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Abstract 

The hydrogen production from photo-electrocatalytic water splitting attracts extensive 

attention as a direct way to convert solar energy into chemical fuels. In this work, innovative 

photo-anodes composed of TiO2 which has a preferable growth orientation [211] conjugated 

with PEDOT as bi-layers are prepared by a dry process strategy, combining oxidative and 

metalorganic chemical vapor deposition (CVD). Pure anatase, dendritic TiO2 films of 

variable thickness are obtained at 500°C by varying the deposition time. Increase of films 

thickness from 474 to 2133 nm results in morphologies that evolve from dense and angular 

structures to isolated and nanostructured tree-like columns with a concomitant decrease of the 
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charge transfer resistance due to the enhancement of active facets of anatase structure. The 

PEDOT/TiO2 bi-layer with an overall thickness of 1350 nm and a 50 nm thick upper-PEDOT 

layer exhibits the highest photocurrent response (0.26 mA cm
-2

 at 1.8 V/RHE), a fast 

photocurrent response under illumination, and the best hydrogen yield up to 4.1 µmol cm
-2

 h
-1

 

with electronic conductivity being three order of magnitude higher than pristine TiO2. 

  

1. Introduction 

Hydrogen is considered as a key energy carrier for the upcoming future, and 

significant efforts are underway to develop various technologies that require to maximize the 

yield of hydrogen production [1]. Green hydrogen produced from renewable sources plays an 

important role in the ecosystem for the limitation of CO2 produced from diesel fuels [2]. 

Among the renewable sources, the sun and water make the photo-electro dissociation of 

water a promising technology for the production of green hydrogen. Several semiconductor 

materials have been considered as electrodes for water splitting such as cobalt-iron oxides, 

BiVO4, Fe2O3, LaFeO3, WO3, MnWO4, ZnSnO3, ZnO and TiO2 [3–8].  

One of the most interesting materials for water oxidation is TiO2 because it is 

environmentally friendly, inexpensive, and is chemically stable during oxygen evolution 

reaction. Nonetheless, TiO2 is inactive under visible light due to its wide band gap and 

presents limitations for electron transfer. There are several progress tracks to overcome both 

drawbacks, such as the architectural design of TiO2 lattice growth and/or the coupling with 

another photo-active material (semiconductor, non-metallic element, transition metal or 

lanthanide, and polymer) [9–13]. Indeed, the photoelectron-catalytic performance of TiO2 

depends on several architectural factors, such as its texture, crystal structure, composition, 

and morphology. For example, the growth lattice orientation is a key element [9,14,15], 

because the high-energy facets as [211] and [112] of TiO2 are more efficient than the lowest-

energy ones [101] for photocatalytic reactions [9,12]. All these architectural factors can be 

controlled and tuned by the preparation method of the electrode: anodization [16], reactive 

magnetron sputtering [17], atomic layer deposition (ALD) [18], electrospinning [19], sol-gel 

[20], or metalorganic chemical vapor deposition (MOCVD) [21]. We have recently shown 

that MOCVD, a dry deposition technique, allows producing tree-like column morphologies 

with high surface area to enhance the photocatalytic properties [14]. A complementary 

approach to improve hydrogen production is to combine crystallographically optimized TiO2 



(preferred orientation growth) with a conducting polymer such as polyaniline, polythiophene, 

and polypyrrole based on the inherent capacity of such polymers to transmit photo-generated 

charges [22]. The combination between TiO2 and a conducting polymer can be considered as 

a p-n junction in which the polymer mostly acts as a p-type conductive material. This 

junction can enhance the lifetime between the electrons and holes in the photoelectrochemical 

cell (PEC cell) and also the band gap to be active under visible illumination [13]. 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the more promising conducting 

polymers since it has high electrical conductivity (up to ~ 8800 S cm
-1

 [23]), good 

environmental and mechanical stability and is optically transparent [24]. It is currently 

implemented in organic light-emitting diodes (OLEDs) [25], solar cells [26], fuel cells [27] 

and photodetectors [28]. Jian Liu et al. [29] successfully synthesized PEDOT/TiO2 

nanofibers, which showed a higher degradation efficiency of phenazopyridine as a 

pharmaceutical contaminant, suggesting the photo-degradation efficiency is influenced by the 

hole transfer from the TiO2 to PEDOT. Katarzyna Siuzdak et al. [30] studied the highly stable 

organic-inorganic junction of TiO2 nanotubes/PEDOT:PSS and obtained high photo-stability 

of the composite with 5 mA cm
-2

 under visible light attributed to the possibility of formation 

of a large p–n heterojunction. Bo Gao et al. [31] detected high performance of PEDOT photo-

electrocatalytic for methylene blue degradation due to highly synergistic effects between 

photocatalysis and electrocatalysis. Shady Abdelnassera et al. [13] investigated the photo-

