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Abstract

A carbon xerogel (CX) with ~2 um nodules was synthesized via polycondensation of resorcinol
with formaldehyde in water, followed by pyrolysis at 800 °C. The resulting sample underwent
surface treatments using Chemical Vapor Deposition (CVD) and/or CO; activation in order to
mask the micropores with a secondary carbon layer or develop additional micropores,
respectively. This strategy aimed at understanding the impact of surface modification and
closed micropores on the performance of hard carbons as negative electrode materials for Na-
ion battery. On the one hand, the coating deposited by CVD was found to display more
graphitic-like domains and to close the CX microporosity, leading to enhanced Initial
Coulombic Efficiency (ICE) and reversible capacity. On the other hand, due to its very high
accessible surface area, the activated sample showed very low ICE (18%) and reversible
capacity (62 mAh g*). However, once the activated sample was covered with a secondary
carbon layer by CVD, the capacity reached 294 mAh g with a high ICE of around 88%, and
an enhanced insertion plateau at low voltage was observed. Additionally, this activated-coated
sample showed a high-rate capability and much greater stability than the other samples upon
cycling. Such surface treatments provide an effective strategy for both understanding the
impact of hard carbon surface properties on Na storage and optimizing their performance for
negative electrodes in Na-ion batteries.
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1. Introduction

Na-ion batteries (NIBs) are promising candidates to overtake Li-ion batteries (LIBS) in view
of reducing the dependence over critical materials [1-4]. Indeed, not only do they replace Li by
widely available Na, but they also use Al instead of Cu as current collector at the negative
electrode and do not need costly metals such as Co. However, NIBs are not yet very popular
compared with LIBs, due to their lower power and energy density [5]. To increase the total
amount of energy delivered by NIBs per weight/volume, improving the materials of the
negative electrode is the crucial step. Since graphite, which is widely used in LIBs, intercalates
Na* quite poorly [6, 7], it is usually replaced in NIBs by hard carbons, i.e. disordered carbons
usually produced by pyrolysis of various precursors, generally oxygen-rich molecules or
polymers. These materials can reach capacities of up to 320 mAh g [8, 9], making them
suitable for practical applications, though further improvement is still needed. Additionally,
electrolyte decomposition and formation of Solid Electrolyte Interphase (SEI) on their surface
often leads to low Initial Coulombic Efficiency (ICE), since hard carbons typically have high
specific surface areas [10, 11]. Therefore, the main challenge for these materials is to improve

both their capacity and their ICE.

Numerous methods have been suggested in the literature to overcome both issues. Capacity has
been increased through defect tailoring and precursor modification [12], and formation of
curvatures by heteroatom doping [13] or even introduction of catalysts [14]. Regardless of the
strategy, all studies underline the crucial role of carbon surface properties, especially their
specific surface area, on the ICE. In this context, it is important to note that a better
understanding of the actual electrode surface is needed. Indeed, in the literature [15], the ICE
observed in half-cell is quite often linked to the specific surface area measured by gas sorption
(i.e. the BET surface area, Aget), which, at first sight, makes sense since the larger the surface
area, the more SEI can be formed at the first cycle; this relationship indeed proves true for
some carbons [15]. However, our recent work showed that materials with similar Aget values
can display drastic differences in ICE [16]. One possible explanation could be that, although
the whole carbon surface is accessible to gases such as Nz, H> or CO: in adsorption
experiments, this may not be the case for the liquid electrolyte in the final cell. As a result,
adsorption data do not correlate with the final electrochemical performance. Additionally, the
mechanism of Na storage in hard carbons remains unclear, even though the slope region is
ascribed to ion adsorption on carbons defects and Na* intercalation between graphene layers,

while the low-voltage plateau region is associated with cluster storage in micropores [17-20].



In turn, open micropores are generally the main contributors to the specific surface area
measured by adsorption. Given the above information, the ideal carbon material would present
a large surface area accessible to Na* ions but not accessible to the electrolyte. This highlights
the need for a systematic study of the impact of specific surface area on both the ICE and the
capacity of hard carbon electrodes, using model carbon materials such as carbon xerogels and

employing surface modifications strategies to control the area available for SEI formation.

Carbon xerogels (CXs) are usually synthesized by evaporative drying and pyrolysis of organic
gels (e.g. aqueous resorcinol-formaldehyde gels) [21]. Their structure consists of
interconnected, microporous spherical nodules, whose size can be tailored from a few nm to a
few pm depending on the composition of the gel precursor solution. As a result, their
meso/macroporous texture, which corresponds to the voids between the microporous nodules,
can be adjusted from a few nm to a few pm as well. Mesoporous CXs were used in a previous
work [11] as negative electrode materials for NIBs, but their ICE was low due to their high
accessible specific surface area (~600 m? g1). However, their reversible capacity could reach
relatively high values, around 200 mAh g* (at 37.2 mA g?). In order to improve CX
performance, the impact of the nodule size has also been investigated in our previous study: it
has been reported that carbon xerogels with large nodules (1-2 pum) pyrolyzed at low
temperature (800 °C) can lead to quite good reversible capacity (248 mAh g*) and very high
ICE (80%) [16]. This high ICE value was ascribed to the inaccessibility of the electrolyte to
the micropores within the nodules, whereas Na* ions can be stored within these micropores.
Masking the micropores by depositing a secondary carbon layer by Chemical VVapor Deposition
(CVD) led to even higher reversible capacity (298 mAh g*) and ICE (84%). Therefore, surface
accessibility of the electrolyte seems to be the key to the high performance of CXs as NIB

electrode materials.

To better understand the impact of the CX surface on electrochemical properties, the
microporosity of CXs can be tuned in various ways. Firstly, as demonstrated in our previous
work [16], CVD is an efficient method to close open micropores by depositing a secondary
carbon layer on the outer surface of the nodules, thus hampering the access of electrolyte to the
inner surface of the carbon nodules. Secondly, CO> activation can be used to increase the total
surface area by forming new micropores [22], which can be seen as the exact opposite of what
is typically required for an ideal electrode material. However, the combination of these two
procedures (i.e. CO; activation followed by CVD coating) can be beneficial as it can lead to a

large volume of closed micropores, which is desired to obtain a large volume accessible to Na*
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while restricting electrolyte penetration. Method of introduction closed pores are being tried
recently in literature rather with pre-pyrolization procedures such as precursor linking [23],

pre-oxidation[24] or protonation-mediated strategy [25].

In this approach, post treatments of carbon xerogel will be done by CO; activation to enhance
microporosity and CVD carbon coating would limit its accessibility to the electrolyte.
Consequently, this strategy would enable the development of a CX with enhanced capacity and
high ICE. Moreover, from a fundamental perspective, it could provide new insights into the

relationship between the specific surface area and the material performance in NIB electrode.

