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Abstract: The purpose of this work is to investigate the effects of nano-TiO2 structures of materials used in working electrodes and 
electrolytes on efficiency of photoelectrochemical (PEC) cells in conversing sunlight to chemical energy in form of hydrogen as 
renewable energy with environmentally sound. The TiO2 films were deposited on Indium-Tim-Oxide (ITO)-coated titanium sheets. 
The films of TiO2 and ITO films were deposited by sol-gel dip-coating and DC magnetron sputtering, respectively. X-ray diffraction 
(XRD) was employed to study microstructures of the films. The photoelectrochemical (PEC) devices consist of TiO2 film over the top 
of ITO-coated Ti metal sheets as a working electrode, Pt as a counter electrode, Nafion Perfluorinated membrane as proton exchange 
membrane, and KOH as electrolytes with variation of concentration. The cells show the feasible of the conversion efficiency of 
sunlight-to-hydrogen and the maximum efficiency of about 0.24 % was obtained when pure anatase TiO2 and 1 M KOH were used. 
Further development will be pursued for more practical, durable, and affordable source of sustainable energy.  
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1. INTRODUCTION    
2. METHODOLOGY  

 Conversion of sunlight to chemical energy in the form of 
hydrogen is a target of scientific and technological interests 
which solutions may be feasible importance as a renewable 
source of sustainable and environmentally energy for next 
generations. Photoelectrolysis of water to produce hydrogen 
(H2) have attracted attention due to the depletion of fossil fuels 
and global warming. The photocatalytic evolution of H2 and 
O2 from water can be represented by the following equation,  

2.1 Materials and instruments 

light,hυ
2 photocatalytic agent

1H O O + H
2

⎯⎯⎯⎯⎯⎯→ 2 2 .         (1) 

High-purity titanium tetraisopropoxide Ti(OCH(CH3)2)4, TTIP, 
99.99%, nitric acid NHO3, 65%, polyethylene glycol 20000 
(PEG), H2PtCl6 , and isopropanol were purchased from Fluka, 
Switzerland. The chemicals were analytical grade and used as 
received without further purification ITO glasses were 
obtained from Solaronix. Highly pure Pt sheet, NaOH, KOH, 
Nafion Perfluorinated membrane were bought from 
Sigma-Aldrich. Phillip 2000 X’pert-MPD X-ray 
diffractometer with Cu Kα radiation, λ = 1.54 Å, Perkin 
Lambda 25 model UV-vis spectrophotometer with a wave 
length range of 100–900 nm, and JEOL Scanning Electron 
Microscope were employed to investigate the structure and 
properties of prepared photoanodes. 100 W Xe lamp was used 
as an illumination source. PAR 173 Potentiostat/Galvanstat 
was used to measure the photocurrent of PEC cells.  

This reaction occurs when a photocatalytic agent with 
appropriate band gap is illuminated by sufficiently energetic 
light. Honda and Fujishima [1] demonstrated the process of 
electrochemical photolysis of water using semiconductor TiO2 
as a working anode. Since then, a large number of 
semiconductor materials have been employed for photoanodes, 
also called working anodes for hydrogen production. All of 
semiconductor materials, TiO2 and modified structure TiO2 are 
widely used because they are highly photocatalytic, stable, 
abundant, and environmentally sound [2]. However, the wide 
band gap of TiO2 (3.2 eV) limits the absorption of sunlight to 
the high energy portion in UV of solar spectrum which 
contains about 4 percent of whole solar energy [3].     

 

 

It is believed that the band gap of TiO2 can be reduced by 
metal-doping and this will result in exploiting more solar 
spectrum. The photoanodes were in TiO2 thin films [4], 
Metal-doped TiO2 [5], TiO2 nanotubes [grims groups]. It is 
also agreed that photoactivity of TiO2 depends on its crystal 
structure. The suitable crystal for photocatalysis is anatase 
TiO2. However, the revolution of hydrogen may not increase 
as expected due to electro-hole recombination [6]. To overcome 
the recombination of electro-hole pairs, research introduced 
Pt-loaded TiO2 thin films as a working electrode [7].  
To make the PEC cells more practical, we made pure anatase 
TiO2 nanocrystalline thin films with platinum (Pt) loading as 
working anodes for hydrogen production. Most 
photoelectrolysis tests for hydrogen production were done 
with fixed 1 M KOH [8] or NaOH. We also investigated the 
efficiency of PEC cells with the different molarity concentrations 
of aqueous KOH electrolye.  

 
Fig. 1 Configuration of PEC cells. TiO2 Photo anode is used as 
working electrode for photoelectrolysis.  
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2.2 Preparation of working anodes  
To prepare working anodes, we carried out the following 
steps. ITO thin films were deposited by DC sputtering 
technique followed by annealing in air at 450 °C for 30 min to 
prevent corrosion of Ti metal and improve ohmic contact 
between semiconductor TiO2 and Ti metal. Then TiO2 thin 
films were deposited on ITO-coated Ti sheets by sol-get dip 
coating method. The sol-gel was prepared from ITIP as 
described elsewhere [4]. The films were sintered at 
temperatures of 450 °C and 475 °C. After naturally cooled 
down to room temperature, the films were loaded with Pt by 
means of submersing into H2PtCl6 solution. Finally, the films 
were dried in oven at temperature about 100 °C. The structure 
of the films was examined by XRD.       
 