electrocatalytic performance of PEDOT/TiO2 nanotubes and then recorded significant 

increase in photocurrent response and lower charge transfer resistance compared to the 

pristine TiO2 resulting from the heterojunction structure. PEDOT films are prepared by 

chemical oxidative polymerization in liquid solution [28], vapor phase processes (VPP) [32] 

and oxidative chemical vapor deposition (oCVD) [33]. Concerning the first process, 

unfortunately in the PEDOT:PSS solution growth, the hydrophobicity of the surface is 

substantial, leading to unavailable and complicated processing. There are many efforts to 

solve this issue of using PEDOT:PSS as plasma pre-treatment with oxygen on substrates or 

by using the captive bubble technique. But these approaches often damage substrate 

properties [34]. In another hand, VPP process suffers from critically relying on solvent 

casting of the oxidants. More interestingly, oCVD is a one-step dry technique using vapors of 

impurity-free monomer and oxidant as reactive species and requiring low thermal budgets 

[33]. Moreover, oCVD allows convenient control of thickness and thickness uniformity over 

large areas of PEDOT films [33]. 



In this work, we report the combination of TiO2 and PEDOT as bi-layers targeting 

stability, integrity, and compactness of photo-electrochemical cells (PEC). A TiO2 film is 

first processed by MOCVD at 500 °C from titanium tetra-isopropoxide (TTIP) and for 

different deposition times to obtain the preferable orientation lattice growth of TiO2. Then a 

layer of PEDOT is deposited by oCVD on TiO2 from EDOT and antimony pentachloride 

(SbCl5) as monomer and oxidant, respectively. Preferential growth orientation, crystallites, 

micro-strain, and the lattice parameters are calculated from X-ray diffraction (XRD) by the 

Rietveld refinement calculation. The surface morphology and the growth rate of deposited 

films are investigated by field emission scanning electron microscopy (FESEM) and 

transmission electron microscopy (TEM). The conductivity and electrical properties are 

measured by conductive atomic force microscopy (C-AFM), and the surface roughness is 

investigated by AFM. Optical properties, i.e., the transmittance spectra and the band-gap, are 

measured by UV-vis spectroscopy. The facility of electron transfer and the lifetime between 

electrons and holes are investigated by electrochemical impedance spectroscopy (EIS). 

Finally, the photo-electro oxidation of water under visible light irradiation of the prepared 

photo-anodes is studied by detecting the amount H2 evolution and calculating the Faradic 

efficiency. 

 

2. Experimental 

2.1. Materials and methods 

A stainless steel cold wall MOCVD vertical shower reactor, detailed in [14] was used 

to process TiO2 films at 500 
o
C. Ni foil (99.98%, Goodfellow), fused silica windows (Neyco), 

and Si (100) wafers (Neyco) were used as substrates. TTIP (99.999 vol.%, Sigma-Aldrich) 

was placed in a bubbler at 20.5 °C. Nitrogen (99.9999 vol.% Messer) was used as carrier and 

dilution gas with a flow rate fixed at 4.7 and 52.4 standard centimetres per minute (sccm), 

respectively. All lines of nitrogen gas were thermally controlled at 65 °C. The pressure 

during the deposition was fixed at 1 Torr. Different deposition times equal to 30, 45, 60, 85, 

and 135 min were implemented to obtain TiO2 films with different thicknesses named T30, 

T45, T60, T85, and T135, respectively. 

An horizontal, tubular, fuzed silica hot-wall oCVD reactor was used to deposit 

PEDOT films on the previously obtained TiO2 ones. The reactor entrance was connected with 

three tubes carrying flowing gases, two of which were connected to microvalves and then to 



jars placed in an oven, each jar containing the SbCl5 (99 vol.%, Acros Organic) and 3,4-

ethylenedioxythiophene (EDOT, 97 vol.%, Sigma-Aldrich) liquid reactants. Their 

temperature was fixed at 90 °C. The third line was N2 (99.9999 vol.% Messer) with a 

continuous flow rate of 31.5 sccm. Deposition temperature was 140 °C and the deposition 

time was 5 min. The total pressure was fixed at 0.33 Torr. The PEDOT/TiO2 bi-layers were 

named T30P, T45P, T60P, T85P and T135P films, respectively corresponding to T30, T45, 

T60, T85 and T135 TiO2 films with an upper-layer of PEDOT.  

