AND DISCUSSION

The degree of cobalt substitution in LaMnOs; perovskite has a significant impact on the
physicochemical properties. It was observed that increasing the amount of cobalt changes the crystal
structure, enlarges the crystallite size and increases the number of active sites for the ORR (Flores-
Lasluisa et al., 2020). The LaMng 7Co0.303 perovskite material was selected for the preparation of MEAs
due to its great performance in ORR as analysed in RRDE configuration (Fig. 1a). Its great catalytic
behaviour was associated with several parameters (Flores-Lasluisa et al., 2020): (i) the presence of
two redox pairs which favour the electron transfer, (ii) the optimal concentration of Mn3*/Mn*" which
can catalyse in a different way the ORR, and (iii) the synergistic effect produced between the metal
oxide and the carbon black. Although the preparation of alkaline MEAs can be tricky due to the lack
of proper protocols, it was accomplished for the perovskite-based and Pt/C materials and the results
are displayed in Fig. 1b. Firstly, it can be observed that the performance in power density terms is
more than twice lower in the case of the perovskite-based MEA compared to the commercial Pt/C
catalyst; however, this can be enhanced by using a different mixing method that may improve the
electron transfer between both components or by improving the ink deposition on GDLs. Whatever
catalyst considered, the alkaline MEAs are unstable with the number of cycles which is probably due
to the poisoning of the alkaline membrane by CO; present in the atmosphere and in the hydrogen
feed (Zheng et al., 2021). Therefore, a better protocol to activate and use the membrane is needed to
avoid its deterioration before use in the fuel cell.
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FIGURE 1: a) RDE liner sweep voltammograms for LaMn1.xCoxO3 perovskite/Vulcan (1:1: mass ratio) in 0.1 M
KOH saturated with Oz at 1600 rpm; b) Comparison of the polarization curves and power vs. current curves of
LaMno.7C00.303/Vulcan- and Pt/C-based MEAs. The current and power are related to amount of active phase in
each catalyst. Relative humidity of 100% at 50 2C with Hz/Air gases with a flow rate of 300 mL min both gases.

CONCLUSIONS

The low cobalt substitution in LaMnOs; perovskite enhances significantly the electrocatalytic
performance in ORR due to the increase in electrical conductivity and active surface sites. Moreover,
the carbon black material increases the catalytic activity of the perovskite metal oxide material due to
a synergistic effect between both components that favours the electron transfer. The perovskite-
based MEAs shows a modest, but improvable activity compared to the Pt-based MEAs, being the
mixing method, ink deposition and the membrane activation protocol, important aspects that have to
be optimized for the successful development of alkaline MEAs.
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INTRODUCTION

Fuel cells and metal-air batteries are promising devices to transform chemical energy into electrical
energy, suppressing the use of fossil fuels as the main energy sources. However, the reactions that
occur in these devices, especially the oxygen reduction reaction (ORR), exhibit sluggish kinetics.
Therefore, it is necessary the use of catalysts, being the commercial ones based on Pt. These are the
most catalytic, but they are expensive and non-abundant. Thus, it is essential to develop materials
based on low-cost and abundant elements. Among the different alternatives, metal-free carbon-based
materials are attractive as catalysts for ORR. In these catalysts, defects and heteroatoms are
responsible for the active sites. The defects can be produced in three different ways (Quilez-Bermejo
et al., 2020)(Yan et al., 2018): (i) defects by doping with heteroatoms (N, S or B), (ii) defects by doping
with atomic metal species and (iii) defects created by physical or chemical methods. The latter is the
most interesting method because materials with great performance can be developed without the
need for doping with any other element (Gabe et al., 2019) (Waki et al., 2014) and in which carbon
structural defects determine the catalytic activity. In this investigation, we propose the development
of defective carbon materials as ORR catalysts by treating commercial multi-walled carbon nanotubes
(MWCNTSs) with two different acidic procedures and a posterior heat treatment.

EXPERIMENTAL

The MWCNTSs selected for this investigation were commercial nanotubes with 99 % and 95 % of purity.
Before their use, the MWCNTSs were purified with 5 M HCI to eliminate metal traces. Later, they were
treated with 3 M HNOs and heat-treated at 920 2C in a N, atmosphere for 30 min. The as-synthesized
carbon materials were named MW99 P and MW95_ P for pristine materials, and MW99 T and
MW95 T for the as-obtained materials. The carbon materials were characterized by different
physicochemical techniques such as XPS, TEM, EDX, N, adsorption isotherms, TPD and Raman
spectroscopy. The Active Surface Area (ASA) was determined following a previously used procedure
(Gabe et al., 2019).

The electrochemical activity of the as-synthesized materials was characterized by cyclic voltammetry
(CV) and the activity of the materials was studied by linear sweep voltammetry (LSV) using a rotating
ring-disk electrode (RRDE).

RESULTS AND DISCUSSION

Firstly, the removal of metal traces was assessed by EDX analysis, indicating that for the MW99_T it
was successful, while for the MW95_T it was reduced considerably. The microstructure of the samples
analyzed by TEM revealed that the as-synthesized materials have some important features such as
remaining nanoparticles (MW95_T) and broken fringes, being the latter responsible for increasing the
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number of edge carbon atoms that are active for ORR (Tao et al., 2016) (Radovic et al., 2020). Raman
spectroscopy confirms an increase of carbon defects in the as-synthesized materials; thus, the catalytic
activity is expected to be enhanced (Jiang et al., 2015). Moreover, the active surface area (ASA) and
the electroactive area of the synthesized materials increase significantly compared to the pristine
materials. Thus, both acidic and thermal treatments increase the number of active sites for ORR, which
is a consequence of the generation of defects.

The cyclic voltammograms of the carbon materials show that the double-layer capacitance for the as-
synthesized materials increases significantly compared to the pristine ones, especially for the
MW399_T. This might be related to the increase in the surface area of the as-synthesized carbon
materials, which can also provide a higher content of available surface for the ORR. The
electrocatalytic activity of the samples was analyzed by LSV and the results are displayed in Figure 1.
Figure 1a shows that the as-synthesized materials outperform the pristine materials, especially in the
MW99-based materials. The enhancement is related to the generation of active sites resulting from
topological defects, carbon defects and edge carbon atoms, which can adsorb O, molecules and
proceed with the reduction. Moreover, the number of electrons through which the reaction occurs is
close to the 4-electron pathway for the sample MW99_T. The high limiting current observed for this
material can be a consequence of the surface roughness produced by the carbon material although
this aspect needs further research.

0
-14
2
wn
] =
lE i §
S 4 - )
< S
f -5 4 b
o— ] _g
-6 5
| 4
- - MW99 P
-7 —— MW99 T
1 - - MW95_P
-8 1 —— MW95 T
] —— PUC 1—PtIC
'9 T T T T T T T T T T T 2-4 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
E/V vs RHE E/V vs RHE

FIGURE 1: a) RDE linear sweep voltammograms for carbon nanotube materials in 0.1 M KOH solution
saturated with Oz at 1600 rpm, v='5 mV/s; b) Number of electrons involved in ORR at increasing potential
obtained by using the current measured at the ring electrode.

CONCLUSIONS

The as-synthesized materials obtained by applying both acidic and thermal treatment to MWCNT
produces highly defective carbon materials. These treatments have strong impact on the
physicochemical properties such as the increase of surface area, active surface area, electroactive area
and double-layer capacitance. Moreover, Raman spectroscopy demonstrates the generation of
defects in the carbon materials, which agrees with the TEM observations. As defects can be active
sites for ORR, the as-synthesized materials have a great catalytic performance, especially the MW99_T
material. Therefore, MW99-T sample can be a promising material to substitute the commercial Pt-
based materials.
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INTRODUCTION

In the development of advanced devices to improve energy utilization, lithium-ion batteries play an
important role as power source due to their remarkable characteristics as low weight, compact size,
high energy density, longevity and versatility. However, their optimization based on a higher energy
density and better rate performance is still necessary. In this scenario, studies have been carried out
on different materials capable of acting as an anode due to their ion intercalation or alloying
capacity, being the most successful those involving ordered nanostructures based on carbon and
silicon compounds (Shi et al., 2021). The structure of the based-carbon materials has a great
influence on the reversibility of the lithium intercalation and electronic conductivity, while the
crystalline silicon (cSi) has an electrochemically active structure that enhances the specific capacity.
However, using C/Si materials in lithium-ion batteries, the aim is to combine the properties of both
species (Pedrayes, 2016). While the contribution of carbon seeks to provide a stable structure that
allows the transport of lithium without collapse, the cSi species provides a high capacity, enhancing
the general performance (Zhang et al., 2016). In this work, C/cSi materials obtained by two different
approaches (i.e. hybrid and composites), were characterized and evaluated as potential anode
materials for lithium-ion batteries. The main differences conferred during the synthesis process of
the materials revealed an important role in their electrochemical performance.

EXPERIMENTAL

In both, hybrid and composites materials, the carbon contribution comes from pyrolysis of
resorcinol-formaldehyde (RF) species, while silicon comes from tetraethylorthosilicate (TEOS). Using
these reactants as precursors, RF, Si and hybrid gels were synthesized via microwave heating,
through a one-pot, quick and efficient process. Synthesis variables such as molar ratio of reagents,
volume of catalyst and dilution ratio were employed to design their properties. In the case of hybrid
materials, AEAPTMES as catalyst and molar ratios R/F=0.5, D=5.6 y EtOH/TEOS=4.7 were employed,
whilst R/TEOS was adjusted in 0.1 or 0.5 to modify the Si content. For comparison with hybrids, Si gel
was synthesized following a similar procedure (i.e. molar ratios and basic conditions), whilst RF gels
were designed based on a comparable pore size. Hybrid and RF gels were carbonized under N;
atmosphere at 1000°C for 2h.

To obtain the C/cSi materials, C/SiO, hybrid gel or a physical mixture of carbon and silica gels (i.e.
composite with the same C:SiO, proportion than hybrids) were powdered and homogeneously
mixed with Mg to carry out a magnesiothermic reduction. This reduction was performed at 750°C
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under Ar atmosphere for 12h. The heating ramp and Si:Mg ratio were optimized with hybrid
samples. Samples were washed with HCl 1M to eliminate sub-products.

The reduced materials were evaluated with adsorption-desorption N, isotherms to determine Sger,
and pore volumes. X-ray diffraction was employed to analyze the crystalline compounds formed,
whilst XPS and SEM/EDX were employed to determine their chemical composition.

Finally, the C/cSi were studied as anodes in Li-ion batteries. For the electrochemical experiments,
two-electrode (working, WE, and counter, CE) Swagelok-type cells were used. The WE composition
was 70% wt. of active material, 20% wt. of NaCMC and 10% wt. of carbon black. A metallic lithium
disc was the CE. WE and CE were separated by two microfiber glass discs soaked with 150 ul of
electrolyte LiPFs. Galvanostatic cycling tests of the cells were carried out in a BiolLogic Potenciostat,
in the 0.003-2.1 V and 0.01-0.9 V voltage ranges, at 500 mA g during 200 charge-discharge cycles.
As a reference, electrodes composed of the same carbon and a commercial ¢Si (nanocrystalline
silicon 97%, Strem Chemicals) were also tested.

RESULTS AND DISCUSSION

From the results obtained with the magnesiothermic reduction of hybrid materials, it was concluded
that the most effective via to obtain the cSi specie is the use of materials with higher Si content, slow
heating ramp and a Mg:Si ratio slightly above the stoichiometric one. After these treatments, around
10% wt. of ¢Si was developed on these samples and, in most cases, the crystalline specie SiC was
formed. Due to the macroporous character of the hybrid precursors (c.a. 4 um), materials with Si
crystalline structures well distributed on an accessible matrix were obtained. However, the
magnesiothermic treatment of composites produced different results. Unlike hybrid materials, in the
case of composites, the absence of Si-C bonds increases the formation of Si with high crystallinity
(see Figure 1a). In this case, crystalline SiC is not formed when a macroporous gel of high pore size is
employed (c.a. 4um) due to the low interaction between carbon and silica components. However,
when the pore size decreases to 100nm, similar XRD profile and percentage composition are
obtained (see Figure 1b). In terms of porous properties, small differences were observed between
hybrid and composite reduced samples.

FIGURE 1: a,b) XRD patterns of hybrid and composite materials after reduction treatments. c,d) Specific
capacity from cycles 1th, 10th, 50th and 100th of the materials.
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The electrochemical performance of reduced materials was defined mainly by its constituent
crystalline species. The presence of SiC should provide higher capacity retention, however, this
benefit is better appreciated in the case of the hybrid-C/cSi-SiC material. On the other hand, cSi was
determinant to increase the capacity of the material, especially for composites. In comparison with
hybrids, the presence of individual species in composites precursors leads to high crystalline
structures with better distribution, which impacts positively on their electrochemical performance
(see Figures 1c and d). However, competitive performances can be achieved with both types of
materials, as their capabilities are superior to those of commercial C/cSi Strem composite.

CONCLUSIONS

The use of hybrid materials as the precursor of C/cSi materials with electrochemical purposes has
some advantages in terms of processing time and cost. However, the arrangement of the different
chemical bonds presents in this hybrid structure limits its availability during the reduction processes.
On the other hand, when similar quantities of the same components are used in a composite, the
efficiency of this process increases, favoring not only the crystalline properties of the final material
but also their electrochemical performance. Therefore, composites are a more promising option in
the development of anode materials for lithium-ion batteries.
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INTRODUCTION

Carbon-based materials with graphene and other ordered structures have a significant potential in
different analytical techniques. Their porous properties, thermal stability and adsorption capacity
make them suitable for sample preparation and separation processes (Zheng et al., 2021). Thanks to
their good adsorption capacity, graphene aerogels (GA) have achieved notable success in this field
for their use in environmental applications. Specifically, some recent studies have unveiled the
potential of graphene sponges (GS) as solid-phase extraction (SPE) materials (Wang et al., 2018).
However, GS present some disadvantages including long synthesis processes and their low
mechanical strength. This leads to a continuous search for more robust, easier to produce or
cheaper materials. In this work, we present a new, more efficient synthesis process of GA with a
similar structure to GS, but showing better mechanical properties due to the incorporation of
resorcinol-formaldehyde (RF) gels in their structure. These materials have been evaluated in SPE
processes for the purification/concentration of benzotriazoles with promising results.

EXPERIMENTAL

Synthesis of GA materials was carried out through the sol-gel method assisted by microwave
heating. Precursor solutions were prepared by using R (Indspec 99%), F (Merck 37%) and a graphene
oxide (GO) suspension as solvent. The molar ratio R/F =0.5 and dilution ratio D = 200 were fixed,
whilst different concentrations of the GO suspension were employed (i.e. 5 and 10 mg/L) to adjust
the final graphene content to 40% and 60% wt. Gelling and curing of the RF mixtures were carried
out at 85°C under microwave heating for 3h. Freeze drying was employed to obtain high porous gels.
A GS was synthesized by direct lyophilization of the graphene oxide suspension and used for
comparison. Samples were heated at 1000°C for 2h under N, atmosphere. Additionally, the sample
with 40% wt. of graphene was treated at 2000°C for 1h (G-GA-40%). The resultant materials were
characterized by N; adsorption-desorption isotherms (-196°C), XRD and SEM.

For SPE experiments, cartridges with 15 or 80 mg of our materials were prepared. Cartridges were
washed with water and methanol prior use. Single solutions or mixtures of three benzotriazoles (UV-
P, UV-329 and UV-234) were used to evaluate the retention/elution capacity of our materials and to
perform concentration and solvent change tests. Methanol was used as solvent. For
retention/elution test, cartridges were charged with 25mL of single solution (2500ug/L), and eluted
with 12.5mL of acetone or acetonitrile. Materials with the best performance were used in a
concentration test with mixtures of benzotriazoles. In this case, cartridges with 15mg of material
were charged, and different volumes of eluent were employed to determine the optimum
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extraction. In all cases, bezotriazoles were determined in a HPLC-UV Agilent 1100 Series. Isocratic
elution (0.7 mL/min) of MeOH:H,0 95:5 or 90:10 was performed with a C18 column, with an
injection volume of 20 plL and A of 340 nm.

RESULTS AND DISCUSSION

The GA obtained show a morphology comparable to that of GS. However, in this case the graphene
sheets show a network with a certain order thanks to the presence of the RF gel, which acts as a
binder. All GA present a macroporous structure, whose specific surface area and microporosity
varying with the graphene content and the thermal treatment applied (Table 1). The GO reduction
and, consequently, the formation of graphitic planes was confirmed by XRD (band at 25° 20, Figure
1). These ordered structures increase with the graphene content, but are considerably developed
when the additional treatment at higher temperature is applied (Figure 1). Results obtained in the
retention/elution tests show how the performance of the materials is determined by the specific
surface available, micropore volume and the degree of ordering. The retention capacity of the
materials was around 1.7-2.4 ug/mg being the highest one for GA-40% and the smallest one for G-
GA-40%. For elution capacity (Figure 2), sample GA-60% and G- GA-40% show the best performance,
comparable o higher to that of GS. The best solvent to elute samples was acetone, with the
maximum recovery at 1000 pL of eluent volume.

TABLE 1. Specific surface area
and micropore volume.

Sample SgeT Vmicro
(m?/g) (cm3/g)

GS 203 0.04

GA-40% 247 0.06

GA-60% 164 0.03

G-GA-40% 51 0.02

FIGURE 1: XRD pattern of AG samples. FIGURE 2: Elution capacity.

CONCLUSIONS

These novel graphene-based carbon materials are promising materials for their use in the analysis of
aromatic compounds (benzotriazoles). These GA presented an effective adsorption/desorption
process for molecules of this family, making them attractive for purification and separation
applications. Moreover, when compared with GS, the addition of RF species implies a simpler
synthesis process rendering GA samples that can be handled better thanks to their lower graphene
content and their reinforced RF structure.
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Electrochemical capacitors (ECs) are energy storage devices capable to operate over many
thousands of cycles. Their energy storage phenomenon is based on electrostatic attractions of
respective ions within porous activated carbon electrodes. Beside superior power rates, ECs still suffer
from relatively low energy density values especially when compared to traditional batteries.
Therefore, one of the main research goal is focused on energy density enhancement. The strategy can
be realized by increasing the operation voltage (U) or by improvement of capacitance (C) via
introduction of redox-active materials to the EC system. It has been reported that additional
contribution to the capacitance can be achieved thanks to the pseudocapacitance originated from
heteroatoms present in the electrode material (mainly nitrogen, sulfur, oxygen and iodide). Another
option is to utilize redox-active electrolytes (e.g. iodides, selenocyanates or thiocyanates).

In this work, we present the good performance of EC system based on nitrogen-rich carbon
prepared from adenine precursor via soft-templating method (AdekZ)!. The special properties can
originate from the advantageous nanostructure visible in TEM image (Figure 1). It is compared to the
commercially available carbon YP50F. AdeKZ exhibits less disordered and dense structure of the
graphene layers than YP50F. The presence of mesopores as well as supermicropores enables to obtain
wide diffusion paths, while keeping high specific surface area.

Figure 1: TEM images of: a) AdeKZ; b) YP50F at high magnification; c) nitrogen sorption isotherms
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AdeKZ carbon contains 5.5% of nitrogen, mainly in the quaternary type (401.0 eV, 54.9%),
pyridinic (398.3 eV, 28.9%) and in much less concentration pyrrolic one (399.5 eV, 16.2%) as shown in
Figure 2a. The presence of pyridine, pyrrole and quaternary N enhances the capacitance of the system
with N-rich carbon. Pyrrolic and pyridinic N contributes to the pseudocapacitance due to their e- donor
behaviour while the positive charge of quaternary N improves the electron transfer.

The carbon enriched in N (AdeKZ) is characterized by the enhanced capacitance, good
conductivity and wettability in relation to YP50F. The performance of two-electrode capacitor
operating in 1 mol L'* Li,SO4 electrolyte (at 1.5 V) is presented in Figure 2b. The interesting parameters
of the carbon is not only the superior gravimetric capacitance comparing to commercial carbon (130
Fglvs. 100 F g1), but also the high frequency response (107 F gtvs. 42 F gat 1 Hz).

a) b)

Figure 2: a) XPS deconvolution of N1s region for AdeKZ, b) Electrochemical impedance spectra
(capacitance vs. frequency) recorded at 0 V for the AC/AC capacitors: YP50F (black), AdeKZ (green)
in 1 mol L' Li,SO4

Additionally, in order to increase the overall ECs capacitance, bismuth sulfide (Bi,Ss)
nanocrystals were introduced to carbon matrix. It has been proven that activity of sulphur on the
negative electrode is achieved only when mercaptopropionic acid (MPA) linker between carbon and
nanocrystals is used. MPA is a crucial compound for attachment of sulphide to carbon. The asymmetric
capacitor system with various amount of Bi,S; (5%-15%) in the negative electrodes were tested
exhibiting higher capacitance values than pure carbon. Furthermore, in order to compensate the
charge on the negative side, 1 mol L'! KI redox-active electrolyte was applied. The capacitance
increased from 105 F g? with 1 mol L Li,SO; to 265 F g in 1 mol L KI electrolyte. Various
concentrations of Kl were tested (0.5 - 2 mol L) proving that the higher concentration of iodide, the
higher the capacitance. A long-term stability and self-discharge phenomena have been investigated.
It has been demonstrated that hybridized EC system based on bi-redox activity (sulfur and iodide)
exhibits well-balanced solution having both high energy and high power density. Embedding the
sulphur activity inside the carbon matrix and application of iodide-based aqueous electrolyte allows a
stable system without cross-mixing effect of two redox couples to be achieved.
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INTRODUCTION

Global warming and the depletion of fossil fuels force a transition to renewable energies and
resources. This also requires a reorientation in the field of material development. Carbon composites
in a wide variety of forms play a central role in this process, since their properties such as high
mechanical strength, low specific weight, high-temperature resistance and excellent chemical
resistance make them key components in materials development (Vanholme, 2013). The majority of
carbon fibers and related materials is based on polyacrylnitrile (PAN) and pitch precursors — both fossil
raw materials. Bio-based carbon fibers are industrially only used in small quantities (Park, 2015). In
this work the preparation of bio-based porous carbon pre-forms is presented which can be
transformed in subsequent steps to high-performance composites like carbon reinforced ceramics
(CMCs, Ceramic Matrix Composites) and metal alloys (MMCs, Metal Matrix Composites) and carbon-
fiber reinforced carbons (CFCs). Green bodies from novel thermoset-based natural-fiber composites
(NFCs) using injection moulding, 3D-printing, extrusion and pressing techniques are prepared. In a
subsequent carbonization step these NFC green-bodies are transformed into porous carbon pre-
forms, which can further be processed into MMCs, CMCs and CFCs by infiltration with metals, semi-
metals and carbon-rich bio-based binders. Material characterization is done along the process chain.

MATERIALS AND METHODS

For the preparation of the NFCs cellulose fibers (length (L)/diameter (D)-ratio of 30; e.g. Tencel FCP)
and wood flour (L/D-ratio up to 3; e.g. Arbocel C100) were used as fiber components. The thermoset
matrix was based on novolac and urotropin as hardener. Optionally matrices based on the lignin
Indulin AT were used. Low density polyethylene (LDPE) and Mowital (polyvinylbutyral) acted as
thermoplastic components. As processing aids stearates and fatty acid derivatives were used. The
compounding took place on a Cincinnati Fiberex Konos 38, a counter-rotating conical twin-screw
extruder, and a Brabender DSE20/40 twin screw extruder. Injection moulding of green-bodies was
done on a Wittmann-Battenfeld SmartPower 120/350 injection moulding machine and profile-
extrusion on a Cincinnati Fiberex Konos 38 (Mihalic, 2019).

3D-printing of green-bodies was performed on an EXAM feedstock printer from AIM 3D GmbH.
Pressing experiments were performed on a Fontijne LabEcon 300 press. Carbonization, heat
treatments as well as infiltration experiments were carried out in a GERO HTK-8 furnace. Hot pressing
under different atmospheres was conducted in furnaces of FCT Systeme GmbH. Micrographs for the
evaluation of the homogeneity and porosity (e.g. carbons) and for the phase analysis (e.g.
carbon/silicon/silicon carbide (C/Si/SiC); C/copper (Cu)) of the specimens were taken of embedded
and polished samples by light optical microscopy (LOM) with an Olympus device. Mechanical testing
was performed according to ISO 178 on a Messphysik BETAS universal testing machine. Density
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measurements were performed applying Archimedes’ principle. Thermal diffusivity was determined
by heat flow thermography with the laser-flash method.

RESULTS AND DISCUSSION

Novolac-based compounds with 30 wt% natural fiber content and 12 wt% LDPE offer a processing
window of around 5 minutes at 150 °C and therefore can be shaped to NFC green-bodies by different
techniques: on the one hand by injection moulding with pressures ranging up to 2000 bars as well as
by 3D-printing at zero pressure. Carbonization of these green-bodies leads to porous carbon templates
with densities between 0.6-0.75 g m™2. FIGURE 1 shows 3D-printed cups, an injection moulded plate
and the porous carbon template thereof with a representative micrograph for those porous carbons
derived from 30 wt% fiber reinforced green-bodies.

FIGURE 1: 3D-printed cups, novolac-based (left), lignin-based (middle-left), injection moulded plate (middle),
corresponding porous carbon plate (middle-right), micrograph of porous carbons (white: carbon, right).

Compounds with a natural fiber content > 40 wt% can be processed by pressing and extrusion only -
for injection moulding the necessary pressures get too high and in 3D-printing the flowability is too
low and friction too high. With fiber contents of 50 wt% in the green-bodies densities of the porous
carbon templates reach 0.85-0.95 g m2. FIGURE 2 shows a pressed plate and extruded profiles with
their corresponding porous carbon templates and a micrograph for those porous carbons derived from
50 wt% fiber reinforced green-bodies. One can see a clear difference to the micrograph in FIGURE 1.

FIGURE 2: pressed board (left), corresponding porous carbon (middle-left), extruded NFC profiles with
corresponding porous carbons (middle, middle-right), micrograph of porous carbons (white: carbon, right).

CMCs were prepared by liquid silicon infiltration of the porous carbons at 1600 °C in vacuum. The
density of the porous carbon determines the grade of the C/Si/SiC-ceramics (see FIGURE 3). The
carbons derived from green-bodies with 50 wt% natural fiber content reach much higher SiC contents
than those with 30 wt% fiber content. TABLE 1 shows an overview of the reached properties.

TABLE 1: properties of CMCs realized by liquid silicon infiltration of porous carbons (C/Si/SiC-ceramics)
*fiber density porosity bending bending density

content carbon carbon Sic Si ¢ Pores strength modulus ceramic
[wt%] [gem?3] [vol%] [vol%] [vol%] [vol%] [vol%] [MPa] [GPa] [gcm?]
30 0.72 498 65.3 26.1 7.8 0.8 107 149 2.78
50 0.87 40.0 85.1 8.3 4.5 2.1 231 141 2.96
50 0.91 37.2 89.2 5.1 4.3 1.4 245 184 3.03

*in green-bodies
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MMCs were prepared by pressing and hot pressing techniques. 50/50 wt% mixtures of copper powder
and natural fibers (Tencel FCP, Arbocel C100) were pressed with 100 MPa to pellets which were
carbonized at 900 °C. The resulting specimens were densified and heat treated at 1000 °C and 50 MPa
under a reducing atmosphere (see FIGURE 3). The fiber structure of the carbonized Tencel FCP with a
high L/D-ratio and their flexibility result in a much better heat conductivity compared to the brittle
carbonized wood flour Arbocel C100 with a low L/D-ratio (see TABLE 2).

Comparable Cu-MMCs with PAN-based CF reach 150 W m™ K but with only 40 vol% CF (Neubauer,
2003). Reducing CF volume increases the heat conductivity. Based on that it can be concluded that a
Tencel based Cu-MMC with a reduced CF-content of 40 vol% (in this work: 56 vol%, 112 W m™ K1)
would be quite similar in the properties compared to a PAN-CF Cu-MMC with 40 vol% CF-content.

FIGURE 3: C/Si/SiC-ceramic profile (left); micrographs (SiC: light grey, C: dark grey, Si: white): C/Si/SiC with high
SiC-content (green-body with 50 wt% fiber content) (middle-left), C/Si/SiC with high Si-content (green-body with
30 wt% fiber content) (middle); Cu/C-MMC (middle-right), micrograph of Cu/C-MMC (Cu: reddish, right).

TABLE 2: properties of MMCs, copper reinforced with bio-based carbon fibers
density Cu/ CF-content thermal diffusivity heat conductivity*

[gecm3]  [wt%] [vol%] [m2s?] [W m?K?]
Tencel + Cu 4,67 83/17 44/56 34,8*%10° 112
Arbocel C100 + Cu 4,78 80/20 39/61 17,3*10° 55

* calculated

CONCLUSIONS

Thermoset-based NFC are prepared by injection moulding, 3D-printing, extrusion and pressing
techniques. A carbonization of these NFC green-bodies leads to porous carbon pre-forms. Further
processing to CMCs by liquid silicon infiltration leads to C/Si/SiC-ceramics. The fiber content in the
green-bodies determines in the end the grade of the final CMCs. MMCs have been prepared by
pressing techniques and heat treatment from copper and natural fibers. The fiber structure of viscose
derived Cu/C-MMCs is superior to the particle structure of wood and leads to competitive heat
conductivities. The focus in the following work lies in developing MMCs by infiltration with metals and
CFCs by infiltration with carbon-rich bio-based binders into porous carbon forms.
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Introduction

Nowadays, palm oil is an interesting raw material because of its low price and high content in
unsaturated fatty acids (UFAs) [1]. UFAs can be employed as a novel source of chemical base
materials for several industries (e.g. foods, polymers, cosmetics) [2]. Amid them, oleic (18:1 n-9) and
linoleic (18:2 n-9,12) acids are the most abundant UFAs within palm oil and can be used for the
production of azelaic acid via oxidative cleavage of their carbon-carbon double bond(s). Azelaic acid
is commonly used as main ingredient for creams to cure cutaneous malignant melanoma [3]. On one
hand oxidative cleavage is up to now carried out on pure UFAs, by ozonolysis or homogenous
catalysis. Moreover, there are no example in the literature about the oxidative cleavage of a real
vegetable oil [4]. On the other hand, current heterogeneous catalysts display poor activity due to the
poor contact among the UFA and the active phase [4]. Our work with oxidized carbon black (CBO)
modified with polydopamine (PDA) and Ru has proven to be efficient in the oxidative cleavage of
pure oleic acid via a not frequent boomerang catalytic mechanism [5]: the functional groups of PDA
release Ru ions in the reaction medium where they are oxidized by NalO4 into Ru(VIII)O4 (the active
species for the oxidative cleavage), then once the reaction ends PDA recovers Ru species allowing to
re-use the catalyst multiple times. Based on this success, we extended our investigation on the
application of this catalyst in the oxidative cleavage of UFAs of a real palm oil, the idea being to
observe whether it is still possible to perform the cleavage reaction efficiently on the complex mixture
of fatty acids (FAs) that a real oil represents using CBO and carbon nanoparticles (CCN) as supports.
In our presentation, we will report on both steps of our investigation.

Materials and Methods

Carbon black was purchased from Degussa while CCN were synthesized by submitting a glucose
solution to hydrothermal treatment. PDA was deposited on both carbon supports by in situ
polymerization of dopamine hydrochloride under alkaline conditions. Afterwards, a RuCls3.H,O
solution was used to deposit Ru (2 wt%) on the PDA-modified supports by wet impregnation. Prior
oxidative cleavage, palm oil was derivatized with KOH-MeOH and HCI-MeOH solutions in order to
hydrolyze the triglycerides and transform the free FAs into methyl esters. The organic fraction was
dissolved in ethyl acetate and incorporated in the mixture of our catalytic system consisting in
H>O/MeCN/AcOEt (4/2/1) along with the synthesized composites and NalO4. The reaction was
carried out at room temperature and monitored by Gas Chromatography, UV-Vis and NMR
spectroscopy. Recycling tests and hot-filtration tests were carried out to assess the catalysts stability.

Results and Discussion

The assessed palm oil contained 41% of oleic acid and 9% of linoleic acid. CBO-Ru(2%) resulted to
be more active (Fig. 1a) than CCN-Ru(2%) in the oxidative cleavage of UFAs, demonstrating that a
macroporous material (Fig. le) is preferable when the substrates are large molecules like oleic or
linoleic acid. Catalysts synthesized with PDA presented higher catalytic activity reaching complete
conversions in 7 hours (Fig. 1a). Recycling tests demonstrated that PDA catalysts maintained its
catalytic activity after 5 runs (Fig. 2b) even though Ru ions were detected in the reaction medium
during the Hot-filtration test and UV-Vis monitoring (Fig. 1d and Fig. 1f). These results confirmed
the PDA benefits observed for the oxidative cleavage of pure oleic acid [5].
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Figure 1. a) Catalytic activity of synthesized composites; b) Recycling tests; ¢) Yield of pelargonic
(PA) and azelaic (AA) acid; d) Hot-filtration test with CBO-PDA-Ru(2%) e) N, physisorption
isotherms; f) UV-Vis spectra of oxidative cleavage medium at reaction times of 3 and 24 h.

With real palm oil, as was observed in the experiments with pure oleic acid, PDA catalysts also
behave boomerang wise as explained above. The rest of fatty acids within the oil did not affect the
catalysts performances and in addition working with a real oil allowed boosting the production of
azelaic acid thanks to other UF As than oleic acid. We will thus demonstrate that the proposed catalytic
system can successfully perform the oxidative cleavage of a real oil.

Significance

Our home-developed Ru-PDA-modified carbon catalysts perform the oxidative cleavage of UFAs
within a real oil under soft and sustainable conditions. This opens a novel route to the production of
a high value-added product with medicinal applications from a cheap feedstock as palm oil. This
might also have positive societal consequences for the development of poor countries where palm oil
(and similar) is abundant.
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INTRODUCTION
The worsening of the climate crisis during the past decade has promoted the replacement of oil-
based fuels with cleaner energy sources with low or no CO; emissions, such as hydrogen.

Even though the use of hydrogen offers multiple advantages, there are several challenges in the
implementation of a hydrogen economy, which include economic and technological factors,
particularly, the storage of hydrogen for onboard applications. Any technological alternative should
consider not only safety issues, but also, volumetric capacity, stability, heat transfer, recharge time
and feasible temperatures. According to the US-DOE, the ultimate storage parameters should be at
least 5.5 wt.% and 0.040 kg H,/L (DOE, 2017). Although multiple types of storage technologies are
available, this goal have not yet been fully fulfilled. Nevertheless, the most promising characteristics,
for onboard applications, are exhibited by solid-storage materials, such as hydrides, MOFs and
carbonaceous materials (Nazir et al., 2020). Therefore, extensive research on this type of materials is
being done. In this context, the current study focuses on the evaluation of activated carbons
prepared from coal as hydrogen storage material.

METODOLOGY

Different activated carbons were prepared by chemical activation, using a bituminous coal (Biobio
region, Chile) as precursor. Activation parameters such as activating agent (NaOH, KOH),
temperature (650-800 °C), time (0.5, 1.5, 2.0 h), hydroxide:coal ratio (3:1, 4:1, 5:1) and preparation
method (wet impregnation, physical blending) were varied. Additional evaluated parameters were a
high temperature heat treatment (1700 °C, 2h) after activation and, the incorporation of nitrogen
through a hydrothermal synthesis (N-precursor: NHs, parameters tested: concentration of NHs in the
solution (10, 15, 20, 25 wt.%) and synthesis time (3, 6, 12, 24 h)). The resulting activated carbons
were characterized by N, adsorption/desorption isotherms (77 K, 0-1 bar) and the hydrogen
adsorption capacity was evaluated using a volumetric method at 77 K and 0-1 bar.