In this study, which directly follows our previous work [16], we aim at understanding better
the relationship between the specific surface area of hard carbons and their performances as
NIB negative electrode materials. To this end, a CX with a large nodule size (~2.0 um) and a
standard specific surface area (645 m2 gt) was activated by CO2 to enhance microporosity, and
thus increase the total specific surface area. The micropores were then masked with a secondary
carbon layer by CVD to reduce the accessibility of the electrolyte to the nodules’ inner surface.
The materials, obtained after activation and after CVVD coating, were characterized using
various physicochemical methods and their electrochemical performance in NIB half-cells was
determined. The results were compared with those obtained previously with pristine CX and
the same material after CVD treatment without any activation. The results highlight the impact
of both post-treatments on the electrochemical performance of these hard carbons as NIB
negative electrode materials and help determining what surface has to be considered as
descriptor toward high ICE values.

2. Experimental
2.1. Synthesis of the carbon xerogel

The pristine carbon xerogel (CX) was prepared following a procedure described in a previous
study [26]. First, a 35 wt.% aqueous solution of resorcinol (R, Merck) was prepared in a
sealable glass flask. A 37 wt.% solution of formaldehyde (F) in water was then added to the
mixture with a resorcinol/formaldehyde molar ratio of 0.5. The dilution ratio D, i.e. the water
(including the water in F)/reactants molar ratio, was equal to 5.7. Note that, normally, sodium
carbonate is added as a basification agent to regulate the nodule size. However, for this study,
no sodium carbonate was added in order to produce a gel under low pH conditions, so as to

obtain a material with large nodule size [26, 16]. The obtained mixture was stirred with a
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magnetic stirrer for 1 h. After mixing, the sealed glass flask was put in an oven at 85 °C for 72
h for gelation and aging. Finally, the container was opened and placed in a vacuum oven at 60
°C to dry the gel. The pressure was progressively decreased to 12 Pa, and the sample was left

to dry overnight.

After drying, the organic xerogel monolith was retrieved and ground to a narrow particle size
distribution. First, a coarse milling by hand using an agate mortar was performed; then, the
organic gel particles were reduced to fine powder using a Fritsch planetary mill (Mono Mill
P6). The sample was ground at 400 rpm for 24 cycles of 1 min each, followed by 15 s of rest.
The powder was then pyrolyzed at 800 °C under N2 in a tubular oven using the following
procedure in order to obtain the pristine CX. The temperature was increased (1) to 150 °C at
1.7 °C min't and held for 15 min; (2) from 150 to 400 °C at 5 °C min™* and held for 60 min; and
(3) from 400 to 800 °C at 5 °C min™ and held for 120 min. Finally, the oven was let to cool

down to room temperature overnight.
The initial sample obtained after pyrolysis is called LPH (low-pH carbon xerogel) hereafter.

2.2. Physical activation with CO2

Physical activation of the pristine CX took place in the same tubular oven used for pyrolysis,
switching from N2 (Air Liquide N25) to CO> (Air Liquide N27). The oven was supplied with
nitrogen and carbon dioxide by a three-way valve, so that it was possible to switch from one
gas to the other. Once the pyrolysis process was completed, the oven temperature was increased
from 800 °C to 900 °C and the atmosphere was then changed from N2 to CO2.The duration of
the procedure was 5 h and the gas flow rate was chosen equal to 0.004 mol min™t. Finally, the

atmosphere was switched back to N2 for cooling and the sample was removed from the oven.
The activated sample is called LPH-A hereafter.

2.3. Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) was performed in a stainless-steel tubular oven, following
the process described in a previous study [16] and involving ethylene cracking at moderate
temperature. The oven was first heated at 685 °C under inert atmosphere (N2, flow rate: 0.025
mol min™). The quartz boat containing the CX powder was introduced into the oven once the
target temperature had been reached, using a reverse flow system to maintain the protective
inert atmosphere inside the oven. The reactive mixture was then introduced into the system
(total flow rate: 0.082 mol min), consisting of 80% ethylene (Air Liquide N25, 0.066 mol



min) and 20% N (Air Liquide Alphagaz 1, 0.016 mol min™). The duration of the CVD
treatment was set at either 30 or 60 min, while the temperature was maintained at 685 °C. The
atmosphere was then switched back to 100% N (flow rate: 0.025 mol min'*) for purging once
the coating process was completed. Finally, after complete elimination of the ethylene, the oven
temperature was increased to 900 °C and held for 2 h. The oven was then cooled down under
N2 atmosphere, the resulting powders were collected and weighed again in order to observe the

mass gain obtained by coating.

Three coated samples were produced: (i) non-activated LPH coated for 30 min (LPH-C30), (ii)
activated LPH coated for 30 min (LPH-A-C30) and (iii) activated LPH coated for 60 min (LPH-
A-C60). Table 1 summarizes the post-treatment conditions applied to the five carbons

investigated in this research.

Table 1. Description of samples according to their surface modifications.

Sample CO:z activation CVD coating
LPH No None
LPH-C30 No 30 min
LPH-A Yes None
LPH-A-C30 Yes 30 min
LPH-A-C60 Yes 60 min

2.4. Physicochemical characterization of carbon materials

The pore texture of the five CX powders was analyzed by N2 adsorption-desorption
measurements. Prior to the measurements, the samples were degassed under high vacuum (2 x
10 Pa) at room temperature for 5 h and at 270 °C for 2 h. Isotherms were acquired at -196 °C
using a Micromeritics ASAP 2420 analyzer. The specific surface area, Aget, was calculated
using the Brunauer-Emmet-Teller (BET) [27] equation, in each case choosing the relative
pressure range to fulfil Rouquerol’s criterion [28]. The Dubinin-Radushkevich equation was

used to calculate the micropore volume, V.

Hydrogen adsorption-desorption measurements were also carried out to assess the materials
microporosity in more detail. Samples were degassed under high vacuum at 180 °C for 24 h
before isotherms were acquired at -196 °C using a Micromeritics 3Flex analyzer. The 2D non-
local density functional theory for heterogeneous surface (2D-NLDFT-HS) was applied
simultaneously to the N2 and H adsorption isotherms using Micromeritics’ SAIEUS software
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to obtain pore size distributions (PSDs). Textural properties such as specific surface area (Sprr),
total pore volume (Vrprr), and ultramicro-, supermicro- and mesopore volumes (VuyprT,

Vsu,orr and Vmeso,DFT, respectively) were calculated from the PSDs obtained.

Mercury porosimetry was performed to obtain information on CX meso-macroporosity, as the
N2 adsorption technique is not suitable for analyzing the widest pores of the materials.
Measurements were conducted with a Quantachrome Poremaster 60 in a pressure range from
0.01 to 400 MPa. The analysis was carried out for all samples in powder form. Analysis of the
mercury intrusion data enabled determining the cumulated pore volume, Vhg, and the PSD for
pores with diameters greater than 3.8 nm. The PSD was calculated using the Washburn [29]
equation, valid for mercury intrusion without sample crushing; the values considered for the
equation parameters were (i) an average value for the liquid/solid contact angle of 140° and (ii)

a mercury surface tension of 0.485 N m™.