2.2. Film characterization techniques 

The crystal structure of the layers was investigated using Bruker-D8-GIXRD XRD 

diffractometer with the source of Cu Kα (λKαCu=0.154 nm) at 40 kV and 40 mA with a 

0.066° step, step time of 2500 s. Rietveld refinement was performed on the diffraction 

patterns using the FULLPROF program [35] with the profile function 7 (Thompson-Cox-

Hastings pseudo-Voigt convoluted with axial divergence asymmetry function) [36]. The 

films preferred orientation was determined with the March-Dollase model [37], as 

implemented in the FULLPROF program. The morphology and thickness of thin films were 

observed by using a Hitachi S4800 (Japan) field emission scanning electron microscope 

(FESEM). The conjugation of bilayers (PEDOT/TiO2) and the distribution of elements were 

observed by Transmission electron microscopy (TEM) and Energy-dispersive X-ray 

spectroscopy (EDX) with a JEOL JEM 2100F microscope. The grid of TEM was prepared by 

a FEI Helios Nanolab600i dual beam focused ion beam (FIB) SEM. The ion column was 30 

kV and the beam currents were between 47 nA and 15 pA. The protected film over the 

sample was composed of 2 layers based on carbon and platinum. The carbon film was 

deposited with thickness 200 nm over area of 20 μm × 2 μm. Then, a Pt layer of 3 μm 

thickness was deposited. The optical properties and the band gap of the films were detected 

from experimental UV-Vis spectra (Agilent-Cary 5000). The current versus voltage 

measurements at nanoscale were investigated by using C-AFM mode of an AFM Bruker 

Multimode 8 setup. Various negative DC voltages were applied on the backside of the 

sample, and the current was collected by a PtSi AFM-tip, which was in contact with TiO2 or 

PEDOT/TiO2 films surface (contact force around 50nN). PEDOT Film specific resistance, Rs 

[Ω cm
2
], was detected with a Signatone S-302-4 four-point probe station on 2.5 × 2.5 cm

2
 

Pyrex substrates. A constant current of 200 nA was applied with a Keithley 6220 instrument, 

and the corresponding voltage was read on a Keithley 2182A one. The charge transfer 

resistance of the films was detected by EIS spectroscopy (Solartron SI 1260); the frequency 



range was 0.01 Hz - 10
5
 Hz with 0 mV or 10 mV AC amplitude. In addition to each prepared 

bi-layer used as photo-anode, a carbon glass (1 cm x 4 cm) as the cathode and a reference 

electrode Ag/AgCl (3 M KCl) SI Analytics (0.197 V vs. RHE) were immersed in the cell 

equipped with a quartz window and filled in with Na2SO4 0.1 M as the electrolyte (pH~6.5). 

The linear photocurrent-potential curves (LV) were measured in the same cell during the 

potential range 1 to 2 V/RHE with a scan rate of 10 mV/s, under dark or illumination with a 

Xenon lamp 100 W. The distance between the quartz window and the lamp was maintained at 

10 cm. The chronoamperometric signal was detected at 1.8 V RHE for 1 hour under 

illumination. Finally, the hydrogen evolution was detected every 30 min by µGC (Agilent, 

990 micro-GC) directly connected to the cell. 

 

3. Results and discussion  

3.1. Morphology 

The thickness and the morphological evolution of the TiO2 anatase films with 

deposition time was analyzed by FESEM. As shown in Figure 1 and Figure S1, the 

thickness of the TiO2 films increases linearly with the deposition time, resulting in a constant 

deposition rate of 15.8±0.6 nm/min. The T30, T45, T60, T85, and T135 films deposited on Ni 

foil have the following thicknesses: 474±30, 711±40, 940±30, 1350±50 and 2133±40 nm 

TiO2. The thickness of the PEDOT upper layer is 50±10 nm, which is the same as logically 

obtained using a unique PEDOT deposition time.  

It is also manifested from morphology observation of TiO2 layers that the specific 

surface area of the thin films increases with increasing of the thickness of TiO2 layers, as 

shown in [14], a previous study by our group. As shown in Figure S1, the structure of the 

tree-like column with inter-space between the columns has enhanced the surface area. As 

observed in Figure 1, the surface roughness of TiO2 layers is directly proportional to their 

thickness due to the growing of columns structure. Furthermore, the decrease of the average 

arithmetic surface roughness Ra (which corresponds to the arithmetic average of the absolute 

values of the surface height over three different 10 µm x 10 µm surface areas) in presence of 

PEDOT compared to TiO2 samples alone is noticeable only for TiO2 layers surface roughness 

higher than 14 nm (T60, T85, T135). In contrast, no effect of PEDOT is observed on the 

surface roughness for the thinner TiO2 layers having surface roughness lower than 14 nm 

(T30, T45) since, in this case TiO2 is denser (like PEDOT) than columnar. 



 

Figure 1. Evolution with the deposition time of the film thickness of TiO2 layers and surface 

roughness Ra of all prepared thin films (investigated surface 10 µm x 10 µm). 

 

Figure 2 (a-b) presents the FESEM images of cross-sectional and top-view of the 

T85 sample in which tree-like columns can be observed. The AFM topographic map (Figure 

2c) shows a high grain size at such a long deposition time (85 min), which matches FESEM. 