2.3 Fabrication PEC cells and Performance of the cells  
A rectangular PEC cell was made and equipped with a quartz 
window for illumination as shown in Fig. 1. The window will 
allow light pass through and be used to minimize the light 
scattering and absorption and also facilitate the optimum 
incident light on the surface of a working anode. Different 
concentrations of electrolytes KOH were used to compare the 
efficiency of the electrolytes. We prepared various molarity 
solutions of KOH by weighing pellets of KOH and adding 
appropriate amount of deionized water. We filled the PEC 
cells with the aqueous KOH electrolyte. Pt metal sheet served 
as the counter electrode. Nafion membrane, proton exchange 
membrane, was used to separate photoanode from counter 
electrode and to prevent a reverse reaction on the counter 
electrode, recombination of protons and oxygen to reform 
water. The photocurrent was carried out by illuminating light 
through the quartz window and the photocurrent can be 
measured by the potentiostat.  
 

3. RESULTS AND DISCUSSION 
 
3.1 Microstructure TiO2 films 
 

 
 
Fig. 2 XRD patterns of TiO2 films sintered at different 
temperatures and commercial Degussa P25 TiO2. 
 
The x-ray diffraction patterns of the films are shown in Fig. 1. 

The film sintered at 450 °C shows pure anatase titania. The 
crystallite size of the film calculated from XRD peak 
according to the Scherrer’s equasion [10.] is found to be 10 
nm. When the sintering temperature was increased to 475 °C 
the phase of titania transforms to rutile and the crystallite size 
of the films is slightly increased to be 12 nm and undesired 
phase (rutile) was introduced. We performed the Rietveld 
refinement and found that the ratio of anatase to rutile is 90 to 
10 while commercial Degussa P25 titania consists of the 
portion of anatase to rutile of about 80 to 20. The SEM and 
AFM images of the film sintered at 475 °C are shown in Fig. 3 
and Fig. 4, respectively. The crystallite sizes of the film 
obtained from AFM image are between 10 nm and 100 nm 
bigger than those of estimation from XRD data. The spheres 
consist of many small spherical crystals of TiO2 due to 
agglomeration. The SEM image reveals a porous structure of 
the film. The pore size ranges form 100 nm to 400 nm in 
diameter. The porosity may occur when aqueous polyethylene 
glycol which is used as a binder leaves the surface of the 
substrate at high calcination temperature.    
 

 
Fig. 3 SEM image of TiO2 film sintered at 475 °C  

 
 
Fig. 4 AFM image of TiO2 film sintered at 475 °C  
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3.2 The efficiency of the PEC cells  
Table 1. The photocurrent density J (mA/cm2) and conversion 
efficiency η (%) of PEC cells with different sintering 
temperatures of TiO2 photoanodes at different concentration 
(molarity) of aqueous KOH electrolyte.   

 
The Table 1 shows all data about the performance of PEC 
cells. When the light hits TiO2 photoanode, the photocurrent 
occurs without any external bias and the photoelectrolysis can 
be observed. We saw the evolution of hydrogen and oxygen, 
but we did not collect them. The photocurrent increases when 
the concentration of aqueous KOH electrolyte increases and 
the maximum peak is at 1 M KOH.The photocurrent decreases 
as the concentration of aqueous KOH electrolyte is higher than 
1 M. The intensity (I0) of the light source was 77 mW/cm2. 
The photocurrent density (J) in the unit of mA/cm2 was 
calculated based on the photocurrents and the areas of the PEC 
cells. The photoconversion efficiency of the PEC cells can be 
obtained by the standard equitation [11], 

2

2
0

1.23(V) × J(mA/cm )η (%) =  × 100
I (mW/cm )

           (1) 

Fig. 5 shows the photoconversion of the cells with different 
sintering temperatures of TiO2 photoanodes at different 
concentration (molarity) of aqueous KOH electrolyte.  
 

 
 
Fig. 5 The plots of photoconversion efficiency of 
nanocrystalline TiO2 working anodes sintered at 
different temperatures as a function of the molarity 
concentration of aqueous KOH electrolyte. 
 

The results show that photoelectrolysis under pure deionized 
water cannot occur and hydrogen cannot be produced. The 
maximum efficiencies of TiO2 working electrode sintered at 
450 °C and 475 °C are 0.24 % and 0.19 %, respectively, at 
about 1 M KOH electrolyte. The working electrode made of 
pure nano-anatase TiO2 film sintered at 450 °C yields slightly 
higher efficiency than mixed anatase-rutile TiO2 film sintered 
at 475 °C.  

4. CONCLUSION 
 

We have made pure anatase TiO2 thin films with 
nanocrystalline structure for working anodes of PEC cells. The 
TiO2 films are sensitive to sintering temperatures. The phase of 
TiO2 at temperature of 450 °C is anatase, but it transforms to 
rutile as sntering temperature is increased. The crystallite size 
of TiO2 is in the order of 10 nm. The conversion efficiency of 
light to chemical energy depends on the molarity 
concentration of aqueous KOH electrolyte and we found that 
the optimal concentration is 1 M KOH. The best working 
electrode for photoelectrolysis using PEC cells with proton 
exchange membrane is pure anatase TiO2 films with Pt 
loading. 
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