RESULTS AND DISCUSSION

Optimal synthesis conditions (high BET area and micropore volume, Vmicro) differ depending upon the
activation agent (Figure 1). Nonetheless, both activating agents performed at their best using longer
activation times (2 h) and a hydroxide:coal ratio of 4:1. The main differences were observed for the
activation temperature and preparation method. 650 °C and wet impregnation were the most
successful conditions when activating with NaOH, whereas for KOH, these were 750°C, and blending
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as the preparation method. Using these conditions, BET areas up to 2700 m?/g were achieved, with
pore size distribution showing a high Vmicro/Viotal ratio.

FIGURE 1: Summary of the assayed conditions tested

According to literature, a higher surface polarization is reported to be beneficial for the hydrogen
storage capacity (Strobel et al. 2016) and a higher basicity should promote the adsorption of acid
gases (Sousa et al. 2013). Consequently, further tests were performed to assess the effect of a high
temperature heat treatment (to attempt an increase in the polarization of the surface) and the
incorporation of nitrogen (to increase the basicity of the surface) in the textural properties and
storage capacity. Selected results are shown in Figure 2.

FIGURE 2: Textural properties and storage capacity for selected samples.
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The high-temperature treatment decreased both, the BET area and Vmicro, by 40-50%, but did not
markedly affect the Vmicro/Viotal ratio, when compared to the activated starting material, i.e., without
any further treatment. Nitrogen doping also decreased the BET area (by 13-15%) and Vmicro (by 15-
25%), as expected, but the Vmicro/Viota ratio slightly increased. Unfortunately, none of these
procedures improved the results (regarding H, adsorption capacity) achieved by only chemically
activating, since maximum capacities were lower than 3.6 wt.%. In accordance with Luo et al. (2017),
a slight dependency between the hydrogen storage capacity and the N-content was observed,
nonetheless, this effect was not as pronounced as that presented by these authors, since our
starting material, a bituminous coal, had a higher initial N-content (1.1 wt.%) in comparison to theirs
(0.3 wt.%).

CONCLUSIONS

We succeeded in optimizing activation parameters which resulted in two activated carbons with
promising textural properties for hydrogen storage. Even though a high temperature treatment and
the incorporation of nitrogen did not benefit the hydrogen adsorption capacity as expected, these
trends could change if conditions closer to application, i.e. higher temperatures and pressures, are
used. These will be assayed shortly. Moreover, further surface modifications are planned, such as
the incorporation of metals and other heteroatoms, which we expect will enhance the hydrogen
storage capacity. Additionally, to account for reproducibility and repeatability, synthesizing larger
batches of activated carbons are currently being processed.
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INTRODUCTION

Activated carbons are widely used in liquid phase adsorption process due to their high specific surface
area and low cost. In this process, pollutants have to diffuse through the activated carbon porosity to
be adsorbed on the micropores surface. Sometimes, and depending on the micropore size, diffusional
problems might limit the adsorption process. This problem can be avoided by using porous carbon
materials with very accessible microporosity, such as submicron size microporous carbon fibers, which
could be an interesting alternative in adsorption processes (Brasquet, 1997). Lignin is one of the main
biopolymer of plants, which can be obtained as a coproduct in the papermaking and biofuel industries.
Lignin is also an excellent precursor for the preparation of highly valued carbon materials, due to its
high carbon and aromatic content, high availability, and reduced cost. The electrospinning of lignin
solutions makes possible the preparation of porous carbon fibers in a simple way. In this work, the
used of lignin-derived carbon fibers as adsorbent for phenol removal has been studied.

EXPERIMENTAL

Carbon fibers were prepared by a coaxial configuration of the electrospinning set up (Lallave, 2007)
by using lignin/ethanol or H3PO./lignin/ethanol solutions with a weight ratios of 1/1 or 0.3/1/1,
respectively. Pure lignin fibers were stabilized in air at 200 2C for 60 h, with a heating rate of 0.08 C/
min, while phosphorus-containing lignin fibers were stabilized by using a heating rate of 1 2C/min and
keeping the final temperature for only 1 h. Finally, stabilized fibers were carbonized at 900 2C, in a N;
flow of 150 cm3/min, to obtain pure and P-containing carbon fibers, CF900 and PCF900, respectively.
A granular activated carbon, with similar texture and chemical parameters than phosphorus-
containing carbon fibers was prepared by chemical activation of lignin with HsPO, with a HsPO4/lignin
ratio of 1 (ACP900), in order to check the influence of the adsorbent morphology and pore
arrangement and connectivity on phenol adsorption. Equilibrium and kinetics adsorption experiments
were carried out in a batch system at 15, 25 and 35 2C. Dynamic adsorption experiments at different
phenol concentrations and temperatures were also studied in a fixed-bed column by using a flow rate
of 5 mL/min and 200 mg of carbon fibers. Finally, a desorption study was carried out in the same
column system by using water at 25 and 80 2C.

RESULTS AND DISCUSSION

Submicron size carbon fibers were obtained by carbonization of electrospun lignin fibers. Table 1
shows the textural parameters and chemical composition of the carbon materials used in this work.
Pure carbon fibers with Ager of 840 m?2/g and narrow microporosity (ViV2/VorC02 = 0.87) were obtained.
The incorporation of HsPO4 produced carbon fibers with wider microporosity (ViN2/Vpr2 = 1.44), along
with an increase of ca. 20% in Ager (1140 m?/g). Figure 1a represents the effect of the carbon
morphology on the phenol adsorption kinetics, showing faster phenol adsorption rate in carbon fibers
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(fiber diameter of 3 um) compared to that of granular activated carbon (particle diameter of 300 pm).
Adsorption isotherms determined at temperatures from 15 to 35 2C revealed that phenol adsorption
was an exothermic process (see Figure 1b for the case of PCF900). Figure 1c shows the breakthrough
curves for phenol adsorption on PCF900 carbon fibers at three different inlet phenol concentrations,
obtaining the typical S-shape curves. The bed utilization efficiency (defined as total adsorption
capacity/adsorption capacity until bed service time) was higher for carbon fibers than for granular
activated carbon (being 77 and 71% for CF900 and PCF900, respectively, and 32% for ACP900),
confirming the higher phenol adsorption rate on carbon fibers. The amount of phenol desorbed from
CF900 and PCF900 during the regeneration step at 25 2C was 15.4 and 53.0 %, respectively. An increase
in desorption temperature (802C) provided higher carbon fibers regeneration (100% for PCF and 85%
for CF).

Table 1. Textural parameters and chemical composition by XPS of the activated carbon

Chemical surface
Textural parameters

Samples composition by XPS (%)
Ager (Mm?/g) V"2 (ecm3/g)  Vmeso (cm®/g)  Vor®? (cm?/g) C o P
CF900 840 0.33 0.01 0.38 95.9 4.1 0
PCF900 1143 0.49 0.02 0.34 90.2 7.4 2.4
ACP900 1210 0.48 0.025 0.34 85.0 12.3 2.7

FIGURE 1. a) Phenol adsorption kinetics on ACP900 and PCF900; b) Phenol adsorption isotherms at different
temperatures and c) breakthrough curves at different inlet concentrations (w: 200 mg, Q: 5 mL/min) on P-
containing carbon fibers.

CONCLUSIONS

Submicrometric lignin-derived carbon fibers were prepared by electrospinning of lignin solution. The
incorporation of HsPO, to the initial lignin solution shortened the carbon fibers preparation time and
produce carbon fibers with wider microposity, which resulted in faster phenol adsorption rate than
that observed for granular activated carbon. In addition, the regeneration of phosphorus-containing
carbon fibers is faster than that observed for the pure carbon fibres at the desorption temperatures
studied.
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INTRODUCTION

Lignin is the main by-product of lignocellulosic biorefineries, mainly used as a fuel for energy
production. The production of activated carbons (AC) could be an interesting alternative to its
combustion. Among the technical lignins, lignosulphonates stand out for their high and varied
content of inorganic matter, which can eventually be exploited for the preparation of AC catalysts.
Some reactions used to produce biofuels in ligno-cellulosic biorefineries, such as aldol condensation,
require basic catalysts (Huber, 2006). Thus, the kinetics of the partial gasification of a magnesium
lignosulphonate (L) derived char for the preparation of carbon-based catalysts with basic character
was studied in this work.

EXPERIMENTAL

L was carbonized at temperatures from 500 to 900 °C in a horizontal tubular furnace with a heating
rate of 10 °C/min and with a constant flow of inert gas (150 cm3STP/ min). The char obtained at the
highest temperature, i.e., 900 °C (L900), was submitted to a gasification kinietic study with CO; in a
thermobalance, at temperatures from 725 to 800 °C. According to the results of the kinetic study, an
AC, L900G, was obtained by partial gasification of L900 with CO,. In order to assess the basicity of
the carbon materials, 2-propanol dehydrogenation experiments were carried out in a fixed bed
reactor (73 gac's/ mMmMolx-propanol).

RESULTS AND DISCUSSION

L carbonization process produces hollow carbon spheres with yields between 43 and 28 %, Table 1.
The char obtained at 500 °C (L500) presents an almost negligible porosity, while narrow
microporosity (Vor®? > VsM?) is observed for L700 and L900 samples, Table 1. As expected, the
alkaline and alkaline-earth cations in the parent L sample are incorporated into the char, with Mg
contents as high as 14 %, Table 1. At carbonization temperatures above 700 °C (L700 and L900), the
formation of magnesium oxide species is observed by XPS and confirmed by XRD (Periclase
structure). The presence of small amounts of K and Ca, Table 1, which are well-known gasification
catalysts, is another advantage of using L as raw material, since K and other alkalis can not only
catalyse the partial CO; gasification of the char, but also promote a higher basicity in the final AC
than the one obtained only by MgO. In this sense, an isothermal kinetic study of the gasification of
the char at temperatures between 725 to 800 °C was carried out. Random pore model provides a
better description of the gasification rate of L900 up to a conversion of about 50%.

In accordance with the kinetic model prediction for achieving a burn-off of 25%, an AC was prepared
by partial gasification with CO, at 750 °C for 30 min, resulting in an AC with a 50% increase of specific
surface area (Aser= 720 m?/g). The physical activation also produces a widening in the porosity (Vmeso,
Table 1), facilitating the access of the reagents to the active sites dispersed on the carbon surface. It
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also produces a relative increase in the concentration of magnesium oxide, Table 1, which remains
homogeneously dispersed over the entire surface of the catalyst, as confirmed by TEM analyses.
Physical activation with CO, seems to favour sintering of MgO crystallites, with an average size
determined from XRD profiles that moves from 6.0 nm in L900 to 8.5 nm in L900G.

Table 1. Preparation yields, chemical composition and textural parameters of

the samples
Preparation XRF (%) Textural parameters
Samples Yields Ager Vs Vineso Vor
(% d.a.f.) Mg K Ca m¥g cmd/g cmd/g cmd/g
L500 42.7 86 09 04 1 <0.01 <0.01 0.01
L700 31.7 12.7 13 0.6 390 0.15 <0.01 0.17
L900 28.0 144 15 0.7 465 0.19 <0.01 0.18
L900G 21.0 153 2.2 0.9 720 0.25 0.12 0.18

The 2-propanol catalytic decomposition reaction was used to characterize the basic/acid character
of the catalysts (Bedia, 2010). L900G presents the highest activity of all the catalysts evaluated, with
steady-state conversions of 2-propanol higher than 50% at 400 2C, providing also the highest
selectivity towards acetone (almost 100%), at all temperatures range studied, Figure 1.B. This result
evidences the prominent basic character of this catalyst. On the other hand, L900 shows the highest
performance of the involved chars, starting the 2-propanol decomposition at a significantly lower
temperature than that for L700.

A B

FIGURE 1. Evolution of the steady-state conversions of 2-propanol (A) and selectivity to acetone (filled marks)
and propylene (hollow marks) (B) with the temperature for all the carbonaceous materials.

CONCLUSIONS

The partial gasification of the magnesium lignosulfonate with CO, produces an increase of the
activated carbon porosity with very well distributed and dispersed MgO particles on its surface. The
biomass origin and these properties make this material a more sustainable catalyst, highly selective
towards the dehydrogenation of alcohols (basic character) and, therefore, with a high potential to be
used in different reaction framed in the lignocellulosic biorefinery environment.
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INTRODUCTION

To satisfy the augment demands in merchandises and fuels by adapting modern and sustainable
approaches is an epitactic challenge. One strategy that concentrates the research attention is the
massively transformation of abundantly available and renewable feedstocks, like biomass or organic
wastes, to valuable chemicals (Behling et al.,, 2016). Hence, the development of proficient,
environmental-friendly, and innovative processes for catalytic synthesis of biomass derived chemicals
is of a paramount importance. Considering that an enormous amount of energy is radiated to earth
from sun, to develop solar light assisted catalytic methods is concluded within the modern and state-
of-the-art concepts of circular (bio)economy. Within this context, to achieve effective heterogeneous
photocatalytic biomass or organic wastes valorization, the precisely design of novel nanomaterials
play a key role (Giannakoudakis et al., 2022). Titanium dioxide based materials represent a promising
class of semiconductor materials and were studied broadly as photocatalysts for the photocatalytic
synthetic/upgrading processes. More recently, 1-D nanostructures, such as titanate nanotubes (TiO-
NTbs) derived from scrolled titanate nanosheets (H,TisO;), presented to possess elevated
photoreactivity against various organic pollutants in aqueous matrixes (Giannakoudakis et al., 2020)
as well as for toxic vapors in air like the chemical warfare agent mustard gas surrogate (2-chloroethyl
ethyl sulfide, CEES) (Giannakoudakis et al., 2021).

SCOPE

In this work, we focused on the ultrasound-assisted/hydrothermal synthesis and physicochemical
characterization of titanium oxide nanotubes (TiO-NTbs) and their nanocomposites with (reduced)
graphite oxide (rGO), as well as chemically modified counterparts, in order to study their
photocatalytic activity for the selective partial and additive-free oxidation of a cellulose/hemicellulose
derived compound, 5-hydroxymethylfurfural (5-HMF) to 2,5-diformylfuran (DFF). All the experiments,
for the herein mentioned as HMF-2-DFF process, were performed at ambient conditions using low
power LED-emitted light (ultraviolet, 365 nm). Optimization of the rGO phase was achieved by
synthesizing nanocomposites using different initial amount of the graphitic phase, namely 1, 10, and
20 wt%, with the derived nanomaterials to be referred as TiGO1%, TiGO10%, and TiGO20%
respectively. The main steps of the synthetic process, the main physicochemical features as well as
improvement of the HMF to DFF selectivity in the case of the TiGO10% are illustrated is Figure 1. Going
a step ahead, nanocomposite of TiO-NTbs with sulfur and/or nitrogen doped graphene oxide were
synthesized, characterized, and evaluated for the partial photo-oxidation of HMF.
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Figure 1. The involved steps of the synthesis of the composites consisting of titanate nanotubes and
graphite oxide derivatives utilized for the additive-free photocatalytic selective partial oxidation of 5-
hydroxymethylfurfural to 2,5-diformylfuran.

RESULTS & DISCUSSION

The characterizations revealed the successful formation of the nanocomposites and the synergistic
effects on the physicochemical features as was also reported previously (Giannakoudakis et al., 2021).
The HR-TEM images showed the presence of scrolled titanate tubular-shaped nanoparticles (open-
ended nanotubes) for all samples, with the external diameter, internal channel size, and length to be
17 £ 5 nm, 4-11 nm and 50 to 150 nm, respectively. The addition on graphite phase did not alter the
crystallographic structure or the shape of the nanotubes, since the XRD patterns were similar for all
materials. The composite TiGO10% showed the highest porosity parameters values, with the specific
surface area to be 360 m?/g compared to 300 m?/g for the pure nanotubes, with both values to be
assumed as remarkable for metal oxide-based materials. Analogue increment was observed for the
total pore volume (+17 %). Based on thermal analysis tests, the amount of the rGO phases were
estimated as around 1, 4, and 8 % for TiGO-1%, TiGO-10%, TiGO-20%, respectively. An important
change on the optical features was that the composites were capable to absorb light within the visible
range, although the band gap of all materials was similar.

The results regarding the photocatalytic activity for the HMF to DFF selective oxidation (HMF
conversion, DFF selectivity and DFF yield) are presented in Figure 2. The first outcome is that the
nanotubes revealed a lower HMF conversion compared to TiO; P25, but on the contrary, the selectivity
to DFF was 58% higher. The most pronounced positive impact was observed for the nanocomposite
TiGO10% that revealed +72% and +170% higher DFF selectivity compared to the commercial and pure
nanotubes, respectively, and hence the highest DFF yield.

Figure 2. The results of the photocatalytic HMF to DFF oxidation after 1 h of irradiation with low-
power UV light.
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To further enhance the DFF selectivity and yield of the HMF-2-DFF photocatalytic selective oxidation,
sulfur and/or nitrogen doped graphite oxide counterparts (after treatment with urea (CO(NH;)2) or
sulfanilic acid (NH,-C¢H4SOsH)) were additionally used for the synthesis of novel nanocomposites. The
composites obtained using sulfanilic acid treated GO is referred to as TiGOSa-10%, while the one after
urea treated GO, TiGOUr-10%, since 10 wt.% of the initial carbonaceous phase was used. TiGOSa-10%
showed the lowest textural features in between all the other composites with the same amount of
graphite-phase. The surface pH of TiGOSa-10% was also the lowest (3.3) compared to pure nanotubes
(7.4), TIGO-10% (4.6) and TiGOUr-10% (4.8). On the regards of HMF-2-DFF photocatalytic activity of
TiGO-10%, TiGOUr-10%, and TiGOSa-10%, the former showed the lowest DFF yield and the latter the
highest, which was enhanced by ~33% comparing to TiGO-10%.

In order to conclude regarding the involved mechanisms, various additional tests were performed by
varying specific in each case parameters. The main outcome was that different reaction pathways are
catalyzed by the commercial TiO, nanoparticles and different ones by titanium oxide nanotubes. The
presence of molecular dissolved oxygen plays a key role, as well as the pre-adsorbed humidity.
Another worth to pointed out conclusion was that the reaction is self-catalyzed since the presence of
photo-catalytically formed DFF promote the HMF conversion.

CONCLUSIONS

The main outcome is that titanium oxide nanotubes (TiO-NTbs) revealed better selectivity for the
photocatalytic HMF partial oxidation to DFF compared to the benchmark commercial TiO, P25
nanoparticles. The selectivity as well as the total DFF yield can be further increased by designing novel
nanocomposite of TiO-NTbs with a small amount of reduced graphite oxide. Chemical pre-treatment
of graphite oxide can have an additional positive effect, since the composite obtained after GO was
pre-treated with sulfanilic acid (for doping with S and N) showed the greatest DFF yield in between all
the herein tested nanocatalysts.
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INTRODUCTION

Adsorptive desulfurization of liquid fuels has been suggested as a sustainable, effective, low-cost and
easy to operate in real-life technique, especially taking into account the new strict restrictions of sulfur
in transportation fuels and the high consumption of costly hydrogen used in the industrially applied
method of hydrodesulfurization (Tan et al., 2018). Towards obtaining low sulfur content, the research
for low-cost and efficient, green-oriented adsorbents, like activated carbons, for the deep
desulfurization of liquid fuels is an ongoing active research goal (Kampouraki et al., 2019; Kakamouka
et al., 2022).

SCOPE

Herein, we illustrate the potential of biomass-derived activated porous carbons using cashew nut
shells as an abundantly available and renewable precursor. The chemical activation with phosphoric
acid at four different carbonization temperatures (400-700 °C), in order to tailor the impact of
carbonization/activation on the physicochemical properties and the surface chemical functionality has
been explored. The desulfurization efficiency of the obtained biomass materials was evaluated under
ambient batch conditions using a model diesel fuel, consisting of 4,6-dimethyldibenzothiophene (4,6-
DMDBT, 20 ppmwsS), dibenzothiophene (DBT, 20 ppmwsS), benzene (801 ppmw) as a mono-aromatic
and naphthalene (7323 ppmw) as a di-aromatic compound, dissolved in hexadecane, while a low
amount of adsorbent (400 mL fuel per g of adsorbent) was used at each experiment. Various simpler
model solutions were also examined in order to determine the impact and the antagonistic effects by
the presence of aromatic compounds on the desulfurization process.

RESULTS

It was observed that the synthesis of the activated carbons at various carbonization/activation
temperatures led to materials with different physiochemical features, as it can be observed at Figure
1, indicating the importance of the production process. The increment of pyrolysis temperature had a
positive impact on the textural properties of the carbons up to 600 °C, and a negative effect on the
surface functional groups, especially of the acidic ones.
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FIGURE 1: Main physicochemical features of the biomass-derived activated carbons.

In addition, the adsorption capacities for the four activated carbons, presented in Figure 2 as the
removal of 4,6-DMDBT from hexadecane, did not follow a specific trend/correlation related to the
pyrolysis temperature, mainly due to the alteration of the size and volume of pores and of the density
of the surface functional groups. The activated carbon synthesized at 600°C, which contains the
highest number of carboxylic surface groups, displayed the greatest adsorptive removal of DBT and
4,6-DMDBT. It is also worth noting that nutshell-derived carbons NSC600 and NSC700 showed higher
desulfurization efficiency than the benchmark commercial wood-based nanoporous carbon BAX. The
addition of aromatic components in the model fuel, negatively affected the removal of 4,6-DMDBT
from 52.5% in pure hexadecane to 46.1% for the best performing carbon, as seen in Figure 2, revealing
the antagonistic character of the aromatics.

FIGURE 2. Adsorptive removal of 4,6-DMDBT in hexadecane with and without the presence of
aromatic compounds for the activated carbons derived from nut-shell after different
carbonization/activation temperature; conditions: 25 mg activated carbon, 10 ml model fuel, 20
ppmws, T=25 °C, 170 rpm, t=3 h, N4,6-ompeT/Nnaph/Nbenzene=1/10/150.

Going a step forward and preparing a more complex model diesel fuel with the addition of both sulfur
compounds and both aromatic compounds, indicated that the co-existence of DBT in the mixed model
diesel fuel dropped the removal of 4,6-DMDBT to 37.3% (Figure 3), implying that even though up to a
certain extend the two organosulfur molecules compete with each other in the adsorption on the
available sites of the carbon, they mainly are adsorbed on different adsorption sites. Another
observation is that the removal efficiencies for 4,6-DMDBT are higher than for DBT.
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FIGURE 3: Adsorptive removal of 4,6-DMDBT and DBT in hexadecane, separately and in the mixed
model fuel, for the activated carbons; conditions: 400 mL/g, 20 ppmwS 4,6-DMDBT + 20ppmwS DBT,
T =25°C, 170 rpm, t = 3 h, n46.ompaT/NDBT/Nnaph/ Nbenzene =1/1/10/150, 801 ppmw naphthalene, 7323
ppmw benzene.

CONCLUSIONS

In the current work, biomass (cashew nut shells) derived activated nanoporous carbons were
synthesized at different carbonization/activation temperature and were used as adsorbents for the
deep desulfurization of model diesel fuels. The results elucidated that the carbonization temperature
affects the physicochemical properties: the highest values of the textural features was found for
carbonization at 600 °C, while the highest surface chemistry heterogeneity at 400 °C. It was revealed
that in the desulfurization process both textural features and surface chemistry matter and that there
is a complicated correlation between the carbonization temperature, the physicochemical features,
and the adsorption performances. This leads to the conclusion that for the design of the best-
performing desulfurization carbon various factors like biomass precursor and synthesis should be
taken into account. Finally, the presence of naphthalene and benzene limits the desulfurization
efficiency partially and the two sulfur molecules exhibit mostly different adsorption active sites.
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INTRODUCTION

Carbon fibre (CF) has shown tremendous potential as an alternative material for the construction of
lightweight and high-strength composites commonly known as CF reinforced polymer (CFRP). Yet,
there is a concerning design limitation in such material which arises from its poor toughness leading
to a catastrophic failure. Although, energy absorption in composite materials is manifested through
various toughening mechanism such as fibre-matrix debonding and friction post debonding, fibre
pull-out, stress relief at the interphase etc., yet it is brittle in nature with very low strain to failure.

In addition to low toughness, CFRP do not reflect the true inherent strength of the CF, implying
limited exploitation of the reinforcing fibre. The strength of a composite material depends on the
effective load transfer from the matrix to the fibre under the application of load. The effective load
transfer is therefore dependent on the interphase and the fibre-matrix interfacial adhesion. From
previous studies, it has been observed that surface modifications of CF have the potential in
improving the fibre-matrix interfacial adhesion, and hence, bulk mechanical properties of
composites under tensile and flexural loads (Sharma, 2014). However, increasing the interfacial
strength improves composite strength and stiffness it reduces the toughness. To tackle both these
drawbacks, an optimized nanostructured interphase, inspired by natural nacre was developed in the
current study to increase the toughness by alleviating local stress concentration, whilst maintaining
effective load transfer (De Luca, 2018). The nanostructured interphase in the form of a coating on CF
was produced by layer-by-layer (LbL) deposition of hexagonal layered double hydroxide (LDH)
platelets as the inorganic phase and soft poly (sodium 4-styrene sulfonate) (PSS) polyelectrolyte as
the organic phase, thus mimicking a brick-and-mortar nanostructure analogues to the natural nacre
system. The hypothesis is that an ordered multilayer structure can absorb the energy released by
fiber breaks, via multiple crack deflections in the layered interphase structure, spreading along the
length of the fibers; progressive fiber debonding/slippage, mediated by strain hardening of the
interphase layer in shear, can then allow local stress relaxation without excessive debonding.
Together, these effects may potentially delay the correlation of fiber breaks in a composite and
hence increase its ultimate strength and exhibit a pseudo-ductile failure.

RESULTS AND DISCUSSION

The LbL process is based on electrostatic forces and requires the substrate to have a high surface
charge density. For successful deposition and adequate adhesion, the surface charge density of the
as revied industrially oxidized, unsized CF was increased by oxidation using O, plasma treatment
initially and subsequent immersion in 0.1 M KMnO, (Fig. 1A). At high pH, the oxidises obtained on
the CF surface dissociate, resulting in an increased negative surface charge density. The measured
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{-potentials increased in magnitude from -19 mV for as received CF to -58 mV observed for the
oxidised CF. To have a high electrostatic interaction among fibre surface and coating the pH was
maintained at 10 for all the solutions and suspensions in LbL deposition, where the {-potential was
most negative.

Fig. 1. Schematic diagram showing the modification of the as-received unsized carbon fibers, coating
deposition and small composite manufacture: the as-received carbon fiber surfaces were functionalized with
low-pressure Oz plasma treatment and subsequently further oxidized in KMnO4 (A). PDDA(PSS/LDH)n “brick-
and-mortar” nanostructures were assembled, by LbL at pH 10, on all the individual carbon fibers within a
bundle (B). The composite containing coated carbon fibers was intended to fail via crack deflection (in red) and
sliding within the volume of the anisotropic nanostructured interphase (C). SEM micrograph of a composite
cross-section made of coated carbon fibers (D).

Coating of CF was done by sequential LbL dipping process, as illustrated in Fig. 1B. A soft, cationic
poly (diallyl dimethyl ammonium chloride) (PDDA) precursor layer was found to promote the
adhesion of the coating to the fiber, avoiding direct contact between the stiff, positively charged
platelets and rigid carbon fiber surfaces. The negatively charged fiber surfaces were first coated with
a positive PDDA buffer layer, before repeatedly applying (PSS/LDH) bilayers.

Fig. 2: Cross-section (left image) and surface (right image) of nanostructured coatings deposited on a bundle of
unsized CF. SEM micrographs of carbon fibers coated with PDDA/(PSS/LDH). coating. n=12 (A), n=25 (B) and
n=50 (C and D).
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SEM in Fig. 2 showed that the PDDA/(PSS/LDH), coatings were homogeneous across all the fibers
within the bundles. The self-limiting nature of the LbL process means that each individual fiber
within the bundle can be coated simultaneously, accelerating production and allowing small
unidirectional model composites, consisting of several hundred coated carbon fibers in epoxy to be
manufactured (Fig. 1C and D).

The apparent interfacial shear strength (IFSS) and ability of the fiber to progressively slide during the
debonding process were investigated from single-fibre pull-out (SFPO) test (Fig. 3A and B). Stable
fiber slippage was quantified by defining the debonding length ratio (DLR) as the ratio between the
distance that the fiber slides prior to full debonding (/) over the fiber length embedded in epoxy (/).
The IFSS was determined from a plot of maximum force against embedded area (Fig. 3A). Both IFSS
and DLR were significantly improved by the presence of the nanostructured coating, relative to the
control fibers, reaching maxima of 59.5 + 3.9 MPa (+84%) and 0.17 + 0.02 (+89%), respectively, for
the fibers coated with a 0.4 um thick PDDA/(PSS/LDH)s layer. Further increases in the interphase
thickness resulted in a relative drop of the IFSS and DLR, most likely due to a reduction of the radial
clamping force exerted on the fiber by the epoxy matrix, as a result of the compliance of the coating.

Fig. 3. Maximum force (Fmax) applied to single fibers as a function of fiber embedded area in the epoxy matrix
(A), apparent IFSS = f{le) of control fibers and fibers coated with PDDA/(PSS/LDH)n of varying thickness (B) and
histogram distribution of fiber fragment length for control and PDDA/(PSS/LDH)2s coated fibers obtained by
single fiber fragmentation tests (C). Optical images of in situ fragmentation of control and PDDA/(PSS/LDH)2s
coated (D) carbon fibers using cross-polarized light in transmission at +1.2% and +2.4% strain (i, ii and iii,
respectively); vertical arrows pinpoint fiber fragments and horizontal arrows and the dashed line highlight
progressive sliding of the fiber. Optical images of control and PDDA/(PSS/LDH)2s coated carbon fibers using
non-polarized light in transmission mode after the fragmentation test (E); horizontal arrows show fiber
fragments. Debonding length ratio (DLR) and IFSS of carbon fibers coated with different PDDA/(PSS/LDH)n
coating thicknesses determined by single fiber tests in epoxy (F and G, respectively).

Under single fiber fragmentation tests (SFFT), the control fibers exhibited an intense and large stress
field near each fiber break, which remained relatively unchanged when strain increased (Fig. 3D(i—
iii)); in contrast, the PDDA/(PSS/LDH)2s coated fibers presented a less intense stress field, spread
along the length of the fiber (Fig. 3C and D). Upon increasing the macroscopic strain, the stress field
was observed to propagate progressively along the fiber, accompanied by a noticeable further
reduction in intensity of the stress field. The weaker initial stress field can be attributed to crack
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deflection within the nanostructured “brick-and-mortar” interphase, while the reduction in its
intensity can be attributed to progressive slippage of the fiber, through plastic deformation of the
interphase. IFSS values estimated using Kelly-Tyson model (Kelly, 1965), which were 55.2 + 2.8 and
84.8 + 6.6 MPa respectively for the control and PDDA/(PSS/LDH),s coated fibers.

Fig. 4. Stress—strain curves and associated cumulative distributions of acoustic emission events occurring
during tensile tests of impregnated fiber tow composites containing control fibers, coated fibers (with “brick-
and-mortar” PDDA/(PSS/LDH)2s nanostructured coating), and sized fibers (A). Low and high magnification SEM
micrographs, accompanied by high-speed video stills, of fracture surfaces of impregnated fiber tow composites
containing coated fibers (B and C, respectively) — red and white arrows pinpoint locations where the coating is
removed and still adhered to the surface of the fibers, respectively. Tensile strength and strain-to-failure of the
composites containing control, coated and sized fibers (D and E, respectively).

The tensile properties and fracture behavior of small unidirectional model composites were
compared against control fibers, and the optimum PDDA/(PSS/LDH),s coated fibers, as well as
additional samples prepared with as-received commercially sized PAN-based fibers (called “sized
fibers” in the following). The tensile stress—strain responses of these tow composites were recorded
and correlated with acoustic events (AEs), indicative of fiber breaks (Fig. 4A) occurring during the
tensile test. In order to minimize any effect of varying fiber volume fractions and, therefore, allow
for a fair comparison of the different composite specimens, the load applied to the material was
converted into a stress normalized to the cross-sectional area of the total fiber content in the
composite. This approach provides a clearer indication of the fiber dominated tensile properties,
which determine the tensile properties of unidirectional tow composites. The elastic modulus was
determined to be similar for all types of fiber composites, roughly 230 GPa; the similarity to the
expected elastic modulus of AS4 carbon fibers (231 GPa) confirms the robustness and consistency of
the composite preparation and testing. The tensile strength of the tow composites containing the
nanostructured interphase increased from 3235 + 160 MPa to 4607 + 391 MPa, as compared to
composites containing the control fibers (Fig. 4D). The increased tensile strength of the coated fibers
was accompanied by an increased strain-to-failure from 1.49 + 0.12% to 2.12% + 0.10% (Fig. 4E).
More importantly, the strength and strain to failure of the coated fiber composites also exceeded
the values for the sized fibers (4048 + 523 MPa and 1.63 + 0.15%, respectively). Only a single AE
event was detected for the composites based on control or sized fibers, which was associated with
the final composite failure. However, for the composites containing coated fibers, additional AE
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events were detected, prior to failure. This observation is consistent with a larger number of
independent fiber breaks occurring in the hierarchical composites, due to a successful reduction in
local stress concentrations in neighbouring fibers. The associated delay in the formation of a critical
cluster of fiber breaks can explain the improved ultimate tensile strength and strain to failure of the
composites.

CONCLUSIONS

An entirely new class of nanostructured fiber sizing was designed and successfully implemented. A
0.4 pum thick “brick-and-mortar” PDDA/(PSS/LDH),s nanostructured coating was found to offer the
greatest improvements in IFSS and DLR, as determined by single fiber pull-out. In fragmentation
tests, the local stresses associated with fiber fragmentation appeared reduced and diffused. When
the optimum coating was used as the interphase in unidirectional impregnated fiber tow model
composites, the new system provided higher ultimate strength and strain-to-failure than composites
containing either bare unsized treated carbon fibers (“control fibers”) or the as-received
commercially sized carbon fibers (“sized fibers”). Acoustic emission recorded a higher number of
fiber breaks within the hierarchical composites prior to the final catastrophic failure, indicative of
the occurrence of multiple isolated fiber breaks. The nanostructured “brick-and-mortar” interphase
appears to have isolated fiber breaks within the composite, delaying the formation of a critical
cluster, leading to improved tensile properties compared to the composite containing commercial
fibers.
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INTRODUCTION

In the past decade, the increasing demands of the society for decontaminating water from various
sources, coupled with increasingly stringent environmental regulations, have driven the
development of new purification technologies to complement the existing physical-chemical and
biological methods. In this sense, the advanced oxidation processes (AOPs) take advantages of
producing high oxidizing species (e.g., free hydroxyl radical) to provoke the organic contaminants
removal in those cases where conventional treatment methods are inefficient to achieve the desired
levels of decontamination.

The oxidizing power of H,0; can be enhanced by the generation of powerful hydroxyl radicals (*OH),
on so-called electro-Fenton processes, with the action of iron catalyst in slightly acidic medium. The
H,O, generation, on a cathode through the electrochemical reduction of oxygen, is an attractive
method from the perspective that it may be in-situ generated with a relatively low energy cost and
without formation of toxic byproducts, being a promising tool to remove organic pollutants in
aqueous media (Sirés, 2014). Recently, several carbonaceous electrodes have been tested as
cathodes, such as carbon felt, graphite felt, carbon sponge or carbon cloths, due to their relatively
low cost, environmental compatibility and high working current density for the generation of H,0..
However, it is still difficult to find a material with an appropriate cost-benefit balance and a
satisfactory activity, selectivity, and production rate of H,0O; consequently, considerable efforts are
needed to enhance the electrochemical activity of carbonaceous cathodes (Petrucci, 2016; Brillas,
2009).

Accordingly, the purpose of this work is the evaluation of the electrocatalytic activity towards H,0,
generation at various carbon materials (e.g., carbon blacks) impregnated on a carbon cloth support
using PTFE as binder.

EXPERIMENTAL SECTION

The commercial carbon black (CB, Vulcan XC72R) was oxidised by HNOs treatment at 120 °C during
90 min (sample labelled CBox). The cathodes were prepared by impregnation of a commercial
carbon cloth (24.75 cm?) with a mixture of carbon black (pristine or oxidised), 2 g/L, and PTFE, 5 g/L,
in a solvent (EtOH:H,0 1:2.5 wt.). After the impregnation in an ultrasonic bath, the carbon cloth was
dry at 80 °C until constant weight and sintered at 350 °C for 30 min.