Subsequently, the AFM analysis of T85P (Figure 2d) shows that T85P is smoother than T85 

due to the presence of the PEDOT layer on the surface of TiO2 layer. Indeed, the root mean 

square surface roughness is equal to 26 nm and 16 nm, over 10 µm x 10 µm surface, for T85 

and T85P, respectively. Moreover, for a deeper description of the morphology and the 

elemental composition of T85P, the samples were investigated by TEM/STEM and EDX 

after preparing lamellas by FIB. The previously observed by FESEM tree-like columns 

morphology of T85P are displayed in the TEM and STEM micrographs of Figure 2 (e-f). 

The EDX elemental composition mapping of T85P shows that the Ti element (Figure 2-g) is 

uniformly distributed in the tree-like columns. In addition, the uniform distribution of O 

element (Figure 2-h) with Ti elements is observed. Furthermore, sulfur (S), which 

participates in the thiophene ring of PEDOT is detected on the surface of the TiO2 columns 

(Figure 2-i). It is worth noting the excellent conformity of the PEDOT layer on the TiO2 

rough surface. In addition, the presence of antimony (Sb) is detected as residual in the 
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PEDOT structure coming from the oxidizing agent SbCl5 during the oCVD process (Figure 

2-j). It was also observed on the surface of Ti and in the interspace between the columns, 

similar to the sulfur distribution, with some contamination of Sb over Ti coming from the FIB 

beam used during the preparation of grid. This specific configuration of the PEDOT/TiO2 

morphology should play an important role in the enhancement of the conductivity and photo-

electrocatalytic performance, as will be described in the following sections.  

 

Figure 2. (a) SEM cross section of T85, (b) SEM top view of T85, (c, d) AFM topography of 

T85, T85P, respectively, (e, f) TEM and STEM of T85P, and (g) Ti, (h) O, (i) S, and (j) Sb 

EDX elements of T85P. 

 

3.2. Crystallographic phase and texture 

Figure 3 shows the XRD patterns of TiO2 films deposited on Ni substrate at different 

thicknesses. All the peaks in the XRD patterns can be indexed to the anatase phase of TiO2 

(PDF Card #00-021-1272), and no other phase of TiO2 has been observed. It can be seen that 

the intensities of XRD reflections corresponding to the TiO2 phase are very low for the 

sample T30, indicating the small percentage of TiO2 film on the surface of the Ni substrate. 

The intensity of XRD reflections corresponding to the TiO2 phase increases with increasing 

the TiO2 film thickness. Furthermore, the comparison of the intensities of XRD reflections 



belonging to the TiO2 phase in each film with those calculated for the reference anatase TiO2 

phase (PDF Card #00-021-1272) suggests a preferred orientation along the [112] and [211] 

directions in all samples (see Figure 4b).   

XRD data were further analyzed by Rietveld refinement to gain more insight into 

lattice parameters, crystallite size, microstrain, and preferred orientation in the samples. 

Figure S1 shows the observed, calculated, and difference profiles for the final cycle of the 

structure refinement of the T85 sample. The results of Rietveld refinement are given in Table 

1. They show that the lattice parameters and unit cell volume of the anatase TiO2 phase don’t 

change significantly with increasing the TiO2 thickness, which suggests the formation of a 

stoichiometric TiO2 phase. In contrast, as shown in Figure 4a, the size of TiO2 crystallites 

increases with thickness increasing while the microstrain decreases. The March-Dollase 

(MD) parameter r along the [112] and [211] directions were found to be less than unity in all 

samples. This MD parameter r defines the crystallites' distribution shape and is unity for an 

ideal random orientation (i.e., no preferred orientation), higher than one for needle-habit 

crystals and lower than one for platy crystals pack along the diffraction vector. Thus, the 

TiO2 crystals have grown as plates along the [112] and [211] directions in all samples, 

suggesting that the increase of the TiO2 thickness does not change the crystals of TiO2 as well 

as the growth direction.  However, as shown in Figure 4c, the degree of the preferred 

orientation η along the [112] and [211] directions, which is calculated from MD parameter r 

using the Zolotoyabko equation [38], is found to increase with increasing of the TiO2 

thickness. η indicates the percentage of excess crystallites with preferential orientation in 

comparison with randomly oriented crystallites in the film, which means that the T135 

sample has crystallites with the highest total preferential orientation along the [112] and [211] 

directions. However, the T85 sample contains crystallites with a preferred orientation along 

[211] more intense than that of the T135 sample. Thus, high activity is expected for both T85 

and T135 films as photo-anodes due to their enrichment in [211] facets (the key effect factor) 

that could destabilize the O2p states on the surface and absorb the water molecules easily to 

improve the water splitting process [9,10].  

As shown in Figure S3, no structural changes are observed in all samples after the deposition 

of the PEDOT layer on the surface of the TiO2 one. This structural stability is attributed to the 

low deposition temperature of PEDOT (140°C).  



