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a b s t r a c t

WO3 photoanodes have been constructed by a simple soft chemistry procedure that pro-

duced efficient mesoporous nanocrystalline films. These photoanodes absorbed visible

light and could be efficiently employed for photoelectrochemical hydrogen production

under electric bias. The current increased and the rate of hydrogen production more than

tripled in the presence of a small quantity of ethanol showing that such photoanodes may

be successfully used in alternative photoelectrochemical installations for solar fuel pro-

duction by consumption of organic wastes.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

WO3 is one of the most popular metal oxide semiconductor

photocatalysts. It is being studied for several decades [1e4] as

an alternative to the UVA absorbing titania. WO3 has a

bandgap of 2.5e2.8 eV, therefore, it absorbs visible light up to

500 nm, which accounts for 12% of the solar radiation on the

surface of the earth [4]. WO3 is an n-type indirect semi-

conductor. It is relatively easy to synthesize and deposit on

electrodes, it has a moderate hole-diffusion length (~150 nm

[4]), it exhibits resistance against photocorrosion and it

demonstrates satisfactory chemical stability at relatively low

pH values. For this reason, WO3 has been studied as a pho-

toanode material for photoelectrochemical water splitting

applications [1e7]. Its valence band is located approximately

at þ2.8 V vs NHE, therefore, it is well placed for water oxida-

tion. Its conduction band is located at positive potentials

(approximately þ0.2 tο þ0.3 V vs NHE), therefore, a bias is

necessary in order to guide photogenerated electrons to the

counter electrode and produce hydrogen by water or proton

reduction. The expected theoretical solar to hydrogen effi-

ciency for WO3 photoanodes is about 4.8%, based on its range

of light absorption [7] (the corresponding value is only 2.2% for
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titania [7]). For an unbiased cell, where the only input is inci-

dent radiation, the photoconversion efficiency, also

frequently expressed as solar to hydrogen efficiency, STH, is

calculated by the following equation [8]:

hSTH ¼ JðmA$cm�2Þx1:229ðVÞ
IðmW$cm�2Þ x 100% (1)

Where J is the current density flowing in the external circuit of

the photoelectrochemical cell, I is the intensity of the incident

radiation and 1.229 V corresponds to the potential for water

splitting at pH zero. Obviously, for solar hydrogen efficiency

equal to 4.8% and I ¼ 100 mW cm�2 (one sun), the maximum

theoretical current density is 3.9 mA cm�2. In practice, the

obtained values of current density are much smaller so that a

strong bias is necessary to reach substantial values, as it will

be also shown in the present work. As a matter of fact, due to

extensive electronehole recombination in WO3 photoanodes,

biases larger than 1.3 V vs RHE are necessary in order to pro-

duce substantial currents [7,9e11] and this holds true also for

the present data. In order to improve efficiency of WO3 pho-

toanodes, a lot of effort has been spent to synthesize WO3 in a

large variety of nanostructures. Comprehensive reviews of

such efforts have been presented in Refs. [5] and [7].

Water oxidation by WO3 photoanodes is energetically

allowed. However, what is of practical importance in photo-

electrochemicalwater splitting is hydrogen production. In this

respect, hydrogen production by oxidation of organic sub-

stances is more efficient than pure water splitting [3]. This

matter, as far asWO3 is concerned, is rather neglected. For this

reason, in the present work, we have investigated hydrogen

production both in the absence and in the presence of ethanol,

which is being used as a fuel, i.e. a sacrificial electron donor.

Thus, the studied photoelectrochemical cells behave as Pho-

toFuelCells [12e14] set up for hydrogen production. The re-

sults showed that a satisfactory hydrogen production rate can

be reached with WO3 photoanodes. Ethanol in the present

work is employed as model fuel, as in previous works [12e14].

However, other organic substances, for example organic

wastes may be also employed thus offering the double envi-

ronmental benefit of renewable hydrogen production with

simultaneous environmental remediation.

Experimental

Materials

Unless otherwise indicated, reagents were obtained from

Sigma Aldrich and were used as received. Millipore water was

used in all experiments. SnO2:F transparent conductive elec-

trodes (FTO, Resistance 8 U/square) were purchased from

Pilkington (USA) and carbon paste Elcocarb C/SP from Solar-

onix (Switzerland).

Preparation of electrodes

WO3 photoanodes
High purity tungsten powder with average particle sizes up to

10 microns (0.4 g, 99.99%) reacted with aqueous hydrogen

peroxide (3 ml, 30%) [15] under sonication for 2e3 h until a

transparent colorless solution was obtained. Sonication de-

creases reaction time to 2e3 h while magnetic stirring ne-

cessitates 12e16 h. The excess of H2O2 was catalytically

decomposed overnight using a Pt foil [16,17]. Then, 3 ml

ethanol and 0.3 g of surfactant Triton X-100 were added to the

solution. An FTO glass was cut in the appropriate dimensions

and was carefully cleaned first with soap and then by soni-

cation in acetone, ethanol, and water. The WO3 film was

prepared by coating the FTO electrode with the above solution

by doctor blading. The films were sintered for 10 min at 500 �C
(heating rate of 20 �C/min). The obtained WO3 film had a pale

yellow color. This deposition-annealing procedure was

repeated five times to obtain a homogeneous film. The active

area was 1 cm � 1 cm in the case of photoanodes used for IeV

measurements and 3.5 cm � 5 cm for the films that were used

for hydrogen production. The quantity of photocatalyst was

calculated by weighing larger samples to be approximately

4.5 mg/cm2.

TiO2 photoanodes
For reasons of comparison, some measurements were made

by using nanoparticulate titania photoanodes, taking care to

deposit the same quantity of photocatalyst and covering the

same area of FTO electrode as in the case of WO3. Titania was

deposited by the same procedure as repeatedly done in our

previous works [13,14].

Construction of the counter electrode

For the construction of the counter electrode, a commercial

carbon paste (Elcocarb C/SP (Solaronix)) was applied on FTO by

doctor blading and was annealed at 450 �C. Pt was then

deposited on the top using a solution of 3.4% Diamminedini-

tritoplatinum(II) in ammonium hydroxide diluted in ethanol

and casted onwarmfilm. The filmwas subsequently annealed

again at 450 �C. The final quantity of Pt on the film was

calculated to be 0.1 mg/cm2. The active area of the thus pre-

pared electrocatalyst film was 3.5 cm � 5 cm.

Photoelectrochemical measurements

JeVmeasurements were conducted in a small reactormade of

plexiglas. The photoanode electrode played the role of reactor

window. Its active area was 1 cm � 1 cm. A Pt foil

(2.5 cm � 2.5 cm) was used as counter electrode. Photo-

electrochemical measurements were conducted in a three-

electrode configuration using a Ag/AgCl reference electrode

and aqueous 0.5 M NaClO4 or 0.5 M LiClO4 as electrolytes. The

quantity of the added electrolyte was 10 ml. In some cases the

electrolyte contained 5% v/v ethanol.

In the case of hydrogen production, a large H-shaped

reactor made of pyrex glass was used, which could accom-

modate larger photoanode and counter electrodes

(3.5 cm � 5 cm active area). The above Pt/Elcocarb/FTO elec-

trode (section Construction of the counter electrode) was used

as counter electrode. 0.5 M aqueous NaClO4 without or with

5% v/v ethanol was used as electrolyte. Ethanol was added

only in the anode compartment. The quantity of the electro-

lyte was 250 ml in each compartment of the cell. The two
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