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ABSTRACT :  

The performances of titanium dioxide (TiO2) thin films used in photoelectrochemical applications 

(solar cells, water splitting, photocatalysis, etc) highly depend on their morphology and interface. In 

this work, we describe a straightforward strategy for designing conductive carbon-coated TiO2 

porous layers allowing for the tuning of interfacial charge transfers. Increased specific surface and 

improved conductivity are expected from the porosity and the carbon coating, respectively. In 

practice, polystyrene/polyacrylonitrile (PS-PAN) and polystyrene/ polydopamine (PS-PDA) core-

shell particles synthesized by emulsion polymerization are considered as templating agents for the 

production of carbon-coated and ordered porous TiO2 layers. After spin coating deposition of the 

particles, infiltration of the TiO2 precursor and calcination, voids are created in the film by thermal 

degradation of the PS cores whereas PAN and PDA produced carbon at the surface of the TiO2 inverse 

opal matrix. Uncoated PS particles are also considered as benchmark templating agents. Size and 

composition of the polymer particles as well as the morphology and electronic properties of the 

corresponding porous TiO2 films are evaluated. In particular, the charge transfer resistance of the 

films is investigated via 

Electrochemical Impedance 

Spectroscopy (EIS) as a 

preliminary assessment of 

these unprecedented carbon-

coated porous TiO2 layers as 

semiconducting materials. 
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1. Introduction 

In the last decades, titanium oxide-based materials raised huge interest in many fields like energy 

conversion [1] and storage [2], photocatalysis [3,4], or design of electronic devices and sensors [5] 

due to their low cost, high physicochemical stability, non-toxicity and suitable band gap energy. 

Several nanostructured TiO2 morphologies have been investigated throughout literature so to 

emphasize the significant impact of the structural dimensionality of TiO2 on its properties and 

performances. The morphological and structural tuning of such porous titania layers towards large 

interfacial area and adjustable pore shape, size, orientation and interconnectivity, appears to be 

crucial in terms of their resulting functionality and efficiency [6,7]. To this extent, the use of colloidal 

templating strategies has been highlighted as advantageous and fruitful [8-10]. This approach is 

based on the surface assembly of colloidal crystals, usually made of nanospheres of silica SiO2 or 

polymers such as polystyrene (PS) or poly(methyl methacrylate) (PMMA), followed by the infiltration 

of the TiO2 precursor and the ultimate removal of the beads template through chemical and/or 

thermal treatment. A large variety of assembly methods have been reported for the corresponding 

preparation of ordered porous TiO2 layers such as evaporative, electrophoretic, dip as well as spin 

coating deposition [11], notably for the getting of TiO2 inverse opals of interest for photonics [12,13] 

and solar cells [14-17] applications. 

Despite of the multiple advantages of structuring TiO2 into materials with high surface area, the 

latter may still suffer from intrinsically poor electrical conductivities, moderate visible light 

response, low quantum efficiency and limited mass diffusion, which prevents their full exploitation 

in the applications mentioned above. 

One approach to overcome these limitations and improve the optoelectronic properties of TiO2 

consists in combining the metal oxide with a (semi)conductor with a suitable narrow band gap. In 

this respect, carbon appears to be an interesting additive for TiO2 due to its ability to conduct 

electrons and to limit the recombination of the charge carriers. The incorporation of conductive 

carbon into titanium oxide layers notably led to materials with improved performances in the areas 

of photocatalysis [18], energy storage in batteries [19,20] and solar cells [21,22], to name only a few. 

Interestingly, a number of carbon∕TiO2 composites consist in TiO2 particles coated by carbon via 

decomposition of organic materials [23-27]. 

Here, we describe a straightforward strategy for preparing conductive carbon-coated and ordered 

porous TiO2 layers involving coreshell polymer particles as both templating agents and source of 

carbon (Figure 1). For this purpose, PS was chosen as sacrificial core material of the particles 

whereas polyacrylonitrile (PAN) [28-32] and polydopamine (PDA) [33-37] were selected as outer layer 

of the core-shell particles due to their ability to generate N-doped conductive carbon under 

appropriate calcination conditions. 