 

Figure 3. XRD patterns of T30, T45, T60, T85 and T135 samples. The calculated pattern of 

anatase TiO2 (PDF Card #00-021-1272) is shown on the bottom. Star symbols refer to the 

corresponding reflections of metallic Ni (PDF Card #00-004-0850).  
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Figure 4: Thickness of TiO2 dependence of (a) crystallite size and microstrain, (b) intensity 

ratio I(112)/I(101) and I(211)/I(101) and (c) degree of preferred orientation of anatase TiO2 along 

(112) and (211) directions. 

 

Table 1:  Summary of structural parameters extracted from XRD patterns by Rietveld 

refinement of  T30, T45, T60, T85 and T135 samples showing lattice parameters  a, b, c [Å], 

the unit cell volume V [Å
3
], crystallite size [nm] and microstrain and preferred orientation 

parameters obtained from March-Dollase (MD) model. r, f and η are March-Dollase 

parameter, the fraction of crystallites that are associated with a particular orientation axis and 

degree of preferred orientation, respectively.  

 

 



Sample 
Lattice 

parameter (Å) 

Unit cell 

volume 

(Å
3
) 

Crys. 

size 

(nm) 

Micro-

strain 

x 10
-3 

Preferred orientation parameters 

(hkl) r(hkl) f(hkl) 
η<hkl> 

(%) 

ηtot 

(%) 

T30 
a = 3.7841(5) 

c = 9.5050(8) 
136.10(2) 37.8(1.0) 1.79(7) 

(112) 

(211) 

0.37(1) 

0.50(1) 

0.24 

0.76 

12.32 

28.72 
41.04 

T45 
a = 3.7850(3) 

c = 9.5076(8) 
136.21(4) 44.9(1.0) 1.64(8) 

(112) 

(211) 

0.38(1) 

0.41(1) 

0.39 

0.61 

19.80 

28.65 
48.45 

T60 
a = 3.7835(3) 

c = 9.5013(8) 
136.01(2) 52.3(1.0) 1.50(7) 

(112) 

(211) 

0.41(1) 

0.32(1) 

0.48 

0.52 

22.54 

29.65 
52.19 

T85 
a = 3.7897(5) 

c = 9.5262(8) 
136.81(2) 49.2(1.0) 1.57(5) 

(112) 

(211) 

0.34(1) 

0.28(1) 

0.39 

0.61 

21.33 

37.68 
59.02 

T135 
a = 3.7885(5) 

c = 9.5207(8) 
136.65(3) 56.4(1.0) 1.47(5) 

(112) 

(211) 

0.33(1) 

0.23(1) 

0.55 

0.45 

30.72 

30.59 
61.31 

 

3.3. Optical properties 

The absorbance spectra of the TiO2 and PEDOT/TiO2 films deposited on quartz 

substrates were recorded for samples of various TiO2 thicknesses (Figure 5a). The TiO2 films 

have a transmittance in the visible range of around 40 to 80%, depending on the TiO2 

thickness. However, it slightly decreases in the presence of PEDOT. In addition, the 

absorbance increases as the layer thickness increases from 475 up to 2135 nm. This is a 

consequence of the light scattering, which increases with the surface roughness resulting 

from the increase in grain size. The optical band gap (Eg) of the films was calculated from 

absorbance spectra (Figure 5b) using the Kubelka-Munk remission function according to the 

following equation [1,39]: 

              Equation (1) 

where α is the absorption coefficient,   is the light frequency, and Eg is the indirect transition 

band gap. The optical band gap decreases from 3.32 to 2.71 eV, with the TiO2 thickness 

increasing from 475 to 2135 nm respectively, as observed in Figure 5b. Sarantopoulos 

observed the same effect on anatase TiO2 MOCVD films of variable thickness [40], and 

Pankaj Tyagi et al. for zinc iodide, ZnI2 films [41]. In addition, the preferable orientation 

should also affect the band gap [42]. So, the thicker samples have lower band gaps due to the 



growth orientation effect and their unique morphology. In another hand, the bi-layers of 

PEDOT/TiO2 have lower band gaps than pure TiO2 thin films. Indeed, the range of band gaps 

in TiO2 layers is 3.32 to 2.71 eV for T30 to T135 samples, whereas it decreases to 3.3 - 2.48 

eV for T30P to T135P films, respectively. The enhancement of optical properties in the 

presence of PEDOT can be explained by the fact that the energy levels of PEDOT (the 

highest occupied molecular orbit (HOMO) and the lowest unoccupied molecular orbit 

(LUMO)) are higher than the energy levels of TiO2 (the conduction band (CB) and valence 

band (VB)), respectively [13]. PEDOT acts as a hole transport layer and increases the lifetime 

between the electrons and holes in the bilayer. There is a synergetic effect between PEDOT 

and TiO2 to capture a larger number of photons than pure TiO2, as already observed by 

Abdelnasser et al [13]. 

