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Undoped and W-doped polycrystalline TiO2 were investigated. The kinetics of recombi-
nation processes has been studied. The flat band potential of TiO2 was determined (–0.11

V in respect to saturated calomel electrode, at pH = 7.8). Basing on the photocurrent ex-

periments, the effect of W concentration on solar energy conversion efficiency was dis-

cussed. It was found, that addition of W leads to an increase of solar-to-hydrogen energy

efficiency. The maximum energy conversion efficiency has been observed for voltage

bias ca 0.65 V. The highest energy conversion efficiency has been observed for TiO2

doped with 0.1 at % W.
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Fujishima and Honda [1] have first shown that light absorbed at a semicon-

ductor-electrolyte interface could lead to decomposition of water into hydrogen and

oxygen with little or no added electrical energy. During the last three decades much

interest has been devoted to TiO2 as a photoelectrode material suitable for the produc-

tion of hydrogen. Studies have been performed on single crystals [1–4] and on

polycrystalline material either as a sintered specimen [5–8] or as thin films [9–13].

The main disadvantage of application of TiO2 as photoanode is the low efficiency of

the solar energy conversion into chemical energy of hydrogen. This is related to poor

absorption of sunlight, due to a wide energy gap of TiO2 (ca 3 eV) and energy losses

in recombination processes of the photoelectron-photohole pairs and ohmic resistivi-

ty of the electrode [8]. Several techniques for improving the photo-response of TiO2,

which have led to higher solar energy conversion efficiency, have been proposed so

far [14]. The most promising among them seems to be TiO2 doping by foreign ions.

The primary purpose of doping is to increase the electrical conductivity of the semi-

conductor. The largest conductivity increases are observed for incorporation of W
6+

,

Ta
5+

and Nb
5+

into TiO2 crystal lattice [15]. Optimum doping level for photocurrent

quantum efficiency appears to be ca 0.1 wt % [16,17]. Tungsten doping has been rare-

ly used [18].

The influences of tungsten concentration in TiO2 on the performance photo-ano-

de is discussed.
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EXPERIMENTAL

Sample preparation. Materials were prepared by thermal decomposition of oxide precursors. Tita-

nium tetraisopropoxide, Ti[OCH(CH3)2]4, (Aldrich 97%) and tungsten acid, H2WO4, (Aldrich 99.9%)

were used as starting materials. Undoped TiO2 powder was prepared by the hydrolysis of tetra-

isopropoxide aqueous solution in the presence of H2O2 and subsequent evaporation of the precipitate.

Powder of tungsten acid was dissolved at 333 K in 30% wt aqueous solution of hydrogen peroxide, H2O2,

(Aldrich, special purity). The resulting solution was transparent, slightly yellow colored with pH about 1.

According to Gennari and Pasquievich [19] the tungsten ions, W
6+

, are present in this solution as complex

ions with [O2]
2–

ions and H2O2 molecules, [W2O3(O 2)4(H 2O2)]
2–

. The appropriated mixtures of both pow-

ders were obtained by dropping a suitable amount of tetraisopropoxide into stirred tungsten acid solution

at temperature close to 273 K. After the evaporation of solvents, obtained powders were dried in air,

grinded in agate mortar and then calcined at 673 K during 1 hr (the conditions of calcination were estab-

lished following the results of TG-DTA measurements). Pellets were formed by uniaxial pressing fol-

lowed by isostatic pressing and sintering at 1323 K during 2.5 hrs.

Photoelectrochemical cells (PEC). The pellets were placed in a special glass sample holder, which

does not allow a contact between the back-side of the photoelectrode and any liquid electrolyte. The surfa-

ce of the semiconductor electrode, exposed to the electrolyte, was circular with a surface area of ca 1 cm
2
.

Fig. 1 illustrates schematically the PEC used in our experiments.

Amixture of the universal Britton-Robinson buffer solutions pH = 7.8 with 0.1 M KCl was used as an

electrolyte for the electrochemical studies. Such solution with at least of 0.1 M ionic strength exhibits a

low electrical resistivity and the Helmholtz layer shows enough high capacitance, which can be negligible

in the overall capacitance of the equivalent circuit ( the capacitors are connected in series). Pt gauze was

used as a cathode.