Scanning electron microscopy (SEM) was used to observe the carbon morphology and
determine the size of carbon nodules, Dn. Images were obtained using a Tescan CLARA FEG-
SEM at 15 kV under high-vacuum conditions. The samples were gold-coated in a sputtering
device (Balzers, SCD004 sputter coater, Vaduz, Liechtenstein) and mounted with carbon
adhesive tape prior to observation. Average nodule sizes were calculated based on a minimum

of 30 measurements per sample.

To observe the impact of activation, samples were observed by transmission electron
microscopy (TEM) using a FEI Tecnai F20-S-TWIN microscope and a JEOL JEM-ARM 200F
Cold FEG equipped with a spherical aberration probe corrector; both operations were run using
an acceleration voltage of 200 kV. Samples were prepared by suspending the powder in
ethanol. Then, one or two drops of the suspension were deposited on a copper grid with a holey
carbon film. High-resolution imaging was performed by controlling the electron dose to avoid
electron beam-induced artefacts. Fast Fourier Transform on HR-TEM images was used to

obtain the d-spacing (doo2) between graphene layers.

X-ray diffraction was used to assess the crystallinity of the materials before and after CVD
coating. Measurements were performed in Bragg-Brentano configuration for diffraction angles
260 between 10° and 80° and a step size of 0.021° with a Bruker AXS D8 Advance
diffractometer using a copper X-ray source (Akq = 0.15418 nm). A shallow sample holder with
a zero-background single-crystal Si plate was used to minimize sample transparency. The XRD

patterns were analyzed using the model developed by Mallet-Ladeira [30]. The average lateral



size of the graphene domains (L) and the average stacking thickness of the graphene layers

(Lc) were determined using Scherrer’s equation from reflections (101) and (002), respectively.

Raman spectra were recorded between 200 and 3800 cm™ using a Horiba XploraRa Raman
spectrometer equipped with a 50x long-range objective. A circularly polarized laser (A1 = 532
nm) filtered to 10% of its maximum energy and a holographic grating of 1200 lines mm™ were
used. For each material, 5 to 7 different zones (or grains) were studied, and the resulting spectra

were averaged before analysis.

TG-DSC measurements were conducted with a Setaram Sensys Evo equipment. In order to
evaluate thermal behavior, the samples were heated up to 800 °C at a heating rate of 3°C min°

L under an air flow of 20 mL min™.

Elemental analysis (EA) was performed in a Vario EL Cube analyzer (Elementar) to measure
bulk C, H, N, S and O contents. Samples were dried overnight at 105 °C to remove moisture,
and then a small amount of material (~2 mg) was placed in the equipment to be burned in a
furnace from which the gases were separated using trapping and chromatographic columns
prior to detection. A thermal conductivity detector quantified the gases, from which carbon,
hydrogen and nitrogen contents could be calculated, sulfur being measured using a specific
infrared detector. Oxygen content was measured separately in another column using a similar

procedure.

2.5. Electrode manufacturing

Xanthan gum (Sigma-Aldrich) was used as a binder for the electrode manufacturing, as it
preserves the pore texture (even the micropores) of the carbon material in the electrode
configuration, meaning that the specific carbon surface areas measured on the powder and on
the final electrode are expected to be the same [31]. This procedure also avoids the use of toxic
solvents and fluorinated polymers as binders. Prior to spraying, the ink was prepared in MilliQ
water with 12 wt.% solids, including CXs and xanthan gum (Sigma-Aldrich) as a binder, in a
weight ratio of 92:8. The mixture was magnetically stirred at room temperature for 3 h. The
prepared ink was sprayed onto pre-weighed stainless-steel discs (Type 304, 15.5%0.55 mm,
MTI corp.), used as current collectors, via an airbrush (Harder & Steenbeck) and dried
overnight at 60 °C. The obtained electrodes were then weighed and stored in a glovebox under

Ar. The mass loading of active material ranged from 1.5 mg cm™2to 2 mg cm for all samples.

2.6. Electrochemical characterization



Cyclic voltammetry (CV) and galvanostatic charge-discharge methods were used to assess the
electrochemical performance and further characterize the materials. In order to ensure the
reproducibility, the tests were conducted at least on two different cells of identical composition
and repeated up to 3, 4 or 5 times if more than 10% difference between the results was obtained.

CV was used to analyze the accessibility of the electrolyte to the surface of the electrode
material. To this end, a supercapacitor-like setup with two CX electrodes was built in two-
electrode coin-cell (CR2032) with glass fiber separator (Whatman, 1 mm-thick) under Argon
atmosphere. Electrodes of similar masses were used so as the carbon surface was the same at
both electrodes. CV experiments were conducted between cell voltages of -0.3 V and 0.3 V at
20 mV st for all samples with commercial NP30 (1 mol L? solution of sodium
hexafluorophosphate in a mixture of ethylene carbonate and dimethyl carbonate (EC/DMC,
1:1 mass ratio)) as electrolyte; i.e. the same electrolyte as the one used in the half-cells
described below. However, for LPH-A, which displays a high surface area, the scan rate was
later decreased to 0.1 mV s. The specific capacitance (in F g%) of the cell was calculated as
[32]:

_ JiWav
SPec = Zumav (1)

where the integral, which corresponds to the area of the CV curve, is the total charge (A.V), U
is the scan rate (V s1), m is the total mass of active material in two electrodes (g) and AV is the
potential window of cycling (V). The calculated capacitance was divided by the total mass of
active material (CX in both electrodes in this case) to obtain the specific cell capacitance.

Electrochemical characterizations in half-cell configuration were carried out by using a two-
electrode coin-cell (CR2032) setup with CX as working electrode, sodium metal (Sigma-
Aldrich) as counter- and reference electrode, a glass fiber separator (Whatman, 1 mm-thick),
and commercial NP30 (1 mol L solution of sodium hexafluorophosphate in a mixture of
ethylene carbonate and dimethyl carbonate (EC/DMC, 1:1 mass ratio)) as electrolyte. The coin

cells were assembled in a glovebox under Ar atmosphere (O2 and H20 concentrations < 1 ppm).

To evaluate the materials’ performance at both low and high C-rates, the cells were cycled
between 0.0 and 2.5 V vs. Na*/Na for 5 cycles at C/20 (which corresponds to 18.6 MA gcarbon”
! calculated considering the hypothetical formation of a NaCs phase during sodiation with a
theoretical specific capacity of 372 mAh g*), C/10, C/5, C/2, C, 2C and 5C, and then for an

additional series of 25 cycles at C/20. A rate of C/n thus corresponds to the insertion of one



Na* ion for every 6 carbon atoms, in n hours. ICE and capacity values were calculated from

the first cycle of the above-mentioned C/20 C-rate cycling.

3. Results and discussion

The powders were characterized in terms of their physicochemical and electrochemical
properties. The results obtained for the pristine carbon xerogel (LPH) and the coated carbon
xerogel (LPH-C30) were reused from a previous study [16] as a basis for comparison with

activated samples (without or with CVD coating).

