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Optimisation of particle sizes of WO3 films is important for photoelectrochemical applications. However,
most of the developed size-controlled synthesis techniques involve complicated instruments or vacuum
systems. The present work presents an alternative method using carboxylic acid-assisted electrodeposition
where WO3 thin films were deposited from peroxotungstic acid (PTA) solution containing different carbox-
ylic acids (formic, oxalic, citric). The effects of carboxylic acids on the electrodeposition and the resultant
morphological, mineralogical, optical, and photoelectrochemical properties of the WO3 films were investigat-
ed. The analysis showed that the films consisted of equiaxed nanoparticulate monoclinic WO3. The deposition
thicknesses and the average grain (individual particle and agglomerate) sizes of the films were dependent on
the amount of hydronium ions and the molecular weight and associated sizes of the conjugate bases released
upon the dissociation of carboxylic acids in the PTA solutions, which result in hydrogen bond formation and
molecular dispersion. The photocurrent densities of the films deposited with carboxylic acids were greater
than that of the film deposited from pure PTA. These differences were attributed to improvements in
(1) grain size, which controls photogenerated electron-hole transport, and (2) effective grain boundary
area, which controls the numbers of active reaction sites and electron-hole recombination sites.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Photoelectrochemical (PEC) hydrogen production is one of the
most attractive and environmentally sustainable methods to harvest
and convert solar energy to chemical energy, which is stored in the
form of H2 fuel. WO3 is an n-type semiconductor, which has been
investigated for various applications such as photocatalysis [1], gas
sensing [2,3], electrochromism [4], electrodes for lithium ion batter-
ies [5], and PEC water splitting [6]. WO3 has great potential for
photoelectrochemical applications owing to its high stability against
both corrosion and photocorrosion and its relatively small optical
indirect band gap [7,8], which permits limited light absorption in
the visible range.

Compared to their bulk counterparts [9], nanomaterials as photo-
electrodes for PEC cells are advantageous owing to their superior
physical properties, including (1) higher surface area to volume ratio,
which increases the number of reaction sites for water photolysis;
(2) suppressed charge carrier recombination rates, since photo-
generated holes are more likely to diffuse to the photoanode/electrolyte
interfaces before recombination in nanomaterials with sizes smaller
than their hole diffusion lengths [10] (the hole diffusion length of
WO3 is ~150 nm [11]); and (3) enhanced optical absorption, which
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.L. Kwong).
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results from increased optical path length by incident light scattering,
caused by the change of refractive indices at the boundaries of grains
of different orientations [9,10]. However, grain boundaries also act as
transportation barriers to photogenerated electron-hole pairs and so it
is essential to optimise the sizes of the nanomaterials by varying the
synthesis parameters in order to obtain optimal photoelectrochemical
performance.

Controlling the size of WO3 nanostructures has been done using
techniques such as hydrothermal [12], sol-gel [13], hot-wire chemical
vapor deposition [14], arc discharge deposition [3], radio-frequency
magnetron sputtering [15], and organic compound-assisted wet
chemical techniques [16–18]. The latter have shown considerable
promise as economical and uncomplicated routes for size-controlled
synthesis of WO3 nanostructures. Sun et al. [16] used colloidal
processing at high oxalic acid concentrations in tungstenic acid to
produce smaller grain sizes and lower crystallinities of WO3 thin
films. Meda et al. [18] reported the size-tuning of WO3 grains
prepared by a proton exchange resin method through the addition
of various organic dispersants, including ethylene glycol, polyethyl-
ene glycol, Igepal®, Brij®, and sugars, where the grain sizes decreased
with increasing molecular weight of the dispersant.

To date, the number of investigations on the size-controlled wet
chemical synthesis of WO3 thin films using organic compounds is lim-
ited and so the mechanisms related to the growth of nanoparticles
have not been explained clearly. The present work reports the
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Fig. 1. Thicknesses of WO3 thin films as a function of deposition times. Dashed line
indicates film thickness ~700 nm.
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electrodeposition of WO3 thin films with varied grain sizes using
peroxotungstic acid solutions containing different carboxylic acids.
The effects of carboxylic acids on the electrodeposition and the resul-
tant morphological, mineralogical (phase composition), optical, and
photoelectrochemical properties of WO3 thin films were investigated.