Photocurrent studies. The photoelectrochemical experiments were carried out using a 450W Xenon

lamp as a solar simulated source. The optical system consists of light-source, grating monochromator

(Triax 180 Jobin Yvon), optical fibre 1000 �m and photoelectrochemical cell made from plexiglass equ-

ipped with quartz window. The cell consisted of an appropriate holder for W-doped TiO2 photo-electrode,

a platinum-black counter electrode, a reference saturated calomel electrode, SCE. The absolute intensity
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Figure 1. Photo-electrochemical cell, PEC.



of the incident light from the monochromator was measured by microcalorimetry ( DSC2010 TA Instru-

ments ) as described elsewhere [20]. The photo-electrode was placed close to the window of the cell (di-

stance 3–4 mm) to minimize the error, due to the absorption of the light by the solution. The reflection and

the absorption of light by window of optical compartment cell were taken into account during the measu-

rement of light intensity.

Photocurrents were measured with a Keithley 6517Aelectrometer. Bias voltages were supplied from

a Hewlett-Packard 34401A power supply. All data acquisition was controlled by PC computer. The

photocurrent – time characteristics under constant electrode polarization were obtained with hand –

chopped light. The detailed description of measurements is given elsewhere [21].

RESULTS AND DISCUSSION

Figs 2 and 3 show kinetics of photocurrent changes corresponding to successive

sudden light switch on and off of the undoped TiO2 induced by white and monochro-

matic light, respectively. The characteristic maxima for light on are well shown in the

figures and may be described in terms of the two competitive processes: generation

of pair electron-hole and their recombination [22,23]. The process of recombination

is controlled by the following kinetic equation:

D = exp �
�

�
�

�

�
�

t

	
(1) where: D is defined as: D =

I t I f

I i I f

( ) ( )

( ) ( )

�

�
(2)

t denotes time, 	 is parameter defined as transient time constant, I is the photoanode

current, the subscripts i and f are related to the initial and final steady states. The tran-

sient time may be treated as a lifetime of the photo-excited electron-electron hole

pairs [22,23]. The determined average transient time constant from the (1) is ca 31.6 s.

This is slightly higher than that of TiO2 thin film sample (27.5 s) [21].
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Figure 2. Kinetics of photocurrent of undoped TiO2, induced by white light.



Fig. 4 shows log D vs time for undoped TiO2 for monochromatic light correspon-

ding to wavelengths 320 nm, 380 nm and 500 nm. The experimental points may be re-

presented by two straight-line dependencies. At the initial stage slopes of the straight

lines assume lower values than that corresponding to the final stages. The observed

break of the slopes in Fig. 4 may result from existence more than one different mecha-

nisms of recombination. The determined transient time constant decreases with

wavelength of the light. This fact indicates on crucial role of kinetic energies of the

photoelectron-photohole pairs on their recombination processes.
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Figure 3. Kinetics of photocurrent of undoped TiO2, induced by monochromatic light: 320 nm, 380 nm

and 500 nm.

Figure 4. Normalized photocurrent, D, vs time dependence induced by monochromatic light (320 nm,

380 nm and 500 nm) of undoped TiO2.



Current-voltage characteristics at dark and for an illuminated by white light TiO2

electrode are presented in Fig. 5. Current recorded at dark assumes negligible low va-

lues at positive potentials related to a saturated calomel electrode, SCE, below 1.23 V.

Then, abrupt increase is observed. This abrupt increase well corresponds to theoreti-

cal potential of water decomposition (1.229 V [24]). Photocurrent begins to flow at

ca –0.06 V, reaches nearly saturation at potential ca 1.2 V.

Photocurrent versus wavelength of undoped TiO2 illustrates Fig. 6. The abrupt

change of photocurrent with 
 within 300 nm–400 nm corresponds to the fundamen-

tal light absorption edge, which assumes value about 410 nm in TiO2 [25]. Then, pho-

tocurrent increases with 
, reaching local maximum at 580 nm. The observed

photocurrent within forbidden energy region may result from either surface states or

subband gap transition [26,27]. Current densities, Jph, corresponding to dark and mo-

nochromatic lights are presented in Fig. 7 as a function of U vs SCE. Such dependen-

cies are enabling to determine the flat band potential using the following relationship

[28]:

U – Ufb =
N

e

J

J

D

o R2

2
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�

�
�

�

�
�
�

�
�

�

�
�



(3)

where Ufb – flat band potential, ND – concentration of donors, e – elementary charge

(1.602�10
–19

C), � – static dielectric constant of the semiconductor, �o – permittivity

of free space (8.86�10
–14

F/cm), � – light absorption coefficient, WR – intensity of the

light flux entering the semiconductor and:
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Figure 5. Current-voltage characteristics for undoped TiO2 monitored in dark and after illumination by

white light.