3.1. Physicochemical properties of carbon xerogels

Sample mass changes were calculated by weighing the powders before and after the CVD
and/or activation procedures. For the LPH sample, 4% increase in mass was observed after 30
min of CVD treatment. When LPH was treated under CO., the activated sample, LPH-A,
displayed a mass loss of around 50%. The mass gain of LPH-A during CVD treatment is much
higher than in the case of LPH: 9% for 30 min and 19% for 60 min of CVD treatment. However,
SEM images (Figure SI.1) show no significant difference in nodule size, Dy, or any other
feature of the material morphology, either after activation (Figure Sl.1c) or after coating
(Figures Sl.1b, S1.1d and Sl.1e) compared with the pristine CX sample LPH (Figure Sl.1a).
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Figure 1. TEM images of samples (a) LPH, (b) LPH-C30, (c) LPH-A, (d) LPH-A-C60. In
yellow: turbostratic domains. In black: onion-like structures.

All samples were observed by TEM to distinguish the organization of the carbon layers (Figure
1). As observed before [16], CVD coating seems to introduce a more ordered structure. Indeed,
more organized carbon layers can be observed near the outer surface of the nodules. Especially,
for the LPH-A-C60 sample, very extensive graphene-like sheets, about 10 nm long and a few
nm thick, can be observed. The sheet stacks appear shorter and thinner in the case of sample
LPH-C30. Meanwhile, the activated samples seem to feature onion-like structures. These
onion-like structures and curvatures have already been observed in the literature [33-34].
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Figure 2. Pore texture analysis from gas sorption. (a) N2 and (b) H> adsorption-desorption
isotherms at -196 °C. (c) Cumulative pore volumes and (d) pore size distributions of samples
LPH (—), LPH-C(—), LPH-A (=), LPH-A-C30 (=) and LPH-A-C60 (—).

N2 and Hz adsorption were used to understand the micro-mesoporous texture and to determine
the specific surface area of the samples (Figure 2). The reference sample (LPH) is strictly
microporous, with a BET area Aget equal to 645 m2 g and a micropore volume Vy, of 0.25 cm3
g (Table 2). CO; activation does not modify the pore texture of the carbon xerogel in terms
of pore type, as the LPH-A sample remains strictly microporous (type | isotherm). However,
as expected, an increase in BET area is observed, up to 855 m? gX. The micropore volume also
increases, up to 0.32 cm3 g*. The CVD coating induces significant changes in the low-pressure
region corresponding to the micropores, especially for the LPH-C30 sample. As observed in a
previous study [16], the carbon coating produced by CVD blocks the micropores and reduces
the total specific surface area. The Ager value thus decreases to 2 m? g after 30 min of CVD
treatment on sample LPH. However, when the same duration of CVD treatment is applied to
the LPH-A sample, Aget only decreases from 855 to 505 m? g (sample LPH-A-C30), while
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V. is still equal to 0.20 cm3 gL, This shows that the micropores are not entirely covered by the
carbon coating. Therefore, in the case of the activated sample, a longer CVD time is needed to
mask completely the micropores. Indeed, 60 min of the coating process decreases the specific
surface area and microporous volume down to 30 m? g and 0.03 cm? g%, respectively (sample
LPH-A-C60). Given the higher mass uptake, it is possible that all the micropores are blocked,
with the remaining surface corresponding to the roughness of the coating, even though no
significant morphological difference can be seen on SEM images (Figure SI.1). The nodule
size distribution of all samples remains identical, whatever the post-treatment (Figure S1.2),
leading to an average nodule value Dy of 2.0 nm (Table 2). Another important difference for
LPH-A-C60 is reflected in the shape of the N2 adsorption isotherm, which features a small
volume of meso/macropores (type | + type 11 isotherm). Since the two uncoated materials (LPH
and LPH-A) show no mesoporosity at all, the newly introduced mesoporous structure could
again come from the thicker coating of LPH-A-C60 (Figure 2a).

H> adsorption isotherms are shown in Figure 2b, while the cumulative pore volumes as a
function of pore width, w, and the derived pore size distributions, calculated by combining the
N2 and H2 adsorption isotherms, are presented in Figures 2c and 2d, respectively. The total
specific surface area of the samples, Sprr, and the pore volume in the mesopore,
supermicropore and ultramicropore range (Vmesoprt, Vsuprr and Vuuprr, respectively) are
displayed in Table 2. As with the N2 adsorption isotherms, an increase in Sprr can be observed
after CO; activation, from 1115 m? g’ for sample LPH to 1535 m2 g for sample LPH-A. This
change corresponds mainly to an increase in the ultramicropore volume (pore sizes < 0.7 nm).
As expected, CVD treatment proves to be an effective way to mask/fill micropores. Indeed, the
Sorr value of LPH-C30 decreases to 70 m? g%, LPH-A-C30 and LPH-A-C60 have Sper values
equal to 1150 m? g and 240 m? g1, respectively. Finally, an increase in Vmesoprr can be
observed for LPH-A-C30 and LPH-A-C60, which confirms the observations on the N2
isotherms. Note some several isotherms related to LPH-A-C30 and LPH-A-C60 in figures 2a
and 2b present a small hysteresis at low pressure. This phenomenon, which is quite
reproducible from one measurement to another, might be due to the partial coverage of the
micropores by the CVD layer, which would desorption more difficult. In the case of N
adsorption, this phenomenon could also be related to the presence of supermicropores [35]. In
any case, data issued from N2 and Hz adsorption-desorption measurements presented in Table

2 were calculated using the adsorption branch of the isotherm.
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Table 2. Morphological parameters and pore texture data for all samples.

Morphological parameters

Textural parameters

Determined by N>
adsorption at -196 °C

Determined by combination of N2 and Hz adsorption at -
196 °C

Sample Dn?  dpP ABeT® Ve
(um)  (um) (m2g?h)  (cm*g?)

d d

Sort®  Vuport®  VspDFT Vimeso,DFT V1,oFTd

(m2g?) (cm*g™) (cm*g) (cm?g™) (cmig

)
LPH 2.0 3.9 645 0.25 1115 0.16 0.12 0.00 0.28
LPH-C30 2.0 3.9 2 <0.01 70 0.00 0.02 0.00 0.05
LPH-A 2.0 3.9 855 0.32 1535 0.31 0.09 0.00 0.40
LPH-A-C30 2.0 3.9 505 0.20 1150 0.19 0.10 0.004 0.30
LPH-A-C60 2.0 3.9 30 0.03 240 0.02 0.07 0.024 0.11

8 Dy: average nodule size calculated from SEM images.

b d,: pore diameters determined by Hg porosimetry.

¢ Ager: BET area and Vy.: micropore volume, calculated from nitrogen adsorption-desorption isotherms at -196 °C.