For the sake of the comparison, carbon-free porous TiO2 layers were also prepared from pristine PS 

particles. Special care was devoted to study the morphology and electrical properties of the 

resulting porous films. Electrochemical Impedance Spectroscopy (EIS) measurements notably 
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highlighted the impact on charge transfer properties of the carbon-coated porous TiO2 layers 

obtained with the PS-PAN and PS-PDA particles, respectively. 

 

Figure 1. Design of carbon-coated porous TiO2 layers using PS-PAN or PS-PDA core-shell particles. 

 

2. Materials and methods 

2.1. MATERIALS 

Acrylonitrile, dopamine hydrochloride (98 %), potassium persulfate (KPS), isopropanol and absolute 

methanol were purchased from Sigma Aldrich and used as received. Styrene was purchased from 

Sigma Aldrich and the inhibitor was removed upon washing with 5 % NaOH aqueous solution. 

Ultrapure water was produced from Milli-Q plus 188 apparatus (Millipore). 
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2.2. CHARACTERIZATION 

Particle size and polydispersity index were determined by dynamic light scattering (DLS) analysis on 

Delsa Nano C from BECKMAN COULTER instrument. The morphology of the particles was studied by 

Transmission Electron Microscopy (TEM, CM100 from Philips) with an operating voltage of 80 kV. The 

morphology of the PS, PS-PAN or PS-PDA particles layers and of the final TiO2 porous films was 

examined by Scanning Electron Microscopy (SEM, FEI ESEM XL30 instrument) with an operating 

voltage of 15 kV. Carbon coating at the surface of the TiO2 porous matrix was evidenced by 

Transmission Electron Microscopy (TEM, FEI Tecnai G2 TWIN instrument) with an operating voltage 

of 200 kV. X-ray diffraction (XRD) data were collected on a Bruker D8 grazing incidence diffractometer 

with CuKα radiation. Thermogravimetric analyses (TGA) were performed on a Q500 from TA 

instrument in order to quantify the amount of residual carbon upon carbonization. The latter was 

carried out via a three-step procedure, (i) 10 min at 150 °C, (ii) increase of the temperature to 600 °C 

with a ramp of 20 °C∕min, (iii) thermal treatment at 600 °C for 30 min. The nature of the carbon 

produced upon carbonization of the PS-PAN and PS-PDA particles were measured by Raman 

spectroscopy using a LabRam 300 confocal Raman spectrometer (Horiba Jobin-Yvon) operated with 

a 647 nm excitation laser (Krypton laser Spectra Physics 168B). The instrument is interfaced with a 

microscope Olympus BX40 and a CCD detector (Andor iDus DU401 BR DD). Electrochemical 

Impedance Spectroscopy (EIS) was conducted in dark conditions at room temperature, using a 

Biologic SP-200 Potentiostat (Science Instrument) and a three-electrodes setup with the porous 

TiO2-covered glass sample as working electrode (active surface of 0.28 cm2), a Pt foil as counter 

electrode and a Ag-AgCl reference electrode adapted for non-aqueous media (model REF361 from 

HACH). The three electrodes were put in contact with a 5 mM tetrabutylammonium perchlorate 

(TBAClO4) electrolyte in dichloromethane (CH2Cl2). After 10 min of N2 degassing, EIS curves were 

recorded after 2 min of stabilization at the open circuit potential value in the 2 MHz - 50 mHz 

frequency range with a 10 mV amplitude. Data were analysed and fitted using EC-Lab software. 

2.3. SYNTHESIS OF PARTICLES 

PS particles were synthesized via a surfactant-free emulsion polymerization procedure inspired 

from a similar approach described by Cai et al. [38] Typically, styrene (2.73 g, 26.2 mmol, 3.0 mL) and 

deionized water (100 mL) were introduced in a two-neck 250 mL round bottomed flask equipped 

with magnetic stirrer, and addition funnel, an argon gas inlet and a thermostatic oil bath. This 

mixture was degassed by bubbling with argon at room temperature for 30 min under stirring at 650 

rpm. A degassed solution of KPS (70 mg, 0.26 mmol) in 25 mL deionized water was charged in the 

addition funnel. The styrene mixture was heated at 70 °C before dropwise addition of the KPS 

aqueous solution. Heating and stirring was then maintained for 24 h leading to an aqueous 

suspension of PS particles. The latter were purified and isolated by centrifugation, washed three 

times with methanol and dried under vacuum oven at 50 °C for 24 h. 