All electrochemical tests were performed at room temperature in a three-electrode undivided cell
magnetically stirred. The cathode was the above-mentioned electrode, a BDD electrode (Boron
Doped Diamond) was employed as anode, and Ag/AgCl electrode was used as reference electrode.
The background electrolyte was 0.05 M Na;SO. (pH = 3), with continuous flow of O,. Samples were
withdrawn from the electrochemical cell at desired time and the amount of H,0, generated was
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evaluated by determining the absorbance of yellow pertitanic acid complex, as result of the reaction
between H,0, and potassium titanium oxalate in acid solution, at wavelength of 400 nm.

RESULTS

The H,0, concentration was measured using the pristine and modified carbon cloths (carbon cloth
impregnated with PTFE is also included for comparison) by means of chronoamperometry to
evaluate the performance of CB and CBox at different applied potentials (-0.7; -0.8 and -1.0 V vs.
Ag/AgCl). Figure 1 shows the evolution of the H,0, generation as function of time for all the
cathodes, applying a constant potential of -0.7 V. After 120 min the pristine carbon cloth is able to
generate 21 ppm of H,0,, while the carbon cloth-CBox produces three times higher amount
(67 ppm), unveiling a beneficial effect of the presence of oxygenated groups on the electrode
material. In terms of generated current, also an important increase is observed from -0.6 (pristine
carbon cloth) to -0.8 and -1.4 mA/cm? for carbon cloth-CB and carbon cloth-CBox, respectively,
corroborating the higher electrocatalytic activity of the oxidised carbon black.

FIGURE 1: Hydrogen peroxide production as function of time on the carbon cloth pristine and modified with
CB, CBox and PTFE under continuous flow of O2 applying a constant potential of -0.7 V. Background electrolyte,
0.050 M Na2S04 pH = 3.

CONCLUSIONS

In this work, we have explored the influence of the functional groups and structural features of
carbon black as cathodes for the H,0, generation by chronoamperometry. Our study shows that the
oxidation of CB results in the increase of oxygen content showing an important enhanced of H,0,
production under the studied conditions. This effective improvement opens a variety of applications
in the field of environmental remediation for the fabricated carbon-based cathodes.
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INTRODUCTION

The objective of this communication is to gain some insight on the semiconducting behavior of
metal-free porous carbons with different textural properties and chemical functionalization by using
electrochemical impedance spectroscopy (EIS), in analogy to the methods applied to characterize
conventional semiconductors based on transition metal oxides. The goal is to analyze the role of the
porosity and surface chemistry to the charge distribution within the electrode surface, and the ion
accessibility to the porous network. The Mott-Schottky (M-S) representation of the experimental EIS
data allowed explaining the relationship between the photovoltages and photocurrent transients
recorded under irradiation for different metal-free porous carbons and their physicochemical features
(e.g., surface area, electric conductivity, hydrophobicity character, sp?/sp® ratio, zero charge
potential). Additionally, the M-S plots have also been used to determine the n- or p-type
semiconductor character of the different studied carbons, to quantify the density of charge carriers,
as well as the flat band potential so as to estimate the position of the conduction and valence band
edge potentials.

EXPERIMENTAL

Synthesis: The synthesis of nanoporous carbon materials were addressed in previous work performed
by Ania and co-workers (Parra, 2004; Velasco, 2012). Briefly, nanoporous carbon were denoted as Q=
microporous, hydrophobic carbon material, with 12 % ash (from bituminous coal, under steam
activation); F= microporous, hydrophobic carbon material, with no ashes (from lignocellulose) and P=
microporous, hydrophobic nanoporous carbon, with no ashes (from plastic waste derived, under CO,
activation. Preparation of nanoporous carbon thin film electrodes: Titanium (Ti) foil was cleaned with
acetone and then thoroughly rinsed with deionized water. For the preparation of the nanoporous
carbons thin film based electrodes, a slurry formed by nanoporous carbon materials, PVDF and carbon
black (CB) (with a weight ratio of 85:10:5) in N-methylpyrrolidone was blended for 10 min and then
coated onto a Ti foil of 1.0 cm?. Then, the electrode was dried at 120 °C for 1 h until a constant weight
was obtained. The coating of the carbonaceous slurry onto the Ti foil was repeated twice to get an
average thickness of about 150 um with very homogeneous surfaces. All electrodes were weighed to
determine the nanoporous carbon thin film deposited onto the Ti substrate and then were
equilibrated for one day in 0.1 M Na;SO4 aqueous solution adjusted at pH 2.0 with sulphuric acid prior
to the electrochemical and photoelectrochemical measurements. Electrochemical and
photoelectrochemical experiments: The electrochemical characterization of the nanoporous carbon
thin films supported on Ti (called z-C), where z stands for the different type of the nanoporous carbons,
F, Q and P, respectively, was performed using a three-electrode configuration quartz cell, using a z-C
electrode as a working electrode. The nanoporous carbon thin film electrode is intimately placed onto

183


mailto:alicia.gomis@ua.es

the quartz plane window of the electrochemical cell. A graphite rod was used as a counter electrode
placed out of the irradiation light path. A Ag/AgCl//KCl (saturate) electrode was used as reference
electrode via a lugging. Solution was made up of 0.1 M Na;SO4 pH 2.0. All experiments were carried
out at r.t. and when necessary, solutions were de-oxygenated by using a nitrogen stream before the
illumination. Cyclic voltammetry (CV) chronoamperommetry (CA), open circuit photovoltages (OCP)
and electrochemical impedance measurements were carried out using a Bio-logic potentiostat.

RESULTS

In the absence of a redox probe system, the OCP is a parameter strongly linked to the nature of the
carbon (Nakamura, 1993), in this case, values ranged from -66 to +61 mV. The transient photocurrent
response of the studied photoelectrodes under on/off illumination conditions at various bias
potentials (i.e. +200 and -400 mV) is shown in Figure 1. Impedance spectra were recorded in order to
clarify the dominant electrochemical processes that take place at the electrode/electrolyte interface,
and particularly to gain insight on the contribution of both the mesopores and micropores to the
electrochemical performance (see Figure 2).
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FIGURE 1: Photocurrent transients of the z-C/Ti electrodes in 0.1 M Na2SOa4 pH 2.0 solutions under UV-light
irradiation using a 125 W Hg lamp. (A) Q-C/Ti, (B) P-C/Ti, (C) F-C/Ti.

FIGURE 2: Nyquist plots at various bias potentials (-500, 0 and +500 mV vs Ag/AgCl) for the nanoporous
carbons A) P, B) F and C) Q (mass electrode: 16, 7.4 and 11.5 mg for P, F and Q, respectively). The equivalent
circuit used for fitting the impedance data.

CONCLUSIONS

The nature of the carbonaceous material and the structural properties determined by the presence of
defects or heteroatoms on the nanoporous carbons brings enhanced photocatalytic activity water
splitting. In this respect, the presence of defects and here the presence of heteroatoms like oxygen,
can entrap and stabilize holes or positive charges by electrostatic incorporation, while the graphene
like regions present in the nanoporous carbons can enhance the local electron density due to the
photogenerated electrons. In the light of the results, the F sample exhibits the highest oxygen content
which can have a huge impact on the entrapped holes on the carbonaceous material and therefore
on a lower recombination of the exciton and finally an enhanced photocurrent. On the other side, the
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photocurrent response shows an opposite behaviour for the P-C/Ti and Q-C/Ti electrodes, which
exhibit negative photocurrents in the potential bias between -800 and +200 mV; this behaviour could
be adscribed to a lower content of oxygen for the P sample and the highest Ip/lg ratios.
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INTRODUCTION

CO> methanation is the reaction in which carbon dioxide (CO,) reacts with hydrogen (H,) to form
methane (CH,4) (Sabatier, P., & Senderens, 1902). CO, is considered the main contributor to the
greenhouse effect, and CO, emissions have risen in recent years; therefore, CO, methanation
presents a great opportunity to combat CO, emissions by converting it into CHs with H, produced
using renewable energy. This reaction is the most energetically advantageous reaction to valorize
CO, as a carbon source regarding thermodynamics.

Several transition metals have been studied as catalysts for CO, methanation, and emphasis is given
to supported Ni catalysts owing to the optimal combination of activity, selectivity and cost.
Furthermore, it was proved that the used support can influence the activity and selectivity of the
catalysts, which implies that it can be an interesting toolbox for tailoring the performance of the
catalyst (Ashok et al., 2020).

Among the used supports, metal oxides are the prevalent ones; however, carbon materials have also
been studied, but in less extent. It has been reported that the presence of N-groups can enhance the
catalytic performance of carbon materials in this reaction, mainly for two reasons: it can improve the
Ni dispersion by providing binding sites for Ni stabilization, and it can improve the CO, adsorption
capacity (Godde et al., 2021).

Therefore, the main goal of this work was to develop new catalysts for CO, methanation, which
present higher activity at lower temperatures since there is the need to perform the reaction at low
temperature to improve the flexibility of the operation. N-doped multiwalled carbon nanotubes
(CNT) were prepared by a simple physical method and Ni-based catalysts (15 wt% Ni) were
synthesized, supported both on pristine carbon nanotubes (Ni/CNT) and N-doped CNT (Ni/CNT-N).
Their catalytic properties in methanation reaction were investigated and compared and the
materials were fully characterized in order to understand the reason for improving the catalytic
performance by N-doping the supporting material (Gongalves et al., 2022).

METHODOLOGY

Pristine and N-doped multiwalled CNT (Nanocyl-3100) were used as supporting materials for Ni
catalysts. The N-doping was performed by a simple method using ball milling, where CNT and
melamine (N-precursor) were co-ball milled in a closed pot for 4 h. After that, the mixture was
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annealed at 600 °C for 1 h under N; resulting in the N-doped CNT supporting material (CNT—N). Ni
catalysts supported on CNT and CNT—N were prepared by incipient wetness impregnation (IWI)
method and reduced under H, at 400 °C.

The resultant supports and catalysts, namely CNT, CNT-N, Ni/CNT and Ni/CNT-N were fully
characterized and the activity, selectivity, and stability of the catalysts in CO, methanation were
evaluated in a Microactivity XS15 system (PID Eng & Tech), using a fixed bed quartz reactor
(dint=1 cm). Each catalyst (100 mg) was pre-treated insitu under H, flow, and after that, a
temperature ramp was performed under reaction conditions (Q=100cm?3minY?,
CO;:H;:He=10:40:50, P=1bar,). The isothermal time on stream (TOS) experiments were
conducted under the same reaction conditions to evaluate the stability of the catalysts.

RESULTS AND DISCUSSION

The characterization of Ni/CNT and Ni/CNT—N demonstrated that both samples presented similar
textural properties (Table 1). However, the samples showed different surface area accounting for
metallic Ni, with Ni/CNT-N exhibiting a higher surface area of the metallic component.

TABLE 1: Textural Properties and Hz-chemisorption results of Ni/CNT and Ni/CNT—

N.
H
Seer dp Ve Vmicro chemiszobe d Metallic Ni surface
(m?’g?)  (nm) (em*g?) (cmig™) (umol g) area (m?get™)
Ni/CNT 213 3.2 0.378 =0.0 3.3 0.3
Ni/CNT-N 225 3.2 0.442 =0.0 14.1 1.1

Ni/CNT-N exhibited higher conversion (X) and selectivity to methane (Scws) at a lower temperature
than Ni/CNT during the CO, methanation reaction. This sample reached a maximum of X=81% and
Sca=99% at 400 °C, which is close to the thermodynamic equilibrium values (Figure 1a,b).
Furthermore, both samples presented high stability over 48 h with no apparent loss in conversion.
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FIGURE 1: CO; conversion (X) and CHs selectivity (Scus) at different temperatures
for Ni/CNT and Ni/CNT-N.
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It was observed by HR-STEM that in the case of the Ni/CNT—N catalyst, besides Ni NPs, atomically
dispersed Ni was also found dispersed over the surface of CNT-N, which were not observed in the
case of Ni/CNT. It is believed that N-doping provides more sites not only for CO, uptake but also for
Ni anchoring, leading to the formation of Ni single sites together with the Ni NPs, and thus increasing
the available surface area of the catalytically active metal, thus boosting the performance of the
catalyst.

CONCLUSIONS

Ni-based catalysts (15 wt% Ni) supported on CNT and N-doped CNT were synthesized with the aim to
develop active and selective catalysts. Their catalytic properties in methanation reaction were
investigated and compared, and it was concluded that Ni/CNT-N presented higher conversion and
selectivity to methane at a lower temperature than Ni/CNT, which could be attributed to the
formation of Ni single sites together with the Ni NPs on the surface of CNT-N, leading to an increase
in the available metallic surface area and boosting the performance of the catalyst and also to an
increase in the CO; adsorption capacity of the support.
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INTRODUCTION

Water pollution represents a problem of great magnitude due to its impact on the environment.
Among the most relevant anthropogenic pollutants are the emerging pollutants (EPs), which include
pharmaceuticals, personal care products, and agrochemicals. These substances have negative effects
on human health such as neurotoxicity, reproductive toxicity, metabolic interference, and antibiotic
resistance (Bachman, 2021). They are present in natural waters as well as in urban wastewater. The
removal of EPs requires advanced technologies that complement current treatment systems. Among
these is adsorption on activated carbons (Sotello, 2012). Recent research has focused on the
development of AC derived from cheap and abundant residual carbonaceous materials. Among these
materials highlights the pyrolytic char, a by-product of the pyrolysis of end of life-tires. The objective
of this study was to produce activated carbon from pyrolytic tire char and to evaluate its performance
in the adsorption of atrazine, caffeine, carbamazepine, sulfamethoxazole, and ibuprofen in agueous
single and multicomponent systems.

MATERIALS AND METHODS

Pyrolytic char was supplied by Arrigoni Ambiental SpA to be used as a precursor material for the
synthesis of tire-derived activated carbon (TAC). TAC was produced by physical activation (CO,,
1000°C, 2.5h) and characterized by BET surface area (N,, 77 K), FTIR, SEM, and point of zero charge pH
(pHpzc). Target EPs such as Atrazine (ATZ, 95%), Carbamazepine (CBZ, 98%), Caffeine (CAF, 99%),
Sulfamethoxazole (SMX, 98%) and Ibuprofen (IBU, 98%) were purchase from Sigma Aldrich and Acros
Organics. All the reagent used has analytical purity. Five stock solutions of 1000 mg L™ (ATZ, CBZ, CAF,
SMX, and IBU) were prepared in methanol. The working solutions of a single compound and mix were
obtained by diluting the stock solution with distilled water until a concentration of 5 mg L'’ The pH of
the solutions was controlled using phosphate buffer (1 mM) pH 7.2. Batch adsorption tests were
carried out in single and multi-component solutions (5 mg/l, pH 7, 168 hours, dosage: 10-190 mg/l).
In addition, kinetic tests were performed (pH 7, 10 hours, dosage 40 and 100 mg/l). The residual
concentrations of EPs were determined by High-Pressure Liquid Chromatography (HPLC).

RESULTS AND DISCUSSION

The specific surface area (BET), and micropore volume of TAC were 339 m’g? and 0.14 cm3g?,
respectively. FTIR spectrum indicates mainly the presence of acidic functional groups such as
carboxylic, hydroxyl, and aldehyde or ketone group and stretching vibration of CH; group. However,
pHpzc = 7.4 suggested that the TAC has amphoteric nature, allowing acidic and basic groups to co-exist
on the surface. Figures 1a, b shows the experimental adsorption data adjusted with the best model in
single and multicomponent systems, respectively. In single-component tests, the equilibrium
adsorption capacity varied between 74.40-49.29 mgg™, while in the multicomponent system, the
maximum adsorption capacity showed ranges between 43.08-12.80 mgg™®. In both systems the
maximum adsorption capacity order was ATZ>CBZ>CAF>SMX>IBU.
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FIGURE 1. Best model fits from (a) single solute system and (b) multipollutant system (pH: 7; initial
concentration: 5 mgL?; agitation speed: 130 rpm).

Figures 2a, b displays the rate of EPs adsorption in single and multicomponent systems, respectively
(Dosage: 100 mg/l). In both systems and for all compounds, the adsorption capacity increased rapidly
during the first hours, followed by a gradual rise. The removal percentage varied between 95.94-
63.30% and 52.72-10.87% in single and multipollutant systems, respectively.

FIGURE 2. Removal efficiency of (a) single solute system and (b) multipollutant system (contact time:
10 h; initial concentration: 5 mgL?, adsorbent dose: 0.1 gL™*

CONCLUSIONS

Through physical activation, a low-cost and environmentally friendly adsorbent based on tire pyrolytic
char was developed. The activated carbon displays a surface area of 339 m?g* and amphoteric nature
(pHpze = 7.4). The experimental results presented in this work showed the adsorption capacity of
adsorbent carbon to remove ATZ, CAF, CBZ, IBU, and SMX from aqueous solutions.
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INTRODUCTION

Carbon quantum dots (CQDs) are a new class of zero-dimensional nanomaterial that possess
photoluminescent features, with potential application on quantum dot-sensitized solar cells (QDSSC)
(Gao, 2020). The QDSSC provide a technically and economically feasible alternative to current
photovoltaic cells.

CQDs can be produced from different precursors and their characteristics strongly depend on the
synthesis conditions and purification process. For instance, it has been reported that the oxidation
degree of the CQDs has a significant effect in their photoluminescence features (Liu, 2017).
Furthermore, the purification of CQDs has also been reported as an important parameter that
influence the electron transport capacity and quantum yield of CQDs (Lu, 2014). Consequently, it is
necessary to understand and correlate their physicochemical and photoelectrochemical capabilities
to apply these materials.

Our research group has recently explored the synthesis of CQDs from a renewable carbon source
(orange peel) by a microwave assisted (MWA) hydrothermal method (Olmos-Moya, 2022). The use
of orange peel allows to reduce manufacturing costs and environmental impact; nevertheless, the
purification step is a challenge due to its heterogeneous composition. In this context, the objective
of this work is to investigate three purification methods for the preparation of CQDs from orange
peels.

METHODS

CQDs were prepared through a MWA hydrothermal synthesis; briefly, 100 mg of orange peel
powders were suspended in 15 mL of deionized water and placed in the microwave oven (Nanowave
400 Anton Paar GmbH) at 220 °C for 30 minutes, under stirring of 1000 rpm (maximum power 700
W). The obtained dispersion was filtered (Millex-GS, 0.22 um) to remove the large carbon particles.
The purification of the CQDs was performed by: i) extraction in CHCls as reported elsewhere (Zhu,
2021); ii) extraction with (CH3)>CO, and iii) pre-treatment of the orange peel in 1 M HCI solution. In
the former, the dispersion after the microwave treatment was sequentially filtered with
polyethersulfone membranes (0.1 um, 30 kDa, 10 kDa, 5 kDa). The filtrated solution was lyophilized,
and the resulting powder was dispersed in CH3;CH,0H, and centrifugated at 14000 rpm for 15
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minutes to recover the supernatant. All the purified-CQDs were further centrifuged at 3000 rpm and
60 °C to finally obtain CQDs in a powder form (Figure 1).

FIGURE 1: Methods of synthesis and purification of CQDs.

RESULTS

The characterization of the CQDs after the different purification processes demonstrated that the
extractions with CHCl; and (CHs3),CO are not enough effective to completely eliminate the organic
and inorganic remnant compounds. On the other hand, the third method allowed to obtain a
fluorescent nanomaterial, easily resuspended in polar solvents. The UV-VIS spectrum of this powder
(Figure 2C) shows a band at 280 nm, attributed to the m — " transitions; it also exhibited
fluorescence at around 430 nm, and an average hydrodynamic diameter of 2.5 nm (Figure 2D). The
Raman spectrum shows the characteristic D and G bands of carbon materials, located around 1349
and 1571 cm?, respectively (Io/ls of 0.89). FTIR characterization showed the presence bands
associated with -O-H, -N-H, -C=C, -C-H, -C-O, -C=0, -C-OH and -COOH functional groups.

FIGURE 2: CQDs obtained from the extraction with ethanol under visible (A) and UV (380 nm) light (B), UV-Vis
and photoluminescence spectra (C), and particle size analysis by Dynamic Light Scattering (D) of the as
obtained CQDs suspended in water

CONCLUSIONS

We have successfully developed a purification method for the preparation of photoluminescence of
CQDs from orange peels, consisting in a pre-treatment of the carbon precursor in acid conditions
before the hydrothermal transformation. The obtained CQDs showed interesting photoluminescent
features in the blue region, and a rich surface functionalization. The materials obtained are
candidates to obtain environmentally friendly CQD solar cells.
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INTRODUCTION

Petroleum pitch has been used as a low-cost carbon fiber precursor (Wei, 2022). Among fabrications
steps, thermal stabilization has a prime influence on carbon fiber's physical properties, at which
fundamental chemical changes occur in the precursor (Peng, 2021). However, these changes are
complex and poorly defined because the pitch is chemically heterogeneous (Jana, 2022). Therefore,
this study aims to monitor the stabilization by thermogravimetric analysis (TGA) and Fourier
transform infrared photoacoustic spectroscopy (FTIR/PAS).

MATERIALS AND METHODS

This study used a pitch with 90 vol% mesophase that had insoluble content in toluene and quinoline,
73.3% and 71.4%, respectively, and a 303 °C softening point. Multiple stabilization treatments were
monitored by thermogravimetric analysis equipment, using a mesophase petroleum pitch fiber of
54.1 + 1.5 um diameter. The stabilized filaments were characterized by FTIR/PAS spectroscopy. The
carbonization was under nitrogen at 3 °C/min to 1500 °C. Mechanicals and electrical properties were
determined by averaging 15 randomly chosen filaments following ASTM C1557 (4 mm gauge length)
and DC four-point probe method, respectively. The carbon fiber's surface morphology was observed
at SEM EVO-10 (Zeiss).

RESULTS
Experimental setup, carbon fibers' physical properties, and mass variation (Am) after stabilization
are displayed in Table 1.
TABLE 1: Carbon fiber physical properties and mass variation.
Temperature Heatingrate Residence time Tensile strength Modulus Electrical conductivity Am

Exp (°C) (°C/min) (min) (GPa) (GPa) (kS/m) (%)
1 300 05 300 1124009  70%5 147+ 27 6.5
2 300 1.0 180 099+0.07  67+6 135+ 15 6.3
3 300 15 300 098+0.10  65+2 133+4 6.3
4 300 05 60 087+0.11  61+6 11846 5.8
5 270 05 120 0.75+0.05 56+5 106+ 8 55
6 270 5.0 220 0.72+0.05 5546 104+ 9 53
7 300 15 60 062+008  50+4 9447 46
8 270 5.0 120 059+0.06  48+9 9049 41
9 270 25 120 049+0.07  45+7 85+6 36
10 350 10 60 0.47 +0.05 41+4 79+ 12 2.9
11 270 5.0 20 0.43+0.06 3746 75+ 10 2.0
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Figure 1 shows that carbon fiber's physical properties increase slightly with increasing mass variation
after stabilization, according to an exponentially increasing function, with a 0.99 coefficients of
determination.

FIGURE 1: Carbon fiber physical properties function as the percentage mass variation during the stabilization.

FTIR/PAS spectroscopy

Figure 2 shows normalized FTIR/PAS spectra of as-spun and stabilized fibers. Between 1800 — 1450
cm™ appears bands whose intensity increase as the mass variation increases, attributed to the
formation of conjugated and unconjugated carboxyls, confirming that the fiber structure underwent
a reticulation process. In addition, the 870 cm™ band becomes weaker than the 815 and 750 cm™
bands as the mass gain increases. This spectral pattern reveals that, among the aromatic hydrogens,
those isolated in the aromatic rings are the most oxidation susceptible.

FIGURE 2: FTIR/PAS spectra of original and different degrees of oxidized mesophase pitch fiber.
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Carbon fiber microstructure

Figure 3 shows the representative microstructure of experiments 1 and 7. The carbon fibers cross-
section from experiment 1, Figure 3a, presents a homogeneous microstructure along the entire
diameter. Thus, experiment 1 stabilization conditions turned the pitch fiber into an infusible
material, without causing structural damage, in concordance with its physical properties (Table 1). In
the micrographs from experiment 7, it is possible to correlate tensile strength reduction with voids
caused by volatilization during the carbonization process (Figure 3b), so this fiber was insufficiently
stabilized.

FIGURE 3: Carbon fibers cross-section.

CONCLUSIONS

The stabilization monitoring by thermogravimetry showed that a mass increase of around 6.5 % can
adequately stabilize a mesophase petroleum pitch fiber with a ~ 54 um diameter. In addition, the
mass variation from TG curves showed a good correlation with carbon fiber physical properties, with
a 0.99 coefficient of determination. With the association of TG curves, micrographs, and FTIR/PAS
spectra, it can be verified that the increase in mass during stabilization promotes oxygenated group
formation, specifically conjugated esters which transform pitch fiber into an infusible material.
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INTRODUCTION

Screening designs are used to identify the key factors that affect process variables and process
quality, to reduce the quantity of factors under study and the number of experimental runs. In
comparison to full — factorial designs, where investigators use all possible combinations of factor
levels, in screening designs it is assumed that not all factors are relatively important, but just few
factors control process quality. There are three types of screening designs that are typically used: 2-
Level fractional factorial, Plackett-Burman, and Definitive Screening Designs (DSD); of which DSD is
the only one that provides information about the second order terms (quadratic and 2-way
interactions), without further sequential experimental runs (Antony, 2003).

Bone char is a material obtained by the pyrolysis of bone residues, and it is commonly used in
adsorption in aqueous phase. Bone char’s adsorption capacity depends on its textural and
physicochemical properties, which in turn depend on the conditions used during pyrolysis process
(Azeem et al., 2022). The present work has the aim to show preliminary results of dependence of
bone char’s characteristics and properties, with pyrolysis conditions, by means of DSD analysis.

METHODOLOGY

Bone wastes were collected from a local butcher shop in Bogotd, Colombia. They were washed,
crushed, sieved, and dried previous thermal treatment. Bone char was prepared on a tubular
furnace Barnstead Thermolyne 21100, using a fixed gas rate flow of 200 mL.min*for all experimental
runs. A DSD was proposed to study the effect of five factors (A: Temperature, B: Time (dwelling), C:
Heating rate, D: Particle size, E: Atmosphere), each one with three levels, except for atmosphere
which has only two categorical levels. The effect of this factors was studied over different properties
of bone char such as carbon content, Ca/P ratio, BET surface area, pHpzc, and immersion enthalpy
(AHimm) in glyphosate solution. The DSD was composed by 14 runs and 2 central points, and it was
obtained and analysed using Minitab19® software.

BET surface area was calculated from the nitrogen physisorption isotherm at 77 K, that was
measured using the gas sorption analyser Quantachrome Autosorb 1Q2. Carbon, calcium, and
phosphorus content was determined by SEM-EDS analysis, performed on a TESCAN LYRA3 FIB-SEM
microscope equipped with a microanalysis system of EDS. Point of zero charge (pHpz) was
determined following the salt addition method with slight modifications. Finally, immersion enthalpy
was measured with a Calvet type microcalorimeter of local construction, using 200 mg of each bone
char and 10 mL of glyphosate solution of 100 ppm.
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RESULTS

In general, for most of the response variables the significant factors are temperature and
atmosphere. However, other factors such as particle size and dwelling time are significant for pHpzc
and Ca/P ratio respectively. Heating rate was the only factor that did not affect any of the studied
variables, so for future experiments this factor could be fixed in its higher value (5 K.min!), to spend
less time during the pyrolysis.
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FIGURE 1: A) Pareto chart for pHpzc, B) Response surface of pHezc vs Temperature vs Particle size, C) Pareto
chart for BET surface area and D) Interaction effects for BET surface area.

In FIGURE 1A the Pareto chart for pHpzc is shown. As it is evident the significant factors (p value <
0.05) for this property are temperature, atmosphere, and particle size. In addition, there are
quadratic terms that are also significant such as temperature? and particle size?. As it was
determined, there are quadratic terms that are significant, so the model includes these terms and let
us to build two response surfaces as presented in FIGURE 1B. The regression equation for this model
is the following

pHpzc = 24 — 0.0561A + 0.324D + 0.621E + 4.7 x 1075A% 4+ 0.515E? [1]

Response surfaces show that for both atmospheres, pHezc increases with temperature rising and
with particle size increment. It is relevant to highlight that the surface presents curvature due to the
presence of quadratic terms, that are significant in the model. These results described the behaviour
of pHpzc at the different pyrolysis conditions, showing that there is a minimum of pHpzc when
temperature is at 1023 K and particle size at the intermediate level (0). In contrast, the highest pHpzc
was found at the highest temperature (1123 K) and particle size (1). Finally, the effect of the
atmosphere over this property was that bone chars prepared in CO, are more acidic than the ones
prepared in N, (higher pHpzc value).
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On the other hand, in the FIGURE 1C, the Pareto chart for BET surface area shows that temperature
and atmosphere are the significant factors (p value < 0.05), as well as the 2-way interaction of these
factors. In the FIGURE 1D the interaction effect plots are presented, and it is evident that BET
surface area decreases with a temperature rising for both atmospheres, and that the mean value of
BET area is lower for the bone chars obtained under CO,. The interaction between these two factors
is observed in the slopes of the plot “Temperature*Atmosphere”, in which CO; line has a steeper
slope, indicating a stronger effect of temperature over BET area under this atmosphere. Similarly, in
the plot “Atmosphere*Temperature” it is noticeable that the slope of the line 1123 K is the highest
in comparison with the other two temperature lines. This means that at the highest temperature the
atmosphere effect is stronger than the effect at lower temperatures. The results and behaviour
obtained for BET surface area are very similar to those obtained for AHimm in glyphosate solution.
This implies that there is an interaction between glyphosate and bone chars’ surface, that depends
on the BET area as well as on the surface chemistry of the material; suggesting that bone char is a
potential adsorbent of glyphosate in aqueous solution.

The principal reason of the obtained behaviour is due to the thermal degradation reactions that are
promoted in both atmospheres (N, and CO.). Nitrogen is an inert atmosphere that allows
carbonization to take place, while CO, is a partially oxidative atmosphere which promotes
gasification reactions. In addition, a higher temperature results in loss of porosity which is directly
related to BET surface area (Rojas-Mayorga et al., 2013). In the case of pHezc its behaviour is related
to the surface functional groups present in bone chars. In this case, higher pyrolysis temperature
results in bone chars with lower content of oxygenated functional groups and therefore with higher
basicity.

CONCLUSIONS

A DSD is a powerful tool to study the dependence of the bone char properties on the pyrolysis
conditions. The advantage of this experimental design is the information that can be obtained with a
reduced number of runs, including principal effects, 2-way interaction effects and quadratic effects,
without performing other new experimental runs. In conclusion, the factors that are statistically
significant in most of the properties of bone chars are temperature and pyrolysis. In some cases,
particle size and dwelling time are significant; and in contrast, the heating rate has not a significant
effect in the bone char characteristics. This allows us to focus on the relevant process variables,
reducing time spend and economic cost.
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INTRODUCTION

The conventional picture of a carbon nanotube is an elongated tubular structure with circular cross-
section. However, this is not always the case, for example carbon nanotubes with a limited number
of walls (1-2) are forced to adopt non-circular cross-section upon the constraining effect of filling
material (Rybkovskiy 2022), and tubes with diameters much larger than usual and large interior
cavities can spontaneously flatten (Impellizzeri 2019). We demonstrate here that as well as these
examples, arc-discharge multi-walled carbon nanotubes actually have asymmetric buckling along
their axis due to thermal contraction after growth.

Thermal Contraction after synthesis causes MWCNTSs to buckle along their length

When multi-walled carbon nanotubes are grown by the electric arc process, the temperatures in the
growth zone are typically of the order 3000-3800K. At this temperature range we should expect
expansion of the carbon lattice as compared to room temperature. The in-plane coefficient of
thermal expansion of graphitic systems is almost zero (lattice variation from 300 to 3500°C is 7.10™
nm) but the out-of-plane coefficient is around 30.10%/K, and as a result this means that at electric
arc growth temperatures the equilibrium interlayer spacing is around 3.75 A (see Figure 1 left).
When growing layered graphite this layer spacing can then reduce as the material cools, reaching its
stable room temperature value of 3.335 A. However, when growing tubular structures, it is not
possible to reduce the tube diameter once it is synthesised, since this would involve loss of carbon
material. How then can multiwalled carbon nanotubes manage to adopt this interlayer shrinkage?

The answer appears to be that they buckle on one side of the tube, i.e. they no longer maintain a
fully circular cross-section. Localised buckling allows the rest of the tube to adopt the preferred
interlayer spacing and localises the excess material in a bulge along one side of the nanotube (Figure
1 top right). This can be seen in high-resolution transmission electron microscopy (HRTEM) images
of as-purchased nanotubes from both Mer Corp. and Sigma Aldrich, as variations in the interlayer
spacing in some tubes, but localised to only side of the tube. This local buckling creates a cavity
along the length of the tube, and we were able to demonstrate this by oxidising away the tube tips
and then filling the cavities with lodine. This can be clearly observed in both HRTEM and high-angle
annular dark field images, the lodine forming lines along one side only of the nanotube, between the
nanotube graphenic layers. Counting the layer numbers on both sides of the projected nanotube
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image confirms that lodine is intercalated rather than substitutional (Cefas Torres-Dias 2022). We
have confirmed and explained this intercalation behaviour with DFT calculations (Figure 1 bottom
right). Our full publication on this work is available open source at (Cefas Torres-Dias, 2022).

FIGURE 1: (Left) Coefficient of thermal expansion (CTE) for a range of graphenic materials (Original Image
taken from Kellett 1971, Modified image from Cefas Torres-Dias 2022). Nanotube growth temperatures are
marked, indicating likely interlayer spacing lattice expansion of around 12.5% during electric arc nanotube
synthesis as compared to room temperature spacing of 3.335A. (Top-right) Effect of van der Waals
interactions on concentric graphenes with spacing initially larger than equilibrium (Huang 2011).
(Bottom-right) lodine intercalation into off-centered axial buckles is thermodynamically stable and seen
experimentally (Cefas Torres-Dias 2022).
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INTRODUCTION

Hydrothermal carbonization (HTC) is a technology that transform wet biomass into biofuel under
moderate temperatures (180 — 250 °C), short residence times (5 — 120 min) and autogenous pressure.
The main product is a carbonaceous solid, called hydrochar (HC), with suitable properties to be used
as biofuel (Villamil et al., 2019). The main problem of some hydrochar to be used as biofuels lies in
their high N, S, and ash contents according to regulations (ISO/TS 17225-8, 2016). N and S, can release
NOyx, SOx during combustion and/or leading corrosion and fouling of boilers, especially in hydrochar
from sewage sludge, animal manure or microalgae (Brown et al., 2020), in contrast of the hydrochar
obtained from lignocellulosic biomass or biowaste (Zhang et al., 2017). Therefore, blending different
biomasses by hydrothermal co-carbonization (co-HTC) would be a good option to find synergy and
improve the fuel quality of individual materials. This study aims to explore the feasibility of producing
a high-quality hydrochar via co-HTC, blending livestock waste (poultry litter (PL) and swine manure
(SM)) with municipal waste (garden and park waste (GPW) and biowaste (BW)) to i) evaluate the
mixing ratio of each waste to optimize the hydrochar yield (Yxc), carbon content, higher heating value
(HHV) and energy yield (Eyicia); and ii) analyse the combustion behaviour of the obtained hydrochars.