9 Sper, Vuuorr, Vsuorr, and Vrper: specific surface area, ultramicropore, supermicropore, and total pore volume calculated from the PSD obtained from nitrogen and hydrogen

adsorption isotherms at -196 °C.
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Hg porosimetry curves for powder samples are shown in Figure 3, and presented as cumulative
pore volume vs. pressure. Average pore sizes were calculated using Washburn’s law from the
intrusion step visible between 2 and 5 um, the volume change occurring at lower pressure being
attributed to powder compaction. Average pore diameters (dp) were calculated to be equal to
3.9 um for all samples (Table 2). These pores correspond to the voids between the carbon
nodules observed in Figure SI.1, and no significant change is noticed after activation and/or
CVD coating.
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Figure 3. Mercury porosimetry curves for samples LPH (=), LPH-C30 (=), LPH-A (=),
LPH-A-C30 (=) and LPH-A-C60 (=). Vertical arrows represent the mercury intrusion step.
The increase in volume at lower pressure is due to powder compaction.

The XRD patterns of the samples are shown in Figure 4. The curves have been shifted upwards
for better legibility. Overall, all samples display the same bands at the same diffraction angles.
Namely, a first broad band at around 26 = 23° (002) and a second broad band at around 26 =
43° (101) is observed; both are quite common for highly disordered carbons. A peak at around
20 = 26° can be observed for samples LPH-C30 and LPH-A-C60. This peak, which is not
always observed for CVD-coated samples, is in fact ascribed to carbon deposits formed outside
the carbon xerogel during the CVD procedure (e.g. formed on the quartz boat or oven walls);
it is considered as an impurity. Furthermore, the intensity of the (002) band is higher for all
CVD-coated samples, probably due to the contribution of the coating. However, CO> activation

leads to the opposite effect, as the intensity of the (002) band is much lower for the LPH-A
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sample than for the pristine LPH. The complete list of structural parameters values is shown in
Table 3. The coherence length, L, increases after CO> activation, from 3.38 nm (LPH) to 3.71
nm (LPH-A). Upon CVD treatment, L. increases after 30 min (LPH-C30: 3.82 nm; LPH-A-
C30: 4.22 nm), and remains unchanged when the CVD time is prolonged to 60 min (LPH-A-
C60: 4.22 nm). Regarding L, there is an increase for sample LPH-A compared to sample LPH,
indicating that CO. activation might increase the average stacking thickness of the graphene
layers. This might be due to the preferential elimination of carbon defects upon CO: activation,
due to a higher reactivity of those atoms during the treatment. On the contrary, L. decreases for
the coated samples. Finally, a very slight decrease in the graphene interlayer distance, d(o2),
can be observed for carbon-coated samples compared with their uncoated counterparts.

Overall, the XRD and TEM observations do not indicate any significant structural change.
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Figure 4. X-ray diffraction patterns of samples LPH (=), LPH-C30 (=), LPH-A (=),
LPH-A-C30 (==) and LPH-A-C60 (==).
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Table 3. Structural parameters of the samples.

LPH LPH-C30 LPH-A LPH-A-C30 LPH-A-C60
docz (nm) 0.405+0.001 0.392+0.001  0.400+0.001 0.398+0.001  0.401 + 0.001
XRD Lec (hm)  1.12+0.19 1.02 £ 0.11 1.32+0.16 1.10 + 0.09 1.15 + 0.05

La (nm) 3.21+0.01 3.85+0.001 3.71+0.06 4.22 +0.03 4.22 +0.02

TEM dooz (nm) 0.409 +£0.040 0.392 £ 0.037 0.407+0.090 0.402+0.0/0 0.397 +0.070

TG-DSC was used to distinguish the carbon xerogel from the carbon coating deposited by
CVD, especially on the activated and activated + coated samples. The results of TG-DSC
measurements (Figure S1.3) are very similar for all of the investigated samples, with a first
small mass loss between 20 and 150°C that can be ascribed to the evaporation of water
adsorbed on the surface of the material and a very important mass loss between 300 and 650°C
corresponding to the combustion of the carbon. The onset of the major mass loss is slightly
shifted towards a higher temperature for the CVD-coated samples and this shift is more
important with CVD duration. Accordingly, the corresponding heat flow curves show this same
shift. These observations suggest a slightly increased thermal stability of the coated carbons.

The detailed analysis of Raman spectra can be found in S.I. (Figures SI.4 and SI.5). It shows
that, while LPH and LPH-A samples are indeed disordered carbons, the CVD treatment
produces a material with a more ordered nanotexture, especially sample LPH-A-C60 given the
longest deposition time, and thus mass uptake. This again is coherent with other observations

indicating that the carbon layer deposited by CVD is (at least partially) graphitized.

Elemental analysis (Table 4) shows a significant difference in terms of oxygen content. The
low oxygen content (2.4 wt.%) of LPH increases by 50% upon CO; activation, as LPH-A
contains 3.6 wt.% oxygen. This increase is probably due to (i) the CO; activation reaction itself
and (ii) the oxidation of the carbon when the sample is removed from the oven. Indeed,
activation starts with the dissociative chemisorption of CO> on the carbon surface to form a
surface oxide and carbon monoxide [36]. The surface oxide is subsequently desorbed from the
surface, further developing the micropores. Finally, the remaining end-plate carbon atoms,
which are more numerous after CO» treatment, oxidize on contact with air. However, although
CVD coating slightly increases the oxygen content of LPH sample, from 2.4 to 2.8 wt.% for
LPH-C30, it reduces the oxygen content of the LPH-A sample down to 3.2 wt.% and 2.3 wt.%
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after 30 min and 60 min of CVD treatment, respectively. Meanwhile, a general trend can be
observed regarding hydrogen content: overall, the CVD-coated samples contain less hydrogen
and more carbon than their uncoated counterparts do. This trend agrees well with TEM
observations of longer graphitic-like domains after CVD coating. Finally, it seems that the
CVD treatment induces a slight increase of the nitrogen content, possibly coming from the fact
that the atmosphere used is an ethylene-nitrogen mix.

Table 4. Elemental analysis of carbon xerogels before and after CO; activation and CVD
treatment.