PS-PAN core-shell particles were prepared by a procedure adapted from a previously reported 

method [39]. Typically, distilled de-ionized (DDI) water (100 mL) and styrene (50 mmol, 5.2 g, 5.72 

mL) were placed in a 250 mL round bottomed flask equipped with a magnetic stirrer, nitrogen inlet, 
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condenser and a pipette outlet for sampling. The mixture was degassed by bubbling nitrogen for 30 

min before heating the reaction medium at 70 °C under stirring (650 rpm). When temperature 

reached 70 °C, a degassed solution of KPS (0.1 mmol, 27 mg) in DDI-water (25 mL) was added 

dropwise to the mixture and styrene was allowed to polymerize for 30 min at 70 °C under stirring. 

Next, degassed acrylonitrile (50 mmol, 2.65 g, 3.27 mL) was added dropwise and the reaction was 

continued for 5 h under stirring at 70 °C, leading to an aqueous suspension of PS-PAN particles. The 

resulting particles were isolated by centrifugation of the solution, washed three times with methanol 

and dried under vacuum oven at 50 °C for 24 h. 

PS-PDA core-shell particles were synthesized as follows. The abovementioned purified PS particles 

(250 mg) were dispersed in a Tris-HCl buffer (78 mL, 10 mM, pH 8.5) under sonication. Then, 

dopamine hydrochloride (DA) (62.5 mg, DA/PSw/w = 0.25) was added to the PS particles suspension 

and stirred at room temperature for 24 h leading to an aqueous suspension of PS-PDA particles. The 

resulting particles were collected by centrifugation, rinsed with deionized water three times and 

dried under vacuum at 50 °C for 24 h. 

2.4. SPIN COATING DEPOSITION OF PARTICLES ONTO CONDUCTIVE GLASS 

The above-mentioned aqueous suspensions of PS, PS-PAN and PS-PDA (aliquots containing 60 mg 

of particles) were added with an equal volume of isopropanol in order to destabilize the suspension 

and isolate the particles. The mixture was centrifuged at 12,000 rpm for 20 min and supernatant was 

eliminated. Particles were then suspended in a H2O/ isopropanol mixture (360 μL, VH2O/Visopropanol: 1/3) 

before being homogenized by vortex stirring and ultrasonic bath (cooled by ice) in order to get the 

desired 15 w/v % particle suspensions. Beads suspensions (160 μL) were then deposited on 2 × 2 cm 

FTO-glass substrates covered by a thin TiO2 dense layer via stationary spin coating deposition. 

Substrates were cleaned under UV/ozone treatment for 15 min right before the spin coating 

procedure of the polymer particles suspension. Finally, samples were heated at 70 0C for 30 min in 

pre-heated oven. 

2.5. SYNTHESIS OF THE POROUS TIO2 FILMS 

A TiCl4 4 × 10-2 M solution in EtOH was deposited on the PS beads-covered substrates by 4-repeated 

stationary spin coating at 500 RPM for 30 s with a stabilization step at 70 °C for 30 min between each 

layer. A final calcination step was performed at 500 °C for 30 min (100 °C/h) under air for pristine PS 

particles or under N2 for PS-PAN and PS-PDA core-shell particles to remove the beads, crystallize 

anatase and produce conductive carbon for the last two samples (PS-PAN and PS-PDA). 