 

Figure 5. (a) Absorbance spectra of pure TiO2 and PEDOT/TiO2 films, (b) Variation of the 

bandgap of TiO2 and PEDOT/TiO2 films versus the TiO2 layer thickness. 

 

3.4. Nano-scale conductivity properties 

To investigate conduction mechanism at nanoscale and compare it to TiO2 and 

PEDOT/TiO2 morphology, C-AFM measurements have been performed. The C-AFM 

topography and current maps and the related occurrence diagram of the T85 and T85P films 

are presented in Figures 6a to 6f. Considering the bare TiO2 films, the conduction occurred 

through grain as highlighted by the comparison of the topography (Figure 6a) and the current 

(Figure 6b) maps.  Indeed, the non-conductive areas are light and the most conductive areas 



(negative current) are the darkest areas. A different behavior is observed for the PEDOT/TiO2 

films. Indeed, the current flow is no more associated to grains as the latter are not visible 

through the PEDOT layer (Figures 6d and 6e). Moreover, it can be noted another broad 

difference between the T85 and T85P samples in term of current magnitude. Indeed, the 

current in T85P is three order of magnitude higher than in T85 (nano- versus pico-ampere), 

whereas the applied voltage is two order of magnitude higher for T85. Such current increase 

is attributed to the presence of the conductive polymer (PEDOT) on the surface of T85P. It is 

worth noting that the conductivity of PEDOT film was determined to be 530±23 S/cm
2
 using 

a four-probe method. The occurrence diagrams (Figures 6c for T85 and 6f for T85P) present 

the statistical distribution of the current, for a fixed applied voltage. 100% of the surface of 

sample T85 is conductive and two different conductive areas are observed. Grains present a 

medium range current (area B) whereas the current is higher among grains (area C). 

However, such slight current increase among grains is an artefact due to the increase of 

current surface collection when the tip is in the depression between grains. 90% of the surface 

of sample T85P is conductive and three different conductive areas are observed: non-

conductive area (zone A) and various range current areas (regions B and C). Figures 6g and 

6h compare the conduction properties of TiO2 and PEDOT/TiO2 films through the evolution 

of the current as function of the electric field (i.e. applied voltage divided by film thickness). 

For pure TiO2 thin films, the current increases with the increase of film thickness due to the 

prevailing columnar morphology that facilitates the transport of electrons [15]. This 

phenomenon disappears in case of PEDOT/TiO2 films where PEDOT enhances the 

conductivity and probably decreases the charge collection barrier. Figure 6g also indicates a 

variation of the electric field conduction threshold depending on the thickness of the pure 

TiO2 films. We attribute such threshold modification to two factors, (i) the decrease of the 

band gap with increasing the thickness of the film (Figure 5), thus facilitating electron 

transfer from TiO2 to the PtSi AFM tip, (ii) and the predominance of high surface energy 

(211) facets with increasing thickness [9]. In contrast, no electric field threshold is observed 

for the PEDOT/TiO2 bi-layer. This is consistent with the fact that the PEDOT layer between 

the AFM-tip and TiO2 favors the electron transfer. 

 



 

Figure 6. (a, b and c) Topography, current maps, and corresponding occurrence diagram of 

T85 thin film, respectively at bias voltage of – 9.5 V. (d, e and f) Topography, current maps, 

and corresponding occurrence diagram of T85P thin film, respectively at bias voltage of – 

120 mV. (g) C-AFM current versus applied electric field curves of TiO2 films and (h) C-

AFM current versus applied electric field curves of PEDOT/TiO2 bi-layers. 

 

3.5. Charge transfer 



The electrochemical impedance spectroscopy analysis (EIS) was performed to 

observe the electrons separation efficiency and determine their lifetime stability. The Nyquist 

EIS curves of TiO2 films and PEDOT/TiO2 bi-layers are shown in Figure 7 (a,b), and Bode 

phase EIS curves are shown in Figure S3. Herein in Nyquist plot, the semicircle diameter 

decreases with increasing the TiO2 film thickness, indicating the reduction in the resistivity of 

the interface between films and electrolyte. This observation is in accordance with the C-

AFM results showing the charge transport electric field threshold decrease with the 

increasing of the TiO2 thickness, thus facilitating electrons collection and transport. 