Sample N C H S @)
(Wt.%)  (wt.%) (wt.%) (wt.%) (wt.%)
LPH 0.1 96.2 0.9 0.0 24
LPH-C30 0.2 98.0 0.3 0.0 2.8
LPH-A 0.1 93.6 0.6 0.0 3.6
LPH-A-C30 0.1 95.2 0.5 0.0 3.2
LPH-A-C60 0.4 97.2 0.4 0.0 2.3

3.2. Electrochemical performance of carbon xerogels

Following morphological and structural characterization, the electrochemical performance of
the samples as negative electrode materials for Na-ion battery was assessed in a half-cell setup.
The data are gathered in Table 5. Ciotdisch represents the total capacity at first discharge (i.e.
first sodiation) while Cyev is the capacity delivered by the first charge (i.e. first desodiation).
The irreversible capacity, Cirev, is calculated as the difference between Ciotdisch and Crev.
Meanwhile, the Initial Coulombic Efficiency, ICE, is calculated as the ratio between Crev and
Crotdisch. Finally, the capacities in both the slope region (above 0.1 V vs. Na*/Na) and the low-
voltage plateau (below 0.1 V) of the first discharge curve (i.e. first sodiation) are reported as
Csiope and Cpiateau, respectively. Note that, in some cases, two distinct slope regions were
detected. Csiope has thus been divided into Csioper and Csiopez in Table 5. The curves
corresponding to the first cycle are shown in Figure 5. Additionally, cyclic voltammetry was
performed in a symmetrical supercapacitor setup in order to understand the accessibility of the
electrolyte to the surface of the electrode material; in this context, the specific capacitance,
Cspec is calculated using Equation 1. Cyclic voltammograms are shown in Figure 6. Finally, the
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retention capacity of the electrodes after various C-rate cycling is reported as Cre; this
parameter compares the first 5 cycles at C/20, at the start of cycling, and the last 5 cycles at
C/20 after the various C-rate cycling sequence, in order to measure the stability of the
electrodes. Figure 7 provides a schematic representation of the evolution of the carbon nodule
structure with post-treatments, along with its assumed interaction with the electrolyte, as
discussed in the next paragraphs. Finally, the overall results (capacity and faradaic yield vs.

cycle number and C-rate) are shown in Figure 8.

The total discharge capacities, Crot disch, are close to each other for all samples: values are around
300-357 mAh g (Table 5, Figure 5). However, the reversible capacities at first cycle, Crev, and
therefore the ICEs, are strikingly different. The LPH sample has a Crey equal to 248 mAh g7,
which corresponds to an ICE of 80%. After 30 min of CVD treatment, the reversible capacity
of LPH-C30 is measured as 298 mAh g (84% ICE). As indicated previously [16], the
difference in reversible capacity (248 vs. 298 mAh g?) is probably due to micropore closure
by CVD and thus to a larger volume of closed micropores in LPH-C30. Since N2 adsorption
shows a huge difference in Ager between these two samples (645 vs. 2 m? g for LPH and
LPH-C30, respectively), a huge modification in ICE would have been expected as well, which
is not the case; this indicates that Aset is not directly related to ICE values. It must be pointed
out that our previous study also showed that nodules of different sizes could achieve different
ICEs (29% for a 50 nm nodule size vs. 80% for a 2 um nodule size), even though these CX
carbons have very similar specific surface areas, as measured by N2 adsorption (Aser ~600 m?
g1), with a majority of micropores. Therefore, it was proven that the ICE cannot be directly

correlated with Ager.

The hypothesis behind this peculiar result was that the electrolyte does not always access the
micropores, although the latter are open and available to N2 or Hz gases; this hypothesis will
be discussed below. In contrast to samples LPH and LPH-C30, the LPH-A sample shows a
very low reversible capacity, 62 mAh g2, which corresponds to 18% ICE. This is not surprising
at first sight, given the increase in surface area. However, upon activation, Ager increased by
only 30% (from 645 to 855 m2 g1), and Sper by 38% (from 1115 to 1535 m2 g1); this again
shows that specific surface area measured by gas adsorption is not a good indicator of the ICE
obtained in a half-cell. This calls for the determination of the surface to be considered for the
development of the Solid Electrolyte Interphase (SEI). Most probably, CO- activation not only

develops micropores (essentially ultra-micropores, see Table 2), but also makes some of them
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more accessible to the electrolyte, by either enlarging the openings or modifying the properties

of the carbon surface.
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Figure 5. Galvanostatic charge (==)-discharge (==) profiles of samples: (a) LPH (=), (b) LPH-
C30 (~), (c) LPH-A (=), (d) LPH-A-C30 (==), (e) LPH-A-C60 (==). Half-cells with NP30
electrolyte, cycling at C/20 (corresponding to 18.6 MA gearbon ).

Finally, as in the case of the LPH sample, the impact of the secondary carbon layer on the

reversible capacity and ICE of the activated sample is striking. Indeed, the LPH-A-C30 sample
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displays 66% ICE, which represents a good improvement over the LPH-A sample (18%).
However, as the adsorption data show, the LPH-A-C30 sample still has a large surface area
that remains uncovered by the CVD-deposited carbon layer, as Aget remains high (505 m? g
1. The relatively low ICE value indicated that access to the carbon surface is easier than for
the pristine CX, LPH. Finally, a longer CVD treatment duration (60 min) leads to a further
decrease in specific surface area (LPH-C-60: Ager = 30 m2 g%; Sprr = 240 m2 g). It is clear
that covering the micropores helps to improve the ICE and leads to very high reversible
capacities, given that LPH-A-C60 reaches a Crev 0f 294 mAh g with 88% ICE, the highest
values for all samples, although very close to those observed for LPH-C30 (Crev 0f 298 m2 g
and ICE equal to 84%). Those results are in line with observations upon cyclic voltammetry
(CV). Figure SI.6 shows the first and fifth cycles performed in the same half-cell setup, at 0.1
mV s scan rate. On first cycle, LPH and totally covered samples (LPH-C30 and LPH-A-C60)
display expected cycle shapes, with reduction (sodiation) peaks associated to SEI formation
and pore filling. The intensity and location of those peaks depend on the CVD deposition time.
One observes large behavior differences for activated and partially covered samples (LPH-A
and LPH-C30), probably because the SEI forms on both outer and inner nodule surface. Upon
oxidation (desodiation), the intensity of the peak associated to sodium release is higher when
the insertion plateau observed in Figure 5 is longer, no peak being visible for sample LPH. At

cycle 5, all samples but LPH display classical behavior (adsorption + pore filling mechanisms).

As a general observation, the development of open micropores by CO. activation obviously
deteriorates the electrochemical properties of CXs, even though the changes in ICE and Crey
cannot be directly related to the increase in specific surface area. However, covering the
micropores of either the pristine or the activated sample with a secondary carbon layer by CVD
is beneficial for both ICE and Crev. It should also be noted that the Crev and ICE values obtained
are quite remarkable for samples heat-treated below 1000 °C. Indeed, hard carbons are
generally processed at 1200-1800 °C, and their ICE and capacity usually increase when
processed at higher temperatures [37]. In addition, oxygen content and other heteroatoms are
known to affect the ICE of the electrodes. In this respect, a lower oxygen content can be seen
for samples LPH-A-C60, LPH and LPH-C30 than for the others. These three samples also
show a very high ICE compared to LPH-A and LPH-A-C30, which could indicate that the CO>
activation process leads to the formation of O-rich surface, the latter being responsible for the
irreversible reaction with sodium. Given the higher degree of graphitization and the reduced

oxygen content observed in our study for coated samples, it is reasonable to infer that the CVD
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layer has improved electronic conductivity compared to the pristine carbon. This more ordered

carbon structure likely facilitates better electron transport at the interface.