3. Results and discussion 

The general strategy for the TiO2 film processing is represented in Figure 1 and consists in different 

steps. First, PS beads as well as PS-PAN and PS-PDA core-shell particles, synthesized by emulsion 

polymerization, were deposited onto the glass substrates. Then, the TiO2 precursor was infiltrated 
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in the interstices of the micrometric layers of templating particles which were finally eliminated 

through calcination. Voids were created in the TiO2 films as a result of the thermal degradation of 

the PS core whereas carbon was generated at the surface of TiO2 via calcination of PAN or PDA. Each 

step is described and discussed in the next sections followed by a preliminary assessment of the 

charge transfer properties of the various films. 

3.1. SYNTHESIS AND CHARACTERIZATION OF THE POLYMER PARTICLES 

Three types of particles with narrow size distribution (Table 1) were considered as templating agents 

for structuring the TiO2 films, i.e. PS particles as benchmark materials, as well as PS-PAN and PS-PDA 

coreshell particles. Figure 2 depicts the general synthesis strategies. 

The PS particles were produced via surfactant free emulsion polymerization of styrene initiated by 

KPS at 70 °C, following a procedure inspired from a previous report [38]. The DLS analysis of the as-

prepared particles indicated an average diameter of 354 ± 115 nm (Table 1). TEM images confirmed 

the size range (~360 nm) of the PS particles as well as their narrow size distribution (Figure 3). A quite 

similar approach was used for the synthesis of the PS-PAN particles except that styrene and 

acrylonitrile were added in a sequential manner within the reaction mixture following a procedure 

described by Yasuda et al. [39]. In the pre-polymerization step, styrene is polymerized alone before 

addition of AN leading the formation of the PAN shell [39]. Monodispersed PS-PAN particles with an 

average diameter of about 398 ± 33 nm (Table 1) were obtained accordingly. Finally, the 

monodisperse PS particles prepared by the surfactant free emulsion polymerization were used as 

templates for the preparation of PS-PDA core-shell particles. Inspired by a previously reported 

method [40,41], the coating of the PS particles with PDA was achieved via self-polymerization of 

dopamine in a weakly alkaline aqueous environment (pH = 8.5) in a Tris-HCl buffer. Compared to the 

pristine PS particles, a slight increase of the diameter was observed by DLS after the DA 

condensation (379 ± 81 nm, Table 1), as expected for the formation of the core-shell particles. TEM 

analysis confirmed that the PS-PDA particles preserved their spherical character as well as the 

absence of aggregation phenomenon (Figure 3). 

All types of particles were subjected to a thermal treatment under N2 atmosphere in 

athermogravimetric instrument (TGA) in order to quantify the formation of carbon. In practice, 

polymer samples were heated at 150 °C for 10 min followed by the increase of temperature to 600 °C 

at a rate of 20 °C/min. Typical TGA curves are presented in Figure S1 and the percentage of residual 

carbon are mentioned in Table 1. As expected, almost no carbon was found after calcination of PS. 

On the other hand, about 4 wt. % of carbon was generated from both PS-PAN and PS-PDA core-shell 

particles, which makes the comparison of their impact on the TiO2 films relevant (Table 1). 

Raman analyses were also performed to characterize the carbon produced by thermal treatment of 

the PS-PAN and PS-PDA particles (Figure 4). For the sake of the comparison, the spectrum recorded 

in identical operating conditions for an electrochemistry grade graphitic carbon is also presented. 

The G band belongs to the E2g symmetry in plan for graphite and the D band corresponds to the sp3 

carbon. These two bands strongly overlap with other Raman bands observed for disordered carbon 

also shown in Figure 4, namely the I band belonging to the vibration of sp2-sp3 carbon-carbon bond, 
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and both the D’ and D’’ bands observed for defective graphite systems [42,43]. The D/G intensity 

ratio relates to the relative content of sp3 carbons over sp2 carbons in the carbonaceous materials, 

hence the D/G intensity ratio decreases when the conductivity of the carbonaceous materials 

increases. In order to estimate the intensities of the D and G bands and characterize the D/ G ratios 

of the samples, the Raman spectra were decomposed and the band intensities are listed in Table 2. 

As expected, the residues of the carbonized PS-PAN and PS-PDA samples present a significant 

amount of conductive carbon (D/G ratio of 1.38 and 1.36, respectively). 