MATERIALS AND METHODS

HTC tests were conducted (at 180 2C, 1h) in an electrically heated 4 L ZipperClave® pressure vessel
loaded with 1.5 kg of SM, PL, GPW or BW and in the case of co-HTC 1.2 kg of blended of the different
feedstock (SM:GPW, PL:GPW and PL:BW) at different ratios (3:1, 1:1 and 1:3, w:w). The biomass:water
ratio was kept at 20:80 for each test. The hydrochar from plain HTC were called as HC followed by
feedstock acronym (HC-SM, HC-PL, HC-GPW and HC-BW) and co-hydrochar (co-HC) from co-HTC
according to ratio blend (i.e., HC-SM3:GPW1 is the co-hydrochar from co-HTC of 75% of SM and 25%
of GPW w:w). Feedstock and hydrochar were evaluated according to standard ISO 17225-8 (HHV > 17
M kg%; volatile matter < 75%; N < 3%; S < 0.5 and ash < 20%) for industrial biofuel use.

RESULTS

Table 1 shows the energy and combustion characteristics of the feedstock and hydrochar in all the
runs carried out. The HTC process proved to be a suitable method to increase the carbon content (6 —
10 %) and HHV (5 — 12%) in resulted hydrochar compared to the feedstock. As expected, hydrochar
from livestock waste (HC-SM and HC-PL ) did not reach characteristics to be used as biofuel (ISO/TS
17225-8, 2016). In addition, their Yuc due to the high portion of high hydrolysable compounds such as
protein, fat, and carbohydrate were low. As also expected, hydrochar from GPW and BW showed
suitable characteristics for its use at industrial level fulfilling all the requirements of ISO standard and
with larger Yuc and Eyiele. Co-HTC of livestock waste with municipal waste (SM-GPW, PL-GPW and PL-
BW) resulted in hydrochar with suitable fuel characteristics, being the mixing containing > 50 wt.% of
GPW or BW which showed the best increment in C content 20 — 40%, HHV (> 17 MJ kg?) as well as
minimal N, S, and ash content. Therefore, Co-HC fulfil the ISO standard requirements, allowing the use
of these HC without any restrictions with the exception of HC-PL3:GPW1 and HC-PL3:BW1 due to N >
3%.
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Table 1. Energy characteristics and combustion properties of the feedstock and hydrochars

C N S Yhe HHV Eyew VM  Ash sl El Ea CCl-107

(%) (%) (%) (%) (Mikg?) (%) (%) (%) (kimol?)  (min2°C?)
SM 353 24 0.7 - 141 - 60.0 243 83.7 505.2 80.6 9.2
PL 386 3.5 0.8 = 15.5 = 746 185 352 1294 58.6 4.8
GPW 469 0.9 0.4 - 19.7 - 765 5.1 4.7 20.7 61.6 7.8
BW 409 1.7 0.2 = 17.0 = 763 186 4.4 21.3 56.6 4.5
HC-SM 373 19 0.7 544 15.5 585 539 316 110 543 67.8 6.2
HC-PL 428 4.0 0.6 64.5 17.4 727 753 17.0 56.5 311.7 62.3 6.3
HC-GPW 498 1.3 0.2 87.0 20.7 914 671 33 331 812 62.3 7.8
HC-BW 445 2.3 0.2 84.0 18.6 92.0 0.0 123 314 1386 64.6 6.4
HC-SM3-GPW1 433 1.8 03 475 17.9 57.0 673 211 251 161 60.6 9.2
HC-SM1-GPW1 450 1.8 03 517 19.5 59.7 648 191 193 181 56.5 8.5
HC-SM1-GPW3  48.2 23 0.2 717 19.9 756 709 120 16 9.4 58.1 10.1
HC-PL3:GPW1 46.2 4.0 03 73.0 19.0 794 753 158 0.9 6.4 62.3 8.3
HC-PL1:GPW1 479 3.0 0.2 765 19.2 833 728 113 52 233 64.5 8.1
HC-PL1:GPW3 48.0 2.4 0.2 775 19.5 838 714 7.9 2.6 27.8 68.6 8.5
HC-PL3:BW1 42,7 3.9 0.3 68.0 17.2 73.4 707 124 95 9.1 61.3 8.2
HC-PL1:BW1 436 2.8 0.2 73.0 17.8 784 731 89 0.7 0.7 63.7 8.0
HC-PL1:BW3 445 2.3 02 725 18.6 777 762 49 0.2 0.2 65.8 7.6

Fouling index (FI) and slagging index (SI) are related to rapid ash agglomeration, formation of eutectic
mixtures that melt with the boiler walls and corrosion as well as energy losses during the combustion
(Brown et al., 2020). Hydrochar obtained by plain HTC decreased Fl and Sl compared to raw SM and
PL, although not enough to avoid the above problems. Co-HC (HC-SM:GPW, HC-PL-GPW and HC-
PL:BW) reduced both indexes to values considered low and medium propensity. The combustion
behaviour showed a minimal variation in energy activation however, the combustibility index showed
a gradual increment which shows that co-HCs are more stable materials in combustion than plain HC.

CONCLUSIONS

The HTC of SM and PL showed slightly improves in the energy characteristics, but not enough to fulfil
the I1SO standard to be used as biofuel due to their high N, S, and ash content. Moreover, these
materials could cause several drawbacks during combustion. Co-HTC improved the energy
characteristics and combustion properties compared with plain hydrochar with higher energy
densification, fulfilling the 1SO standard. Also showed lower ash agglomeration propensity and better
combustion behaviour, proving that blending biomass waste with poor characteristics as livestock
waste with a more noble biomass as municipal waste can improve the obtained hydrochar, achieving
strong synergies to produce more environmentally friendly biofuels.
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INTRODUCTION

The need to replace combustion engines has led to the development of promising new technologies
like fuel cells and electrolysers that require the use of electrocatalytic materials and in which carbon
nanomaterials play an essential role (Dai et al., 2012). Graphene is a carbon nanomaterial which has
remarkable properties, for this reason its study has grown exponentially. The development of
scalable methods to produce large, processable amounts of high-quality graphene-based materials is
essential to bridge the gap between laboratory study and commercial applications (Najafabadi &
Gyenge, 2015). The production of graphene-based materials by electrochemical exfoliation of
graphite is a simple, cost-effective and environmentally friendly method for the large-scale
production of high-quality graphene (Abdelkader et al., 2015). The oxygen reduction reaction (ORR)
is a fundamental process in electrochemistry and its slow kinetics is undoubtedly one of the main
drawbacks for the large-scale commercialization of fuel cell technology. Then, the development of
electrocatalysts for ORR is of great importance and constitutes a central issue in the sustainable
energy and environmental scenario(Shao et al., 2016).

In this study, we propose the use of a high-quality graphene-based material synthesized by
electrochemical method, through cathodic expansion, as a support of Pt nanoparticles. These
nanoparticles have been incorporated by a simple and straightforward one-step stirring method. The
electrocatalyst obtained consists of nanometre size Pt nanoparticles well distributed in the
graphene-based material with an excellent catalytic activity to ORR compared to a commercial
catalyst.

EXPERIMENTAL

The synthesis of graphene-based material was performed by cathodic expansion of graphite sheets,
after an initial immersion in H,SO4 (95-98%). The immersion time was between 0 and 72 h. Then, the
obtained material was subjected to an electrochemical expansion step during 1 h, and two voltages
(i.e., 10 and 15 V) were studied. For the electrochemical treatment, a graphite sheet was used as
cathode and a platinized titanium mesh as anode and 0.1 M K;SO, solution was used as electrolyte.
After the electrochemical treatment, sonication and centrifugation stages were carried out. The
incorporation of Pt nanoparticles has been performed on selected graphene-based material
dispersions using a specific volume of 3 mM H;(PtCls).6H,0 as Pt precursor to achieve a final metal
content of 10 wt. %. The samples were characterized by physicochemical and electrochemical
techniques.
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RESULTS AND DISCUSSION

The optimum conditions to reach the higher concentration are: 50 h in the immersion time; after
that, using 15 V at the electrochemical expansion and three sonication and centrifugation steps.
With these conditions of synthesis, the morphology of the materials corresponds to few-layer
graphene material. The dimensions of the layer are between 1 to 10 um. Carbon content of the
graphene-based material higher than 97 wt.% and oxygen content below 2 wt.%. By Raman
spectroscopy the structural quality of the graphene-based material was analysed, the results
corroborate that the cathodic expansion produces a material with low presence of oxygen groups
and the number in the synthesised materials is 2 or 3 layers.

Furthermore, the incorporation of Pt by stirring method without the addition of reducing agent was
the best way to produce a Pt/Graphene-based material with an average particle size of 1 nm and
with an excellent distribution. The carbon material itself facilitates the reduction of the Pt precursor
to Pt°. Moreover, the desired amount of Pt was reached by this method (10 wt.%).

Figure 1 shows the results for the graphene-based electrocatalyst in alkaline and acid media for ORR.
In which the material with the highest electrocatalytic activity is the one obtained by incorporating
Pt during stirring and without reducing agent (Gr-5/Pt-S) which achieve a limiting current density
and onset potential similar to that of the commercial Pt/C catalyst. But using only half of wight of
platinum.
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FIGURE 1: Linear sweep voltammograms obtained with the rotating disc electrode for the graphene-based
samples in a) 0.1 M KOH, b) 0.5 M H2SOa. Saturated with 02 at 1600 rpm.

CONCLUSIONS

Graphene-based materials were synthesized by electrochemical exfoliation method (cathodic
expansion), obtaining few layer graphene dispersions with a low oxidation degree. The optimal
experimental conditions to obtain the highest concentration without altering the properties were
stablished. For the synthesis of the Pt electrocatalysts for ORR, the study of the incorporation of
platinum was done in each of the steps of the FLG synthesis. The incorporation of platinum in the
FLG dispersion with stirring and without using any reducing and protecting agents, produced a
10wt.% Pt catalyst with an average particle size of 1nm and with an excellent distribution on the
graphene-based material support. The easiness of the synthesis is determined by the presence of
the graphene-based material that acts as both reducing and protecting agent.

Finally, this electrocatalyst has an excellent behaviour in both acid and alkaline medium, with high
onset potential and excellent limit current density for the ORR, which significantly improves the
commercial Pt/C material that contains a 20 wt.% of Pt.
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INTRODUCTION

The so called "co-intercalation" process, where the charge carrying ions are intercalated together
with the solvation shell comes along with various favorable features such as a high reversibility, high
coulombic efficiency and especially an excellent rate capability — caused by the absence of the
desolvation step (Jache, 2014).

FIGURE 1: Na*(diglyme). complex intercalated into graphite (I.) and potential profile for the
de-/sodiation in the co-intercalation process (r.).

The material behavior of this system has already been thoroughly investigated for different
carbonaceous electrodes (e.g., graphite, hard carbon) with x-ray diffraction (XRD), scanning electron
microscopy (SEM) and dilatometry by this group in the past. These examinations showed a huge
expansion in the case of graphite that leads to exfoliation without delamination (Goktas, 2018).

Though this process has been investigated a lot in the past, a thorough electrochemical analysis is
still missing. By doing supportive electrochemical measurements (electrochemical impedance
spectroscopy (EIS) and galvanostatic intermittent titration (GITT)) we could deconvolute the
contributions of several features of this system to the outstanding performance measured.
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METHOD

The kinetical properties were in a first step determined, measuring impedance spectroscopy. The
results were evaluated by utilizing a transmission line model (TLM). The application of a TLM is
especially suited to describe the behavior of porous electrodes.

| l
>y

pore pore

(1) inner resistance, (ll) resistive film
(111) pore resistance

FIGURE 2: Equivalent circuit of the applied transmission line model (l.) and Nyquist-diagram
with attributed signals in blocking condition (r.).

EXPERIMENTAL

Several properties of the examined system can be deducted if the contributions of the single kinetic
processes to the impedance spectrum are attributed carefully by varying influencing parameters in
the setup (electrolyte/electrode).

With this approach and by varying the setup regarding the electrolyte composition of the electrode,
the role of resistive feature that might be attributed to a resistive film (SEl) and the effect of the
volume expansion of the graphite lattice on the kinetics could be deciphered by determining the
changes of the pore resistance, the interfacial resistance, and the charge-transfer.

To study how the variation of the electrolyte composition effects the kinetics, additives like
Fluoroethylene carbonate (FEC) have been added to a diglyme based electrolyte in various amounts
to form an SEI. FEC precycled samples were subsequently harvested and cycled in a pure glyme
based setup to show the reversibility of this resistive feature.

CONCLUSION

The unique properties of the co-intercalation process and the deconvolution of the effects in the
experimental setup enabled a detailed attribution of various frequency dependent impedance
signals to single kinetical processes.

By varying the composition of the electrolyte an artificial resistive film could be established under
the addition of FEC, leading to blocking behavior. Cycling experiments in a pure glyme based setup
showed the reversibility of this feature while undergoing a co-intercalation process.

208



Acknowledgements

Project supported by the European Research Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement no. 864698, SEED)

References

Jache, B., & Adelhelm, P. (2014). Use of graphite as a highly reversible electrode with superior cycle life for
sodium-ion batteries by making use of co-intercalation phenomena. Angewandte Chemie International
Edition, 53(38), 10169-10173. https://doi.org/10.1002/anie.201403734

Goktas, M., Bolli, C., Berg, E. J., Novak, P., Pollok, K., Langenhorst, F., Roeder, M. v., Lenchuk, O., Mollenhauer,
D., & Adelhelm, P. (2018). Graphite as co-intercalation electrode for sodium-ion batteries: Electrode
dynamics and the missing solid electrolyte interphase (SEl). Advanced Energy Materials, 8(16), 1702724.
https://doi.org/10.1002/aenm.201702724

209



Mechanism of Alignment Enhancement of CNT Fibres by AC Electric Fields

Philipp A. Kloza and James A. Elliott
Department of Materials Science & Metallurgy, University of Cambridge, 27 Charles Babbage Road,
Cambridge, UK, CB3 OFS
Email: pak37@cam.ac.uk

Keywords
carbon nanotubes, alignment, FCCVD

INTRODUCTION

The large-scale production of highly aligned carbon nanotubes (CNTs) represents a desirable
research goal due to their exceptional electrical and mechanical properties in the alignment
direction. Here, we focus on aligning CNTs with AC electric fields in situ during synthesis using the
floating catalyst vapour deposition (FCCVD) method; a scalable and continuous manufacturing
technique (Li, Kinloch and Windle, 2004).

Experiments show that freely suspended CNTs can be substantially aligned using AC electric fields in
the radio frequency regime (Zhou et al., 2006). However, so far, no theoretical explanation for the
observed higher efficacy of alignment using alternating current (AC) electric fields compared to using
direct current (DC) fields has been given in the literature. We propose that axial currents generated
by the AC field, together with the subsequently induced magnetic fields, are mainly responsible for
the observed increase in the CNT alignment.

Z-PINCH STIFFENING

Mechanism

Here, we describe the "z-pinch" effect which arises from Lorentz forces due to electromagnetic
interactions in a CNT exposed to an external electric AC field. Modelling of the current-carrying
modes within a single-walled CNT (SWCNT) suggests that substantial current is achieved for radio
frequency AC fields (Burke, 2002).

This axial electric current then induces a circumferential magnetic field in the CNT. In turn, the
current experiences a Lorentz force due to the magnetic field which can be modelled as a pressure

acting on the wall of the CNT. The name z-pinch refers to this "pinching" of the CNT about its z-axis.
An illustration of the z-pinch effect is shown in Figure 1.

FIGURE 1: SWCNT with axial current (orange) and induced magnetic field (blue).
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By considering a curved CNT with a constant Lorentz pressure acting on its surface, one can show
that the z-pinch effect leads to a restoring force acting against the curvature, effectively stiffening
the CNT, and thus facilitating alignment.

Theoretical Model

Our mathematical model of a freely suspended individual CNT in an AC electric field extends the
worme-like chain (WLC) model for one-dimensional macromolecules. The model further extends our
previous work on DC field alignment (Kloza and Elliott, 2020) to account for the z-pinch effect. The
CNT is modelled as a one-dimensional curve parametrised in terms of the contour length s. We show
that the free energy of the system is a functional of the tangent vector £(s) and is given by:

FIE(s)] = [ ds [ (‘“(”) RIGOX E)] Lol [ (245 8(0) - £(s) + J}, ds ) - E)] 1)

The functional accounts for bending, polarsiation and z-pinch stiffening of the CNT via the first,
second and final two terms of the functional, respectively. In the functional, a, L and A stand for the
bending stiffness, the length and cross-sectional area of the CNT, respectively, and | is the electric
current inside the CNT. Appropriate averages can be calculated by employing a harmonic
approximation to the functional and using standard methods from Gaussian statistical field theory
(Landau and Lifshitz, 1980).

RESULTS
The main measure for alignment used in our study is the two-dimensional (Chebyshev) order
parameter which can be readily measured in experiments using SEM imaging:

Tz = Z(COS GZD) - 1. [2]

FIGURE 2: Electric field strength necessary to reach T, = 0.5 versus CNT length for SWCNT bundles (a) and
MW(CNTs (b). Solid and dashed lines show values with and without z-pinch, respectively.

For bundles of SWCNTs and individual multi-walled CNTs (MWCNTSs), we calculated the electric field
strength necessary to reach an order parameter T, = 0.5 which indicates substantial alignment. The
results in Figure 2 show that without the z-pinch effect, the CNTs transition from rigid to elastic
behaviour once they reach a critical length. Once the behaviour becomes elastic, an increase in
length does not lead to an increase in coupling to the electric field. When z-pinch stiffening is
considered, the transition from rigid to elastic behaviour is removed, thus reducing the electric field
strength necessary for alignment by over an order of magnitude for CNTs with lengths exceeding
300 um. This indicates that AC-field-induced z-pinch stiffening is a key factor in facilitating electric
field alignment of CNTs and explains the improved performance of AC versus DC field alignment.

211



Acknowledgements

P.A. Kloza gratefully acknowledges the Cambridge Commonwealth, European & International Trust and the
Engineering and Physical Sciences Research Council (EPSRC) for funding to conduct this research under
auspices of the Centre for Doctoral Training in Computational Methods for Materials Science, EP/L015552/1.

References

Burke, P. (2002), ‘Luttinger liquid theory as a model of the gigahertz electrical properties of carbon nanotubes’,
IEEE Transactions on Nanotechnology 1(3), 129-144. https://doi.org/10.1109/TNAN0.2002.806823

Kloza, P. A. & Elliott, J. A. (2020), ‘Freely suspended semiflexible chains in a strong aligning field: Simple closed-
form solutions for the small-angle approximation’, Macromolecular Theory and Simulations 29(6),
2000049. https://doi.org/10.1002/mats.202000049

Landau, L. & Lifshitz, E. (1980), Statistical Physics, third edn, Butterworth-Heinemann, Oxford, UK. ISBN 978-0-
08-057046-4.

Li, Y.-L., Kinloch, I. A. & Windle, A. H. (2004), ‘Direct spinning of carbon nanotube fibres from chemical vapor
deposition synthesis’, Science 304(5668), 276—278. https://doi.org/10.1126/science.1094982

Zhou, Z., Wan, D., Dou, X., Song, L., Zhou, W. & Xie, S. (2006), ‘Postgrowth alignment of SWCNTSs by an electric
field’, Carbon 44(1), 170-173. https://doi.org/10.1016/j.carbon.2005.08.015

212


https://doi.org/10.1109/TNANO.2002.806823
https://doi.org/10.1002/mats.202000049
https://doi.org/10.1126/science.1094982
https://doi.org/10.1016/j.carbon.2005.08.015

Ultra-permeable graphene-zeolite membranes for hydrogen separation

Radovan Kukobat,> Motomu Sakai,>* Hideki Tanaka,® Hayato Otsuka,*
Masahiko Matsukata,®* Takuya Hayashi® and Katsumi Kaneko*!

1Research Initiative for Supra-Materials, Shinshu University, Nagano 380-8553,
Japan
2Center for Biomedical Research, Faculty of Medicine, University of Banja
Luka, Bosnia and Herzegovina
3 School of Advanced Science and Engineering, Waseda University, Tokyo, JAPAN
“Research Organization for Nano and Life Innovation, Waseda University,
Tokyo, Japan
>Department of Electrical Engineering, Shinshu University, Nagano, Japan

e-mail for corrrespondence: kkaneko@shinshu-u.ac.jp

KEYWORDS Colloidal graphene, membrane, hydrogen separation

INTRODUCTION

H, is a significant industrial target for clean energy generation and intensive CO; reduction. and
it is mainly produced through steam reforming of natural gas. The energy-saving recovery of H,
from refinery streams containing H,, CHi, and light hydrocarbons is ultimately aimed at
consistently reducing CO, emissions. The recovery of H, from refinery gases via membrane
separation is more favorable than distillation with regard to energy consumption and reduction
of CO, emissions. In particular, thermally stable membranes are preferred for an energy-saving
process for H, separation. The efficient separation of H> from CHjy and light hydrocarbons
for clean energy applications remains a technical challenge in membrane science.
RESULTS AND DISCUSSION

To address this issue, we prepared a graphene-wrapped MFI (G-MFI) molecular-sieving
membrane. Figure 1(a) shows the SEM and TEM images of G-MFI. The SEM image clearly
shows that zeolite crystals are wrapped with graphenes and the graphene-wrapped
zeolite particles are associated with each other. Then, the graphene-wrapped zeolite
membrane has no cracks to show the excellent sieving properties. Also Figure 1 (b)
shows the structure of graphene wrapping zeolite crystal. We can observe many

nanowindows? whose size is in the range of 0.5 nm to 2.5 nm; H> and CH4 molecules can
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permeate freely through the nanowindows. Figure 2 shows the Robeson plot for
H2/CHa. Thisindicates explicitly that the graphene-wrapped zeolite membrane induces
the ultrafast separation of H, from CH4 at a permeability reaching 5.8 x 108 barrers at a
single gas selectivity of 245 and mixed gas selectivity of 50. Our results set a new upper
bound for H separation?. There are interfacial spaces between colloidal graphene and
zeolite crystal surfaces whose width is less than 0.4 nm, which can separate quite
efficiently H, from CHs. Molecular dynamics simulation studies supported this novel
separation mechanism using a simplified model that a zeolite rod was coated with single
wall carbon nanotube having the nanoscale entrance and exit; the permeation
depended on the crystal face of zeolite. The zeolite crystals wrapped with graphenes
form an aggregated porous membrane

without leakage. The porous structure

induces unusually high permeance for H;

with keeping high selectivity, as

described above. Here, colloidal

graphenes used for wrapping zeolite

crystals have nanowindows? of about 1

nm in size which was evaluated by

analysis of high-resolution transmission  Fis 1. Robeson plot of G/MFI for Hy/CHa
electron microscopic images.

Consequently, gas molecules such as H, can permeate freely the nanowindows to move
to the interfacial spaces between the graphene and zeolite crystal face, where highly
selective permeation of H, occurs®. This graphene-wrapped fine-crystal membranes

exhibit excellent separation characteristics for CO2/CHg as well as Ha/CHg. ?

This work was supported by JST-CREST “Creation of Innovative Functional Materials with

Advanced Properties by Hyper-nanospace Design” and Kotobuki Holdings Co.
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INTRODUCTION
Carrageenan is a natural polysaccharide extracted from a red seaweed species (Rhodophyceae) with
water or aqueous alkali. Regarding its chemical structure (Figure 1), carrageenan is a sulfated
polygalactan with a content of 25% - 30% ester-sulfate groups. The sugar units in the chemical
structure, sulfur content and the associated sodium, potassium, and/or calcium cations jointly
determine the properties of the carrageenan and the carbon materials derived from it (Michel et al,
1997). N atoms incorporated into high surface area carbon materials significantly increase their
catalytic and electrocatalytic activity (Voitko et
al, 2015). The synergistic effect of heteroatom
doping, induction of defects and well-
developed porous structure have proved
effective to enhance the physical chemical
properties of carbon materials and increasing
their potential for environmental related
FIGURE 1. Red seaweed and i-carrageenan chain unit ~ applications such as electrocatalysis or biogas
separation. In our work, the intrinsic sulfur
content of carrageenan works as S dopant while the inorganic mineral content simultaneously serves
as template and activation agent. N doping is achieved by adding urea in the synthesis process. The
formation of defects results from the thermal treatment given to the materials.
Our aim is to produce a metal-free porous carbon and to reveal its potential as electrode in oxygen
reduction reaction (ORR) or as adsorbent in biogas upgrading (separation of CO, from CH,) (Andrade
et al, 2021). To achieve the best performance the electric and thermal conductivity of the carbons
graphene oxide (GO) was added in the reaction mixture. GO incorporated into the porous polymer
framework could be reduced under thermal treatment and converted to graphene like layers, which
might enhance the physical-chemical properties of the porous carbon and enhance its performance
in the above-mentioned applications.
MATERIALS AND METHODS
Graphene oxide doped N, S containing carbon cryogels were synthesized following the method of Li
et al. (2018) with the addition of aqueous GO suspension early in the process followed by urea as N

215


mailto:laszlo.krisztina@vbk.bme.hu

source and carrageenan in a mass ratio of 1:1. The GO content varied in the 50 - 200 mg/4 g
precursor mixture range. The annealed carbons were labeled as CA, CAGO50, CAGO100, CAG0O200
according to the amount of GO added. Nitrogen adsorption measurements (77 K) were performed to
study the morphology of the samples. CO; and CH4 adsorption was measured at 273 K. The surface
chemistry was studied by X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The
electrocatalytic activity of the carbons was tested in ORR in alkaline media. The biogas separation
performance was estimated from the single gas adsorption isotherms according to the Ideal
Adsorbed Solution Theory (IAST).
RESULTS AND DISCUSSION
N, adsorption isotherms (Fig. 1) showed GO has a benign effect on the adsorption properties. There
was a significant enhancement of surface area and almost doubled the pore volume seen by N,
adsorption, but only up to 100 mg GO used, 200 mg caused a negative effect. The pore size
distribution functions showed that the more significant
development of the porosity occurs in the lower mesopore
region for all samples. On the other hand, pore size
distribution functions from CO, adsorption data revealed the
ultra-microporous content in all samples. These ultra-
micropores are relevant because they have been reported as
beneficial in ORR (de Falco et al, 2021; Bandosz, 2022). XPS
results revealed that the heteroatom content in all samples
is around 10 %, and that the O/C and N/C ratios
systematically change with the GO added. Data from Raman
spectroscopy confirmed that the addition of GO enhances
the formation of defects in the carbon framework.
Each carbon was tested as electrode in ORR. The Koutecky-
FIGURE 1 N; adsorption/desorption Levich plots revealed that the undoped CA and CAGO50
isotherms carbons seem to follow the 4 e mechanism. The
combination of hierarchical porous structure, the ultra-
micropores, heteroatoms content and the enhanced number of defects may be responsible for the
better performance of CA and CAGO50 in ORR. All samples adsorb CO, better than CH,4 along the
whole pressure range. The more significant difference in the selectivity values occurs in the low-
pressure range. Samples CA and CAGO100 showed the highest selectivity and have the best
potential for biogas upgrading.
CONCLUSIONS
GO doped N,S containing highly porous carbons were successfully synthesized with the addition of
GO affecting both the morphology and surface chemistry of the carbons depending on the amount
of GO added. CA and CAGO50 showed the best performance in ORR and might follow the 4 e
mechanism. All carbon samples adsorb CO; better than CH,4 being CA and CAGO100 the ones with
the highest selectivity especially at low pressure.
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INTRODUCTION

Graphene oxide (GO) has been widely used as a precursor to prepare chemically converted
graphene, but recently, it has gained its own recognition, as its application is continuously
increasing. Much of the processing of GO based devices occurs in dispersed form, which explains the
commercialization of its suspensions. Aging of these suspensions can, however, affect the shelf life
and thus their application potential. Here in we investigate 10 mg/mL aqueous GO suspensions over
a two-year time scale. To reveal the change of microstructure of GO suspensions, the rheological
behavior of the suspensions was followed in oscillatory and transient shear measurements. The
dynamic moduli and the viscosity increased with age, particularly within the first year. Raman
spectroscopic results reveal that the change in the rheological behaviors with age results from a slow
oxidation process occurring in the highly acidic aqueous medium during the relatively long-term
storage. The (over)oxidized layers may peel off spontaneously or with high shear stress, resulting in
enhancement of the viscosity (Gyarmati et al, 2022).

MATERIALS AND METHODS

Graphene oxide (GO) was obtained from natural graphite following an “improved” Hummers’
method (Hummers, 1958; Marcano, 2010). Three 10 mg/mL of aqueous GO suspensions were
produced with 1 year time gap and stored in sealed amber bottles at 25 °C, avoiding agitation.
Samples are distinguished as 0y, 1 y and 2 y. Rheological studies were performed using 25 mm-
diameter parallel plate geometry with a measuring gap of 300 um and at 25 + 0.01 °C. Raman
spectra of the GO suspensions were evaluated in the range of 800-3000 cm™.

RESULTS AND DISCUSSION

GO in liquid media develops a microstructure (isotropic fluid, glass, gel and liquid-crystalline states)
influenced also by the concentration of GO. In our system GO concentration is above the percolation
threshold, i.e., where the sheets start to touch each other. The microstructure of a concentrated
suspension may evolve over time, therefore, various rheological methods were applied to follow the
change in this microstructure. This paper discusses the results of the oscillatory and transient
measurements. The former method gives information about the storage modulus (G' represents the
elastic response of the material), and the loss modulus (G" describes the viscous character). While
transient ones are related to the recovery of the material. We found that the long-term storage of
the aqueous GO suspensions strengthens the 3D structure and a possibly alters the GO flakes.

To reveal the potential changes of the platelets themselves during long-term storage, the three
batches were also studied by Raman spectroscopy. The first order region of the spectra of all GO
samples contains the D (defect band) and G bands (vibrations of the sp? building blocks) beside the
D' (disordered graphitic lattices) and the D" (amorphous phases) bands. Whereas the second order

218


mailto:laszlo.krisztina@vbk.bme.hu

region consists of the 2D (structural order) and the combined G* band. The intensity / ratio of the D
and G bands is widely used to follow the defects while that for the 2D and G bands is related to the
number of layers. The systematic increase of the intensity ratios Ip/ls and the I/l implies an
increase of the defects and decrease of the number of layers, respectively. This suggests a slow
oxidation process of the most upper GO layers making them more vulnerable to be peeled off.
During the long-term storage, the dissolved oxygen present in the intrinsically acidic medium can act
as oxidizing agent, as corroborated by X-ray photoelectron spectroscopy (XPS). The shearing off was
confirmed by powder XRD.

CONCLUSIONS

The rheological measurements of the aged
samples suggests a microstructural change.
A very fast relaxation was confirmed by the
plateau viscosity, that was reached within a
short time. At low shear rates (<100 s™3)
(Figure 1, upper panel), the structure can be
recovered. An irreversible increase of the
viscosity was observed at high shear rates
(21000 s!) (Figure 1, lower panel) that
suggest a microstructural change that is
related to a process in which the highly
oxidized external GO sheets are peeled off
from the flakes. As a consequence new
surfaces are born that adsorb water from
the bulk phase, resulting in an increase in viscosity. The aged samples display a microstructural
change, similar to that under high-shear load. The results of the complementary Raman
spectroscopy indicate that the alteration in the rheological behavior is the result of a slow oxidation
process that occurs in the highly acidic agueous medium during long-term storage and leads to
spontaneous peeling of the external sheets from the flakes. The oxidation process was confirmed
XPS analysis.

FIGURE 1 Proposed mechanism of the microstructural
changes
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Introduction

lonic liquids (ILs) are being investigated as solvents in CO; capture and there are a
large number of ILs analyzed for this purpose [1]. An important factor in CO; capture
with ILs is the kinetic one. ILs generally present a high viscosity compared to traditional
organic solvents. Available data indicate that CO; absorption phenomena are mainly
controlled by mass transfer, increasing in the case of chemical absorption, where the
reaction products increase the viscosity of the medium. In this context, encapsulated
ionic liquids (ENIL) [2], are presented, which consist of carbon microcapsules (particle
diameter around 800 nm) with a porous shell and a hollow core filled with IL, in
quantities even above 80 % by mass.

Experimental procedure

In the present work, 6 ILs were used, and they were introduced into porous carbon
capsules, which were prepared as in previous works of the group [3]. These absorbent
materials were used in CO; capture. First, experiments were carried out with 2 grams of
ENIL to treat a continuous stream through the fixed bed composed of a mixture of
different concentrations of CO2/CHa4/N3, with a constant flow rate of 16 NmL/min, at
309C and 1 bar of total pressure. CO; solubility measurements (Wcoz2, molcoz/kgeniL) were
also obtained with the different ENIL in a high-pressure sorption gravimetric analyzer
(ISOSORP GAS LP-flow, Rubotherm).

Results

The thermodynamic (equilibrium) behavior of the 6 ENIL materials in CO; capture was
tested by gravimetric measurements and fixed-bed experiments. The CO; chemical
absorption isotherms were obtained for the ENIL materials from 0.03 to 1 bar CO; partial
pressure at 302C (Figure 1). These comparisons allow us to validate both methodologies,
with fixed-bed column results obtained up to 0.4 bar of CO; partial pressure and from
0.3 to 1 bar for gravimetric measurements. The capture of CO; in this operating range is
due to the chemical capture of CO; by each IL. Analyzing the nature of the ILs, it can be
verified that those based on acetate present the highest capture of CO,, reaching a
solubility of 1 mol/kg, followed by those based on cyanopyrrole anion (solubility in CO>
of 0.6 mol/kg) and finally, the amino acid derivatives, which showed a CO> solubility of
about 0.4 mol/kg at 1 bar CO; partial pressure.
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Figure 1. CO; isotherms of ENIL material with different ILs (A) [Emim][Acetate], (B)
[Bmim][Acetate], (C) [Psss14][CNPyrr], (D) [Bmim][GLY], (E) [Bmim][MET], y (F)
[Bmim][PRO] at 302C and different CO2 partial pressures. The points correspond to
the experimental data (white squares obtained by MSB and black squares obtained
in a fixed bed).

Conclusions

In this work, 6 ENIL materials for the selective separation of CO; from CO2/CHa/N2
streams were prepared and evaluated by gravimetric and fixed-bed measurements.
First, 6 ENIL materials were prepared, with about 70% by weight of IL inside the capsules,
to be used as absorbent material. All ENIL materials showed high CO; solubility and
negligible CH4 retention, with acetate anion-based ENIL materials showing higher CO;
solubility. The experimental breakthrough curves were fitted to the Yoon and Nelson
and LDF models. It was shown that the kinetics of the process is controlled by the
thermodynamics of CO; capture, since ILs with lower solubility in CO, showed higher
kinetic constants, but when normalizing this parameter, the results were similar.
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INTRODUCTION

The manufacturing of porous carbons has evolved significantly over the last decades. Nowadays, key
parameters such as pore size distribution or surface chemistry of those materials can be controlled
and adapted to the user requirements. However, despite these great improvements at the
nanometric scale, the macroscopic design of these materials remains a challenge.

In recent years, additive manufacturing techniques have emerged changing the paradigm in material
design and development. Most commonly used materials for these purposes are thermoplastic
polymers, but metals and ceramics have been also manufactured with these techniques. However,
regarding carbon precursors, thermal processes are often incompatible with shape stability, so
precursors frequently need thermosetting binders or other additives to avoid shape collapse during
the carbonisation or activation processes.

Whey is a by-product from the dairy industry. Currently, a large part of the total production of whey
becomes a surplus, causing management problems and associated pollution episodes due to its high
biological and chemical oxygen demand (BOD, COD). Whey contains mainly lactose and some
remaining milk proteins, a mixture that behaves as a thermosetting resin when heated, thus
preserving the original shape (aside from a similar shrinkage in the three dimensions) after
carbonisation (Llamas-Unzueta et al. 2021a). The aim of this work is to show how whey powders and
pastes can be easily used in common additive manufacturing techniques such as Direct Ink Writing
(DIW) or Selective Laser Sintering (SLS) for producing 3D porous carbon pieces.

EXPERIMENTAL

Different pieces were prepared from (i) whey powders and (ii) whey pastes with a solids content of
75wt%. These pieces were manufactured using 3 different techniques, namely conventional casting
and SLS in the case of whey powders; and DIW in the case of whey pastes. The rheological properties
of the paste were characterised by Small Amplitude Oscillatory tests (SAOS). The printed pieces were
carbonised under N, at 850°C. The mineral matter was removed by washing the carbon pieces with
HCl and HF. The carbon pieces were activated with CO, at 850°C. The porous structure of these
materials was characterised using N, isotherms at -196°C and Hg intrusion. Compressive tests were
also carried out to assess the mechanical resistance of the carbonised pieces.