To understand better the discrepancy between surfaces measured by gas sorption and ICE, the
electrolyte accessibility to the electrode surface was studied by cyclic voltammetry (CV) using
a symmetrical supercapacitor-like setup (Figure 6). Note that absolute capacitance values are
highly dependent on the set-up and conditions, including the nature of the electrolyte. Here,
the purpose of the CV experiments was to compare the samples with each other in a
configuration that remains close to that of a half-cell, meaning that the capacitance values are
not comparable with those found in the literature for carbon xerogels-based supercapacitors
[38]. Note that, in principle, pseudocapacitance and quantum capacitance can impact
capacitance of a supercapacitor. Here, the potential range was selected carefully to avoid
pseudocapacitance given that hard carbons show capacitive behavior up to 3.4 V in NaPFs
electrolyte [39]. Regarding quantum capacitance, it is known to be more pronounced for
materials such as graphene and low dimension materials with very high specific surface area
(from > 1000 m?/g) [40]. Therefore, quantum capacitance is neglected and the measured

capacitance is considered to be dominated by double layer capacitance.
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Figure 6. Cyclic voltammograms in a supercapacitor setup. (a) LPH (=), LPH-C30 (),
LPH-A (=), LPH-A-C30 (=), LPH-A-C60 (=) at 20 mV s. (b) Close-up of samples
without LPH-A-C60 at 20 mV s scan rate. (c) LPH-A-C60 at 0.1 mV st scan rate.

The LPH sample has a specific capacitance of 0.012 F g vs. 0.017 F g for LPH-C30 (Table
5); those values are very close. The capacitance should be directly proportional to the
electrolyte/carbon interface area. Given the huge difference between the measured BET surface
areas (655 and 2 m2 g?' for LPH and LPH-C30, respectively), it is obvious that the
electrolyte/carbon area does not correspond to Ager. In the case of the LPH-C30 sample, there
is little ambiguity: since the micropores are not even accessible to N, the surface that can be
in contact with the liquid electrolyte corresponds only to the nodule’s external surface, Snext,
which has been geometrically calculated as equal to 2 m2 g [16] for the pristine CX and does
not change with the CVD or CO; post-treatments. In the case of the LPH sample, and given
the capacitance value similar to that of LPH-C30, the electrode/electrolyte interface area should
be of the same order of magnitude. This clearly indicates that the electrolyte does not enter the
micropores of the LPH sample, and that the electrode/electrolyte interface probably also

corresponds to the external surface of the carbon nodules (Figure 7a and 7).
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For the LPH-A sample, a significant increase in specific capacitance is observed, up to 0.27 F
gL. This can be explained by the increase in micropore volume and surface area with CO:
activation as well as increased oxygen amount in LPH-A since oxygenated-groups favor the
access of the electrolyte to the structure [41]. Their impact is difficult to quantify at this stage.
However, the increase in capacitance between LPH-C30 and LPH-A (~ 15-fold) is not
proportional to the increase in specific surface area (multiplied by 426). As in the case of
sample LPH, it is quite clear that not all the micropores of sample LPH-A are filled by the
electrolyte, even though the available surface area is much larger than that of sample LPH
(Figure 7c). After CVD coating, the specific capacitances of the activated samples drop to
0.035 F g* for LPH-A-C30 and 0.036 F g* for LPH-A-C60. Interestingly, the contact area
between the electrolyte and the electrode material appears to increase slightly from LPH to
LPH-C30 and from LPH-A-C30 to LPH-A-C60 (Figure 7d and e). In parallel, some
mesoporosity was detected in the case of LPH-A-C60. This could mean that the structure of
the carbon coating presents a certain roughness that would increase the electrolyte/electrode

interface.

CVD
(30 min)
- Electrolyte
X
- Coating
LPH LPH-C30

CO, activation

CVD
(30 min)

CVD
(60 min)

LPH-A LPH-A-C30 LPH-A-C60

Figure 7. Schematic representation of the evolution of the carbon nodule structure and
carbon-electrolyte contacts with post-treatments.
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However, an increase in the electrolyte/carbon contact area should lead to a decrease in ICE,
due to the formation of a SEI, which is not the case here. On the contrary, the ICE increases
slightly with coating (from 80 to 84% for LPH and LPH-C30, and from 66 to 88% from LPH-
A-C30 to LPH-A-C60). The SEI layer formation is in fact highly dependent on the reactivity
of the electrolyte on the electrode material. The literature mentions that more ordered carbon
structures show improved ICE performance as Na-ion battery anodes [10], pointing to a lower
reactivity of ordered carbon surfaces with regard to SEI formation. Therefore, the surface of

the CVD carbon layer is probably less reactive than that of the (activated) CX.

Coming back to the galvanostatic profiles (Figure 5), some differences can also be observed in
the shape of the curves for the different samples. Firstly, the LPH and LPH-C30 profiles are
very similar, as they both show a slope region and a plateau region (Figures 5a and 5b).
However, an increase in the length of the plateau region can be detected after CVD treatment,
reflecting the impact of micropore closure. The activated sample, LPH-A, displays a very
different profile (Figure 5¢) with almost no plateau but a very long slope region for the first
sodiation. As discussed above, the capacity of LPH-A is highly irreversible due to its very large
surface area, partially accessible to the electrolyte. As observed previously on the non-activated
xerogel, the effect of coating is again visible on the galvanostatic profiles, as LPH-A-C30 and
LPH-A-C60 both show a plateau and two clearly distinct slope regions at around 0.8 V and 0.3
V vs. Na*/Na (Figures 5d and 5e), which are referred to as “slope region 1” and “slope region
2” hereafter. Although the dominant storage mechanisms on these regions are still debated,
LLPH-A-C30 shows a longer “slope 2" region than LPH-A-C60 (140 mAh g vs. 77 mAh g?),
while the “slope 1” region is similar for both samples (68 mAh g vs. 66 mAh g*). However,
this 2-slope profile disappears after the first sodiation: the change in slope is barely visible
during the first desodiation, and totally disappears during the second sodiation (Figure S1.7). It
is therefore highly likely that the presence of two distinct slope regions in the first cycle is
related to the formation of the SEI layer. At the same time, the LPH-A-C60 sample shows a
very high plateau capacity (159 mAh g*). This capacity is considerably higher than that of
samples LPH (99 mAh g1), LPH-C30 (129 mAh g!) and LPH-A-C30 (108 mAh g™).

In relation to their full reversible capacities, plateau capacities correspond to 39%, 43%, 36%
and 54% for electrodes LPH, LPH-C30, LPH-A-C30 and LPH-A-C60, respectively (Table 5).
LPH-A-C30 has the lowest plateau ratio (36%), probably because the micropores are not
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masked completely yet. These results indeed show that the formation of new micropores by
CO. activation and their closure by a carbon layer via CVD increase the volume of closed

micropores and lead to better electrochemical performance of the CXs.