 

Table 1. Characteristics of PS, PS-PAN and PS-PDA particles. 

 

 

Figure 2. Synthesis strategies for PS, PS-PAN and PS-PDA particles. 
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Figure 3. TEM images of the PS, PS-PAN and PS-PDA particles. 
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Figure 4. Raman spectra of carbon generated by thermal degradation of the PS-PAN and PS-PDA 

particles as well as Raman analysis of electrochemistry-grade graphite. 
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Table 2. Raman data for the carbonized PS-PAN and PS-PDA as well as for graphite electrode. 

 

 

3.2. COLLOIDAL ASSEMBLY OF THE PARTICLE TEMPLATES AND 

PREPARATION OF POROUS TIO2 FILMS 

According to the general strategy depicted by Figure 1, multilayers of particles were formed at the 

surface of conductive glass, followed by infiltration of the TiO2 precursor in the interstices of the 

particles and carbonization. In the case of PDA and PAN core-shell particles, we expect some residual 

presence of carbon at the surface of the porous TiO2. 

The spin-coating approach is particularly straightforward to this respect and was thus selected for 

depositing our PS, PS-PAN and PS-PDA particles on FTO-glass. Top view as well as cross sectional 

SEM images of the resulting spin coated PS, PS-PAN and PS-PDA particles are shown in Figure 5. 

Whatever the nature of the particles, homogeneous and micrometric layers were obtained. In the 

case of PS particles, the thickness of the film reached about 2 μm and the particles tend to adopt a 

closed packed structure characterized by some defects. Similar film thickness and organization were 

observed for the deposited PS-PAN core-shell particles. In contrast, the PS-PDA particles essentially 

led to homogeneous but disorganized films which further emphasizes the crucial impact of the 

particles interactions on the film formation process. In the latter case, however, the substrate was 

also covered in a quite uniform manner and the thickness of the films was around 1 μm. 

Next, a TiCl4 solution in ethanol was infiltrated in the interstices of these polymer particles layers 

and transformed into TiO2 upon thermal treatment. Thermal degradation of the PS core of the 

particles will generate the porosity within the films whereas the PAN or the PDA shells should 

produce carbon at the surface of the TiO2. After infiltration of TiCl4 and calcination, the desired 

inverse opal porous TiO2 structures with a thickness of about 1 μm were obtained when using the PS 

and PS-PAN particles as templates. Some cracks were observed in these cases, most probably as a 

result of the film thermal contraction. Note that the thickness of the polymer particles films was 

deliberately designed to be larger than the desired thickness of the resulting TiO2 porous layers. 

Indeed, the template is only partially filled by the TiO2 precursor to avoid the formation of a dense 

crust on top of the porous network, which would, i.a., impede electrolyte infiltration. As illustrated 

in Figure S2, TEM analysis of the TiO2 films templated by the PS-PAN particles tends to confirm the 

presence of a thin layer (~ 4 nm) of carbon at the surface of the TiO2 cavities. On the other hand, SEM 
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images of the TiO2 layer obtained from the PS-PDA beads show a completely different film 

morphology that essentially consists in a disordered deposit presenting some spherical cavities (see 

the bottom picture in Figure 6). This disorganization might be due to specific interactions between 

the PDA and TiO2 or by reaction of the former with the TiCl4 precursor during the infiltration step. 

According to a previous study, the abundant catechol groups of PDA [44] are likely to bind Ti 

compounds [45], which seems to affect the formation of the TiO2 inverse opals in the present case. 

Regardless of the nature of the outershell of the particles, however, Raman spectroscopy confirmed 

the formation of conductive carbon and anatase TiO2, as discussed below. 

 

Figure 5. SEM images of the top surface and cross section of spin coated PS, PS-PAN and PS-PDA 

particles onto FTO glass. 