RESULTS AND DISCUSSION

SAOS tests of the whey paste show a shear-thinning behaviour and good viscoelastic properties for
being extruded in any conventional DIW 3D printing device. In amplitude sweep tests, the paste
show a yield stress of ca. 1100 Pa, and the dominant solid behaviour lasts up to 2400 Pa (crossover
point). After 24h at room temperature, the pieces are dry, solid and easy to handle. In the case of
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casting and SLS, the powder particles stick together (pseudo-sintering) around 150°C, resulting also
into mechanically stable pieces. For every technique, whey acts as a thermosetting resin with no
shape modification at high temperatures. This is attributed to the reaction between lactose and
whey proteins (non-enzymatic glycation) favoured by temperatures below 200°C. This thermosetting
behaviour allows the carbonisation and the obtention of 3D printed porous carbon pieces (Figure 1).
During carbonisation, there is a linear shrinkage of 23+2% in the three dimensions. Both before and
after carbonisation, the pieces are easy to machine. The carbon pieces are mainly macroporous with
porosities around 60%. The compressive strength, exceeding 14 MPa, is excellent for such a porous
material, and they have an elasticity modulus between 4 and 4.5 GPa. Whey carbons present a high
ash content (15 wt%) mainly composed by K, P and Ca species. These salts induce an incipient in
vitro bioactivity. This bioactivity, together with an adequate porosity, non-cytotoxic behaviour and
excellent mechanical properties, places whey carbons as good candidates to be used in bone
scaffolds (Llamas-Unzueta et al. 2021b). The mineral matter present in carbonised pieces can be
reduced from a 15 wt% to <1 wt% by acid washing. A network of micro and mesopores results after
that ash reduction, with washed 3D carbons having BET areas up to 500 m?/g. These 3D carbons can
be further activated with CO,, obtaining activated pieces with BET areas of 1200 m?*/g. These 3D
printed whey derived carbons are suitable for being used both in traditional applications for this
type of material (filters, membranes) and in novel ones (manufacturing of bone scaffolds).

FIGURE 1: Macro and microscopic aspect of carbonised whey pieces obtained by casting (a, d), DIW (b, e, f)
and SLS (c, g).

CONCLUSIONS

Results presented in this work show the viability of whey as a precursor for porous carbons
structures produced by casting and 3D printing techniques. The proper rheology of whey/water
pastes and the pseudo-sintering behaviour of whey powder particles make DIW and SLS the most
appropriate techniques for additive manufacturing of this material. The most significant advantage
of whey carbons is their mechanical resistance, so it overcomes other similar materials such as
porous ceramics or activated carbons. Designing porous carbons morphology may potentially result
into application improvements, opening new possibilities for porous carbon materials, such as tissue
engineering, out from their traditional applications.
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INTRODUCTION

The use of conductive carbon materials to speed up the extracellular electron transfer (EET) in
certain bacteria, so-called electroactive, is essential for microbial electrochemical technologies
(METs). We reported a new concept in bacteria-electrode interaction based on glassy carbon-
supported electroactive planktonic (individual) living cells, that enabled the practical application of
Microbial Electrochemical Fluidized Bed Reactors (ME-FBR), e.g. in wastewater treatment (Tejedor-
Sanz, 2017). To now, the role of carbon properties involved in this interaction is unknown. This work
studies the influence of oxygen surface groups in the interaction and electron transfer between two
different carbon materials and Geobacter cells, and their effect on ME-FBR performance.

EXPERIMENTAL

Commercial glassy carbon (GC) particles (0.63-1.00 mm) were oxidized under different conditions,
namely, boiling 65% HNOs for different times or saturated (NH4)2S,0s in 1 M H,SO, for 24 h. For
comparison purposes, commercial activated carbon (AC) particles (1.00-1.20 mm) were oxidized
with the same procedures. The original and oxidized materials were characterized by XPS, TPD, gas
adsorption, Raman, SEM and cyclic voltammetry. Next, the materials were tested as fluidized-bed
electrodes (20 mL), polarized at +0.2 V (Ag/AgCl/Cl-(sat.)), in an anoxic culture medium of
electroactive Geobacter Sulfurreducens growing on acetate (20 mM) as sole electron donor and
carbon source. The tubular reactor (150 mL) was operated under batch and continuous mode, and a
platinized titanium and graphite rod were used as counter electrode and current collector of carbon
particles (working electrode), respectively (Fig. 1A). Electrical current production and acetate
concentration were monitored with time to calculate the coulombic efficiency and biodegradation
rate, respectively. Moreover, the microbial protein concentration and the optical density at 600 nm
of the reactor medium were followed. The materials and supported bacteria were also analysed by
cyclic voltammetry, SEM, and confocal microscopy before and after different times of the studied
electrogenic treatments.

RESULTS

As observed in Table 1, the AC presents a microporous structure with a high specific surface area
and relatively large oxygen content, while the GC shows no microporosity and a considerably lower
O content. The oxidation treatment significantly increases the surface O wt% on both materials, but
it causes almost no effects on their surface morphology (from SEM) and GC microstructure (from
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Raman). However, the severe oxidation of AC significantly reduces its microporosity (Table 1) and

induces in some microstructural defects (from Raman).

TABLE 1: Textural properties and surface chemical composition of the different carbonaceous materials.

N2 Adsorption-desorption (-196 2C) CO: Adsorption (0 2C) XPS
) Vo.995 Vor(N2) Vmes Apr(CO2) Vpr(CO2) o o
sample | Awr(M8) | (cmyjg) | (cm¥/g) | (cm¥/e) | (m/e) | (cmyg) | CM%) | O(wi)
GC ~1 0.003 0.001 0.002 -- --- 95.7 4.3
GC-ox ~1 0.001 0.000 0.001 --- - 92.9 7.1
AC 1112 311 0.437 0.042 1068 0.460 87.8 12.2
AC-ox 828 246 0.314 0.065 835 0.360 65.9 33.7

Figure 1B shows that, in the presence of Geobacter (inoculated), the functionalized GC exhibits
superior voltammetric response than the pristine one, demonstrating that the introduced surface
oxygen groups promote e-transfer with Geobacter. This enhanced activity results in enhanced
current production and acetate biodegradation rate (figures not shown). Interestingly, SEM and
confocal laser SEM reveal a change from planktonic- to biofilm-like bacteria-electrode interaction on
glassy carbon after functionalization. The maintained current production observed only for the
functionalized GC working under continuous regime, which minimizes planktonic bacteria in the
medium, strongly supports the occurrence of this new interaction.

FIGURE 1: (A) Scheme of the experimental set-up of the ME-FBR reactor; (B) voltammetric response of the
fluidized anodes before and after polarization at +0.4 V and 7 days of inoculation (v =5 mV/s).

CONCLUSIONS

We demonstrate that the controlled oxidation of the GC promotes e-transfer with Geobacter, but
the strong effects caused on the AC properties seem to restrict it. The found results demonstrate
that carbon properties remarkably affect their interaction with electroactive bacteria. The
functionalization of carbon materials seems to be a promising strategy to improve the performance
of Microbial Electrochemical Fluidized Bed Reactors (ME-FBR).
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ABSTRACT

Nanosized carbon materials such as Carbon nanotubes (CNTs) provide the possibility to achieve, in
terms of tensile strength and Young's modulus, incredibly strong materials. Therefore, the
fabrication of nanocomposites with CNTs offers the potential for applications in electronics,
medicine, defence and aerospace. Furthermore, it has been shown that having branched CNT
structures is a promising way forward in terms of providing structures with enhanced mechanical
properties. However, in order to realize this, mass production techniques at reasonable costs are
needed. One possibility is the chemical vapour deposition (CVD) method which involves the
decomposition of a hydrocarbon e.g. benzene, ethylene, methane, etc. over catalytically active
metal deposited on or inside a support such as silica, alumina or titania. Here we report a simple
and industrially scalable CVD process to manufacture long single-walled carbon nanotubes (SWNTs),
branched multi-walled carbon nanotubes (b-MWNTs) and multi-walled carbon nanotubes (MWNTSs)
using the abundant pumice from the Akrotiri volcanoes on the Greek island of Santorini (Figure 1) to
catalyse the transformation of the carbon in methane (CH,4) into CNT materials (Malik, 2018).

FIGURE 1: View into the caldera of the Greek island of Santorini (pic. S. Malik)
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INTRODUCTION

Santorini is the site of one of the largest volcanic eruptions in recent prehistory, the Minoan
eruption, which occurred about 3,500 years ago. In the 1860s, excavation for volcanic ash and
pumice as building materials for the Suez Canal project in Egypt uncovered the Minoan settlement of
Akrotiri on Santorini which is claimed to resemble Plato’s description of the legendary lost city of
Atlantis (Plato, 360BC).

Composites of nanotubes and, e.g. an organic polymer matrix should be stronger, lighter, have
increased tensile strength compared to conventional composites and according to Ajayan and Tour,
"are on the cusp of commercial exploitation as the multifunctional component of the next
generation of composite materials". This means that seemingly futuristic sounding ideas such as a
"Space Elevator" may become possible (Clarke, 1979). This elevator could be used to transport
materials from Earth to space more cheaply than by rocket. For this a 35,000 kilometer cable from
the Earth's surface to a platform in geosynchronous orbit is required and carbon nanotube
composites have all the hallmarks of being made of "the right stuff". However, significant challenges
to overcome are the cost of production and poor CNT-polymer matrix adhesion. In fibre reinforced
composites, mechanical properties such as tensile strength and elastic modulus depend on fibre
pull-out energy which is influenced by fibre-length distribution, fibre-orientation distribution and
interfacial stress transfer properties. In CNT-polymer composites, the adhesion between CNTs and
the polymer matrix controls how effective the reinforcement can be and is thus the critical factor in
the ultimate performance of the composite. A drawback is that the atomically smooth surfaces of
CNTs results in poor matrix adhesion. Ideally, the CNTs need to be long, aligned and well dispersed
in the matrix. These challenges can be overcome if branched CNTs are used since these have been
shown to have high fibre pull-out energy which means that they are potentially are ideal matrix
reinforcement material.

CONCLUSIONS

Although many CNT-polymer applications currently use CVD-MWNTs more cost-effective ways to
achieve this are always desirable. Thus, the b-MWNTSs described here have the potential to be ideal
reinforcement materials for composites as they could be manufactured simply and cheaply.

At the time of writing, only about 30% of the Akrotiri sites had been excavated by archeologists. It is
fascinating to think that the volcanic material removed could be used in the process to fabricate
fibres which could be used in the Space Elevator project. Thus not only will “Atlantis” be rising from
the waves but reaching for the stars.
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INTRODUCTION

The oxygen reduction reaction (ORR) is of great relevance in many renewable and energy-saving
technologies, such as fuel cells (Zion et al., 2018). To solve the sluggish nature of the ORR kinetics, it
is necessary to design more efficient alternatives to the state-of-the-art electrocatalysts based on
precious metals. On this search, iron phthalocyanines (FePc) supported on nanostructured carbon
materials have emerged as extraordinary electrocatalysts (Zagal and Koper, 2016). Particularly,
carbon nanotubes (CNTs) have placed into the focus of recent studies for the immobilization of
catalysts because of their fast electron delivery to the ORR active sites and their intrinsic properties
(Nakashima and Fujigaya, 2019). The catalytic activity, selectivity and long-term stability of FePc can
be positively modulated by strong interactions with the carbon support. One promising strategy
consists of the incorporation of coordination sites to anchor metals by a functional polymer
wrapping on the CNTs. In this work, we present the synthesis of composite materials based on non-
pyrolyzed FePc immobilized on modified CNTs with a low content of metal (~1 wt. % Fe). Two
different structures of CNTs are studied as supports, Single-Walled Carbon Nanotubes (SWCNTs) and
Herringbone Carbon Nanotubes (hCNTs). Phosphate species electrochemically incorporated on CNTs
at the experimental conditions used (Martinez-Sanchez et al., 2022) have been employed as suitable
axial ligands for FePc, that leads to improved activity, stability and selectivity towards the ORR.

EXPERIMENTAL METHODOLOGY

The procedure for the electrochemical functionalization of CNTs with the ortho-
aminophenylphosphonic acid (2APPA) has been scaled-up from our previous work (Martinez-
Sanchez et al.,, 2022) by cyclic voltammetry (CV) procedure. The optimal upper potential limit
conditions were employed to achieve the highest incorporation of N and P species on the CNTs, that
is, at 1.2 V and 1.4 V with SWCNTs and hCNTs, respectively, resulting in SWCNT-f and hCNT-f
samples, respectively. Iron phthalocyanines were supported onto the CNTs by using the incipient
wetness impregnation method in order to obtain a nominal metal loading of 1 wt. %, resulting in
FePc/SWCNT and FePc/hCNT samples. The same procedure was done onto CNT-f materials, thus
resulting in FePc/SWCNT-f and FePc/hCNT-f samples. Different characterization techniques have
been used to study physico-chemical, morphological and electrochemical properties of synthesized
materials, including Fourier Transform Infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, transmission and field emission scanning electron
microscopy (TEM and FESEM, respectively) equipped with an EDX microanalysis system, as well as
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cyclic voltammetry (CV). The electrocatalytic performance of the materials towards the ORR was
studied in 0.1 M KOH O,-saturated electrolyte by linear sweep voltammetry (LSV). The experimental
results were also supported by Density Functional Theory (DFT) computational calculations.

RESULTS AND DISCUSSION

Physico-chemical and Morphological Characterization of FePc/CNT and FePc/CNT-f composites
SWCNTs and hCNTs were previously modified in a highly controlled way by electrochemical methods
in the presence of 2APPA monomers, thus introducing oligomeric materials on the carbon support
which contain neutral amine/amide and phosphate species. Then, both the unmodified and
functionalized CNTs were decorated with FePc molecules via a facile wet impregnation method. The
presence of Fe-containing species detected by XPS analysis corroborates the incorporation of FePc
molecules on CNTs, where the mass percentage obtained is close to the nominal value (1 wt. % Fe).
Experimental results reveal that the presence of such N and P-related functional moieties on carbon
supports is conductive to strengthening the interaction between FePc and both types of CNTs. This is
especially evident in Fe2p XPS spectra deconvolutions, which could validate the axial coordination
between the central iron atom and ligands incorporated in the carbon support. Moreover, these
interactions lead to a more homogeneous dispersion of FePc macrocycles, as observed by TEM and
FESEM images, as well as by Raman experiments. This suggests an effective five-coordination system
by binding with axial phosphate ligands, as corroborated later by computational calculations,
together with the influence of N functionalities, which could boost the ORR performance.

Electrochemical Studies

FIGURE 1: A) LSV for ORR at 5 mV s, B) number of electrons transferred (n) per oxygen molecule during the
ORR for Pt/C, SWCNT, SWCNT-f, FePc/SWCNT, FePc/SWCNT-f, hCNT, hCNT-f, FePc/hCNT and FePc/hCNT-f
catalysts. C) LSV (at 5 mV st) durability test of FePc/hCNT and FePc/hCNT-f before and after 500 cycles at 50
mV st and a rotation rate of 1600 rpm. D) Chronoamperometric curves (Normalized j vs. time) of FePc/hCNT,
FePc/hCNT-f and Pt/C electrode at 0.65 V. All measurements were performed in Oz-saturated 0.1 M KOH
solution and rotation rate of 1600 rpm (T=252C).
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Firstly, cyclic voltammetry studies were carried out in N, and O,-saturated 0.1 M KOH electrolyte as
a preliminary step for the catalytic study towards the ORR. Next, RRDE experiments were employed
to gain further insights into ORR performance of the as-prepared composites. FIGURE 1 (A and B)
reveals that a clear improvement of the ORR performance is seen for all FePc/CNT catalysts with
respect to the samples in the absence of FePc. Nevertheless, better results are observed for
electrochemically functionalized carbon nanotubes supports in terms of half-wave potential (E1),
number of electrons transferred (n) and selectivity towards the most energy efficient four-electron
process for the ORR in alkaline medium, which is induced by the synergistic effects between both
components after the possible axial interactions. Therefore, promising catalytic results are shown
even with low amount of iron in the samples, where MN, sites have been proven as the real active
sites for the ORR. Interestingly, the support has a considerable influence on the catalytic results,
where hCNTs combined with FePc have shown the best catalytic results in this case, possibly due to
the presence of highly reactive sites in the support. Strong interactions also have a positive effect on
the long-term stability of the active sites as seen in FIGURE 1 (C and D). In addition, FePc/hCNT and
FePc/hCNT-f are practically insensitive to the presence of methanol in the electrolyte, whereas
commercial Pt/C electrocatalyst is affected by a deactivation of the active sites towards the ORR.

Computational Studies

The interaction of FePc molecules with functionalized carbon nanotubes results in a strong
interaction of the central iron atom and a phosphoryl oxygen. Interestingly, this structure seems to
be more stable than that of FePc onto an unmodified CNT. Such strong interactions gave rise to a
molecular reorganization by breaking the symmetry of electronic density that favors the oxygen
reduction by stabilizing the catalytic centers and lowering the stability of ORR intermediates.

CONCLUSIONS

This work has explored the electrochemical modification of nanostructured carbon material
supports with functional moieties, that can efficiently interact with FePc molecules, as an interesting
approach for the improvement of the ORR electrocatalytic activity and stability in alkaline medium,
where hCNTs combined with FePc have shown the best catalytic results. Therefore, the
enhancement of the catalytic performance is mainly related to the synergistic catalysis of modified
carbon supports and metallic complexes through the axial coordination between FePc and
phosphate groups. This approach offers a new alternative for better ORR performance and inspires
for designing new FePc-based materials with high electrocatalytic activity, selectivity, stability and
methanol-tolerance, showing a competitive performance comparable to the commercial catalysts.
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INTRODUCTION

Carbon materials have played a crucial role in the development of nanotechnology over the last
years. Among all the structures, carbon nanotubes (CNTs) arise as key materials due to their
astonishing mechanical, physico-chemical and electronic properties, thermal stability, as well as
large accessible surface area (Inagaki et al., 2014). Functionalization of CNTs is one of the most
widespread procedures to modify their properties, driving towards more manageable
multifunctional materials. Here, electrochemical methods are a well-suited tool for the tailorable
design of functionalized CNTs with a precise control over the composition and functionalities
(Gonzalez-Gaitan et al., 2015). To understand the mechanism of the electrochemical modification of
CNTs with organic aromatic molecules, it is important to predict the adsorption process on the
surface of CNTs and the expected chemical structures. In the present work, we have faced this target
through an experimental and theoretical approach, including electrochemical functionalization of
CNTs with different structural arrangement, such as Single-Walled Carbon Nanotubes and
Herringbone Carbon Nanotubes (SWCNTs and hCNTs, respectively), in the presence of phosphorus
and nitrogen-containing monomers, 2- and 4-aminophenylphosphonic acid isomers (2APPA and
4APPA, respectively).

EXPERIMENTAL METHODOLOGY

The electrochemical functionalization of SWCNTs and hCNTs was achieved by submitting the sample
to anodic oxidation by cyclic voltammetry (CV) in acidic aqueous electrolyte in the presence of
2APPA or 4APPA isomer, as well as in the presence of aniline (ANI) for comparison purposes. Upper
potential limit was varied in order to analyze its influence in the functionalization (1.0V, 1.2V, 1.4V,
1.6 V and 1.8 V vs RHE). Different electrochemical, morphological and physico-chemical techniques
were used to characterize the resulting samples. In order to deepen into the mechanism, the
experimental results were supported by computational calculations, what allow us to get a
theoretical view to shed light on important factors about the mechanism of functionalization.

RESULTS AND DISCUSSION

The electrochemical functionalization of SWCNTs and hCNTs has been carried out in presence of
aminophenylphosphonic acid isomers (2APPA or 4APPA), with an excellent level of control regarding
the N and P species incorporated by carefully selecting the potential in the electrochemical oxidation
conditions. FIGURE 1 shows the electrochemical characterization by CV of CNTs modified at 1.2 V
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and 1.4 V with N and P species (2APPA and 4APPA in blue and red lines, respectively) in a monomer-
free acidic electrolyte. Higher oxidation potentials lead to defects and film degradation due to the
over-oxidation of the polymer structure. Electrochemical responses of unmodified CNTs (dashed
lines), as well as those of CNTs modified with ANI (green lines) have also been displayed for
comparison purposes. The development of electroactive species with N and P moieties onto CNTs
surface is confirmed by the presence of several redox processes, different from the rectangular
capacitive shape of non-electrochemically modified CNTs and from the responses of CNTs modified
with ANI. Interestingly, low potential redox processes, at around 0.10 V and 0.31 V, seem to be
related with phenazine-ring-type structures (Kellenberger et al., 2011), which suggests that 4APPA
promotes this sort of branched chains; while the more similar voltammetric profiles of 2APPA and
ANI suggest the development of more linear chains associated with short oligomers and derivatives
(Kuznetsov et al., 2019). In addition, X-ray photoelectron spectroscopy (XPS) analysis determined a
maximum heteroatom incorporation of ca. 2.3-2.6 at. % N and 1.4-1.6 at. % P when 2APPA is used
with both carbon materials, as consequence of the linear polymeric growth. However, the polymeric
product obtained with 4APPA is much more limited due to its branched structure.

FIGURE 1: Cyclic voltammograms of A, B) SWCNT and C, D) hCNT unmodified (dashed lines) and
electrochemically modified at A, C) 1.2 V and B, D) 1.4 V with 1 mM ANI (green lines), 1 mM 2APPA (blue lines)
and 1 mM 4APPA (red lines), in acid medium (0.5 M H25S04) free of monomers at 50 mV s*. 10" cycle.

Interestingly, electrochemical characterization, XPS analysis, Raman spectroscopy and transmission
electron microscopy (TEM) suggest that SWCNTSs favor the correct adsorption of the monomers onto
the CNTs wall through interaction with the n electrons of the walls, followed by the oligomeric
growth, while hCNTs promote a covalent attachment of the monomers and short-chains formation
according to their heterogeneity and higher reactivity, where a high functionalization level can be
reached but the development of polymers is not favored. Local attachment of radicals could take
place at the most reactive sites, giving rise to a heterogeneous distribution of functionalities with no
apparent damage in the structure of CNTs, as seen in FIGURE 2.
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FIGURE 2: TEM images of A, B) SWCNT and C, D) hCNT electrochemically modified with A, C) 2APPA and B, D)
4APPA at 1.4 V (vs RHE). White arrows mark amorphous material associated with the oligomers.

Modelling results support these findings and help us to gain a deeper understanding of the
functionalization mechanism of CNTs with different structures.

CONCLUSIONS

Electrochemical functionalization of SWCNTs and hCNTs has been successfully performed with
2APPA and 4APPA. Modification of CNTs with 2APPA provides a higher presence of N and P
heteroatoms under the optimal conditions (1.2 and 1.4 V vs RHE), which can be a promising
methodology to develop electrocatalysts and electrocatalysts support for next-generation
electrochemical energy devices. Computational calculations have confirmed the experimental results
obtained, which allow us to shed more light on the mechanisms of the electrochemical
functionalization of CNT with phosphorus and nitrogen-containing polymers.
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INTRODUCTION

Chronic and excessive fluoride consumption has important implications for human health. the World
Health Organization (Fawell, 2006) established a maximum concentration limit of 1.5 ppm in waters
for human consumption. On the other hand, the USEPA’s enforceable standard in public water
supplies is 4.0 ppm, with a secondary maximum contaminant level of 2.0 mg/L in areas that have
high levels of naturally occurring fluoride, while the Department of Health and Human Services
recommends an optimal level of only 0.7 ppm. For this, several methods have been implemented to
decrease its concentration of fluoride in drinking water to the previous limits, such as adsorption,
coagulation, filtration, ion-exchange, electroflocculation, electrocoagulation, electrodialysis, among
other processes. Electrosorption has been implemented in water for the selective removal of specific
ions. La(lll) has been widely implemented for the adsorption of hard bases, such as fluoride because
it presents not only high affinity but high adsorption capacities and velocities towards this anion. In
addition, La(lll) presents low toxicity and bio accumulation, which depends on the dose, the uptake
forms (free cation or ion pair, cluster or crystal size, etc.) and its physicochemical properties.
Lanthanum has been previously immobilized on a commercial activated carbon for fluoride
adsorption. In this work fluoride electrosorption was studied using activated carbon impregnated
with three La(lll) percentages: La-0.5%, La-1.5% and La-2.0% [1] to explore the influence of the
amount of lanthanum on the electrosorption process.

RESULTS AND DISCUSSION

The formed lanthanum clusters decreased the surface area, pore volume and electrical conductivity
of the adsorbents as a function of increasing the lanthanum content in the matrices. The
deprotonation of lanthanum hydroxyls at the working conditions increased the input of negative
surface charges, reflected in the acidification and anodization of their points (pHpzc< 5) and
potentials (Epzc > 0.1 V) of zero charge, respectively, compared to those of the pristine carbon
(pHpzc = 8.5 and Epzc = 0 V). Electrosorption was evaluated by applying 0.8 V (vs. Ag/AgCl/3M NaCl) in
two polarization profiles: (i) polarizing from the beginning and (ii) polarizing after the adsorption
equilibrium. For La-0.5%, the same removal (~¥3 mg g!) was reached independently of the profile,
although the first profile (i) promoted a faster rate. For La-1.5%, the second profile (ii) increased by
50% its removal (~9 mg g!), compared to the first (i) profile (*6 mg g?). This was interpreted as a
difference in the available polarizable surface before and after fluoride adsorption, attributed to an
electrical blockage due to the excess of negative charges from the La(lll) clusters. In addition, La-
1.5% presented a higher and faster charging by the second profile (ii), while the charging processes
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of La-0.5% were very similar for both profiles. Then, the polarization profile could also increase the
performance of electrodes that undergo synergistic changes in their surface charges. Table 1
presents the adsorption and electrosorption rates in mg g~ h*, where the differences in kinetics were
appreciated.

TABLE 1. Removal velocities by adsorption and electrosorption in mg g-h1 (M =0.25g, V=0.5L, Co = 20
ppm F-, pHo =7, rpm = 120-130, T = 25 °C).

Conventional Electrosorption
adsorption (0.8 V vs. Ag/AgCl/3 M NaCl)
GAC 0.615 1.32
La-0.5% 2.863 4.714
La-1.5% 9.785 7.61
La-2.0% 17.169 8.928

Desorption by reversing the polarization to -0.5 V was attained. During the cyclic performance, La-
0.5% released a small amount of La(lll), and the surface of both carbons oxidized during their anodic
polarization, corroborated by measurements of pHpx, the open circuit potentials and
electrochemical impedance spectroscopy analysis (Martinez-Vargas, 2021 and 2022).

Selectivity was explored by evaluating kinetics against anions of environmental relevance (nitrate,
chloride, phosphate, sulfate and arsenate) in equimolar concentrations and only for the carbons La-
0.5% and La-1.5%. It was observed that nitrate and chloride were practically not competing with
fluoride for the modified carbon La-0.5% and its fluoride removal was not affected by the presence
of these anions. Nevertheless, the other anions decreased the fluoride removal for this same
modified carbon to only 6.8, 4.8 and 4.2% in the presence of sulfate, phosphate, and arsenate,
respectively. All these reported removals and the subsequent ones were computed at t = 60
minutes, unless stated different. On the other hand, the modified carbon La-1.5% presented a
significant decrease in its fluoride removal by all competing anions in binary solutions (F* vs. anion),
even in the presence of chloride and nitrate, which decreased its removal down to 13.9% and 17.3%.
As with La-0.5%, the species with higher charge presented higher competition and decreased the
most its removal down to 13.6%, 9.5% and 4% in the presence of sulfate, phosphate and arsenate,
respectively. A similar effect was observed for the removal velocities.

CONCLUSIONS

The addition of La(lll) increased the number of sorption sites, increasing their adsorption capacity.
Nevertheless, the electrical polarization of the modified electrodes promoted contrasting results.
The electrical polarization of the modified activated carbons only benefited the carbon with the
lowest La(lll) content, increasing its removal capacity and kinetics, independently of the polarization
profile. On the other hand, the other two carbons with higher La(lll) content presented a similar or
lower removal than that obtained by conventional adsorption (without polarizing the electrode).
Even when La-1.5% presented a similar removal by conventional adsorption and electrosorption
(polarized from the beginning), its polarization after the adsorption equilibrium promoted higher
removal than by both processes individually. La-0.5% presented a mixture of adsorption (well-
dispersed La(lll) clusters) and electrosorption (electrically polarizable surface) sites for allocating the
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studied anions at the studied conditions. The divalent anions presented higher competition towards
fluoride, probably not only by electrostatic interactions, but also by chemisorption to La(lll) clusters
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INTRODUCTION

Recently, we have proposed the following two new concepts regarding molecular species in
spinnable mesophase pitch (SMP) (Shimanoe, 2022). (1) SMP exhibiting 100 vol% optical anisotropic
contents is a lyotropic liquid crystalline solution which is composed of mesogen component showing
100 vol% optical anisotropy and solvent component showing 100 vol% optical isotropic. (2) The
mesogen component consists of molecular stacking units of planar molecules having none or only
one methyl side chain in the C (002) direction, and the solvent component has a function of
dissolving and dispersing the mesogen stacking units. This previous study has clarified the role of the
two components of SMP in the formation of anisotropic textures. However, the effect of the
molecular species constituting each functional component of SMP has not been clarified in detail.

Therefore, we tried to understand the molecular properties of the mesogen component and the
solvent component. In this study, we first focused on the solvent component. As a raw material of
solvent components, ethylene bottom oil (EO) was used. To modify molecular structures of the
solvent components, an addition of slurry oil (SO) or coal tar (CT) to EO was also tried. These
prepared solvent components were mixed with the mesogen component (tetrahydrofuran insoluble
component of AR pitch (AR-THFI)) to obtain various SMPs. Then, the influence of the solvent
component pitch on properties of the prepared SMPs was evaluated.

EXPERIMENTAL

1) Solvent fractionation of mesogen component  TABLE 1: Properties of prepared EO-derived
(AR-THFI) and preparation of EO-derived solvent components.
solvent components

In this study, AR-THFI was fractionated at 50°C

and used as a mesogen component. Hexane

soluble component of EO (EO-HS) was used as

the raw material for the solvent components. In

addition, EO-HS with 30 wt% SO-HS added and

EO-HS with 30 wt% CT added were also used as

raw materials. These raw materials were

heat-treated at 390°C for 6 h under autogenous
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pressure using an autoclave. Next, these samples were heat-treated at 300°C for 5 h under vacuum
to remove low molecular weight species in the samples. Finally, the softening point of these samples
was adjusted to 140°C by thin layer evaporation (TLE). The obtained solvent components are
denoted as “EOp”, “SO-EOp” and “CT-EOp”, respectively.

2) Preparation of MP by mixing AR-THFI and EO-derived solvent components

AR-THFI and each prepared solvent components were mixed at a weight ratio of 7/3, 5/5 or 3/7.
Then, the mixture was annealed at 370°C for 10 min in N, atmosphere with stirring.

3) Analysis of EO-derived solvent components and SMPs

The prepared EO-derived solvent components were investigated by elemental composition analysis,
molecular weight measurement by MALDI-TOF/MS, and chemical structure analysis by 'H-NMR and
13C-NMR. In addition, SMPs were observed using a polarizing microscope, and the anisotropic
content was calculated.

RESULTS AND DISCUSSION

TABLE 1 shows results of molecular
characteristics of prepared EO-derived solvent
components. The yield, carbon aromaticity (fa)
and average molecular weight (AMW) of
SO-EOp and CT-EOp showed the higher values
compared to those of EOp. From these results,
it is understood that the addition of CT and SO
to EO can increase the polycyclic structure of
the prepared SO-EOp and CT-EOp. Especially,
CT-EOp showed much higher values than the
other two, suggesting that CT-EOp had
well-developed polyaromatic condensed

hydrocarbons with shorter alkyl side chains. FIGURE 1: Changes of anisotropic contents of
FIGURE 1 shows the changes of anisotropic prepared SMPs by mixing ratio of
contents evaluated from the polarizing AR-THFI/solvent component.

microscope images according to the mixing

ratios of AR-THFI/solvent components. All EO-derived solvent components showed the higher
threshold concentrations (TCs) for the revelation of full anisotropic contents of the obtained SMPs
compared to AR-THFS as a solvent component, which meant that AR-THFS played better
performance compared to EO-derived ones as a solvent and confirmed that the molecular similarity
was the most important factor for solvent performance. EOp from EO-HS only needed higher TC
compared to the others because it failed to express 100 vol% anisotropy even at the mixing ratio of
AR-THFI/EOp = 7/3. The solvent performance of EO-derived solvent components were in the order of
CT-EOp > SO-EOp > EOp at AR-THFI/EOp = 5/5, and EOp > SO-EOp > CT-EOp at AR-THFI/EOp = 3/7.

CONCLUSION

EO-derived solvent components (EOp, SO-EOp and CT-EOp) showed higher TCs compared to
AR-THFS for expressing the 100 vol% anisotropic texture. The additions of CT and SO to EO enabled
to decrease TCs. CT-EOp showed better solvent performance at the ratio of 5/5, but EOp did better
at the ratio of 3/7. The exact cause of this phenomena is currently under investigation.

Reference

H. Shimanoe, T. Mashio, H. Nakashima, S. Ko, Y.-P. Jeon, K. Nakabayashi, J. Miyawaki, S.-H. Yoon, (2022).
Correlation between molecular stacking and anisotropic texture in spinnable mesophase pitch. Carbon, 192,
395-404. https://doi.org/10.1016/j.carbon.2022.02.062

239


https://doi.org/10.1016/j.carbon.2022.02.062

Effect of Heat Treatment Method on the Preparation of Solvent Component
for the Spinnable Mesophase Pitch

Takashi Mashio?, Taisei Tomaru?, Hiroki Shimanoe?, Koji Nakabayashi® 2, Jin Miyawaki® 2,
Seong-Ho Yoon'?2

lInterdisciplinary Graduate School of Engineering Science, Kyushu University, Kasuga, Fukuoka
816-8580, Japan.
2Institute of Materials Chemistry and Engineering, Kyushu University, Kasuga, Fukuoka 816-8580,
Japan.

E-mail: mashio.takashi.746@s.kyushu-u.ac.jp

Keywords
Spinnable mesophase pitch, lyotropic liquid crystalline solution, heat treatment

INTRODUCTION

Recently, we have founded that spinnable mesophase pitch (SMP) is a lyotropic liquid crystalline
solution, which is composed of mesogen and solvent components (Shimanoe, 2022). Such a fact
means that SMP usually contains about over 30 wt% of isotropic solvent component and whole melt
properties of SMP depends on contents of mesogen and solvent components. However, the effect of
the molecular species in raw materials of solvent component has not been elucidated in detail.
Therefore, we tried to understand the molecular structural effects on SMP. In this study, we first
focused on the molecular structure of solvent component on the revelation of anisotropic texture of
SMP. A variety of solvent components were prepared using slurry oil (SO) as a raw material under
various treatment conditions. For the exact evaluation of solvent components, we used the mesogen
component of tetrahydrofuran-insoluble component of AR pitch (AR-THFI) through the solvent
fractionation of a well-known SMP, AR pitch.

EXPERIMENTAL

1) Extraction of mesogen component (AR-THFI) and preparation of SO-derived solvent components
AR-THFI, which is a mesogen component, was fractionated from AR pitch using THF at 50°C
according to reference. The solvent components were prepared using THF-soluble fraction of SO
(SO-THFS) as a raw material under various heat treatment conditions. Three types of heat
treatments were performed on SO-THFS;
atmospheric, vacuum, and pressurized
conditions. The heat treatment temperature Samplel e HICE  Hy/H,®  f AMWES!

TABLE 1: Yield and properties of prepared SOp.