Moreover, the semicircle diameter of EIS decreases under illumination when compared to the 

dark due to the enhancement of electrons transfer under light, leading to the decrease of TiO2 

films charge transfer resistance [43]. The resistivity has been quenched to half in the case of 

PEDOT/TiO2 bilayers when compared to the TiO2 bare films, which means that the bilayer 

structure provides more favorable charges mobility and separation [13]. This observation is 

also in agreement with C-AFM measurements. Furthermore, the bode-phase peak moves to a 

lower frequency range with increasing the TiO2 thickness, especially in the presence of 

PEDOT (Figure S4), which indicates the improvement of the lifetime between electrons and 

holes under illumination [1]. The lifetime of the electrons before recombination calculated 

from the equation (ES1) [1] is presented for all samples in Figure 7d. We can observe the 

linearity of the electrons' time stability and a noticeable effect of PEDOT addition for T60, 

T85 and T135 films, which indicates that the most convenient TiO2 films are those having a 

thickness higher than ~ 1 µm, as observed from the surface roughness investigation (Figure 

3). For such films, the TiO2 columnar structure leads to better electrons’ stability than the 

dense structure but with limitation of conductivity; herein, the thin layer of PEDOT plays an 

important role in the improvement of the conductivity and in the stability of electrons as 

observed in terms of lifetime stability (Figure 7d). Additionally, the cyclic voltammetry 

(CV) of the film in the range of non-faradic reaction (+0.1 to +0.3 V vs RHE) (Figure S5) at 

different scan rates was used to measure the capacitance double layer (Cdl) [2]. The current 

values obtained from the CV curves (equation ES2) were used as a function of the scan rate 

to calculate Cdl, deduced from the slope (Figure 7c) [2]. The Cdl values, presented in Figure 

7d, increase from 0.14 to 0.85 µF cm
-2

 with the TiO2 thickness increasing from 0.48 to 2.13 

µm, which indicates an enhancement of the electrochemical active surface area (EEASA). 

Indeed the capacitance double layer and the electrochemical active surface area (EEASA) are 

proportional [44]. In addition, the presence of PEDOT improves the Cdl values, especially for 



the thicker TiO2 layer from 0.11 up to 1.03 µF cm
-2

 for both extreme films T30P and T135P 

films, respectively.  

 

 

Figure 7. (a, b) EIS Nyquist plots in a frequency range of 0.1 Hz to 1 MHz of TiO2 and 

PEDOT/TiO2 films, respectively. (c) The current density variation (Δj=(ja-jc)/2), at 200 mV 

vs. RHE; data obtained from the CV in Figure S4 against scan rate to fit a linear regression. 

(d) Cdl and electron lifetime stability as a function of thickness for all films.  

 

3.6. Photo-electrocatalytic properties and hydrogen evolution 

The photoactivity of TiO2 and PEDOT/TiO2 films was depicted in the oxygen 

evolution reaction (OER) range (from 1 to 2 V vs. RHE) in the dark and under illumination as 



presented in the linear voltammetry curve (Figure 8 (a, b)) using the three electrodes system. 

The behavior of TiO2 films clearly improves with increasing thickness and in the presence of 

PEDOT, especially for T85P and T135P; the largest integral area of both meaning highest 

real capacitances [43]. The linear voltammetry curve (LV) at this potential range displays that 

the films are oxidatively stable due to many factors, such as the growth in a preferred 

orientation along the [112] and [211] directions depicted from XRD, morphological structure 

observed from TEM, and the improvement of electron transfer previously depicted from C-

AFM and EIS. The LV of preferred orientation along the [112] and [211] directions of 

prepared photo-anodes was a proof of better performance than P25 (benchmark photo-anode). 

Interestingly, the highest (photo)current density was obtained for the T85P electrode in the 

dark and under light illumination (0.92 and 1.26 mA cm
-2

 at 2 V vs. RHE) with quite the 

same performance for T135P (0.86 and 1.22 mA cm
-2

 at 2 V vs. RHE), respectively. This 

higher photocurrent density refers to the ability of light harvesting and the narrow distance 

between the valence and conduction bands, as confirmed by band gap calculation and the 

transmittance spectra. The chronoamperometric response for one hour under illumination and 

at a fixed potential 1.8 V vs. RHE (Figure 8c) shows a slight current attenuation of 5% after 

10 min of continuous testing, which can be attributed to the stability of these electrodes for 

water splitting under these conditions. To study hydrogen evolution of the T85 and T85P 

photo-anodes, the gas production measurements were implemented for 2 h in the PEC. In 

Figure 8d, it can be noted that the evolution rate of hydrogen on glassy carbon under 

illumination is twice higher in the presence of PEDOT (T85P) than for bare TiO2 (T85) after 

120 min. The corresponding yield of hydrogen production for T85P reaches 4.05 µmol cm
-2

 

h
-1

. This improvement related to the PEDOT addition can be attributed to the decrease in the 

resistivity of T85P, facilitating electrons transfer and increasing electrons lifetime beside the 

narrow band gap that was observed by EIS and transmittance spectroscopy measurements. 