 



Published in : Colloids and Surfaces A: Physicochemical and Engineering Aspects (2020), vol. 606, 125390 

DOI: https://doi.org/10.1016/j.colsurfa.2020.125390 

Status : Postprint (Author’s version)  

 

 

 

3.3. RAMAN AND EIS CHARACTERIZATION OF THE POROUS TIO2 FILMS 

The TiO2 porous films templated by PS, PS-PAN and PS-PDA particles were first analyzed by Raman 

spectroscopy in order to determine the nature of the TiO2 formed and detect the presence of 

conductive carbon within the films (Figure 7). Raman data are summarized in Table 3. Regardless of 

the nature of the particles used as template, a dominant band around 142 cm-1 indicates that TiO2 

mainly consists in anatase, a polymorph of particular interest for photoelectrochemical applications 

thanks notably to its large bandgap and high charge carrier mobility [46]. However, in the case of PS-

PAN, the band is broaden and slightly shifted to 144 cm-1. This indicates an amorphization of the TiO2 

film, which is further established from XRD measurements (Figure S3). Raman spectroscopy and XRD 

also rule out the presence of rutile phase. Indeed, the characteristic TiO2 rutile (110) peak at 27.4° is 

not observed in the XRD spectrum (Figure S3) and the Raman spectrum presented in Figure 7 does 

not show the characteristic bands of rutile at 445 and 610 cm-1. 

In the extended Raman spectra of the TiO2 films templated by PS-PAN and PS-PDA particles, the 

characteristic G and D bands are clearly observed, belonging respectively to the E2g symmetry in plan 

C-C stretching occurring in sp2 systems and to the A1g symmetry breathing of the six-fold ring of C-C 

bond observed for disordered carbon due to out of plane vibrations of sp3 systems. The relative 

intensities of these bands (D/G ratio) suggest that calcination of the PS-PDA (1.30) produced, at the 

surface of TiO2, a sp2 carbon atoms bonded system with less structural defects, and so more 

conductive, compared to PS-PAN (1.49). 

Finally, Electrochemical Impedance Spectroscopy (EIS) analyses were carried out to assess the 

influence of the carbon at the surface of the TiO2 porous layers in terms of charge transfer for 

potential photoanode application. A liquid electrolyte medium consisting of TBAClO4 dissolved in 

CH2Cl2 was used here to assure sufficient degree of penetration and impregnation into the different 

porous TiO2 networks (which was established from naked-eye observations of the spreading of a 

drop of electrolyte on the electrodes surfaces). Other liquid media were tried, including aqueous 

ones, but none were shown to be efficient in this respect, especially with the carbon-containing 

layers. Figure 8a shows typical Nyquist plots measured for the different cases with the 

abovementioned carbon-coated and non-coated TiO2 films. The measured electrical values, 

obtained from EIS data fitting according to a reference equivalent circuit [47-49] shown on Figure 

8b, are listed in Table 4. 

Overall, the charge transfer resistance (R3) values of the porous TiO2 layers at the interface with the 

liquid electrolyte follow the order: TiO2∕PS-PAN < < < TiO2∕PS < TiO2∕PS-PDA. Surprisingly, the lowest 

charge transfer resistance is observed for the TiO2 film templated by PS-PAN core-shell particles 

despite a higher amount of structural defects in the sp2 carbon atoms bonded system and a less 

crystallized anatase structure compared to TiO2∕PS-PDA, as previously established from Raman 

analyses. The trend of charge transfer resistance at the TiO2 electrode/electrolyte interface is further 

corroborated by the extent of charge diffusion from the bulk electrolyte to the electrode. This aspect 

is quantified by the W4 values, shown to increase progressively from TiO2∕PS-PDA to TiO2∕PS and even 

further to TiO2/ PS-PAN. Regarding the charge transfer behavior at the counter electrode, it seems 
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to be facilitated in the case of carbon-coated TiO2 working electrodes (lower R2 values for TiO2∕PS-

PAN and TiO2∕PS-PDA) than with non-carbon-coated ones (higher R2 value for TiO2∕PS). 