H “" o ” “" o lM%]“]

and time were “380°C for 3 h” and “410°C fo'r 1 s _ pre i b o
h”. After the heat treatment, the softening

) ) 50380 17.7 0.70 0.98 0.69 415
point of heat-treated samples was adjusted to sz 201 oks » o i
140°C by thin layer evaporation (TLE) to obtain
the SO-derived solvent component (SOp). O 148 o i o o
Hereinafter, SOp samples prepared by — 94 209 0ot 0 920 298
atmospheric pressure heat treatment, vacuum  SCHP410  15.1 0.69 1.00 0.71 413
heat treatment, and pressurized heat treatment  sowat0 171 0.67 0.94 0.69 375

are denoted as "50380"’ ”SOHp380", and [1] Final yield after heat treatment and TLE treatment.

“ ” . [2] H/C obtained from elemental analysis.
SOLP380 , respectlvely. [3] H,../H,, obtained from *H-NMR. (4] £, : aromaticity obtained from **C-NMR.
[S] AMW : Average molecular weight obtained from MALDI-TOF/MS.
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2) Preparation of mesophase pitch by mixing AR-THFI and SOp

AR-THFI and each prepared solvent component were mixed at a weight ratio of 7/3, 6/4, 5/5 or 3/7.
Then, the mixture was annealed at 340°C for 30 min in N, atmosphere with stirring.

3) Analysis of SOp and mesophase pitches

The prepared SOp was examined by elemental composition analysis, molecular weight measurement
by MALDI-TOF/MS, and chemical structure analysis by H-NMR and *C-NMR. In addition, the
AR-THFI/SOp mesophase pitches were observed using a polarizing microscope, and the anisotropic
content was calculated.

RESULTS AND DISCUSSION

TABLE 1 summarizes the vyield and the

molecular characteristics of SOp as solvent

components. Compared to AR-THFS, SOp was

composed of more highly polycondensed

molecules. The yields of SOp heat-treated at

380°C and 410°C were in the order of SOHP380

> S0380 > SOLP380 and SO410 > SOLP410 >

SOHP410. Such results might suggest that the

main reaction at 380°C was polymerization but

at 410°C it was polycondensation after

de-alkylation. The anisotropic  contents

calculated from the polarizing microscope

images were plotted against the mixing ratio of ~ FIGURE 1: Changes of anisotropic contents of
AR-THFI and SOp (FIGURE 1). At first, compared prepared mesophase pitches by

to that of AR-THFS, the obtained SMPs mixed mixing ratio of AR-THFI/SOp.

with various SOp showed higher threshold

concentration (TC) of 70 wt% to express the entire anisotropic texture. Such results suggested that
the AR-THFS could play better performance as a solvent component compared to SOp and also
implied that the similarity of molecular structure was the most important factor as the solvent
component. Among SOp-380s, SOHP380 showed a little better anisotropic content compared to the
others. Compared to SOp-380s and SOp-410s, the largest difference was shown in the anisotropic
contents of the obtained SMPs with AR-THFI/SOp = 3/7. The obtained SMPs by mixing with SOp-380s
showed around 30 vol% of anisotropic textures, and they were very similar with SMP of
AR-THFI/AR-THFS = 3/7. However, the obtained SMPs by mixing with SOp-410s showed much higher
anisotropic contents of up to 50 vol% regardless of heat treatment methods. From these results, we
can suggest that SOp-410s can play higher performances as a solvent for mesogen in lyotropic liquid
crystalline system compared to SOp-380s. Nevertheless, we did not still clearly elucidate why the
obtained SMPs with higher mesogen concentration did not show the differences in the anisotropy
expression regardless of the different heat treatment methods of the solvent components. We dare
to challenge continuously to understand the exact roles of solvent component in SMP.

CONCLUSION

We tried to prepare the solvent components of SMP using SO as a raw material. Compared to
original solvent component of AR pitch, namely AR-THFS, SOp needed higher TC. Heat treatment
method did not show a big difference in solvent property but SOp from higher heat treatment
temperature at 410°C showed higher anisotropic contents in the mixing ratio of AR-THFI/SOp = 3/7.

Reference

H. Shimanoe, T. Mashio, H. Nakashima, S. Ko, Y.-P. Jeon, K. Nakabayashi, J. Miyawaki, S.-H. Yoon, (2022).
Correlation between molecular stacking and anisotropic texture in spinnable mesophase pitch. Carbon, 192,
395-404. https://doi.org/10.1016/j.carbon.2022.02.062

241


https://doi.org/10.1016/j.carbon.2022.02.062

Ethylene conversion on carbon-supported NiMo catalysts: Pore confining
effect and changes in selectivity during hydrotreatment reaction

Juan Matos'*, Ana Arenillas?, Po S. Poon?
Instituto de Ciencias Quimicas Aplicadas, Facultad de Ingenieria, Universidad Auténoma de Chile,
8900000 Santiago, Chile.
2 Instituto de Ciencia y Tecnologia del Carbono (INCAR), CSIC, Oviedo, Espafia.
® Unidad de Desarrollo Tecnolégico (UDT), Universidad de Concepcidn, Chile.

*Corresponding author. Email: juan.matos@uautonoma.cl (J. Matos)

Keywords
Pore confining; NiMo catalysts; Ethylene conversion.

INTRODUCTION

The design of industrial catalysts for superior performance in certain applications, and for the
development of novel processes, requires a proper understanding of the catalyst surface structure
and the various surface processes that may occur on the catalysts during reaction. Nanoporous
carbons are being increasingly used as a support of Ni-based catalysts [1,2] because they have
interesting features such as high surface areas with a controlled pore volume distribution, average
pore size, and tailored surface chemistry. In this work, the influence of the physicochemical
properties of a nanoporous carbon upon the catalytic activity and selectivity of NiMo-based catalysts
on the conversion of ethylene was verified and compared against a mesopore carbon.

EXPERIMENTAL

Pine bark (PB) was selected as carbon precursor for the synthesis of activated carbon (AC). PB was
heated in a flow-continuous tubular reactor under N; flow (20 psi, 100 mL min) up to 800°C and
then physically activated at this temperature by 1 h by CO, flow (20 psi, 10 mL min). Ni-, Mo-, and
NiMo-based catalysts were prepared by wetness impregnation method of the AC [1] and denoted as
Ni/AC, Mo/AC and NiMo/AC, respectively. Metal concentrations in solutions were estimated to
produce 10 wt% MoOs in Mo/AC, 5 wt% NiO in Ni/AC, and ca. 10 wt% MoOs + 3 wt% NiO in the case
of NiMo/AC catalysts. A carefully characterization of the materials including gas adsorption, scanning
and transmission electron microscopy (SEM, TEM) and X-ray photoelectronic spectroscopy (XPS) was
performed. Samples were submitted to in situ reducing pre-treatments under H; flow at 300°C for 10
min (mild reduction) and 500°C for 60 min (strong reduction) before activity tests. The
hydrogenation of ethylene was carried out on carbon-supported Ni, Mo, and NiMo catalysts at
300°C. The results were interpreted in terms of the hydrogenating/hydrogenolytic activity, catalytic
stability and coking of catalysts [2].

RESULTS AND DISCUSSION

Table 1 shows a summary of the most relevant characteristics of catalysts as well as a summary of
the kinetic parameters and activity/selectivity results. Activity and evolution of products (methane
and ethane) as function of the final temperature of two reducing pre-treatments indicate that
ultramicropores carbon-supported NiMo catalysts has much more tolerance to coke deposition and
therefore they are less prone to suffer deactivations than catalysts based on micro-mesopores
framework. The evolution of multiwall carbon nanotubes was correlated both with the activity and
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changes in selectivity of the main products. The apparent rate constants and the initial rates of
carbon formation were estimated as an attempt to provide a better understanding of the influence
of chemical surface functionalities and of textural properties of carbons. A correlation was found
between these kinetic parameters of coke formation and the catalytic behaviour of catalysts. The
results indicate nanoporous carbon promotes higher activities over longer periods of operation, at
least, for the hydrogenation of simple unsaturated hydrocarbons such as ethylene.

Table 1. Summary of textural properties and activity/selectivity trends of NiMo/AC catalysts. Values of textural
properties are referred to raw and after reaction (post). Values of conversion and yields of CHs and C;Hg are
referred to values observed at initial and steady-state conditions.

sample Seer Viot VNLper Vmic Vimeso Cprzco  Cprsoo | YcHa-300 Ycasoo  Ycawesoo  Yczwe-soo
(m2g?)?®  (em?g?)®  (emig?)c  (emPg?)?  (cmig?)e (%) (%) (%)e (%)e (%) (%)"
AC 706 0.425 0.383 0.367 0.058 0 0 0 0 0 0
Mo/AC 544 0.467 0.428 0.293 0.174 26 25 0 0 0 0
Ni/AC 556 0.460 0.421 0.288 0.172 86 99 12 5 42 79
NiMo/AC 443 0.376 0.344 0.236 0.140 62 66 6 1 41 51

2 BET specific surface area; ® Total volume of pores estimated a P/Po = 0.99; ¢ Pore volume estimated from non-local density functional
theory; ¢ Micropore volume estimated from Dubinin-Radushkevich model; © Mesopore volume estimated from Viot - Vmic; f Steady-state
condition’s conversion of ethylene for the pretreatment of catalysts at 300°C and 500°C; & Steady-state condition’s yield of CHa for the
pretreatment of catalysts at 300°C and 500°C; ; ¢ Initial and steady-state condition’s yield of C,Hs for the pretreatment of catalysts at
300°C and 500°C.

CONCLUSIONS

It can be suggested that textural properties of activated carbon led to different products during the
catalytic conversion of ethylene in presence of H,. The evolution of products can be assigned to the
magnitude of the pore confining effect. This effect permits to suggest that Ni/AC and NiMo/AC
catalysts does not suffer deactivation due to a high production of multiwalled carbon nanotubes

permitting the diffusion of active Ni nanoparticles from the pore framework to a more exposed
location in the catalysts.
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INTRODUCTION

In recent years, many efforts have been made to develop highly efficient electrochemical capacitors,
also called supercapacitors (SCs). Several approaches have been proposed, such as the development
of nanostructured carbon materials with a high surface area and hierarchical porosity to increase the
specific capacitance and reduce the diffusion resistance thanks to a well-connected porosity, and thus
obtain high-rate capabilities. The surface chemistry of porous carbons can be tailored by introducing
heteroatoms (such as O, N or S) as a strategy to improve electrochemical performance through surface
redox reactions. A further attempt to develop “greener” and more competitive SCs has been made by
using widely available agricultural/wood waste as precursors of activated carbons. Similarly, pine
tannins have also been proposed as low-cost, non-toxic, and renewable precursors for the synthesis
of carbon materials (Sanchez-Sanchez et al., 2017). The objective of this work is to show that a biochar,
which is a by-product of the pyrolysis of pine tannins for oil production, can be used as SC electrode
after activation with KOH (Perez-Rodriguez, et al., 2021).

EXPERIMENTAL

Activated carbons (ACs) were prepared from a pine Tannin-derived BioChar (TBC) by chemical
activation with KOH at 650° C for 1h under N, flow (20 psi, 100 mL min). Different weight ratios of
KOH to biochar (R = Wkon/Whiochar) from 0.3 to 3.6 were used. The corresponding samples were labelled
as TBC-KR, and characterized by proximate and elemental analysis, gas adsorption/desorption,
transmission electron microscopy (TEM), X-ray photoelectronic spectroscopy (XPS), and Raman
spectroscopy. Electrochemical measurements were carried out with a Biologic VMP3 workstation
using symmetrical two-electrode Swagelok-type cells. The electrodes (5 mm in diameter) were
prepared from a paste containing the ground AC materials, polytetrafluoroethylene (PTFE) binder (60
wt.% suspension in water) and carbon black, in a weight ratio of 85:10:5. The total mass loading of the
resultant electrodes was about 10.7 mg cm™ (ca. 9 mg cm? of effective carbon material), which is
comparable to commercial standards (ca. 10 mg cm™). The carbon electrodes were impregnated for
one week in the electrolyte, an aqueous solution of 1M H,S0s. Cyclic voltammetry (CV) tests were
carried out in the 0 - 0.9 V range at scan rates increasing from 5 to 100 mV s. Further details have
been reported elsewhere (Perez-Rodriguez, et al., 2021).
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RESULTS AND DISCUSSION

Table 1 shows a summary of the results obtained for TBC-K2.8 and TBC-K3.6 samples. The resulting
ACs presented highly developed specific surface areas of up to 2457 m? g, well-connected porosity,
and high oxygen content, leading to enhanced electrochemical performance when used as
supercapacitor electrodes in a 1 M H,SO; aqueous electrolyte. Galvanostatic charge/discharge
experiments evidenced that the best material achieved a maximum electrode capacitance of 232 F g
1(at 0.5 A g') using commercial mass loadings (i.e., about 10 mg cm™). In addition, long cycling stability
with 92 to 94% residual capacitance after 10,000 cycles at 5 A g was achieved. The Ragone plot (not
shown here) demonstrated that the samples TBC-K2.8 and TBC-K3.6 exhibit the highest specific
energies across the entire specific power range, confirming the improved storage performance of
these materials (Perez-Rodriguez, et al., 2021). Their specific energies present a maximum of 5.4 and
6.7 W h kg™, respectively, at the specific power of ca. 110 W kg™ (0.5 A g?).

Table 1. Summary of tannin-derived carbon electrodes synthesized by pyrolysis and KOH activation for
symmetrical supercapacitors in aqueous acid medium.

Samples Yield Ager Ce Ce,2 Cret
(%) 2 (m2g?)b (Fg)e (Fgt)c (%) ¢

TBC-K2.8 26 2187 200 (0.5A g1) 120(10Ag?) 92

TBC-K3.6 21 2457 232 (0.5Ag?) 124 (10Ag?) 94

a Final yield including the carbonization and the activation processes; P Specific areas determined by the BET method for
comparison purposes. < Specific cell capacitances at the current density indicated in brackets. Ce 1 and Ce, > are defined as the
specific capacitances at the lowest and highest current density, respectively; ¢ Capacitance retention after 10 000 cycles at 5
Agt.

CONCLUSIONS

Microporous ACs with outstanding BET areas (up to ca. 2450 m? g'!) were obtained by direct activation
of pine tannin-derived biochar with KOH at 650 °C. Activation using KOH to biochar mass ratios of 2.8
and 3.6 led to a good compromise between high surface areas and adequate pore size distributions,
resulting in a high electrochemical specific capacitance (up to 220-230 F g* at 0.5 A g!). The materials
presented long-term stability, retaining 92 and 94% of the initial energy storage after 10000 cycles at
5Ag?. Therefore, the upgrading of biochars derived from the pyrolysis of pine tannin as SCs electrodes
has great potential for their commercial use as electrochemical energy storage devices.
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INTRODUCTION

Tartrazine -also known as yellow 5 (Y5)-is a synthetic azo dye used and accepted as a safe food additive
in Europe and in US, frequently found in wastewaters derived from the food industry. Owing to some
contradictory studies about its impact on health and its possible carcinogenic effects (Kapadia, 1998),
the removal of Y5 from water courses has become an issue of concern. Heterogeneous photocatalysis
is an effective solution for the degradation of azo dyes from wastewater, being TiO, the benchmark
catalyst. However, TiO, presents important limitations such as a low surface area and limited
absorptivity under solar irradiation (ca. 5-8%). This has triggered the interest for alternative
semiconductors. Among them, Cu-based oxides have received much attention since copper is an
abundant raw element. In this work we perform a comparative study of the catalytic performance of
a C-containing Cu-based photocatalyst under artificial and natural solar light, in two photoreactor
configurations.

EXPERIMENTAL

The C-containing Cu-based photocatalyst was prepared by a two-step procedure using furfural as
carbon source and copper (llI) acetylacetonate as copper precursor (Mufioz-Flores, 2022a). The
catalyst was labelled as Cu@C, and it was characterized by proximate and elemental analysis, gas
adsorption, X-ray diffraction, and scanning and transmission electron microscopy. The performance
of Cu@C catalyst for the degradation of Y5 dye was evaluated in at lab-scale in a batch slurry reactor
under (artificial) simulated solar light. The optimized operating conditions (e.g., catalyst loading, dye
initial concentration) were applied for the degradation at pilot scale using a compound parabolic
collector (CPC) photoreactor (Mufioz-Flores, 2022b). The results under both configurations were
compared using different kinetic models.

RESULTS AND DISCUSSION

Initially, the stability of the copper photocatalyst towards the leaching of the metallic species was
evaluated in dark and irradiation conditions. Data revealed that the incorporation of a carbon phase
in the photocatalyst prevents the lixiviation of the Cu-species (Mufioz-Flores, 2022a). The prepared
Cu@C catalyst is composed by ca. 20 wt.% of carbon and a nominal fraction of Cu of ca. 33 wt.%. XRD
patterns showed Cu, CuO and Cu,O as the main crystalline phases; these are also considered the
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photoactive sites of the Cu@C sample, based on the optical characterisation (e.g., a well-defined
absorption edge above 600 nm ascribed to Cu,0 in the diffuse reflectance spectroscopy). Important
parameters such as dark adsorption capacity, catalyst’s loading and initial concentration of Y5 were
optimized under artificial light following the kinetics of degradation of the dye. These optimized
conditions were applied also at pilot scale in a compound parabolic collector (CPC) photoreactor. Data
revealed between 2.2 — 2.9 times faster degradation kinetics of tartrazine using the CPC photoreactor
under natural solar light than in a slurry reactor under artificial solar light (Table 1). This behaviour is
ascribed to the combination of photoactive copper species and the carbon phase in the catalyst
(boosting sunlight absorption) and the moderate photon flux conditions in the CPC (minimizing
recombination). This is of paramount importance since most of the photocatalytic tests designed to
evaluate the activity of novel materials are carried out under simulated solar light and disregard the
impact of photon flux in outdoor conditions.

Table 1. Summary of adsorption in the dark and kinetic parameters of the photocatalytic degradation of Y5 using
artificial UV-vis and natural solar irradiation. Initial concentration 2 ppm and 0.25 g L! catalyst loading.

Type of Irradiation Nads Kapp X 103 ka x 10*2 Ngeg

(umol g1)2 (min)®b Ry 2¢ (L mol* min-1) d R;2e (%) f

Natural solar irradiation 15.3+0.3 55+0.1 0.997 32.7+0.9 0.968 100
Artificial irradiation 16.6 £ 0.5 25+0.2 0.916 11.4+0.8 0.932 63

2Y5 adsorption in the dark after 60 min; ® 1%t-order apparent rate-constant obtained from: Ln(Co/Ct) = kapp-t; ¢ Quadratic factor according
to a 1%t-order reaction-rate; ¢ 2"-order apparent rate-constant obtained from: (1/[Ct]) = [(1/[Ceq] + k2.t]; © Quadratic factor according to
a second-order reaction-rate; fY5 conversion after 420 min irradiation defined by ngeg = [1 — (C¢/Co)].100.

CONCLUSIONS

The photocatalyst was stable under natural solar irradiation in a continuous-flow CPC photoreactor.
This is attributed to the protector role of the carbon matrix preventing the lixiviation of the copper
species to the solution. Its photocatalytic performance is faster in natural solar light than under
artificial irradiation. Overall, the prepared Cu@C photocatalyst is an economically sustainable, locally
available and efficient material to be applied for the degradation of Y5 dye from wastewater effluents
by adsorption and heterogeneous photocatalysis under natural solar irradiation.
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INTRODUCTION

Despite having been the subject of intense study for over 60 years, the behaviour of graphite subject
to damage such as irradiation has remained relatively poor, and there is little detailed atomistic
understanding of many of the type of defects which can occur. Dislocations, which are a central
concept in materials science, dictate the plastic deformation and damage evolution in materials. In
layered materials such as graphite there are two general types of interlayer dislocations: basal
dislocations, which accommodate strain within the basal plane, and prismatic dislocations, where an
extra half-sheet of graphene is incorporated in bulk graphite. Using quantum mechanical density
functional theory (DFT) calculations, we have examined different structural configurations of the
prismatic dislocation core in graphite and evaluated the structure, energetics, and mobility
(McHugh, 2022). The interaction of prismatic dislocation with point defects is considered, and the
implications for material damage are considered.

FIGURE 1: Schematic image of DFT supercells: a) containing isolated prismatic dislocation dipoles and
b) grain boundary configurations.

METHODS

DFT calculations have been performed using the Quantum ESPRESSO (Giannozzi, 2009) ab-initio
suite. All cells have been constructed with a net Burgers vector of zero (see Figure 1), such that the
lowest energy configuration of every cell is thus Bernal AB graphite. Formation energies are then
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calculated relative to Bernal graphite. Point defect interactions have been considered using both
bulk and “isolated” DFT supercells (Figure 2).

RESULTS

We find close energetic interplay between bonded and "free-standing" core structures in both zigzag
and armchair directions, where a reconstructed stable zigzag core is identified. In both c-axis grain
boundaries and prismatic dislocation pile-up configuration, we find novel metastable structures
which may be important for energy storage in irradiated graphite, and which produce notable
agreement with TEM images.

Calculations of point defects in the vicinity of the prismatic dislocation core are found to markedly
lower the corresponding formation energy, suggesting that they are a significant source and sink for
point-defect creation and diffusion (see Figure 2), due to the lowered barriers for sp* bonding and
bond rotations in comparison to perfect material.

FIGURE 2: Vacancy formation energy as a function of position across a prismatic dislocation core, for
dislocation cores along the a) armchair and b) zigzag crystallographic directions.

CONCLUSIONS

Our calculations show that the prismatic edge is a significant source and sink for point-defect
creation and diffusion, where sp® bonds and bond rotations can happen with markedly lowered
barriers in comparison to perfect material. This has implications for radiation damage, dimensional
change, graphite magnetism, heat capacity, melting, and lubricity.
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INTRODUCTION

A major challenge of technologies employing adsorption onto activated carbons (ACs) is associated
with extending their lifetime and the management of the spent adsorbents (Mestre et al. 2022).
Nowadays, wastewater treatment is responsible for the largest amounts of exhausted granular ACs
(GACs), and it is expected to growth, mainly driven by the need to remove contaminants of emergent
concern, including pharmaceuticals. For this purpose, ACs adsorption and ozonation are considered
consolidated technologies (Rizzo et al. 2019), with confirmed cost-efficient elimination of organic
microcontaminants and toxicity in several full-scale wastewater treatment plants (WWTPs), namely in
Switzerland and Germany (Mestre et al. 2022). Once the quality of the treated effluent reaches a
critical point by falling below the required minimum, the loaded GAC must be replaced by fresh or
regenerated GAC. Herein we address the effect of the regeneration procedure — thermal under N,
flow versus reactivation with steam — on the effectiveness of regeneration of a commercial GAC
saturated with caffeine or paracetamol to assess the influence of the adsorbate (Figure 1).

Pharmaceutical
compounds
Reuse

Caffeine

Regeneration

Thermal under N,
Paracetamol e
Steam reactivation

FIGURE 1: Chemical structure of studied pharmaceuticals and graphical illustration of the work.

EXPERIMENTAL

The commercial GAC830 from Cabot/Norti was crushed and sieving to obtain particles with
dimensions between 300 — 420 um and 600 — 850 um, the textural and surface properties were
characterized by N, adsorption at -196 °C and determination of the pH at the point of zero charge
(pHpzc). The adsorption of each pharmaceutical compound was assessed through single-solute kinetic
and equilibrium assays. All solutions were prepared in ultrapure water. GAC samples exhausted with
the target pharmaceuticals were regenerated at 600 °C for 1 h under N; flow or under steam. The
regenerated samples were characterized and re-used under the same experimental conditions to
evaluate the regeneration.

RESULTS AND DISCUSSION

For the activated carbon exhausted with caffeine and thermally regenerated, the particles with the
largest particle size (600-850 pum) allow attaining removal efficiencies of 96% and 92% in, respectively,
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the 1t and 2" reuse/regeneration cycle. These values are slightly higher than those obtained for the
smaller particle size granules (300-425 um) with 92% and 85%. Besides the higher performance in the
reuse, the larger particle size also allows lower mass loss percentages (27-31% versus 35-63%). In any
case, after the 2nd reuse/regeneration cycle with caffeine, the N, isotherms of the materials are still
coincident with that of the fresh adsorbent, and no variation was detected on the pHpz. For the
material exhausted with paracetamol, the thermal regeneration is less effective since after the 15t and
2" reuse/regeneration cycles the regeneration efficiency ranges between 50-60%. N, adsorption
isotherms of the materials exhausted with paracetamol and further regenerated present a downward
shift compared with the fresh material, indicating the loss of porosity mainly in the micropore region.
For GAC with 600-850 um the regeneration efficiency depends both on the regeneration method and
on the pharmaceutical compound (Figure 2). For caffeine the exhausted GAC is successfully
regenerated under N, flow during 4 consecutive cycles (> 90% recovery of adsorption capacity), for
paracetamol the regeneration with the same procedure only 50% of the adsorption capacity is
recovered after the 2" cycle. For saturation with caffeine, steam reactivation allows improving the
performance in the 1% cycle but lead to a gradual decrease of regeneration efficiency and performance
for consecutive cycles.

Caffeine Paracetamol

160 4 160 -
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X 140 X 140
g 120 - g 120
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B 60 5 60
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0 0
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FIGURE 2. Influence of the regeneration method (thermal under N2 and steam reactivation) on the
regeneration efficiency of fraction 600-850 um of the GAC exhausted with caffeine or paracetamol.

CONCLUSIONS

Regeneration efficiency is dependent on the adsorbed pharmaceuticals with the pore network
exhausted with caffeine being more effectively recovered by thermal regeneration or reactivation.
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INTRODUCTION

Vanadium redox flow batteries (VRFB) are one of the most efficient technologies for large-scale
energy storage due to their modular design that favours their scalability. Furthermore, the use of
vanadium species as electrolytes has unique advantages such as: elimination of cross-contamination
through the membrane, short response time, and long shelf life (Kim et al., 2015).

One of the critical components of VRFBs are the electrodes that contribute to the performance of
the battery. On the electroactive surface of the electrodes, the electrochemical reactions
responsible for the generation of electricity are carried out. However, improvements are still
required to lower the costs of VRFBs and improve their specific power and energy (Pellow et al.,
2015; H. Zhang, X. Li, 2018).

The objective of the present work is the modification of commercial carbon felts with graphene
oxide (GO), and Polyethylene Glycol (PEG). Thanks to the oxidizing power of PEG, the aim of this
work is to obtain a carbon felt surface functionalized with oxygen groups, and increase the catalytic
activity of the felts towards the reduction and oxidation reactions of vanadium, by the action of
graphene oxide.

EXPERIMENTAL

To carry out the modification of carbon commercial felts (GFD 4.6 IW1), supplied by Sigracell, we
designed a method of modifying the surface of the felt with GO, synthesized by the modified
Hummers method (Marcano et al., 2010) and PEG. This method consists of impregnation cycles in a
suspension of GO and PEG followed by drying in an oven at 75 °C and finally in a pyrolysis in an
atmosphere of N, at 800 °C.

The physical-chemical characterization of the materials has been carried out by elemental analysis,
X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM). In addition, the electrocatalytic activity of the felts has been determined
in a three-electrode cell, using the felt as a working electrode, an Ag/AgCl (3 M KCl) reference
electrode and a graphite bar as a counter electrode. The measurements have been carried out using
an electrolyte with a concentration of 0.05 M of VOSO,4 in medium 1M H,SO, solution.
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RESULTS AND DISCUSSION

In the physical-chemical characterization (by XPS and elemental analysis), it can be seen how the
amount of oxygen in the materials increases with the number of deposition cycles of GO-PEG (Figure
1).

2.0 - Elemental Analysis
1 o | xps
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1.4 4
1.2

% O
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FIGURE 1: Mass percentage of oxygen determined by elemental analysis (green) and XPS (black).

In the scanning electron microscopy images shown in Figure 2, it can be seen how the GO deposited
on the fibers of the felt increases with the deposition cycles, favouring the conductivity of the
material and increasing its surface.

.

{0 cycles

FIGURE 2: Scanning electron microscopy images, highlighting the deposited GO in yellow.

Carbon felts functionalized with graphene and oxygen present a decrease in the overpotential
(Figure 3) necessary for oxidation and reduction reactions, both in the negative electrode (V?*/V?*)
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and in the positive electrode (VO**/V0,*), compared to with the unmodified felt, thus improving the
efficiency of the battery.
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FIGURE 3: Potential at a current density of #35 mAcm (oxidation/reduction) and potential difference for the
charge versus discharge reaction for felts with different impregnations cycles for the pair V?*/V?* (left) and for
VO?/VO,* (right). Determined by cyclic voltammetry at 5 mV/s in aqueous solution of 0.05 M VOSO,in 1 M
H>50,4

CONCLUSIONS

e Carbon felts have been modified with graphene and polyetilenglycol through a cycle-based
synthesis that allows modifying the amount of graphene deposited.

¢ All the materials obtained improve the electrocatalytic behaviour of the commercial material for
both the positive and negative electrodes.

¢ The amount of graphene that offers the best results in a 3-electrode cell has been optimized.
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INTRODUCTION

Pyrolytic carbons (PyC) make a family of graphenic carbon solids prepared by chemical vapour
deposition (CVD) and exhibiting a variety of texture (isotropy/anisotropy) and nanotexture
(crystallite dimensions and slight misorientations) which are exploited in many high-tech
applications as coatings or composite matrices. As typical of CVD processes, the mechanisms of PyC
deposition mainly involve an organic gaseous feedstock, temperature conditions high enough to
break the precursor molecules, and a substrate. The primary cracking process generates a solid
carbon deposit (the PyC) on the one hand, and radicals on the other hand. Then secondary processes
may happen, namely radical recombination into new species, which may crack in turn and contribute
to the PyC deposition and the formation of new radicals. In this process, the co-formation of a liquid
phase has been debated for long. Investigating nanosized pyrolytic carbon deposits by a time-of-
flight CVD process onto carbon nanotubes had suggested that the existence of a transient liquid
phase was likely (Monthioux, 2006). However, a clear demonstration was missing. A decisive step for
addressing this issue is to check whether the behaviour of liquids wetting wires and the related
physics are able to provide explanations accounting for all the observations. This is what was done in
this work. A full version of this work was published in Paredes (2021).

EXPERIMENTAL

The CVD process was based on a horizontal, tubular furnace fed with a mixture of CH4 and H,. Multi-
wall carbon nanotubes (MWCNTSs) are grown first using standard conditions (iron catalyst, 1100°C).
The catalyst dispersion and total flow rate make that the MWCNTs grow individually and more or
less aligned parallel to the flow direction. Then, the temperature in the isothermal zone is increased
up to 1400°C and the CH4/H, ratio is changed so that to deposit PyC onto the MWCNTSs for about 2
hours. The "time-of-flight" nature of the deposition comes from the extended isothermal zone which
allows the gas phase to "mature" while travelling downstream. Figure 1a shows what the early PyC
deposit looks like (after few-minute deposition), Figures 1b to 1d provide examples of the resulting
all-graphene morphologies obtained at various time-of-flight conditions.

DEPOSITION MECHANISMS

Figure 2 summarizes the various steps the occurrence of which were discussed in Paredes (2021).
Step 0 corresponds to the catalytic growth of a primary MWCNT and sketches the complexity of the
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surrounding gas phase chemical composition (as a consequence of the ToF-CVD conditions) i.e.,
including radicals, polyaromatic hydrocarbons (PAHs) and light hydrocarbons.

FIGURE 1: Examples of the complex graphenic morphologies that form when PyC is deposited onto CNTs at
1400°C by ToF-CVD. (a) After few-minute deposition. (b) to (d) After 2 hours at different time-of-flight
conditions.

During Step 1, the gas phase condenses as a cylinder of PAH-rich organic liquid around the CNT.
Then (Step 2), the liquid film is immediately subjected to the effect of the so-called Plateau-Rayleigh
instability (PRI) which breaks the liquid film and forms nanosized, axisymmetric elongated droplets
periodically displayed along the CNT; calculations show that the PRI applies within few
microseconds; the rheological behaviour of the liquid may vary with the time-of-flight conditions and
generate various morphologies of the elongated droplets, subsequently resulting in either beads or
short fibre segments after a 2-hour growth; importantly, surface tensions make the PAHs to align
parallel to the CNT surface.

FIGURE 2: Sketch of the growth scenario for carbon objects as shown in Figure 1. Elements are not at scale,
and the successive steps do not correspond to equal time-periods. The figure is extensively modified from
Paredes (2021).
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Then, carbonisation proceeds (Step 3), forming primary cones made of concentric graphene cylinders which
are as shorter as they are more external, making the whole morphology spindle-like (as imaged in Figure
1a); this induces the occurrence of graphene edges at the conical part surface, which make adsorption sites;
as a well-known mechanism in pyrolytic carbon deposition processes, radicals may then chemisorb at the
conical part surface from this step, resulting in the longitudinal growth of the primary morphology.
Meanwhile (Step 4), the PAH-containing liquid can keep depositing everywhere; when depositing on the
thickened parts of the CNT (starting with the thickest part of the primary spindle-like morphology), a
cylindrical liquid film can no longer form, as the diameter has become is too large; consequently, PAHs
deposit under another form instead, possibly as individual droplets, or as individual entities; on the other
hand, when depositing on the still-naked parts of the CNT, a liquid cylinder can still condense, but the
contacts of the cylindrical liquid film with the conical parts make that the droplets created by the PRI are
subjected to a Laplace pressure difference; this makes the axisymmetric droplets to migrate towards the
larger diameters of the cone parts, leaving the CNT surface naked again; however, the migration stops once
the droplets reach the cone part where the diameter is too large for the droplets to remain axisymmetric;
therefore, the more the cones grow, the shorter the droplet migration is. During Step 5, the carbonization
proceeds while Step-4 events keep going; PAHs not subjected to the PRI do not align well, resulting in
somewhat isotropically-displayed distorted graphenes, making the thicker part mostly grow from the PAHs
both in thickness and length with a rough surface (the fibre segment-/bead-like part); on the other hand, in
droplets resulting from the PRI (i.e., formed on the naked part of the CNT), PAHs are subjected to surface
tensions and resulting graphenes align well, hence the concentric display of graphenes, the presence of
many graphene free-edges at the cone surface, and the smooth surface. From this step, the cones mostly
grow from the radicals, although few PAHs may deposit in a dispersed manner and serve as nuclei for the
subsequent growth of scroll-like concentric graphenes thanks to the radical chemisorption (Paredes, 2022),
while the fibre segment-/bead-part mostly grows from the PAHs.

CONCLUSION

Considering the physics of wetting strings by a liquid does apply to our system in spite of both the
high temperature and the nanoscale, i.e., far beyond the condition range usually investigated for
wetting phenomena, and far beyond the condition range usually considered for the existence of
organic liquids. From a practical point of view, as the resulting material is a solid, all-graphenic
carbon material, the work demonstrates that using wetting physics in high temperature CVD can be
a way to dramatically modify the surface energetics and the nano/microscale morphology of carbon
nanofilaments, here forming carbon nanotube-supported complex morphologies which include
graphenic carbon nanocones. The statement is assumed to also apply to other chemical systems.
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INTRODUCTION

One of the most relevant topics to address a “Cleaner Future” is Carbon Capture and Sequestration,
where the molecule in the crosshairs of this subject is CO; (Vaz et al., 2022). Several processes are
considered in the CO; capture, where adsorption represents a cleaner and more affordable technology
(Sattari et al., 2021). Carbon materials with pore sizes from a few angstroms to a few nanometers have
been highlighted among the different porous adsorbents to CO, capture. The influence of these
textural properties on CO, adsorption needs to be studied.

This work presents the synthesis and analysis of a series of carbon materials with different textural
properties used in the carbon dioxide capture at 308 K and up to 10 bar. Textural properties of more
than twenty nanoporous carbons obtained with varying synthesis methods were compared and
correlated with the carbon dioxide uptake. This series includes biomass-based carbons with chemical
or physical activation and ordered templated carbons.