2. Experimental details

Tungsten foils (99.99%, Shanghai Leading Metal, China), 30% w/w
hydrogen peroxide (analytical reagent, Univar), and propan-2-ol
(99.5% analytical reagent, Univar) were used to prepare peroxotungstic
acid (PTA) solutions. The carboxylic acids used were formic acid (99%
analytical reagent, Asia Pacific Specialty Chemicals), oxalic acid
dihydrate (99.5% Merck), and citric acid monohydrate (≥99% ACS
reagent, Sigma-Aldrich).

Detailed preparation procedures of PTA solutions have been
reported elsewhere [19]. In brief, 0.03 M carboxylic acids (viz., formic,
oxalic, or citric acid) were added to PTA solutions with 0.2 M
tungsten and these PTA solutions were used as the electrolytes for
film deposition. The films were deposited at room temperature
using a three-electrode electrochemical system with fluorine-doped
tin oxide on glass (FTO), platinum foil, and Ag/AgCl as the working,
counter, and reference electrodes, respectively. All potentials
reported refer to the reference electrode. A potential of −0.4 V was
applied for times ranging from 15 to 60 min in order to deposit
films of varying thicknesses. This deposition potential value was
chosen owing to the reduction peak obtained in the linear potential
sweeps prior to the deposition process. The as-deposited samples
were flushed immediately with distilled water, dried in air, placed
on an aluminosilicate brick, and annealed at 450 °C in air for 2 h
(heating and initial cooling rates of 5 °C min−1).

The film thicknesses were determined using focused ion beammill-
ing (FIB; FEI XP200). The microstructures were examined using scan-
ning electron microscopy (SEM; FEI Nova NanoSEM; operating
voltage 5 kV). True porosities of the films were investigated using
image analysis (ImageJ, National Institute of Health). The mineralogies
of the unaltered films were determined by X-ray powder diffraction
(XRD; Philips X'pert Materials Powder Diffractometer; Cu Kα radiation;
45 kV; 40 mA). Light transmissions were measured using a dual-beam
UV–VIS spectrophotometer (Pelkin-Elmer Lambda 35).

The photoelectrochemical properties of the samples were mea-
sured at room temperature using the same electrochemical system
as described above but using WO3 thin films on FTO substrates as
the working electrodes. The PTA electrolyte solutions were replaced
with 0.5 M NaCl aqueous solutions (pH = 6.27). The intensity of inci-
dent light (50 W tungsten-halogen lamp, chopped at a frequency of
0.05 Hz) was measured with a light meter (Digitech QM1587) to be
~100 mW/cm2 (light source to sample distance ~25 cm). Transient
potentiostatic photocurrent measurements were done at a bias
potential of 0.7 V. In order to measure the relaxation time of the
open-circuit photopotential, the films were pre-treated by biasing at
0.7 V for 1 min under illumination so as to achieve an equilibrium
state (as shown by achievement of stable photocurrents) and then
left to reach a stationary potential under open-circuit (without bias)
and dark conditions. Subsequently, illumination was switched on for
the photopotential to reach a stationary value and then off again to
measure the time taken for it to decay.

3. Results and discussion

Fig. 1 shows the film thickness variation as a function of deposition
times for depositions done in pure PTA and PTA containing carboxylic
acids solutions. The film thicknesses were measured from the
cross-sections of the films, which were milled by FIB. All films adhered
well to the substrates (as shown by the resistance to robust handling)
except for those deposited for times longer than 30 min in pure PTA,
which cracked owing to drying stresses. Compared to pure PTA, the de-
position thicknesses increased, remained constant, and decreased
when the depositions were done from PTA containing oxalic, formic,
and citric acids, respectively. Table 1 shows that the same order and
the reverse order were seen for the electrolyte conductivities and pH
values, respectively. These observations suggest that the deposition
thickness is a function of these two variables, which are determined
by the hydronium ions and conjugate bases produced upon the disso-
ciation of the acids in aqueous solutions [20].