Finally, the electrodes were cycled at different C-rates in order to understand the effect of
activation and coating thickness on the rate capability (Figure 8). Firstly, the coulombic
efficiency quickly stabilizes at around 100% for all samples except LPH-A and LPH-C30, both
after the first cycles and after any change in C-rate during various C-rate cycling. The
electrodes show similar behavior at low C-rates such as C/20, C/10 and C/5, as well as a
dramatic drop in capacity after C/2. Although the LPH-C30 sample shows higher capacity than
LPH at low cycling rate, it becomes equal around C/2 and lower from 1C and above.
Furthermore, the plateau region disappears at higher C-rates, which can be interpreted as Na*
ions not having enough time to fill the inner pores of the carbon nodules (Figure S1.8). Like
the other samples, LPH-A can retain some capacity up to C/2, but values drop to 0 at higher C-
rates. However, the coating improves the performance of the activated sample, as the capacity
remains relatively high for both LPH-A-C30 and LPH-A-C60.

The capacities obtained for LPH-A-C60 at each C-rate are quite similar to those of the LPH
sample, indicating a recovery from activation and an improvement over LPH-C30. The CVD
layer may introduce a barrier to Na* diffusion due to its more compact morphology, which
could explain the lower rate performance of LPH-C30 compared to LPH. However, increasing
the contact area between electrode and electrolyte is known to be beneficial to rate capability,
since it can provide a larger area for charge transfer [42-43]. Thus, the larger electrode-
electrolyte interface area of LPH-A-C60 compared to LPH-C30 might be the reason for the
better rate capability of the former carbon. Additionally, although it remains speculative, the
onion-like structures observed in the activated sample have been reported to increase the rate
capability, as they would be able to reduce Na* diffusion pathways [44]. Moreover, it has been
also reported that curvatures introduced into hard carbons can benefit their performance by
improving the adsorption of Na* ions [13]. The exact impact of these structures, however, needs
to be studied further.

After cycling at various C-rates, the procedure was prolonged by 15 additional cycles at C/20
to determine the stability of the electrodes. Most samples recovered 91% to 95% of their initial
capacity; LPH-A reached almost 100%, but its initial capacity was already very low (62 mAh
gY). Interestingly, LPH-A-C60 also retained 95% of its initial capacity after 15 cycles at C/20,
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while it decreased to 88% for LPH, 65% for LPH-C30 and 89% for LPH-A-C30. The capacity
retention after the additional 15 cycles remained close to 100% for LPH-A, but, as mentioned
previously, with a low initial capacity. The CVD-coated CX prepared without activation shows
both high ICE and capacity, but low rate capability and stability. In contrast, LPH-A-C60
shows both high ICE and capacity without losing rate capability and stability. The development
of micropore volume and the introduction of onion-like structures might be essential for charge
transfer. Combining this with a carbon coating to limit contact between the carbon and the
liquid electrolyte seems a good way to improve the electrochemical performance of hard

carbons in NIB negative electrodes.
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Figure 8. Galvanostatic charge-discharge performance at various cycling rates. (m) Desodiation
capacity, (m) sodiation capacity and (m) coulombic efficiency for samples (a) LPH, (b) LPH-C30,
(c) LPH-A, (d) LPH-A-C30, (e) LPH-A-C60. Figure (f) compares desodiation capacities of all
samples: LPH (=), LPH-C30 (—), LPH-A (=), LPH-A-C30 (=), LPH-A-C60 (—).
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Table 5. Electrochemical performance of the samples.

Sample Crot,disch? Cre/” Cslope1? Csiope2® Cplateau” Cplateau/Cre ICE Cret  Cspec

(mAhg?) (mAhg?) (mAhg") (mAhg?) (mAhg?) (%) % (%) (Fg?)
LPH 300 (+3) 248 (x12) 170 C 99 39 80 (1) 88  0.012
LPH-C30  357(x17) 298 (+11) 184 < 129 43 84 (+1) 65 0.017
LPH-A 343 (+18) 62 (+4) 62 < d d 18 (+0.3) 100 0.270
LPH-A-C30 354 (+10) 235 (+6) 68 140 108 36 66 (+0.6) 89  0.035
LPH-A-C60 329 (+7) 294 (+5) 66 77 159 54 88 (+07) 95 0.036

2 Calculated from the first discharge (i.e. first sodiation).
b Calculated from the first charge (i.e. first desodiation).

¢ Second slope region not observed.
4 No plateau observed.

4. Conclusions

This study demonstrates the considerable impact of CO: activation and CVD carbon coating
on carbon xerogels (CX) as negative electrodes in Na-ion batteries (NI1Bs). Targeting optimal
surface characteristics, we synthesized a CX with ~2 um nodules and an initial surface area of
645 m?> g'. Through CO: activation, microporosity was enhanced, while CVD coating

effectively masked these micropores.

Direct CVD coating on the pristine CX achieved a very low specific surface area (Aget = 2 m?
g"), resulting in high Initial Coulombic Efficiency (ICE = 84%) and substantial reversible
capacity (Crev = 298 mAh g!). By contrast, CO: activation alone increased the surface area,
Ager =855 m? g1, but significantly lowered the performance (ICE = 16%, Crev = 62 mAh g ).
Notably, subsequent CVD coating on the activated CX restored high performance, with an ICE
of 88%, a reversible capacity of 294 mAh g!, and improved rate capability. Furthermore,
capacitance studies indicated that specific surface areas measured by gas adsorption are not
directly linked to the effective electrode/electrolyte interface where Solid Electrolyte
Interphase formation occurs, emphasizing that micropore accessibility to the electrolyte must
be limited to improve performance. Additionally, although the capacitance can be linked to
SEI formation for the materials that has the same surface structures, it is not directly indicative

for carbon xerogels that are coated with a more ordered structure.

These findings suggest that the combination of microporosity and selective surface masking

can produce low-temperature carbon materials with excellent properties for NIB applications.
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With their highly tunable structure, CXs are promising candidates for further in situ studies on
Na* storage mechanisms, providing a foundation for the rational development of high-
performance NIB electrodes. Additionally, this works further shows that CO- activation and
CVD carbon deposition techniques enable the manufacturing of materials with both low
surface area (which limits the carbon/electrolyte contact and SEI formation) and high
micropore volume (which is assumed to enhance capacity). Although the current paper is
focused on carbon xerogels, considered here as model materials, the methodology could be
further extended to other carbon-based electrode materials.

In order to develop further CXs and CVVD-coated CXs toward high capacity electrode materials,
both the internal carbon structure, including open/closed porosities and graphene layer
stacking/disorder, and the Na* insertion-deinsertion mechanisms, should be investigated. In
that respect, Small Angle X-ray Scattering (SAXS) could provide further insight on the carbon
inner structure and the impact of the various post-treatments on the micropores, even though
data analysis on such samples still cannot be considered as routine and, in our opinion, needs
specific development. Nuclear Magnetic Resonance (NMR) is an interesting option to further
understand the Na* insertion-deinsertion mechanisms, which could then be related to the fine

analysis of the carbon structure. Further studies should definitely be focused on those topics.”
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