MATERIALS AND METHODS

Synthesis of carbon nanoporous materials

The series of materials presented in this work include activated carbons (AC) and templated carbons
(TC). The AC were obtained from biomass and were chemically activated. Also, three physically
activated commercial AC were tested. The TC were obtained using the nanocasting technique (Janus
et al., 2020), where different inorganic templates such as mesoporous silica and zeolites were
impregnated with different carbon sources (e.g., sucrose, furfuryl alcohol) to synthesize the carbon
material within the template pores and then remove the template. In this work, only the most
representative samples of the series of carbons are presented: two AC (Vulcan and Maxsorb) and six
TC (CN-Zeo, CMK-3, CMK-5_1, CMK-9, CMK-5_2, and Macro_2). These materials presented the
extreme and mean values in the textural properties and the application studies.

Textural characterization and Application

N, adsorption-desorption isotherms were measured at 77 K using a manometric Micromeritics ASAP
2000 analyzer. The samples were previously degassed in a vacuum at 200 °C for 12 h. The textural
properties such as specific surface area (Sger), total pore volume (Vip), micropores volumes (Vyp),
primary mesopores (Vemp), and pore size distribution (PSD) were calculated from the Ny isotherm data,
and using the methods reported elsewhere (Montiel-Centeno et al., 2019). CO, capture
measurements were carried out at 308 K and up to 10 bar, using manometric equipment
Micromeritics ASAP 2050. Before analysis, the samples were degassed at 200 °C for 6 h.

RESULTS AND DISCUSSION

The textural characterization studies (Figure 1a) revealed that most TC materials presented isotherms
Type IV, except CN-Zeo, which showed isotherm Type llI(b). The AC exhibited isotherms Type |,
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according to the IUPAC classification (Thommes et al., 2015). Likewise, these isotherms showed
different hysteresis loops types, H2-a (for CMK-3 and CMK-5), H2-b (for Macro-2), H3 (for CN-Zeo),
and H4 (for Maxsorb), which are characteristics of mesoporous materials. The CMK-9 sample did not
present hysteresis; however, using the as-plot method, it was determined that this material is micro-
mesoporous. From the N; isotherms data, the textural properties of these materials were determined,
and the results are presented in Table 1. This table shows that the AC Maxsorb presented the highest
Sserand Vipein all series of materials; on the contrary, the AC Vulcan presented the lowest Sger and V.
On the other hand, TC Macro-2 exhibited the highest values of Vi and Vpwpe, and this same material
was the only one that did not reveal micropores.

Figure 1b presents the PSD of the AC and TC. It is observed that these materials exhibited bimodal
distributions with the presence of pores in the microporous and mesoporous regions, except Macro-
2, which presented a single contribution in the mesoporous region. The mesopore’s size varied
between 2-10 nm, where the Macro-2 sample presented the largest mesopores and the Maxsorb the
smallest. Likewise, the size of the micropores of the AC and TC was found to be between 0.5-2 nm (see
inset box).

FIGURE 1: (a) N2 ads-des isotherms at 77 K and (b) PSD of nanoporous carbons.

TABLE 1: Textural properties of nanoporous carbons.

SBET SMP Vp.P Vome Ve Adccoz
Sample 2 2 3 3 3
(m/g) (m/g) (cm/g) (cm/g) (cm/g) (mmol/g)

Vulcan 230 70 0.06 0.30 0.36 1.61
CN-Zeo 660 240 0.16 0.84 1.00 3.09
CMK-3 1090 510 0.20 0.70 0.90 6.13
CMK-9 1580 950 0.20 0.93 1.13 6.15
CMK-5_1 1420 1310 0.06 1.38 1.44 5.04
Maxsorb 3250 1860 0.71 0.91 1.63 8.32
CMK-5_2 2200 1890 0.19 1.78 1.97 7.08
Macro-2 1440 1440 0 2.59 2.59 5.81

Figure 2 shows the CO, adsorption isotherms of the series of carbons under study. Under the analysis
conditions (10 bar and 308 K), the AC and TC isotherms have different CO, adsorption capacities
(AdCco2). The results show that the Maxsorb presented the highest AdCco, (8.32 mmol/g), followed by

the CMK-5_2 (7.08 mmol/g). On the other hand, the Vulcan carbon presented the lowest adsorption
capacity (1.61 mmol/g). This is, the AdCco, of the AC and TC studied were: Maxsorb > CMK-5_2 > CMK-

9 > CMK-3 > Macro-2 > CMK-5_1 > CN-Zeo > Vulcan. Based on these results, the materials with the
highest specific surface areas had the highest adsorption capacities. In addition, a good correlation
was found with the specific surface area of the mesopores where the TC Macro-2, with the absence
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of micropores, presented an AdCco, like that of the CMK-3 (highly microporous). This result may

indicate that the AdCco; of the AC and TC obtained will depend not only on the micropores, as is usually
reported (Gomez-Delgado et al., 2022; Serafin et al., 2022), but also that the mesopores play an
important role. This result agrees with a work we reported earlier (Montiel-Centeno et al., 2019).

FIGURE 2: CO; adsorption isotherms at 308 K up to 10 bar for the nanoporous carbons.

CONCLUSIONS

The carbon materials presented in this work had a good performance in the CO, capture. The materials
with the highest specific surface area adsorbed the largest amount of CO,, regardless of whether it is
an activated or templated carbon. This study revealed that not only the micropores could influence
the adsorption capacity of CO; but also the mesopores.
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INTRODUCTION

The rising urgency to shift the global energy production from fossil fuels to green renewable
energies requires the optimization of the most promising storage and conversion devices for
potential large-scale commercialization within the next years. An interesting strategy is the
development of a unique system that could combine storage and conversion devices and, therefore,
achieve maximum energy efficiency. One of the most promising systems in this area is the unitized
regenerative fuel cell (URFC), which combines both an electrolyzer, which converts electrical energy
into chemical energy when energy production surpasses its demand, and a fuel cell that converts the
chemical energy produced by the electrolyzer into electrical energy upon necessity (Pu et al., 2021).
One of the main challenges of the URFC is the sluggish kinetics of its oxygen reactions (oxygen
evolution and reduction reactions, OER and ORR, respectively) that hinder the overall kinetics of the
device. Thus, the design of a cheap and highly efficient electrocatalyst is necessary to achieve a
competitive technology. Nowadays, the main benchmark catalysts are noble metals such as Pt, Ru
and Ir, which are scarce and very expensive. Therefore, tailoring a widely-available and low-cost
carbon material represents an interesting alternative to the current commercial catalysts (Qian et
al.,, 2017). In this work, cobalt nitrate was incorporated on carbon nanotubes (CNT). This sample
underwent a thermal treatment at different temperatures and under different atmospheres (N, or
H) resulting in several catalysts with different cobalt species. These catalysts were then mainly
tested towards the OER as the synergy between carbon and cobalt has been reported to enhance
the catalyst’s conductivity and overall OER electrochemical performance. XRD characterizations
indicate that, in an inert atmosphere, increasing the treatment temperature at a low-temperature
range (185-350 °C) slightly decreased the overall oxidized cobalt content, while further increasing
the temperature up to 900 °C, the main cobalt species are modified. The treatments performed
under H, atmosphere resulted in materials with lower cobalt species in comparison to those treated
under N;. Overall, an increase of the thermal treatment temperature and a H, atmosphere led to a
decrease of oxidized cobalt species and, consequently, an increase of the total cobalt contribution
due to the lower oxygen content. In the OER, samples treated under H, atmosphere presented the
highest electrochemical performance, providing a current density of 10 mA c¢cm? at 1.63 V.
Therefore, tailoring of carbon electrocatalysts with the most efficient and electroactive cobalt
species towards the OER (in this case, metallic cobalt obtained by the reduction of cobalt oxides) is
essential to achieve the best electrochemical performances. Moreover, these results demonstrate
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that it is possible to achieve interesting OER performances using a carbon support, a very cheap
cobalt precursor and employing low temperatures (185 °C) to minimize the production costs and
environmental impact. The most electroactive sample towards OER was further tailored to probe its
performance towards the oxygen reduction reaction (ORR). Three different methodologies were
used to incorporate iron on the carbon material using iron(ii)phthalocyanine (FePc) as a precursor: i)
incorporation of FePc on the Co-doped CNT, ii) incorporation of FePc on the CNT and posterior
incorporation of cobalt on the Fe-doped sample and iii) physical mixture of the Fe-doped sample and
the Co-doped sample using a 1:1 mass ratio. The bimetallic samples showed remarkable ORR
activity, even better than the Pt/C ORR benchmark catalyst. Moreover, all samples tested presented
long-term durability and high methanol resistance (superior to 90%) surpassing one of the biggest
challenges towards large scale application. Regarding bifunctionality, a potential gap between both
ORR and OER of 0.76 V was achieved for the most electroactive sample, which is similar to state-of-
the-art carbon materials. Therefore, the carbon materials prepared are suited for upscale testing to
probe their capability to replace noble metals at industrially more relevant applications.

CONCLUSIONS

Highly electroactive Co-doped carbon nanotubes were used as electrocatalysts towards the oxygen
evolution reaction by using a low-cost precursor and simple incorporation techniques. Furthermore,
bifunctional oxygen electrocatalysts were prepared by mixing the most electroactive Co-CNT sample
with a Fe-CNT sample that presented higher electroactivity towards ORR than the commercial Pt/C.
The Fe,Co-doped sample displayed very high bifunctional oxygen electroactivity, which was
comparable to the best state-of-the-art carbon materials while using green methodologies and low
production costs, remarking high up-scaling potential towards producing carbon materials for green
energy applications.
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INTRODUCTION

Hydroxymethylfurfural (HMF) is a suitable building block for producing many value-added fine
chemicals, biopolymer precursors, and biofuels (Chheda, 2007). However, the current high
production costs of HMF limit its competitiveness with existing alternatives at an industrial scale.
The development of cheaper and environmentally friendly catalytic systems is urgently needed for
the commercialization of HMF to become a reality.

HMF can be obtained by acid-catalyzed dehydration of hexoses and their polymers. Even though
fructose is the optimum feedstock for HMF production, sucrose is the preferred substrate for viable
commercial-scale applications due to its higher availability and low price. The production of HMF
from sucrose involves a complex reaction network including hydrolysis of sucrose to glucose and
fructose (catalyzed by acidic sites), followed by isomerization of glucose to fructose (facilitated by
Lewis sites) and finally, fructose dehydration to HMF (on acidic sites) (Davidson, 2021). Interestingly,
biochar catalysts functionalized with basic nitrogen sites showed great activity in glucose
isomerisation to fructose (Chen, 2018), but have not been tested yet in glucose dehydration to HMF.
EXPERIMENTAL

In the present work, the conversion of sucrose to HMF was studied for the first time applying carbon
catalysts having a combination of acidic and basic functionalities. The catalysts were prepared via
facile one-step hydrothermal carbonization of glucose at 180 °C, using thiourea as a sole doping
source of nitrogen (i.e., basic sites) and sulfur functionalities (i.e., acidic sites). The influence of the
length of the hydrothermal treatment (12 and 24 h) and the amount of thiourea dopant (0.5 — 3 g)
on the chemical properties of the bifunctional catalysts were studied. Selected materials were also
carbonized and ball-milled. A reference catalyst containing only nitrogen functionalities was
prepared by substituting thiourea with urea. For the sake of comparison, a pure glucose solution was
also hydrothermally treated. The obtained samples were abbreviated according to the scheme:

264



CG aT or U_t c_b, in which: CG - carbon from glucose, a - amount of doping source in grams, T -
thiourea, U - urea, t - time of hydrothermal carbonization, c - carbonized, b - ball-milled.

RESULTS

The SEM images of CG_1T_12h and CG_1U_12h are shown in Figure 1. These images revealed
spherical particles with a strong tendency to aggregation and cross-linking. The size of particles in
hydrochar doped with thiourea was not uniform and contained larger particles (with diameter of
around 7-12 um) along with much smaller aggregated particles (see Figure 1 A). On the other hand,
hydrochar functionalized with urea (see Figure 1B) showed more uniform particles with an average
diameter of 5-7 um.

FIGURE 1: SEM image of CG_1T_12h A), and CG_1U_12h B).

The prepared hydrochars contained large amounts of oxygen (10 — 23 wt%), nitrogen
(5 — 10 wt%), and sulfur (1.5 — 6 wt%) in bulk, and the amounts of N and S were proportional to the
qguantity of thiourea used. Both carbonization and ball-milling significantly decreased the amounts of
S, and O, whereas nitrogen moieties were fairly stable. XPS analysis of the surfaces showed that
longer HTC time increased the amount of oxygen on the surface and slightly decreased the amount
of sulfur. The doping with urea introduced 5.5 wt% of nitrogen into the surface of the hydrochars.
Moreover, the results showed that ball-milling introduced oxygen groups mostly to the surface of
the carbons.

The total acidity (Awt) of samples was measured using a potentiometric back titration method. The
highest Aw: of 2.32 mmolH*/g was shown by the unmodified material (i.e., CG) sample.
Hydrothermal carbonization of glucose with thiourea for 12 h resulted in the sample with a slightly
decreased acidity (2.26 mmolH*/g) compared to CG. The increase of HTC time from 12 to 24 h
resulted in the drop of Aw: to 1.64 mmolH*/g. The carbonization of the samples, due to removal of
the functional groups, decreased the acidity to about 0.03 mmolH*/g in both cases.

The prepared materials were tested in sucrose dehydration to HMF in water, in microwave and
batch reactors at 180 °C for 2 h. The highest HMF yield of 35.5% was obtained in the reaction over
the catalyst containing the right combination of basic and acidic sites. Moreover, =SO3H groups were
found to be more selective acid sites for fructose dehydration than —OH and —COOH functionalities.
The influence of temperature, catalyst loading, and type of atmosphere on the reaction kinetics was
studied. The CO, atmosphere was found to have a negative effect on the selectivity to HMF, whereas
similar results were obtained under N; or air. A simple kinetic model for sucrose dehydration to HMF
was developed and fitted using the concentration-time profiles of the substrate and products,
agreeing well with the experimental results and helping to elucidate the major reaction pathways for
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each catalyst. Within this model, it was shown that HMF is produced mainly via the dehydration of
fructose and glucose is mostly converted to side products.

CONCLUSIONS

Overall, the obtained results showed that sucrose is a promising feedstock for large-scale production
of HMF because it is cheap and naturally available unlike fructose and easier to process than sugars
obtained from lignocellulosic biomass.
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INTRODUCTION

In this work density functional theory (DFT) and molecular dynamics (MD) methods have been
employed to investigate the properties of one-dimensional line defects such as basal dislocations
and ripplocations. The proposed term ripplocation defect derives from its double nature of surface
ripple and basal dislocation glide (Kushima, 2015. Gruber, 2016). Properties of these defects such as:
formation energies, core widths and heights have been analysed. It has been observed that the
energy, width and height of the ripplocations scales sublinearly, compared to quadratic scaling of the
dislocations against Burger’s vector. While dislocations relax in-plane expanding their core widths to
release the strain energy, ripplocations release their strain energy by buckling out-of-plane and by
keeping almost the same average bond length throughout the ripple (McHugh, 2021). It has been
found that for surface ripples consisting of two or more perfect lattice transitions, ripplocation
formation becomes energetically more favourable compared to dislocation (McHugh, 2021). In bulk
graphite a defect called ruck and tuck (Heggie, 2011) is formed by the progressive pile-up of many
more perfect lattice transitions. The formation energy of the ruck and tuck due to the basal
dislocation climb and the formation of the almost stable prismatic dislocation loop does not change
with increasing material pile-up (McHugh, 2021). The same approach has been extended to two
dimensions and new peculiarities of a defect which we call wrinklocation have emerged.

METHOD

Surface ripplocations are initially considered in bilayer graphene, bilayer hBN and bilayer MoS,. We
have employed the DFT method to optimise these structures. The supercells are created by the
addition of extra material in the top layer of each bilayer structure, while the bottom layer has been
held fixed. The ripplocation number, n=b/b,, (Where by is the magnitude of a perfect Burger’s vector
equal to one periodic lattice transition, while b is the magnitude of multiple Burger’s vectors in the
pile-up, b=bo, 2bo, etc) is a distinctive property, which constitutes to several extra unit cells or
Burger’s vectors on the top layer. In fig 1 (a) an example of optimised in DFT bilayer graphene
supercells up to n=4 can be seen. In fig 1 (b) the same approach has been applied to hBN bilayer and
MoS,. It can be seen that the formation energy is sublinear against n. In fig 1 (c) the same approach
extended to bulk graphite, where for n<3 the graphene layer is buckled, for n>3 it forms a stable
ruck and tuck defect and the formation energy becomes almost constant, fig 1 (d).
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FIGURE 1: (a) Supercells of surface ripplocations in bilayer graphene created by the addition of an extra unit
cell of material to the top layer optimised in DFT. For the n = 1, width of the ripple is 1.9 nm and height 1.1
nm, n = 2 width is 2.3 nm and height 1.4 nm, n = 3 width is 2.1 nm and height 1.6 nm, n = 4 width is 1.9 nm and
height 1.8 nm. (b) Compared to dislocations, the formation energy of ripplocations follows a sublinear scaling
against extra material or Burger’s vector for all layered materials. (c) Supercells of bulk ripplocations in
graphite optimised in MD. Pile-up for different values of additional material n, in a single graphene layer of
bulk graphite, resulting in the ruck and tuck defect structure. The ruck and tuck defect structure at n = 4 forms
a stable dipole of a prismatic dislocation loop. (d) Dislocation glide - ruck and tuck defect formation energy
showing a basal climb after n=3.

RESULTS

Extending the model discussed above to two dimensions, a defect which we call wrinklocation can
be defined. In that case there is a double in-plane number of [n,m] extra unit cells of material. In
case of bilayers these types of defects create superlattice-like twisted bilayer structures (Lu, 2013).
This introduces rotational disorder by creating patterns of partial dislocation networks consisting of
AA stacked dislocation nodes and transitions from AB to AC stackings, fig 2 (a).

FIGURE 2: (a) lllustration of an optimised in MD bilayer graphene triangular supercell of [1,1] additional unit
cells creating a Moiré like pattern of partial basal dislocation networks transitioning from AB to AC staking
through the AA stacking. (b) lllustration of optimised [5,5] supercell of extra unit cells resulting in a honeycomb
like superlattice of ripplocation networks meeting at wrinklocation nodes.
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In fig 2 (b) the [5,5] the supercell relaxed into a graphene-like honeycomb superlattice, where ripplocation
networks join at three folded nodes, which are the actual wrinklocation defects. In figure 3 (a), the optimised
geometries of [1,1] to [20,20] supercells are presented (n=m). All supercells up to [4,4] relaxed into partial
dislocation networks while the formation energy is quadratic against [n,m]. After that point the supercells
relaxed into graphene-like superlattices, and the formation energy becomes sublinear.

FIGURE 3: (a) lllustration of optimised bilayer graphene supercells in MD of [1,1] extra unit cells up to [20,20].
After the [4,4] extra unit cells, the optimised supercells transition to a honeycomb-like superlattices of
ripplocations meeting at wrinklocation nodes. (b) Formation energy vs extra unit cells of material [n,m]. The
transition between the triangular lattice and honeycomb-like superlattice phase happens between [4,4] and
[5,5]. For the triangular phase the energy dependence is quadratic due to the presence of partial dislocation
networks, while for the superlattice phase the energy becomes sublinear.

CONCLUSIONS

The ruck and tuck defect proposed by Heggie (2011) has been observed in irradiated graphite by means of
transition electron macroscopy in 2020 (Johns, 2020). This is strong evidence that these type of line defects
exist in graphite and could play a vital role in developing new models for the radiation-induced dimensional
change of nuclear graphite. Dislocations and ripplocations nucleated by irradiation rapidly propagate into the
bulk, due to the strong in-plane bonding the in-plane strain induces out-of-plane buckling.
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INTRODUCTION

In graphenic carbon materials, the apparent sizes of the average crystallite determined by X-Ray
Diffraction (XRD), L, (in-plane size), and L. (size along the stacking of graphenes), are usually used to
denote the degree of order. With disordered graphenic carbons, the presence of cross-linking
chemical functions in the organic precursor hinders the alignment of polyaromatic molecules during
primary carbonisation. The coherent graphene stacks (crystallites) remain with small L, and are
misoriented with respect to each other, which makes the material unable to acquire the graphite
(Bernal) structure, even if heat-treated at graphitisation temperature. In some poorly organised
carbons, such as from cellulose, an XRD peak may appear below the inter-graphene diffraction peak,
the origin of which has not yet been understood in the literature. The crystallinity of carbon
materials has been increasingly determined by Raman spectroscopy as an alternative to XRD. It is
not of common knowledge that, despite the parameter name being the same, these techniques do
not measure the same L. It is, therefore, important to compare and discuss what the differences
are.

EXPERIMENTAL

Two test samples of cellulose carbonised at 1000 and 1800 °C at a heating rate of 2 C°/min were
investigated by conjugating the outcomes from XRD, Raman spectroscopy, and high-resolution
transmission electron microscopy (HRTEM), because they were identified as milestone samples in
the course of carbonisation, with interesting differences.

Raw XRD diffractograms exhibit an intense background, presumably due to a variety of X-photon
interactions with the matter (Compton effect, absorption, polarization, etc.). Hence, they were
treated for removing the background using continuously decreasing functions, which is a routine
procedure for X-ray pattern analysis. The resulting diffraction profiles obtained from experiments
were fitted using a pseudo-Voigt function for the peaks appearing at 26 = 13° and 26 = 24°, and
specific parameterised functions were used for the peaks at 26 = 43° and 26 = 80° in MATLAB®
(Puech,2019). The interplanar spacing was calculated using the 28 = 24° peak position labelled 001.
We decided to use this notation 001 because the material remained turbostratic, whereas both 002
and 003 were only valid for the Bernal and rhombohedral graphite structures, respectively. The
graphenic crystallite sizes L. was directly obtained from the Scherrer equation applied to the 001
peak. L, (pertaining to the 10 asymmetric band for turbostratic carbons) and were obtained as a
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parameter of the parametrised function. We simulated the diffraction patterns for small graphene
stacks (turbostratic) with L,= 0.7, 1, 2, and 3 nm, with the number of layers ranging from 1 to 5.

For Raman Spectroscopy, the experimental spectra were fitted with a D band which was
decomposed in two contributions and a G band for obtaining accurate values for the respective
intensities as well as the linewidths.

RESULTS AND DISCUSSION

Considering different scenarios and modelling the XRD diffractogram in each case, we find a
consistent explanation of the additional peak at 208 = 13°. This peak, as shown by our modelled
spectra, designated in this study as small graphene—crystallite (SGC) peak, is not a mark for
amorphous carbon, but a mark of poorly organised graphenic carbon (i.e., with low nanotexture). It
is specifically due to crystallites involving an odd but limited number (typically three) of carbon
layers with L, in the range of 1-2 nm. It does not mean that this presence is exclusive, and
crystallites with an even number of layers (two and four) may be present as well, although
destructive interference effects do not allow them to contribute to this peak.

FIGURE 1: Calculated X-ray diffraction pattern (red curve) and experimental pattern (blue curve) after
background removal normalised to the small graphene crystallite (SGC) peak (blue, noisy line). The position of
the SGC peak is dependent on La.

The XRD profiles of the carbonised cellulose samples differ in the background intensity upon
temperature increase. It is worth noting that the decrease in the background intensity is consistent
with the assignment of at least part of the background to disorder, as claimed by (Kang, 2018), as it
is expected that disorder decreases as the carbonisation temperature increases. L, increase with
increasing the carbonisation temperature from 1.85 to 3.22nm.

With Raman spectroscopy, the L, values obtained from the intensity ratio ID/IG are in the order of
1.42 (Ferrari,2000) and 2.45 nm (Tuinstra, 1970) at 1000 and 1800 °C, respectively, whereas the L,
values derived from the confinement model using FWHMD (Puech,2016) are much higher with a
factor of 2 and 3.5, respectively. Although L, is an important indicator of the development of the
graphenic domains, none of the L, obtained should be taken as a universal value because the
different techniques do not measure the same feature. L, obtained from XRD is strictly dependent
on the planarity of the graphene. Moreover, we showed that several sizes are visible in the X-ray
diffraction patterns. Hence, it is a direct measurement of the average in-plane dimension of the
parallel coherent graphene stacks (the genuine crystallites). Should a defect be present in the in-
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plane graphene lattice while not deforming significantly the orientation of the graphene involved (as
for defects such as 5-7 pairs or vacancies for instance), the L,, as seen by XRD, will not be affected.
For the Raman, the “L,” designation, which is initially a crystallographic term, is not appropriate. L,
from Raman not only depends on the in-plane graphene dimension (which is inversely proportional
to the number of peripheral defects), but also on the occurrence of local defects dispersed
throughout the graphene lattice. The more defective the cellulose-derived carbons are, the more
broadened the D band becomes. However, this is not always true in terms of intensity due to the
resonance effect and change in behaviour around L, = 2 nm. The higher L, values obtained from
Raman (through the confinement model) with respect to XRD are a result of the overall presence of
distortions in the graphenes at 1000 °C, followed by the structural improvement in the graphene
sheets due to the healing of local (in-lattice) defects, to which the Raman signal is sensitive whilst
the XRD signal is not (or less). L, obtained from the intensity ratio ID/IG give values closer to that
from XRD than the confinement model. This can be understood as follows: correlations between L,
and ID/IG are based on several kinds of samples from various origins and treatments, with L,
determined by X-ray diffraction, leading to an average behaviour, eventually not suitable for a
specific series of materials. On the contrary, the confinement model (Puech,2016) does not use XRD
data, and was based on studying a homogenous sample series. However, even if other models
(Cancado, 2017) now also propose to correlate ID/IG, and the FWHMs of D and G as the confinement
model did, no model can account for all the Raman spectra available in the literature so far.

CONCLUSIONS

The arguments developed in this talk explain which characteristics are deduced from the signal
obtained by each of the characterisation techniques, how they are related to physics phenomena,
and in which way they differ from each other; hence, our conclusions are quite general and,
therefore, are valid for all kind of graphenic materials. An important conclusion of the work is that
the XRD peak corresponding to a scattering angle of ~13 (Cu X-ray source), the origin of which was
not understood in the literature so far, is now fully explained.
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INTRODUCTION

A microhoneycomb, a monolith having straight and aligned microchannels within it, is one example
of an ideal morphology for porous materials, as the trade-off relationship between
inner-accessibility and resistance against fluid flows can be avoided. Although it was not quite easy
to mould porous materials into such a microstructured monolith, the authors previously showed
that sol-gel derived materials could be moulded into the form of a microhoneycomb by freezing
their precursor hydrogels unidirectionally (Mukai et al., 2004). We also showed that sol-gel derived
monoliths with a similar structure can be obtained using thermoplastic fibers as a sacrificial template
(Takahashi et al.,, 2019). Both methods allow the easy synthesis of microhoneycombs, but the
flexibility of the dimensions of microhoneycombs obtained through both methods is quite limited.

In this work, we attempted to develop an easy and versatile method to synthesize microhoneycombs
of porous carbons. Our idea was to use a stereolithography 3D printer to print the sacrificial
template needed for moulding. If a UV-curable and thermally degradable resin is used for template
printing, it is expected that the template can be easily removed during carbonization and voids with
a structure identical to the template will be left behind.

EXPERIMENTAL

Templates needed to synthesize cylindrical microhoneycombs were 3D printed using commercially
available inks, and a specially formulated ink. The obtained templates were set in properly sized
tubes, and a RF sol prepared from resorcinol, formaldehyde and water using sodium carbonate as
the catalyst was introduced into the tubes. After the sols transformed into monolithic gels, the
monoliths were removed from the tubes and were freeze-dried. Template removal and
carbonization of the monoliths were conducted simultaneously by heating the samples up to 1273 K
in vacuum. Part of the monoliths were activated using CO,.

The morphology of the obtained microhoneycombs was examined using a scanning electron
microscope. Porous properties of the obtained monoliths were evaluated through nitrogen
adsorption experiments. The hydraulic resistance the microhoneycombs cause was evaluated by
measuring the pressure drop which occurs when water was passed through the microhoneycombs.

RESULTS AND DISCUSSION

Templates printed using commercially available inks were difficult to remove, and most of the
microchannels of the resulting microhoneycombs were blocked by residues originating from them.
Therefore, an ink that allows accurate printing of a template which hardly leaves residues behind
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when thermally treated was specially formulated by carefully selecting the monomer, photoinitiator
and UV-absorption enhancer which compose it.

FIGURE 1: (a) Photograph, (b) vertical-sectional micrograph and (c) cross-sectional micrograph of
a typical carbon gel microhoneycomb

Figure 1 shows a photograph and micrographs of a typical carbon gel monolith obtained using the
template printed from the developed ink. It can be confirmed that the carbon gel was successfully
moulded into the form of a microhoneycomb. The diameter of the cylinders which configure the
template, and the distance between the cylinders could be reduced to about 100 um, indicating that
microhoneycombs having a channel size, and channel wall thickness both about 100 um can be
easily obtained.

FIGURE 2: Nitrogen adsorption isotherms of typical samples
((a) carbon gel microhoneycombs, (b) carbon gel particles)

Figure 2 shows nitrogen adsorption isotherms of carbon gel microhoneycombs activated to different

degrees. Those of carbon gels synthesized from an identical starting solution but in the form of
particles are also shown for comparison. Slight differences can be observed, but it was confirmed
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that the microhoneycombs have the micro/mesoporosity which is characteristic of conventional
carbon gels. Therefore, the obtained microhoneycombs have a unique hierarchical pore system of
micro-, meso- and macropores (microchannels of the microhoneycomb) similar to microhoneycombs
obtained through previously developed methods.

Through pressure drop measurements, it was confirmed that the resistance a microhoneycomb
causes is much lower than that a column packed with particles having the same diffusion path length
as the microhoneycomb causes. Therefore, it was confirmed that short diffusion path lengths and a
low resistance against fluid flows are also compatible in microhoneycombs obtained through the
developed method.

CONCLUSIONS
Through this work, it was confirmed that monolithic microhoneycombs can be easily obtained using
templates printed using a stereolithography 3D printer.
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INTRODUCTION

Hydrogen peroxide is a chemical widely produced because of their strategic relevance in many
industrial sectors such as the paper and pump industry, chemical synthesis, textile, and water
treatment, among others ( C. W. Jones and J. H. Clark, 1999).

Concerning of environmental applications, H,0; is a mild oxidant and, upon activation, generates
reactive oxygen species that let us to degrade many refractory pollutants. Recently, in-situ
production of H,0, were carried out using an electrochemical cell through the 2e” oxygen reduction
reaction (ORR) at room temperature and atmospheric pressure. Role of the cathode material is
essential in this process to avoid competitive reactions and possible mass-transfer limitations.

For this application many carbon-based electrodes have been tested considering their unique
structure and electronic properties, such as graphite felt (Ozcan, Sahin et al., 2008) reticulated
vitreous carbon (Ramirez-Pereda, Alvarez-Gallegos et al., 2018), activated carbon or carbon paper
(Li, Song et al. 2019), with different advantages and disadvantages. Among them, the use of
hydrochars has been explored because they have shown potential to transform biological wastes
into a substitute for petroleum-based electrodes and catalyst supports. Besides, hydrothermal
carbonization is carried out at low temperature than pyrolysis without any drying step. Some efforts
have also been carried out to study the influence of their structural characteristics as porosity,
electrical conductivity and surface functionalization on different applications of carbon materials but
there is still a lack of understanding on the correlation between the physicochemical and structural
characteristics of carbon materials and their electrocatalytic capacity in the electrochemical
generation of hydrogen peroxide (Nair, Kumaravel et al., 2021).

In view of above, the aim of this work was to perform a screening of carbon cathodes showing varied
composition and varied electronic, porous and structural properties, for the electrochemical
production of H,0,, including those that come from phytoremediation wastes that contain metallic
ions (Cd, Pb, Zn, Cu) that could have catalytic interest. They were selected based on their different
structural and textural properties. Furthermore, electrocatalytic performance was evaluated on
relatively large (i. e. 2 cm x 2 cm) cathodes, higher than most studies from the literature reporting
adequateness of carbon materials for this application.

MATERIALS AND METHODS

A series of carbon materials was used for the fabrication of the cathodes covering graphite, carbon
black, graphene and derivatives, carbon nanotubes and nanofibers, petroleum coke and nanoporous
carbons. Catalytic inks were elaborated based on these materials to be casted on carbonaceous
supports. Samples of hydrochars from biomass were synthesized at 200 °C using a ratio of 166 g/mL,
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washed several times with warm water and dried at 80 °C. Then, further activation of hydrochars
were carried out with a thermal activation via pyrolysis.

The selected carbon materials were thoroughly characterized using various techniques (e.g., gas
adsorption isotherms, elemental analysis, Raman spectroscopy) to evaluate their physicochemical
and structural features.

A preliminary electrochemical characterization of carbon powders was carried out with a linear
sweep voltammetry (LSV) using a glassy carbon electrode (GCE, 5.0 mm diameter, Goodfellow, UK)
as support. Linear sweep voltammetry (LSV) was recorded by a potentiostat (BioLogic) at a scan rate
of 10 mV s in a three-electrode configuration, the prepared X/GC electrodes were used as working
electrodes, a graphite rod (ca. 0.385 cm?) as counter and saturated calomel electrode (SCE) as
reference electrode. LSV was ranged from 0.2V to -1.2V vs SCE to covering the specific potential in
which H,0; is theoretically produced.

For the electrocatalytic assay for hydrogen peroxide generation, a 2 x 2 cm? Toray carbon paper
(TGPH-120, thickness 0.19 mm) was used as electrode substrate as shown in the figure 1. These
electrodes were labelled as X/TP.

Figure 1. Electrochemical undivided cell for H,0; production. (Cathode: Toray paper 4 cm? ; Anode: graphite
rod 4.2 cm? and Reference electrode: SCE. Potentiostatic mode: -0.9 v vs SCE 0.05M Na2SOa as electrolyte.

The production of H,0, was performed in an undivided cell (0.1L) at room temperature, using 0.05
M Na,SO, as electrolyte. The 2 x 2 cm? Toray papers with the catalytic inks were used as cathode,
and a graphite rod as anode (active surface 4.2 cm?). The electrolysis was done in a potentiostatic
mode, with an applied potential of -0.9 mV vs SCE using a potentiostat/galvanostat. A continuous
supply of oxygen was applied by bubbling air under stirring using a magnetic bar. The concentration
of H,0, was measured by following the concentration of the complex formed between H,0, and Ti*
measuring the absorbance at 408 nm on a spectrophotometer (Pérez, Galia et al., 2017).

RESULTS AND DISCUSSIONS

To start with, Van Krevelem diagram of the selected carbons provided a helpful group classification
of carbon materials in connection with their origin, and compositional evolution (thermal history)
according to their atomic H/C and O/C ratios. Lower H/C and O/C ratios indicate a high degree of
aromaticity and low polarity, so that higher electronic conductivity is expected and at converse, high
H/C and O/C ratio indicate lower aromaticity due to functionalization. Thermogravimetric analysis
were assessed with hydrochars to determine main components obtained after thermal treatments
proposed.

LSVs were carried out with glassy carbon cathodes in O,-saturated electrolyte in a stirred cells and in
He-saturated electrolyte to observe the influence of availability of oxygen in the cathodic reduction
peaks with different materials tested. As expected, better results were obtained with oxygen using
activated carbon and nanocarbons casted on GC. Then, these experiments were carried out in 2 x 2
Toray Paper electrodes to confirm the production of H,0, measuring their concentration.

The influence of electrocatalytic properties of carbon materials on their structural and textural
properties shows a complex effect on microporosity because it helps to generate hydrogen peroxide
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thanks to the presence of triple electrolyte/electrode/oxygen interfaces. Relevance of electrical
conductivity was confirmed because their higher values reduced ohmic losses during the process and
also the generation of byproducts. Thermal treatments carried out with hydrochars obtained from
biomass wastes showed that both conductivity and current efficiency increase to generate H,0;
more efficiently. However, similar results were observed for non-conductive materials and low
conductive materials (= 40 %) so also structural order of carbons were evaluated with Raman
spectroscopy to identify their relationship with the rest of properties. Results were compared with
carbon felts that commonly were used for this application and finally the evaluation of energy
consumption of these electrodes with the catalytic ink and carbon felts indicated a reduction higher
than 50 % in the overall electric power consumed.