According to the logarithm of the first proton acid dissociation
constant (pKa1), the dissociation of the acids follows in the order
oxalic > citric > formic. The small change in the pH of the PTA
containing formic acid was caused by the limited dissociation of the
acid, which produced a minimal amount of hydronium ions. In con-
trast, the increase in pH of PTA containing citric acid suggests that
the pH was controlled by hydrogen bonding between the relatively
large number of highly electronegative oxygen atoms in the citrate
ion and the hydronium ions, thereby reducing the availability of
hydronium ions. In further contrast, the decrease in pH in PTA
containing oxalic acid confirmed the release of a large amount of hy-
dronium ions upon the dissociation of the acid, thereby resulting in
high availability of the hydronium ions in the PTA electrolyte despite
their formations of hydrogen bonds with the electronegative oxygen
atoms in the small oxalate ion. As a consequence of the formation of
hydrogen bonds between the hydronium and PTA ions (PTA–hydro-
nium complex ions), a net positive charge developed around the
PTA ions, as shown in Fig. 2. This aided the deposition process by driv-
ing the PTA–hydronium complex ions to the cathodically biased
working electrode, thereby resulting in thicker films deposited from
PTA containing oxalic acid. On the other hand, the electrolyte conduc-
tivity can be affected by the pKa1 values of the acids, which determine
the amounts of ions formed in the electrolytes and the molecular
weights and associated sizes of the conjugate bases of the acids (in
this case the order is citrate > oxalate > formate), which determine
the molecular drag in the electrolyte.

The preceding observations show that the relationships between
the controlling variables such as pKa1, molecular weight of the conju-
gate bases, electrolyte pH, and electrolyte conductivity are complex
and that the electrodeposition parameter of film thickness cannot
be associated independently with them.

Fig. 1 also shows that there was an apparent decrease in the depo-
sition rates at longer times. The main reasons for this were assumed
to be the decreasing PTA concentrations during deposition [21,22]
and the decreasing electrical conductivities of the films with increas-
ing thicknesses [23].

Since the film thickness is known to influence photoelectrochemical
performance [18,19], WO3 films of similar thicknesses (~700 nm),



Table 1
Analytical data obtained for all the samples from the different tests.

Electrolyte composition Electrolyte pH K

(mS cm−1)
t (min) Grain size*

(nm)
Crystallite
size^ (nm)

Film strain^
(×10−4)

(002) peak
area

(200) peak
area

True porosity
(%)

Eg (eV)

0.2 M PTA 1.71 2.900 30 131 ± 16 107 7 9384 10067 0.87 2.55
0.2 M PTA + 0.03 M formic acid 1.70 3.120 30 94 ± 12 82 4 7150 4252 1.21 2.70
0.2 M PTA + 0.03 M oxalic acid 1.41 6.570 15 83 ± 10 92 6 3640 1760 1.91 2.65
0.2 M PTA + 0.03 M citric acid 1.84 0.009 60 45 ± 4 43 4 6478 9588 2.12 2.63

, electrolyte conductivity; t, deposition time; Eg, optical indirect band gap; * measured from SEM images; ^ measured from Williamson–Hall plots.
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deposited for various times from different electrolyte compositions,
were characterised further using SEM analysis, XRD analysis, UV–VIS
spectrophotometry, and photoelectrochemical measurements.

Fig. 3 shows the surface morphologies of the films. The average
sizes of the WO3 grains (individual particles or agglomerates), mea-
sured by the line-intercept method (300,000× photographs, 10
lines, 5–10 grains per line), were smaller for the films deposited
from PTA containing carboxylic acids compared to that of the film de-
posited from pure PTA. This was considered to result from the
deflocculation and dispersion mechanism of electrosteric stabilisation
[24] shown in Fig. 2. The effectiveness of the separation of PTA ions
was controlled by the relative availability of hydronium ions for hy-
drogen bonding with the electronegative oxygen atoms of the PTA
ions and the molecular weight and associated sizes of the conjugate
bases that occupied the volume of the electrolyte as follows:

(a) Pure PTA — Large agglomerates of size ~131 nm (~500 nm
maximum); In pure PTA, the absence of particle separation
by any deflocculation mechanism caused solute agglomera-
tion, rapid grain growth, and consequent agglomeration dur-
ing annealing since the proximity of the ion complexes
minimised the diffusion distance.