J = Jlight – Jdark (4)

Fig. 8 illustrates the dependencies of (
J)
2

as a function of the electrode potential

corresponding to photon energies higher (
 = 300 nm, 350 nm, 380 nm – left axis) and

lower (
 = 550 nm, 600 nm – right axis) than energy gap (
Eg = 415 nm). As can be

seen, the experimental data fulfill well the theoretical relationship (3). However, the

determined Ufb parameter from (3) assumes two different values. Ufb determined for

the energy of incident photons higher than Eg is equal to –(0.11�0.01) V in respect to

SCE, whereas Ufb determined for the wavelength 550 nm and 600 nm (i.e. photon

energies within energy gap of TiO2) assumes value about –0.34 V. This later Ufb

cannot be treated as a real flat band potential.
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Figure 6. Photocurrent vs wavelength for undoped TiO2.

Figure 7. Current-voltage characteristics for undoped TiO2 monitored in dark and after illumination by

monochromatic light.



Much slower changes of photocurrent with time are observed for W-doped mate-

rials than that for undoped TiO2. Examples of such kinetics are illustrated in Figs 9

and 10 for concentration of tungsten 0.1 at % and 0.2 at %, respectively. Time requ-

ired to achieve a new value of current after either light on or light off is about 10–15 s

for undoped TiO2 (see Figs 2 and 3). On the other hand, this time is above 500 s for

TiO2 + 0.1 at % W (Fig. 9) and for TiO2 + 0.2 at % W (Fig.10).

The presented above photocurrent studies, using monochromatic and white light,

allow us to determine 2 efficiencies of a PEC, incident photon-to-current efficiency

IPCE and sollar-to-hydrogen conversion efficiency STH, respectively. IPCE is defin-

Photoresponse of undoped and W-doped TiO2 1931

Figure 8. The square of the anodic current induced by monochromatic light as a function of the electrode

potential (vs SCE) for undoped TiO2; left axis: 
 = 300 nm, 350 nm and 380 nm; right axis:


 = 550 nm and 600 nm.

Figure 9. Kinetics of photocurrent of TiO2 + 0.1 at % W, induced by monochromatic light of 300 nm.



ed by the number of electrons generated by light in the external circuit divided by the

number of incident photons [29]:

IPCE =
hcJ

W







(5)

where: h – Planck’s constant, c – velocity of light, J
– photocurrent density, 
 – wave-

length, W
 – power of monochromatic light flux. Stating J
 in A/cm
2
, 
 in nm and W


in W/m
–2

, the relationship (5) assumes the following form:

IPCE =
1240J

W







(6)

Fig. 11 shows IPCE as a function of wavelength for undoped TiO2 and TiO2 + 0.2 at % W.

Two regions of wavelength can be distinguished. IPCE determined for photons with

energy lower than energy gap Eg in TiO2 assumes values below 1.25% for both

undoped and tungsten-doped material. On the other hand, the abrupt changes of IPCE

with wavelength is observed for photons with energy Ephoton > Eg. IPCE tung-

sten-doped TiO2 assumes slightly lower values than that of undoped electrode.

Solar-to-hydrogen conversion efficiency STH can be determined from the rela-

tion [30]:

STH =
I U

WS

bias( . )1 23�
(7)

where W is the power of incidence solar irradiation, S – surface of irradiated elec-

trode. Fig. 12 shows STH parameter as a function of bias voltage. Strong effect of

tungsten doping on STH parameter is observed. Sample containing 0.1 at % W exhib-
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Figure 10. Kinetics of photocurrent of TiO2 + 0.2 at % W, induced by white light.



its the highest efficiency. The optimal electrical bias is ca 0.3 V for undoped and ca

0.6–0.7 V for tungsten-doped material.

Conclusions

Undoped and W-doped TiO2 polycrystalline specimens used as photoelectrodes

for water decomposition were the subject of investigations. The transient time con-

stant of undoped electrode is about 31.6 s for white light. Time needed to achieve ste-

ady-state after either light on or light off is about 10–15 s for undoped material. This

time is ca 40 times longer for W-doped specimens. The determined flat band poten-

tial of TiO2 at pH = 7.8 is: Ufb = –(0.11�0.01) V in respect to the saturated calomel

electrode.
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Figure 11. Incident photon-to-current efficiency, IPCE vs wavelength.

Figure 12. Solar-to-hydrogen energy conversion efficiency, SHE vs electrical bias.



Quantum efficiency expressed by incident photon-to-current efficiency, IPCE

strongly increases with photon energy (for Ephoton > Eg) achieving 52% and 32% at

wavelength 
 = 300 nm for undoped and doped with 0.2 at % W, respectively. Doping

of TiO2 with tungsten enhances solar-to-hydrogen conversion energy efficiency,

STH. TiO2 containing 0.1 at % W exhibits highest STH. The maximum energy

conversion efficiency has been observed for voltage biasca 0.3 V for undoped and ca

0.65 V for tungsten-doped TiO2.
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