CONCLUSIONS

From this work, the following conclusions can be drawn:

- Current efficiency of carbon materials casted on Toray Papers is ranged between 0.3 and 0.8 and
their efficiency is higher than the use of conventional carbon felt.

- Biomass-derived hydrochars can be a real sustainable alternative to modify the surface of
carbonaceous electrode to electrochemically produce H,0..

- Any parameter seems to be ‘critical’ in this process but the relationship between all of them
showed an improvement of H,0, production with carbon nanotubes and carbon nanofibers casted
on TP.
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INTRODUCTION

Carbon foams are very interesting materials since depending on the precursor they can be good
insulators or good thermal conductors to be used in active or passive heat sinks. Regarding the foams
of great thermal conductivity, they have been developed mainly from Mesophase Pitch. It is well
known that synthetic mesophase pitch shows the most ordered graphitic structure, and therefore, will
be those that present the greatest thermal conductivity once graphitized. Currently, carbon fibers with
thermal conductivity of 1100 W/ mK in the direction of the fiber, called K1100, patented by Professor
Isao Mochida, that have been produced from Mitsubishi AR pitch (obtained from naphthalene) can be
found in the market. Graphitic foams of great thermal conductivity obtained from the same
mesophase pitch by pyrolysis under controlled pressure can also be found in the market. The main
problem with this pitch is that during pyrolysis process it suffers an expansion that can reach an
increase of volume of 4000%, which must be controlled. In the manufacture of carbon fibers, this is
achieved through a stabilization process with air, of the spun pitch, between 150-2509C, producing
cross-linking with oxygen and, therefore, an increase in average molecular weight, preventing the
expansion that occurs within pyrolysis process. In the case of carbon foams, they are pyrolysed in a
method equivalent to hot-pressing, where it allows an expansion between 50-100%, producing foams
with 50 -70% porosity. One problem they present is the fact that the expansion is not totally
homogeneous, and there is also a certain orientation of the fluid domains in the direction of the
volatiles exit resulting in an anisotropic structure. In the present investigation, a technique similar to
the one used with carbon fibers, but in this case the pitch foams will be made by using a Gas Pressure
Infiltration technique developed in Alicante for the manufacture of composite materials. The method
consists in using a NaCl template, which will later dissolved in water. In this way the foam will be
generated. Therefore, pore size can be controlled and porosity volumes between 40 and 70% can be
obtained. The average pore size is very important, since it determines the average size of the
ligaments, and therefore the time needed for air stabilization. Another important aspect is the
rheology of the process, since the pitch is not a Newtonian fluid, the viscosity depends on the shear
stress, and this in turn controls the size of the fluid domains. Therefore, the infiltration process must
be thoroughly controlled. For this, a previous study of the rheology of the process has been carried
out to know the shear stress relationship with the size of the mesophase domains.

EXPERIMENTAL

Synthetic mesophase pitch obtained by catalytic polymerization of naphthalene (AR24) was kindly
supplied by Mitsubishi Gas Chemical Company. This pitch is 100 % anisotropy with at softening point
of 292 °C. Steady shear rheology measurements were performed using a Rheometrics RDS Il Dynamic
Spectrometer. Measurements were made at temperatures in the range of 275 C to 320 C. All steady
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measurements were made using cone-plate geometry. The plate diameter was 25 mm and the cone
angle 0.1 radians with a 0.05 mm gap. Prior testing, a small cylindrical sample (0.5 cm3) of mesophase
pitch was formed by vacuum pelletization.

After quenching the sample was sectioned and mounted in epoxy resin afterwards the sample was
polished following the standard metallograpy procedures. The samples were analyzed using a
reflected polarized light optical microscope (Olimpus). The microscope has coupled and image analysis
(Enterprise 861000). Quantitative assessments of the size of the domains of the mesophase pitch were
assessed using a point-counting technique based on 700 points statistically selected.

RESULTS

Figure 1 show steady shear flow curves over a range of temperatures for the AR mesophases. This
figure clearly represents the Region | and Il of the shear behaviour of liquid crystal. In Region | the
rheological behaviour of the mesophase in all temperatures followed a power law with an index of 0.5
approximately. These results are consistent with predictions of a model developed by Marrucci for
LCPs. Thus Marrucci’s model was used to estimate the average elastic constants of the mesophase
pitches, K, based on their flow curves in regions | and Il and the quiescent state domain size.
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Figure 1. Flow curves for AR mesophase as a function of temperature

When the calculated elastic constants we can determine the evolution of the size of the domains of
the mesophase pitch at functions of the shear rate. The flow-induces structures and sizes predicted
by Marrucci’s model as illustrated in Fig 2. Note that the predictions reported in Figure 2 were
computed for the Ar mesophase at 300 2C. At this temperature, the analysis of the flow curve
presented in Fig 2 shows that viscosity in the Newtonian region is 30 Pa-s and the average elastic
constant is 1.8 10 N. The experimental size of the domain in the quiescent state is around 20 microns.
The Figure 2 clearly shows the good agreement between the prediction and the experimental results
of measure of the domain of the quenching mesophase. To illustrate the evolution Figure 3 shows two
pictures of the mesophase shearing at different rate, where, we can observe how decrease the domain
when increase the shear rate.
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Figure 2. Comparison of predicted (using Marrucci’s model) and the measured domain size during
shear flow of the AR mesophase (at 300 2C).

In summary, the steady shear experiments suggested that the mesophase pitches studied exhibited a
polydomain structure similar to that many liquids crystalline polymers. The size of this structure
decreased as the mesophase pitch was subjected to increasing rates of shear. A model developed by
Marrucci was used to estimate the elastic constants of these materials and predict the size of the
structure induced by shear flow.

Figure 3. Evolution of optical texture of the AR mesophase pitch during shear flow at 300 C. a)
quiescent state b) after shearing at 10 s
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INTRODUCTION

Lignin is the most abundant aromatic biopolymer, accounting for up to 30% of organic carbon on
Earth, and thus can be considered as a potential renewable feedstock for the production of energy
supplements and aromatic chemicals (Agarwal, 2005; Barsberg, 2011). Lignin is a natural aromatic
polymer, which ranks second after cellulose. Physico-chemical property of the resulting lignin
depends on the source, as well as on the extraction method. Lignin is currently used in the
production of low-cost carbon fiber. In this work, we synthesized lignin using the organosolv
method, this method allows us to obtain high-quality lignin and lower process temperatures with
shorter completion time. Synthesized lignin is used to obtain lignin nanofibers by electrospinning. In
contrast to the known methods for extracting lignin and methods for obtaining inexpensive
electrospun fibers, using this method for synthesizing lignin, continuous fibers with a nanoscale
diameter can be obtained.

In the work for the synthesis of lignin, household wood waste is used, as well as agricultural
waste (sawdust from unclassified trees). Extraction of lignin from sawdust of unclassified trees was
carried out by treatment with a mixture of formic and acetic acids. Electrospinning is a suitable top-
down technique for preparing polymer fibers using high voltage electric fields and solutions of a
chosen polymer with adequate viscosity and conductivity. The main advantages of the
electrospinning method are the simplicity of the process, and the use of high temperatures is also
not required (Xiaofei, 2016). Solutions were prepared by stirring until complete dissolution of the
components using a magnetic stirrer at 40°C. To achieve a suitable operating condition, the flow rate
(0.4 to 0.8 ml/h), distance (10, 15, 18 cm) and voltage (10 to 25 kV) of electrospinning were varied
depending on the concentration of lignin. In the process of preparation, the electrospinning solution
we can observe that the viscosity changes slowly over time as polyacrylonitrile (PAN) dissolves in
added dimethylformamide (DMF). Also the colour gets more uniform over time (becoming slightly
darker than initially). The main problem while trying to adjust the perfect concentration of solid
phase dissolved in the liquid was to determine the narrow window of viable viscosity.

Infra-Red, nuclear magnetic resonance (NMR) analysis of lignin was performed, as well as,
obtained lignin fibers investigated by thermogravimetric (TGA) and energy-dispersive X-ray (EDX)
analysis. To determine the surface morphological features of lignin fibers, scanning electron
microscopy (SEM) of the Quanta 200i 3D brand (FEI, USA) was used. During SEM, the electron beam
is directed to the analyzed sample. As a result of the interaction, low-energy secondary electrons are
generated, which are collected by a secondary electron detector. In this way, images of the
morphology of the analyzed area of the sample are obtained. SEM images of samples are carried out
at the following shooting parameters: accelerating voltage 15 keV, working distance 10 mm. The
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elemental composition of nanofibers was also determined by X-ray microanalysis in a scanning
electron microscope. Energy-dispersive spectroscopy of samples is carried out at the following
shooting parameters: accelerating voltage 20 keV, working distance 15 mm. Figure 1 shows the
results of the analysis of lignin fibers by physicochemical methods.

a—SEM image b — elemental analysis ¢ — optical image
FIGURE 1: Analysis of the resulting nanofibers by various physicochemical methods

SEM analysis of the samples shows that nanosized fibers are formed at a concentration of
8% PAN polymer in the range from 94 to 162 nm. The acquired fibers have sufficiently low diameter
(~ 100 nm) that should become even smaller after the carbonization, which induces that the
parameters used in the process of electrospinning are close to being optimal. Elemental analysis
results show a carbon content of 88.12%.

CONCLUSIONS

Summarizing the above, we can conclude that household wood waste, as well as agricultural
waste (sawdust from unclassified trees) were used for the synthesis of lignin. Also, a technique has
been developed for extracting lignin and obtaining low-cost electrospun fibers from lignin with high
performance characteristics that can be used for energy storage systems. Because lignin is an
inexpensive, abundant, and green polymer, incorporating it into carbon blends increases the
scalability of such materials in energy storage applications.
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Carbon quantum dots (CQDs) are derived from biomass that suggested a green route in synthesising
carbon nanomaterial. Although a broad range of raw biomass materials (leaves, coffee grounds, etc.)
can be used in producing CQDs, generally these synthetic routes are associated with poor control of
the CQDs particle size, quality and homogeneity of the product(Cailotto et al., 2018). Therefore,
materials of known elemental origin that allow better control of the properties and consequently
applications are desirable. Typically, the production of CQDs via bottom-up methods involves lengthy
reaction times (from a few hours up to 48 hours) and high consumption of energy. Therefore, a new
approach for the synthesis of CQDs from biomass related precursor that minimizes the process
duration and energy consumption along with delivering fine control of the particle size and other
properties are needed. In addition, the light-emitting mechanism of CDs is still not well understood
which requires a deeper understanding of the origin of light-emitting and influence factors.

In this work, we employed the continuous hydrothermal flow synthesis (CHFS) is primarily water-
based. The CHFS allows the designing or tailoring of the nanoparticles for specific functions based on
the nucleation and surface functional process (Baragau et al., 2021). The comparison between CHFS
and the traditional hydrothermal process has shown that CHFS consumed less energy and time, yet it
produced a higher homogenous quality product (Kellici et al., 2018). This research employed a
systematic dopant process to fabricate nitrogen-doped carbon quantum dots (N-CQDs). To investigate
the structure as well as the physical, chemical and optical properties of the nanoparticles, techniques
such as High-Resolution Transmission Electron Microscopy (HRTEM), Raman (particle size and
morphology), UV-Vis (absorption), Time-resolved photoluminescence (TRPL) spectroscopy (optical
properties); X-ray photoelectron spectroscopy (XPS), FT-IR (composition, functional groups). In
addition, the integrating sphere will be used to measure the Q Y which will then be combined with an
excited-state lifetime to determine the radiative rate (or non-radiative losses).

As the N-CQDs showed significant enhancement in fluorescence emission properties and higher
quantum yield, 9.6% for N-CQDs, while the glucose-CQDs were 0.3%. Although Nitrogen-doping is the
most common method employed to enhance the photoluminescence properties of the
CQDs(Manioudakis et al., 2019). However, the origin of the fluorescent improvement remains open
for disputation and will be discussed in this work. With the stability of working in a wide range of pH
(2-11), the N-CQDs were applied as a nano-sensor for highly toxic chromium (V1) ions. Furthermore,
the quenching mechanism of N-CQDs was confirmed as an Inner Filter Effect (IFE) by the obtained
result from spectroscopic and fluorescent lifetime analysis. The results revealed that the nitrogen-
doping process has changed the overall electronic structure of N-CQDs resulting in the enhancement
of the optical properties as well as the performance of the nano-sensor.
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FIGURE 1: Schematic of Continuous Hydrothermal Flow Synthesis (CHFS) process used to
synthesize N-doped carbon quantum dots (NCQDs).

FIGURE 2. HRTEM images of N-CQDs at different magnification and scale: (a) 20 nm, (c) 10 nm, (b)
particle size Gaussian distribution histogram, (d) graphitic core lattice. The N-CQDs have commonly a
particle size of 4.60 + 0.87 nm.
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INTRODUCTION

Hyper-Coal (HPC) is a thermally extracted ash-free component of coal, which is soluble in organic
solvents. Carbon precursor can be prepared by precipitating at HPC solution and treating it with heat
to obtain carbon powder. Without activation, the carbon powder possesses porosity, particularly
micropores. Additionally, the carbon powder exhibits large capacitance when applied to electric
double layer capacitor (EDLC) electrode. So far, high-grade coal derived from bituminous coal has been
used in the previous reported (H. Watanabe et al. , 2020), its high specific surface area led to high
capacitance. High grade coal (B-HPC) derived from bituminous coal contains a high aromatic carbon
content and stacked hexagonal carbon network, giving it high crystallinity. Compared with the
previously reported B-HPC derived from bituminous coal, SB-HPC derived from sub- bituminous coal
has lower aromatic carbon content, smaller aromatic ring size, lower crystallinity, and higher oxygen
content. Therefore, carbon powder prepared from SB-HPC is expected to have a larger specific surface
area and higher capacitance than that from B-HPC. This study evaluates the pore characteristic and
EDLC capacitance of carbon powder form the precipitation method using SB-HPC as the starting
material. Futher, ther study compares the crystallinity of SB-HPC and B-HPC derived carbon powder.

MATERIAL AND METHOD

SB-HPC was used as the starting material. HPC powder with a particle size of less than 250 um was
dissolved in pyridine to prepare the HPC solution. The resulting a solution poured into water as a poor
solvent for precipitating HPC. The obtained HPC powder was infusibilized for 1 h at 300 °C under air
environment before being carbonized for 30 min at 900 °C under nitrogen atmosphere. Surface
characteristics were measured using a nitrogen adsorption/desorption measuring device at 77 K.
Further, using the adsorption isotherm obtained from the nitrogen adsorption/desorption
measurement, the specific surface area was determined from o analysis method. The electrodes were
prepared using carbon powder, acetylene black, and PTFE in an 8:1:1 weight raito. EDLC characteristics
were evaluated using a three-electrode cell with a sulfuric acid aqueous solution as the electrolyte.
Galvanostatic charge/discharge measurements were conducted at current densities ranging from 50-
1000 mA g'. The capacitance at each current density was determined in the discharge curve produced
from galvanostatic charge/discharge measurement and ranged from 0.2 to 0.8 V. Carbon powder
derived from SB-HPC and B-HPC was treated with heat for 30 min in argon atmosphere at 2000 °C,
2400 °C, 2800 °C to obtain graphitized carbon powder. The crystallinity of the powder was evaluated
using XRD and TEM observation. The sample code was (type of HPC)-(heat treatment temperature).
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RESULTS AND DISCUSSION

Figure 1 shows the nitrogen adsorption/desorption isotherms of the carbon powder derived from SB-
HPC and B-HPC. Because the adsorption amount of SB-900 at relative pressure P/P, = 0 was larger
than that of B-900, it was suggested that SB-900 had abundant micropores. The specific surface area
obtained from the as analysis of SB-900 was 737 m? g, which was larger than B-HPC (400 m?g?).
Figure 2 shows the charge/discharge measurements obtained for SB-900 and B-900 at a current
density at 50 mA g. The capacitance per unit mass calculated from the discharge curve in the range
of 0.2 t0 0.8 V was 286 F g for SB-HPC, and 210 F g for B-900, its capacitance of SB-900 was higher
than that of B-900. Therefore carbon powder derived from SB-900 has larger specific surface area and
higher capacitance than B-HPC. Figure 3 shows the TEM images of graphitized carbon powder of SB-
HPC and B-HPC at 2800 °C. Hexagonal carbon layer stacking structure was developed through
graphitization in both SB-2800 and B-2800, and there were different in developing the stacking
structure. B-2800 developed a shell with a hollow center. In contrast, SB-2800 developed a stacking
structure oriented in various directions. It was considered that the development of crystallinity was
more difficult in SB-2800 than in B-2800. Therefore, it was suggested that carbon powder made with
SB-HPC had a lower crystallinity, resulting in larger specific surface area and higher capacitance than
that made with B-HPC. Additionally, element analysis results show that the starting material in SB-HPC
obtained from lower grade coal contains a high amount of oxygen, which contributes to an increase
in pseudo-capacitance.
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CONCLUSION

In this study, pore characteristic and EDLC capacitance of carbon powder was obtained from the
precipitation method using SB-HPC as starting material were evaluated, and the difference between
carbon powder of SB-HPC and B-HPC was compared with crystallinity. The specific surface area of the
resulting carbon powder was 737 m? g1, which was larger than that of the carbon powder obtained B-
HPC (400 m? g1). The capacitance per unit mass was 286 F g, when carbon powder was applied to
the EDLC electrode, which was higher than that using B-HPC. Considering these factors, carbon powder
using SB-HPC has lower crystallinity than that using B-HPC. This is because SB-HPC was containing more
oxygen components in the starting material from B-HPC. Furthermore, TEM results from high-
temperature heat-treatment demonstrate that the carbon material formed from SB-HPC has a lower
graphite structure and crystallinity than B-HPC, despite being heat-treated at the same treatment
temperature.
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INTRODUCTION
Currently works are ongoing in the Chernobyl Exclusion Zone (ChEZ) on the site of the Chernobyl

Nuclear Power Plant (NPP) to complete the final closure and conservation of the power units 1-3. These
units have high-power channel-type nuclear power reactors (RBMK), in which the active zone contains
a nuclear graphite cylinder of 7-m height and 8-m diameter serving as a moderator. During its
operation, the graphite cylinder becomes radioactive with increasing specific activity due to the
formation and accumulation of the radionuclide *C with a long half-life of 5730 years. The
experimentally determined specific activity of *C for the graphite in similar RBMK reactors used at the
Leningrad NPP (Russia) was (4-7)+«10° Bqg/g (Pavliuk, et al., 2021). Additionally, other radionuclides,
mainly 3¢Cl (half-life 3.01x10° y.) and ®°Co (5.3 y), formed due to the activation of technological
impurities in the graphite, spills of fission products and fragments of the nuclear fuel caused by various
failures or accidents contribute to the radioactivity of the irradiated graphite. The dose rate of the
reactor graphite y-radiation in such power units could reach 600 uSv/s at a distance of 0.5 m. It
presents a long-term radiological hazard (Metcalfe and Tzelepi, 2019).

DISCUSSION

The main problem of decommissioning power units with RBMK reactors is the choice of the optimal
method of disposing of large volumes of irradiated graphite. The total amount of irradiated reactor
graphite (IRG) contained in units 1-3 of the Chornobyl NPP is estimated to be 5700 tonnes. It has as
much *C as would have been formed by an explosion of a 3.3 Mt nuclear bomb.

As a material, graphite has some unique properties. It is chemically stable and resistant to ionising
radiation in dry environments, however in the presence of water graphite increases its reactivity. The
radiolysis of water caused by C B-decay with maximum energy of 156 keV generates soluble
oxygenated carbon species, which are products of reactions between chemically active ions and
radicals with the graphite surface enriched with radiocarbon. The rate of formation of such products
is very low. It has been estimated that the daily rate of release of radiocarbon from the irradiated
graphite in the RBMK reactor upon its contact with water is 2+10®8 - 2.10°g/cm? or 10°-10°% (Pavliuk,
et al., 2021). However, taking into account the high total activity of **C in IRG, even this seemingly
negligible rate of leaching can result in significant environmental contamination with radiocarbon.
Furthermore, the water penetrating the storage sites could carry mixomycetes (Acremonium,
Arthrinium, Paecilomyces spp, etc) capable of intensifying graphite corrosion thus increasing the
specific activity of the water infiltrating graphite blocks (Sobotovich, et al., 1996). The accelerated
biodegradation of IRG debris released in April 1986 after the Chernobyl NPP accident was confirmed
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by the difference in radiocarbon dating of the ecosystems of the river Prypyat’, tributary to the river
Dnipro, which was affected by the accident and the unaffected Dnipro (Dnieper).

The radiological hazards of radiocarbon are associated with its high migration potential in the
environment and intake by humans via inhalation and oral routes. Even in the early days of nuclear
weapons testing it was noticed that the release of radiocarbon in the atmosphere could be the cause
of rising number of malignant neoplasms (Sakharov, 1990). The release of radiocarbon in the
environment would increase the number of transmutations **C>*N through radioactive B-decay; and
radiocarbon incorporated in the human body induces DNA damage and genetic mutations via ionising
radiation (Penninckx, et al., 2021).

The potentially dangerous radiological and genetic impact of radiocarbon requires applying methods
of IRG handling which prevent its release into the atmosphere. So far, no satisfactory strategy for
solving this problem has been suggested. To date, two alternative approaches have been considered:
(i) pre-treatment of graphite by extracting mobile radionuclides using different physical or chemical
methods, and (ii) immobilisation of mobile radionuclides which prevents or diminishes their release.
Another method, burning irradiated graphite, is hardly acceptable as it generates large volumes of
secondary wastes. According to IAEA (2016), most countries consider geological disposal as their
preferred option rather than IRG deactivation. This choice is justified by the absence of technologies
capable of achieving 99.9% purification of IRG from the radioisotope *C with minimal formation of
solid secondary waste, which would be stable for tens of thousands of years.

At present, the possibility of near-surface disposal of radioactive waste on-site of the Chernobyl NPP
power units and the object “Shelter” by forming a mound in which the radioactive debris are covered
with inert materials (a so-called “Green Mound” technology), is debated (Stel’'makh et al., 2016). In
this case, the protection of the storage structures against the ionising radiation and unauthorised
access is achieved by creating a multi-metre layer of inert materials, and the structures containing
radioactive materials are permanently inaccessible to groundwater. However, over the long storage
periods required, natural factors such as the evolution and migration of the Prypyat’ river, and seismic
activity, could significantly impact the near-surface disposal sites.

The formation of artificial barriers made of quartz sand and local low quality clay is insufficient for the
isolation of radiocarbon and other radionuclides with long half-lives against natural water precipitation
which is typical for Ukrainian woodland areas. Barriers made of concrete and bulk clay could not
withstand the environmental factors long enough to prevent radiocarbon migration outside the
storage site. Due to the high porosity of IRG and the possibility of radiocarbon leaching, the collective
dose which the residents of surrounding territories could receive with food and drinking water from
radioactive contamination has been estimated at 30-40 Sv/y.

Another powerful mechanism of the destruction of site structures, which has not been considered, is
the impact of the vicinity of “Green mounds” to the Prypyat’ riverbed. The latter is characterised by
free meandering and fast river bank erosion which is likely to cause erosion of the near-surface storage
sites.

For the “Green Mound” scenario, risks associated with the impact of climate changes become more
likely and higher because of the vulnerability of near-surface objects to external environmental factors.
Taking into account the long half-lives of the dose-forming radioisotopes, the terms of operation of
protective barriers are comparable with the timeline of global climatic changes. The potential impact
of regional and global climate changes and possible climatic extremes on the intensity of
geomorphological changes at the “Green Mound” sites require careful consideration. Current models
of climate change, which calculate insolation using the Milankovitch astronomical cyclic theory,
suggest a high likelihood of the next glacial period occurring in 50-60 thousand years. This could lead
to dramatic changes in the geomorphological landscape of the region, which was formed under the
influence of the Dnipro or Riss glaciation, a major event during the Quaternary period. Such changes
could destroy the near-surface sites of disposal of highly active radioactive wastes containing isotopes
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with long half-life. Conversely, future trajectories of global heating suggest increased risks of extreme
climatic events, prolonged drying or desertification, and increased regional temperatures, which also
pose significant risk to the integrity of near-surface disposal sites. All these arguments lead to the
conclusion that the safety of the near-surface disposal sites located in the inner ChEZ cannot be
guaranteed over a longer term of tens of thousands of years.

CONCLUSIONS

A deep geological disposal facility (GDF) seems the optimal and viable option for storing the irradiated
reactor graphite from ChNPP (IFEP, 2019). Taking into account the high migration potential of carbon
compounds and the absence of effective geological barriers, the migration of *C from the GDF wil be
determined by the regional regime of the underground waters. The GDF for graphite should be located
in deep horizons of slow water exchange. The IEG storage safety could be improved by creating
additional engineered barriers on the surface of the graphite blocks which prevents them from any
contact with underground water. A promising candidate material for engineering such a barrier is a
microlayer of a ceramic SiC composite. This has proven chemical and radiation stability under external
environmental factors, which has already been utilised for manufacturing granulated nuclear fuel, and
which may contribute to limiting environmental exchange from contaminated graphite during interim
storage.
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INTRODUCTION

Biomass is a significant source for renewable hydrogen-rich green energy and for advanced carbon
materials as part of a sustainable-energy strategy. Hydrogen (H) and carbon (C) are key elements of
study to understand how one can convert hydrogen into fuel and carbon into materials, so that one
can achieve the right balance of product yields, e.g., in terms of economic value. In previous studies
utilizing in-situ 2D neutron imaging, we recorded how H was released from lignocellulosic biomass
undergoing pyrolysis and carbonization up to 1000 °C. It was found that the content of H decreased
to only a few percent at 800—1000 °C pyrolysis temperatures relative to that of pristine wood [Ossler
et al]. Comparing 3D neutron and X-ray microtomography (NCT and XCT) results of fully pyrolyzed and
pristine samples, we observed that the contrast in the neutron images increased for the carbonized
samples, suggesting that H would be concentrated at the surface of the carbonized material structure.
The spatial resolution was limited to > 80 um, so finer detail in the 3D distribution was lacking. To
achieve higher-resolution correlation of local H and C density variations, we performed combined NCT
and XCT measurements on pristine and pyrolyzed samples of different biomass materials, including
pine and beech wood at a resolution better than 10 um at the NeXT beamline at the Institut Laue-
Langevin (ILL), Grenoble, France [Tengattini et al.]. Pristine, partially carbonized, and fully carbonized
samples were prepared and analyzed by combined NCT and XCT without further treatment

EXPERIMENTAL

NCT and XCT measurements of wood samples which had undergone complete or partial carbonization
was performed at the NeXT facility. A description of the beamline and its performance is given in
[Tengattini et al.]. Beech dowels with diameters of 8 and 10 mm and nominal lengths 1 cm were
analysed. Measurements were also performed on pine dowels and other biomass or biomass-derived
samples. The same sample set up was used for NCT and XCT, where the neutron and X-ray beams were
orthogonally aligned. The two scans were performed one after another to achieve optimum conditions
for comparative studies between NCT and XCT results. In some occasions a fully carbonized sample
and a partially carbonized sample were glued one on top of the other so that we could obtain
comparative information at different levels and degrees of carbonization from a single scan.

Two types of carbonization were performed prior to sample scanning: (S1) Rapid pyrolysis at 800 °C
(measured under operation without a sample) in atmospheric nitrogen flow inside a heating coil. The
temperature was ramped up for around 2 minutes and then held for 10 minutes. The current was then
switched off, and the sample was allowed to cool to room temperature before it was handled. The

1
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weight of the samples was measured before and after pyrolysis. The samples were then brought to
and measured at ILL 2—-3 days later without further treatment; (S2) Another sample from the same
dowel was wrapped in aluminium foil and heated on one end with a butane lighter torch so that a
carbonization gradient was obtained. The foil was then removed and the sample allowed to rest
before being glued onto one end of the fully carbonized sample (S1) before being glued onto the
holder used for the measurements.

In Fig. 1 we have reported details of beech dowels (10 mm diameter), one partially burnt (lower, S2)
and another more extensively pyrolyzed (upper, S1).

NCT XCT
PYROLYZED GLUE

S1

S2

NS

BURNT FRESH

FIGURE 1 Comparison of NCT (left) and XCT (right). (a) and (b) show x—y and y—z cut planes from NCT. (c) and (d)
show the corresponding cut planes from XCT. (e) and (f) show x—y cut plane of the fresh part of the partially burnt
sample (S2). The pyrolyzed (S1) and partially burnt (S2) samples were adhered with plastic glue. The square
pictures are 241x241 and 213x213 in pixels for NCT and XCT, respectively, and correspond to sides of 1.9 and 2.0
mm. (a), (d), (e) and (f) are from cut planes across the grains of the wood and char, and (b) and (c) show vertical
cut planes along the grain. No enhancement of the images was done after reconstruction.

Tomographic images were reconstructed from the radiographs, and a first analysis was performed on
the reconstructed slices. In this way the 3D distribution of the local attenuation coefficients, g, for the
neutrons and X-rays were estimated. As the main atomic species are H, C, and O, we can obtain
information on the local relative abundance of these species throughout the samples. The linear
attenuation coefficients u for both neutrons and X-rays depend on the attenuation cross sections, g;
(which are slightly wavelength dependent), and number concentrations, n;, of respective species:

Hyeutrons = OHN X H + oen XN+ 0N XN (1)
'uX—rays = Oy x Xny+ Ocx Xne+ 0o,x X ng (2)
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To completely retrieve n, we would need a third independent equation. This is not easily obtained,
but a first-pass approximation might include the specific cross sections and expected trends in changes
of mol% with the degree of pyrolysis process. At room temperature, unprocessed beech wood has a
mol% around 46, 33, and 21 [Ossler et al., and references therein]. The mol% of H and O gradually
decrease with pyrolysis temperature, while that of C increases. Nitrogen concentration is negligible in
beech wood. The neutron attenuation cross sections for H, C, and O as used in previous pyrolysis
studies are 82.5, 5.556, and 4.232 barn (1 barn = 1072* cm?), respectively for 2.6 A wavelength [Ossler
et al.], close to the peak wavelength of NeXT, 2.8 A [Tengattini et al]. The corresponding X-ray
attenuation coefficients for 100 keV are 0.493, 3.02, and 4.12 barn, respectively [from the NIST web-
site:  https://physics.nist.gov/cgi-bin/Xcom/xcom2]. Local variations in composition can be
considerable in a sample, and it is therefore convenient to consider the relative variations of elements
in the groups H and C+O when comparing neutron and X-ray tomographies. For fresh wood, the
attenuation is dominated by H for neutrons and by C and O for X-rays. We see that NCT gives less
contrast than XCT. The reason is not clear although increased (multiple) scattering from hydrogen
could be an explanation. For the carbonized wood, on the average, only a smaller fraction of mol% of
the sample is from H compared to C, which can be expected to be around 80% or more. The white
areas observed in Fig. 1 for neutrons are from polymer-based glue (H-rich, potentially this can be used
for calibration if the density of the glue is known), and appear very strongly in the NCT because of the
glue’s relatively high H content. However, one can see in (a) and (b) that the carbonized material shows
regions with particularly thicker lines than for (c) and (d), even if the resolution on the very small white
areas in (a) and (d) have similar structure resolutions. This would mean that the widening of the lines
in (a) is most probably due to hydrogen. We cannot yet say what the chemical nature of H is — it could
be water from ambient humidity or hydrogen-rich chemical groups bound to the carbon surface.

CONCLUSIONS

Comparing the reconstructed NCT and XCT images we found that the pristine samples showed
contrast with similar spatial variations between the two techniques, although XCT showed less marked
contrast. Clear differences were found for the pyrolyzed samples: NCT showed higher contrast with
distinct connected linear structure in the material with higher dynamic range than for the XCT. The
linear structures in the NCT followed the structures in the XCT images but were more accentuated and
wider, in particular at the edges of the carbon structure, primarily resulting from the XCT image
contrast. We also investigated gradually burnt parts of the wood samples, which showed intermediate
variations. Despite the fact that the average H density is expected to be low in the pyrolyzed samples,
considerable concentrations are found in localized regions of the material. The nature of the high
surface density of H is not yet understood.
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FIGURE 1: Determination of the microstructure by refining wide-angle X-ray/neutron scattering using
Octave. The layers have an intrinsic disorder, which is exemplarily marked in the bottom layer (red).

ABSTRACT

Non-graphitic carbons (NGCs) like glassy carbons, coal tar pitches and activated carbon consists of
small graphene layers building stacks in a turbostratic order (Figure 1). Both structure types, the
single graphene sheets as well as the stacks feature significant structural disorder, which can be
analyzed by wide-angle X-ray and neutron scattering (WAXS/WANS). A suitable algorithm to
evaluate and analyze such X-ray scattering data was introduced by Ruland & Smarsly in 2002 and
used by multiple studies (Badaczewski et al. 2019 & 2020, Faber et al. 2014, Loeh et al. 2016 & 2018,
Pfaff et al. 2018 & 2019). Pfaff, Badaczewski et al. expanded this model for neutron scattering in
2019 and showed the principal possibility to also analyze such scattering data in a meaningful way.
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Here, first we present a free software tool
operated in Octave for the refinement of
wide-angle X-ray and neutron scattering
(WAXS/WANS) data of non-graphitic carbons
(NGCs) on Windows, MacOS and Linux. The
refinement script is based on the evaluation
approach of Ruland & Smarsly (2002). As
result, up to 14 physically meaningful
parameters like the layer extension L,, the
stack height L. and the degree of disorder of
the graphenes (01) and their stacking (os) are
obtained through a fitting routine. In addition,
the background based only on physically
phenomena and  different  correction
parameters like polarization and absorption
can be considered. For both options, the
automatic as well as manual fitting, the
complex mathematical calculations are
implemented and performed in the
background. Due to only few settings to be
made, the software was designed to be
useable by inexperienced users. Beside this,
the whole refinement can be tweaked and
optimized for special purposes and measuring
geometries, which makes it useful for all
scientists dealing with the characterization of
NGCs by X-ray or neutron scattering

FIGURE 2: Wide-angle X-ray scattering (WAXS .
& y el ) techniques.

suffers from different features: Beside the incoherent
background, which must be considered exactly, the
damping of the atomic form factor and the limited
measuring range prevent the analysis of higher-order
reflections. The wide-angle neutron scattering

Second, even if WANS data of NGCs have
already been measured and analyzed in
different studies, there are still open questions

(WANS) data von Berlin suffers from the limited
measurement range and the WANS data from
Grenoble from the experimental broadening at low
values of the scattering values s, so only a
combination of both WANS measurements can lead
to a detailed microstructure analysis.

in regard to the validation with wide-angle
X-ray scattering (WAXS), which is usually used
for routine characterization. Generally, wide-
angle X-ray scattering (WAXS) suffers from a
non-negligible incoherent background, which
must be considered exactly. Additionally, the

damping of the atomic form factor and the limited measured range prevent the analysis of
higher-ordered reflections, which are crucial for determining and distinguishing between the
stack/layer size (L., Lc) and disorder (o1, 03). Therefore, in this study WANS measurements of three
different types of carbon materials (glassy carbon made out of a phenol-formaldehyde resin (PF-R), a
mesophase pitch (MP) and a low softening-point pitch (LSPP)) were performed at a low neutron
wavelength to obtain WANS over a large range of the scattering vector s. These WANS data were
combined to WANS data from previous studies of Pfaff, Badaczewski et al. in 2019. This usage of two
sets of WANS data of identical materials offered the unique opportunity to determine both the
interlayer and the interlayer structure as accurately as possible.

As a result (Figure 3), the previous picture from previous studies (large graphene layers with
higher-order domains (dark) in overall more disordered layers (light)) from Pfaff, Badaczewski et al.
(2019) needs to be changed: the graphene layers are much smaller, but consistently more highly
ordered than assumed over their whole extension.
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