(b) PTA containing formic acid— Small agglomerates of size ~94 nm and
PTA containing oxalic acid — Small agglomerates of size ~83 nm; In
PTA containing carboxylic acids, with conjugate bases ofmolecular
weights 45 g mol−1 (formate) and 125 g mol−1 (oxalate), the
hydronium ions provided a basic deflocculation mechanism of
electrosteric stabilisation [24] and the volumes occupied by the
conjugate bases in solutions contributed to an increase in the
degree of separation of the PTA ions and the resultant diffusion
distance.

(c) PTA containing citric acid — Individual particles of size ~45 nm; In
PTA containing citric acid, with conjugate base of molecular
weight 209 g mol−1, deflocculation by electrosteric stabilisation
occurred but the larger volume occupied by the citrate ions in the
solution separated the PTA ions and increased the diffusion
distance such that little grain growth took place during
annealing.
Fig. 2. Schematic diagram of the effects of hydronium ions and conjugate bases on
deflocculation and dispersion of PTA ions.
In summary, it can be seen that the use of carboxylic acids is effec-
tive in facilitating deflocculation and suppressing solute clustering
before electrodeposition. Therefore, the microstructures of the
annealed films can be manipulated by using carboxylic acids of differ-
ent molecular weights and associated sizes of conjugate bases since
the sizes of the conjugate bases control the distribution density
of the WO3 nuclei, their proximity, the corresponding diffusion
distances, the resultant tendency to undergo grain growth during
annealing, and hence their susceptibility to form solid agglomerates.

The true porosity data, which were determined by image analysis,
in Table 1 support the preceding conclusions. The film deposited from
pure PTA had the lowest true porosity (closed pores only). Even
though the agglomerate size was large, delaminations between ag-
glomerates were avoided owing to the strong bonding between the
tightly packed agglomerates. In contrast, the films deposited with
carboxylic acids exhibited porosities that had been enhanced by de-
laminations between agglomerates, which resulted from the separa-
tion effect of the conjugate bases. Therefore, the true porosity
reflects the effect of separation. That is, with PTA containing citric
acid (the largest conjugate base), the separation between individual
particles was the greatest and so the true porosity also was the
greatest. However, delaminations were not visible because the
thermal contraction stresses were distributed more evenly across
the homogeneous particle array rather than concentrating along
inhomogeneously distributed agglomerate boundaries.

Fig. 4 shows the XRD results of the WO3 thin films. The major
peaks for monoclinic WO3 were present at 23.3°, 23.7°, and 24.4° 2θ,
which correspond to the (002), (020), and (200) planes [25], respec-
tively. The XRD peaks of the films deposited with carboxylic acids
were weaker (lower intensities and smaller areas) and broader
compared to the film deposited from pure PTA, despite their being
of similar thicknesses (the small FTO peaks served as in situ
normalising standard). The explanations are as follows:

(a) XRD peak areas; As shown in Table 1, the XRD peak areas of the
films deposited from pure PTA and from PTA containing formic
and oxalic acids showed inverse trend with the true porosities
and parallel trend with the grain sizes of the films. This was
consistent with the beam intensity reduction effect of true
porosity (which reduced the area of scanned solid) and the
scattering from the agglomerates (which reduced the planarity
of the surface profile). Consequently, the XRD peaks of the film
deposited from PTA containing citric acid showed anomalously
high intensities because, as shown in Table 1 and the preceding
text, the true porosity was the highest and agglomerates were
absent.

(b) XRD peak breadths; The XRD peak breadths of the films depend
on the perfection of crystallinity of the individual grains and the
randomness of the grain orientations. The Williamson–Hall ap-
proach [26] usually is used to determine the crystallite (subgrain)
size and this involves measurement of the breadth of the peak at
half-height. Table 1 shows that the crystallite sizes and grain sizes
were similar, which indicates that the individual grains were
single crystals (i.e., no subgrains) and that the image analysis
was relatively accurate. The strain values of the films, which

image of Fig.�2


Fig. 3. SEM images of WO3 thin films deposited from (a) pure peroxotungstic acid (PTA) and (b) PTA with formic acid, (c) PTA with oxalic acid, and (d) PTA with citric acid.
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were estimated from the Williamson–Hall plot (not shown),
were negligibly small and thus the broadening of the XRD
peaks was unlikely to be caused by the strain in the film [26].