The mean faradic efficiency (FE) values were calculated from the µGC and 

chronoamperometric results. The FE values were 75 and 81% for T85 and T85P, 

respectively. The higher faradic efficiency is attributed to the higher photocurrent density 

detected from chronoamperometric and LVS measurements. The hydrogen yield obtained in 

this work is competitive with other TiO2 photo-electrodes reported in previous studies (Table 

2), such as that from Kawrania et al., who recorded a H2 yield of around 1 µmol cm
-2

 h
-1

 with 

a calcium copper titanate photoanode (CCTO perovskite) exposed under visible light, and of 

2.5 µmol cm
-2

 h
-1

 after modification of CCTO with copper oxide over its surface [45]. The 

hydrogen production measurement was performed in three cycles with each cycle lasting 2 h, 



as shown in Figure 8e proving that the hydrogen production was linear and stable during 

these cycles. 

 

Table 2: Hydrogen efficiency density of various studied materials in literature. 

Materials  Light source H2 (µmol cm
-2

 h
-

1
) 

FE (%) References  

  

CaCu3Ti4O12 

Linear halogen lamp 

150 W 

1 73 [45] 

CuO/ CaCu3Ti4O12 Linear halogen lamp 

150 W 

2.5 79 [45] 

TiO2 rutile doped B-N Xe lamp 300 W 3.73 -- [46] 

Cu2S-TiO2/TiO2 NPs White light 

illumination 100 W 

55 -- [47] 

PEDOT-Pt-TiO2_10% 

(photocatalysis) 

Xe lamp 1000 W 1.51 * 10
-3

 -- [48] 

PEDOT/TiO2 Xe lamp 100 W 4.05 81 This work 

 

The photo-electrochemical processes with the energy levels for T85P are depicted in 

Figure 9 in accordance with the findings mentioned above where it was aligning the 

conduction band (CB) and valence band (VB) of T85 depending on the following equations 

[49]:  

     
     

  

     
        

       Equation (2) 

     
      

  

     
        

      Equation (3) 

Where, EC
bluk

, EV
bluk

 are -0.6, 2.6 eV of anatase with band gap (Eg
bluk

) 3.2 eV [50]. The mass 

of electrons (me) and the mass of holes (mh) are 0.0948, 0.1995 m0 of anatase [51]. In our 

work, the Eg is 2.79 eV of T85, so EC and EV are -0.32 and 2.47 eV vs. NHE, respectively. 



The HOMO of PEDOT (prepared via oCVD) is 0.45 eV vs. NHE, where PEDOT acts as a 

hole transport layer [52]. It improves the efficiency of the T85P photo-anode. Additionally, 

PEDOT plays a crucial function in lowering the rate of e
-
/h

+
 recombination. 

 



Figure 8. OER-LV curves of TiO2 and PEDOT/TiO2 in the dark (a) and under illumination 

(b) in 0.05 M Na2SO4 vs Ag/AgCl. (c) Chronoamperometry measurement of TiO2 and 

PEDOT/TiO2 films under illumination. (d) Quantity of detected hydrogen and faradic 

efficiency for T85 (blue symbols) and T85P (red symbols) samples. (e) Reusability of T85P 

for photo-electrochemical H2 production activity under visible light. 

 

 

Figure 9. Band structure and charge-transfer mechanism of T85P under irradiation for photo-

electro oxidation of water. 

 

4. Conclusion 

In this work, innovative PEDOT/TiO2 photo-anodes were prepared by sequentially 

depositing anatase TiO2 films of variable thickness by MOCVD, then PEDOT by oCVD. 

Increasing TiO2 thickness from 474 to 2133 nm results in morphological changes, namely 

from dense and angular structures to complex isolated and nanostructured tree-like columns 

with prevailing high energy [211] facets. Concomitantly, the surface roughness Ra increases 

from 9 to 28 nm and the band gap decreases from 3.32 to 2.71 eV. The presence of PEDOT 

enhances the optical and electrical conductivity properties of the films; the broadest 

difference is observed for T85 (bare TiO2) and T85P (PEDOT/TiO2) as the current in T85P is 

three orders of magnitude higher than T85 (nano-ampere vs pico-ampere), whereas the 

applied voltage is two orders of magnitude lower, leading to significant improvement of 

charge electron transfer, detected by EIS. Moreover, the 1350 nm thick T85P sample shows 

the highest photocurrent response (0.26 mA cm
-2

 at 1.8 V/RHE), and the fastest photocurrent 



response under illumination with e
-
/h

+
 stability up to 64 ms average time before 

recombination. The photocurrent value of T85P is approximately 1.8 times higher than that of 

the bare TiO2 film with equivalent thickness (T85), indicating a significant enhancement of 

the photo-generated electrons and holes due to PEDOT layer. This synergetic effect between 

PEDOT and TiO2 enhances the hydrogen yield up to 4.1 µmole cm
-2

 h
-1

 (twice that of TiO2 

alone). Such innovative PEDOT/TiO2 p-n junction prepared by MOCVD and oCVD opens 

new prospects for PEC cell. H2 evolution coupling with water remediation is in progress. 
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