The combination of a good quality of structural organization and a conductive character is thus 

crucial, and explains why the TiO2∕PS-PAN layer is ultimately the most promising system in terms of 

interfacial conductivity. In contrast, the lower charge transfer performances observed for the films 

templated by PS-PDA particles seem mostly caused by the very poor organization of the porous 

network (cf. SEM micrographs presented in Figure 6), rather acting here as a barrier layer to charge 

transfers between the TiO2 layer and the electrolyte. Interestingly, the charge transfer resistance of 

the TiO2∕PS benchmark is also lower than the TiO2∕PS-PDA case, thanks to its better porous 

organization, but still higher than the TiO2∕PS-PAN case because of its less conductive nature in 

absence of carbon material. 

 

Figure 6. SEM images of the top surface and cross section of the TiO2 porous films templated by PS, PS-

PAN and PS-PDA particles. 
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Figure 7. Raman spectra for the TiO2 porous films templated by PS, PS-PAN and PS-PDA particles. 
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Table 3. Raman intensities for the TiO2 porous films templated by PS-PAN and PS-PDA particles. 

 

 

Figure 8. a) EIS curve for the TiO2 porous layers templated by PS, PS-PAN and PS-PDA particles. b) 

Equivalent circuit model for the fitting of the anode [47-49]. R1: contacts; R2 (resistance) & Q2 

(capacity): transfers at the counter electrode; R3 & Q3: transfers at interface TiO2 electrode / electrolyte; 

W4: diffusion in electrolyte. 

 

 

Table 4. EIS fitting data obtained from measurements of the TiO2 porous films templated by PS, PS-PAN 

and PS-PDA particles. 
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4. Conclusion 

Monodisperse PS particles as well as PS-PAN and PS-PDA core-shell particles were synthesized by 

emulsion polymerization methods and used as templates for the preparation of porous TiO2 layers. 

The spin coating deposition of the PS and the PS-PAN particles led to organized micrometric 

colloidal films, whereas disordered layers were obtained in the case of the PS-PDA particles. After 

infiltration of TiCl4 in the interstices of the different particle layers and carbonization, inverse opal 

porous anatase TiO2 structures were only achieved by using the PS and PS-PAN templates whereas 

PS-PDA led to disordered films. As expected, conductive carbon was detected by Raman at the 

surface of the porous TiO2 films templated by the core-shell particles as a result of the carbonization 

of the PAN and PDA phases. Crucially, Electrochemical Impedance Spectroscopy (EIS) was used so 

to establish and quantify the semiconducting properties of the various sorts of TiO2 electrodes. The 

lowest interfacial resistivity was measured for the porous TiO2 film templated by the PS-PAN 

particles, thanks to the beneficial synergic effect of a combined ordered porosity and conductive 

carbon coating. In comparison, the carbon produced from the PS-PDA particles, despite being 

intrinsically more conductive, cannot compensate the less ordered nature of the resulting TiO2 

porous film, which ultimately alters the interfacial charge transfer properties of the latter and leads 

to an increased charge transfer resistivity at the TiO2 electrode∕electrolyte interface, as established 

from EIS. Overall, using PS-PAN core-shell particles as templating agents and source of carbon is 

therefore a promising and straightforward approach to improve the performances of TiO2 porous 

films in optoelectronic and photoelectrochemical materials. 
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Supplementary Material 

Figure S1. TGA curves recorded under nitrogen for the PS, PS-PAN and PS-PDA particles. Residual 

carbon of 0.33%, 3.97% and 4.07% are respectively determined for PS, PS-PAN and PS-PDA particles.

 

Figure S2. TEM image of the TiO2 film templated by PS-PAN particles, emphasizing the presence of a 

thin layer (~ 4 nm) of carbon at the surface of the TiO2 cavities. 
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Figure S3. X-ray diffractograms of the TiO2 porous films templated by PS-PDA and PS-PAN particles. 

The drop of intensity observed for the (101) TiO2 anatase peak at 25.3° on the TiO2/PS-PAN sample (in 

comparison with the TiO2/PS-PDA sample) is correlated to an amorphization of the corresponding TiO2 

film. The presence of rutile is ruled out as the characteristic (110) TiO2 rutile peak at 27.4° is not 

observed. 
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