Fig. 5 shows the optical transmittance spectra of the films. The
transmittance of the films differed marginally in the near-UV
(b400 nm) and visible (400–800 nm) regions. The main differences
were a small blue-shift (b15 nm) in the optical absorption edge of
the films deposited with carboxylic acids (differentiation between
these films was ambiguous) and slightly lower optical transmittance
of the film deposited with PTA containing citric acid in the visible
region. The blue shift was attributed to microstructural defects, as
described subsequently. The lower transmittance was attributed to
scattering losses resulting from the high true porosity of the film
deposited with PTA containing citric acid, as shown in Table 1.

Tauc plots were used to obtain the optical indirect band gaps of the
films and the results are shown in Table 1. The optical indirect band
gaps of the films varied in the range 2.55–2.70 eV, which is in good
Fig. 4. XRD patterns of WO3 thin films deposited from different electrolyte compositions.
The film thicknesses were ~700 nm for all samples. * marks the FTO peaks.
agreement with previous works [27–29]. Since the films showed varia-
tions in true porosity (small variation) and grain size (large variation),
the associated variation in surface areas would be expected to affect the
proportion of surface defects, an increase in which is known to increase
the optical band gaps ofmaterials [6,17]. However, the variation between
thebandgaps,whichweredeterminedby agraphical technique involving
extrapolation, was too small to differentiate between films.

When a photoanode is in contact with an electrolyte in a dark envi-
ronment, energy band bending occurs at the photoanode/electrolyte in-
terface in order to achieve thermal equilibrium [30]. On illumination,
electron-hole pairs are generated at the photoanode, with the electrons'
being excited to the conduction band and the holes' reaching the
photoanode/electrolyte interface. This in turn decreases the band bend-
ing, where the amount of decrease corresponds to the photopotential
[31]. When the illumination is switched off, the photopotential dimin-
ishes as the energy band bending is re-established. The relaxation time
of the photopotential determines the recombination rate of the
photogenerated electron-hole pairs [18].
Fig. 5. Optical transmittance spectra of WO3 thin films deposited from different electrolyte
compositions. The film thicknesses were ~700 nm for all samples.
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Fig. 7. Transient photocurrent measurement of WO3 thin films deposited from differ-
ent electrolyte compositions. The film thicknesses were ~700 nm for all samples.
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The transient open-circuit photopotential measurements of the
films are shown in Fig. 6. The stable potentials attained in the dark
were ~0.15 V. Once illumination was switched on, the photopotentials
developed immediately and then commenced the approach to steady
values. The times taken for the photopotentials to decay to their initial
value of ~0.15 V after the illumination was turned off were ~110 s,
160 s, 150 s, and 120 s for the films deposited from pure PTA and PTA
with formic acid, oxalic acid, and citric acid, respectively. The relatively
long photopotential relaxation times (~150–160 s) of the films
consisting of small agglomerates (~83–94 nm), which were deposited
from PTA containing formic or oxalic acid, suggest that the recombi-
nation rates of the photogenerated electron-hole pairs were slow.
This was attributed to the relatively short hole diffusion distance to
the photoanode/electrolyte interface owing to the small agglomer-
ate sizes. Therefore the photogenerated holes had a higher probabil-
ity of oxidising water before they could recombine with the
photogenerated electrons. The relatively high specific surface area
associatedwith the small agglomerate sizes alsomay have contribut-
ed to the long photopotential relaxation time since this provided a
large number of reaction sites for water oxidation. For the film
consisting of individual particles, which was deposited from PTA
containing citric acid, the large grain boundary area associated
with the small particle sizes resulted in a high fraction of surface
defects (viz., dangling bonds), which acted as electron-hole recombina-
tion sites [32]. In addition, the grain boundaries also act as weak links
that hindered electron transport to the back contact (substrate) [33],
thereby increasing the recombination rate.

Fig. 7 shows the transient photocurrent densities of the films mea-
sured under a tungsten-halogen lamp at an applied potential of 0.7 V.
The trend of the photocurrent densities was in the same order as the
photopotential relaxation times. This suggests that, as expected,
the photocurrent density measurements were dominated by the
photogenerated electron-hole separation rate, which depended on
the electron transport, the hole transport, the number of reaction
sites for water oxidation, and the number of electron-hole recombi-
nation sites. The maximal photocurrent density, which was measured
in the film consisting of small agglomerates (deposited from PTA
containing oxalic acid), was an outcome of a positive balance of
these preceding factors.

The measurement for 2 h of the transient photocurrent densities of
the films deposited from pure PTA (lowest photocurrent density) and
PTA containing oxalic acid (highest photocurrent density) is shown in
Fig. 8. The photocurrent density of the film deposited from pure PTA
remained stable at ~0.06 mA cm−2 throughout the measurement. The
film deposited from PTA containing oxalic acid showed a decrease in
the photocurrent density from ~0.135 mA cm−2 to ~0.110 mA cm−2

(~19%) after an hour of measurement and remained stable for the rest
Fig. 6. Transient open-circuit photopotential measurements of WO3 thin films deposited
from different electrolyte compositions. The film thicknesses were ~700 nm for all samples.
of the measurement. Overall the films demonstrated stability as
photoanodes for photoelectrochemical cells.

It may be noted that, as observed before [34,35], the photocurrent
densities increased linearly with increasing light intensity, which was
varied in the range 30–100 mW cm−2 (data not shown). It is well
known that photon absorption; which depends on the light intensity,
absorption edge, transmission, and reflection; results in the generation
of electron-hole pairs, which dominates the photoelectrochemical
performance [34,35].

Hong et al. [12] and Li et al. [36] reported grain size control
(~25–500 nm) of WO3 films using post-deposition thermal treat-
ment methods, where the maximal photoelectrochemical perfor-
mances were observed in the films consisting of apparently small
agglomerates of ~60 nm. They obtained maximal photocurrent
densities of 0.4–0.8 mA cm−2 at an applied potential of ~0.7 V vs.
Ag/AgCl, by using a xenon lamp (100 mW cm−2) as a light source.
Also, other researchers [1,37] had observed photocurrent densities
of WO3 nanoporous films in the range ~3–6 mA cm−2 under
identical measurement conditions.

It should be noted that the photocurrent densities in the present
work are not directly comparable with those using other light
sources, such as a xenon lamp, since different light sources produce
different spectral outputs [38]. However, the results from different
light sources can be converted approximately using an integrated
intensity-wavelength conversion [19]. Using this, the equivalent
photocurrent densities for the present samples were in the range
~3.0–6.5 mA cm−2.
Fig. 8. Transient photocurrent measurement of WO3 thin films deposited from pure PTA
and PTA containing oxalic acid. The film thicknesses were ~700 nm for both samples.
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The present work and that of others [12,36] show that small
agglomerates appear to offer a means of optimising the concurrent
factors that affect the photoelectrochemical properties of the films.

4. Conclusions

WO3 thin films can be electrodeposited from PTA electrolyte solu-
tions in the absence and presence of carboxylic acids. The film depo-
sition thicknesses were influenced by the PTA electrolyte pH and
conductivity, which were influenced by the amount of hydronium
ions and the size of the conjugate bases of the dissociated carboxylic
acids. The pKa1 values determined the degrees of acid dissociation
while the sizes of the conjugate bases determined the molecular
drag in the electrolyte. However, the relationships between the
controlling variables such as pKa1, molecular weight of the conjugate
bases, electrolyte pH, and electrolyte conductivity were complex and
so the film thickness cannot be associated independently with them.
The average grain sizes of the films deposited from pure PTA and PTA
containing formic, oxalic, and citric acids were 131 nm (large
agglomerates), 94 nm (small agglomerates), 83 nm (small agglomer-
ates), and 45 nm (individual particles), respectively. The grain sizes
of the films were attributed to the separation of the PTA ions by the
conjugate bases and the corresponding diffusion distance. The photo-
current densities of the films deposited with carboxylic acids were
greater than that of the film deposited from pure PTA. These differ-
ences were attributed to improvements in (1) grain size, which con-
trols photogenerated electron-hole transport, and (2) effective grain
boundary area, which controls the numbers of active reaction sites
and electron-hole recombination sites.
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