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ABSTRACT: The present work reports the synthesis of
transparent (~60—80% transmission) WO; thin films by
electrodeposition using peroxotungstic acid (PTA) solutions
containing different carboxylic acids (formic, oxalic, and citric)
of varying concentrations. The effects of these acids on the
deposition kinetics and the morphological, mineralogical,
optical, and photoelectrochemical properties of the films
were investigated using scanning electron microscopy, X-ray
diffraction, UV—vis spectrophotometry, and photoelectro-
chemical measurements. The deposited film thickness was
dependent on the availability of hydronium ions (for hydrogen
bonding with PTA ions) and molecular drag in the
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electrolytes, both of which were controlled through the use of carboxylic acids of different concentrations, degrees of
dissociation, molecular weights, and associated sizes of the conjugate bases. The films consisted of agglomerates/particles (42—
132 nm), the sizes of which decreased and the true porosities (<6%) of which increased with the amounts and sizes of the
conjugate bases. These observations were considered to result from the separation of the PTA ions according to the amounts and
sizes of the conjugate bases, the effects of which consequently changed the mechanisms of nucleation and grain growth. A
nonlinear relationship between the grain sizes and the photoelectrochemical performances of the films was obtained where a
maximum in the photocurrent density was observed for the film consisting of small agglomerates of ~93 nm (deposited with 0.03
mol L™! oxalic acid). This was considered to result from the positive balance of (i) surface reaction and recombination sites and

(ii) the hole and electron transports in the film.

1. INTRODUCTION

Metal oxides have been proven to be suitable for photo-
electrochemical apIplications owing to their high stability in
aqueous solutions.” WOj is an n-type semiconductor that has
found widespread applications in photocatalysis,” gas sensing,**
electrochromism,’ and electrodes for lithium ion batteries.® It is
widely considered to be a popular candidate for photo-
electrodes for photoelectrochemical cells owing to its high
stability against both corrosion and photocorrosion and its
relatively smaller optical indirect band gap (compared to
TiO,),” which permits limited light absorption in the visible
range.'

In recent years, there has been an increasing number of
studies on photoelectrodes of metal oxide nanomaterials
because their advantageous properties,® compared to those of
their bulk counterparts,g’10 include large specific surface areas,
ease of material synthesis, enhanced photoelectrochemical
properties due to suppressed photogenerated electron—hole
recombination, and enhanced light abs.orption.11 However,
reducing the sizes of nanomaterials also may come with adverse
effects on their crystallinity and electrical transport properties as
a result of the increased grain boundary area and the associated
increase in the number of surface defects.'”'® Thus, it is
important to optimize the grain size of WO; nanocrystalline
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thin-film photoelectrodes by controlling the synthesis param-
eters in order to achieve a compromise between the
microstructural parameters and the resultant optical and
photoelectrochemical properties, thereby yielding optimal
photoelectrochemical performance.

The size-controlled synthesis of WO; nanostructures has
been reported using various techniques such as hydrothermal,"?
sol—gel,'"*"> hot-wire chemical vapor deposition,'® arc
discharge deposition,* and radio frequency magnetron sputter-
ing.'”'® Although some of these techniques require expensive
instruments and/or vacuum systems, the sizes of the
nanostructures have been controlled principally by thermal
treatments at high temperatures (400—950 °C). An alternative
to these techniques is organic-compound-assisted wet chemical
synthesis. This technique combines the benefits of ecofriendly
organic compounds with uncomplicated, economical, and large-
area deposition methods. Sun et al. used colloidal processing at
high oxalic acid concentrations with tungstenic acid to produce
smaller grain sizes and lower crystallinities in WO, thin films."”
Meda et al. reported the size tuning of WOj; grains prepared by
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Figure 1. SEM images of WO, thin films deposited from (a) pure PTA, (b) PTA with 0.03 mol L™ formic acid, (c) PTA with 0.03 mol L™" oxalic

acid, and (d) PTA with 0.03 mol L™ citric acid.

a proton exchange resin method through the addition of
various organic dispersants, including ethylene glycol, poly-
(ethylene glycol), Igepal, Brij, and sugars, where the grain sizes
decreased with increasing dispersant molecular weight.”® Naseri
et al. used poly(ethylene glycol) to control the topologies of
WO; nanocrystalline thin films prepared by a sol—gel
method.*"

There is a limited number of investigations on the size-
controlled wet chemical synthesis of WOj; thin films using
organic compounds, and the understanding of the mechanisms
associated with the growth of the nanoparticles remains
tentative. The present work reports the electrodeposition of
WO; thin films using peroxotungstic acid (PTA) containing
different carboxylic acids of various concentrations in order to
investigate the effectiveness of tailoring the grain sizes. The
effects of these acids on the electrodeposition kinetics of WO,
thin films and the resultant morphological, mineralogical, and
optical properties were investigated. The correlation and
optimization of these properties for photoelectrochemical
applications of the films are discussed.

2. EXPERIMENTAL SECTION

2.1. Chemicals. The chemicals used to prepare PTA
solutions were 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).
The carboxylic acids used were formic acid (99% analytical
reagent, Asia Pacific Specialty Chemicals), oxalic acid dihydrate
(oxalic acid, 99.5% Merck), and citric acid monohydrate (citric
acid, 99—102% ACS reagent, Sigma-Aldrich).

2.2. WO; Thin Film Preparation. Detailed preparation
procedures for PTA solutions have been reported elsewhere.””
In brief, solutions of PTA with 0.2 mol L™ tungsten containing
0.03 mol L™! carboxylic acid (i.e., formic, oxalic, and citric acids
individually) were used as the electrolytes for film deposition.
Because optimal results were obtained with the addition of

oxalic acid, its effect was studied in detail using concentrations
in the range of 0.01 to 0.10 mol L™". All films were deposited at
room temperature using a three-electrode electrochemical
system with fluorine-doped tin oxide on glass (FTO; Wuhan
Ge’ao Scientific Education Instrument, China; 15 Q sq”'; 3.0
cm X 2.5 cm), platinum foil, and Ag/AgCl as the working,
counter, and reference electrodes, respectively. All potentials
reported refer to the reference electrode. The depositions were
done at an applied potential of —0.4 V for 5—30 min.>” The as-
deposited films were flushed immediately with distilled water,
dried in air for ~30 min, placed on an aluminosilicate brick, and
annealed at 450 °C in air for 2 h (heating and initial cooling
rate of S °C min™").

2.3. Characterization. The microstructures of the films
were examined using scanning electron microscopy (SEM, FEI
Nova NanoSEM) and atomic force microscopy (AFM, Bruker
Dimension Icon). The film thicknesses were determined by
sectioning the films using single-beam focused ion beam milling
(FEI XP200). The true porosities of the films were determined
using image analysis (Image] software, National Institutes of
Health). The phase compositions of the films were determined
by in situ X-ray powder diffraction (XRD, Philips X’pert
Materials Powder Diffractometer) of the films. Light trans-
mission of the films was measured using a dual-beam UV—vis
spectrophotometer (Perkin-Elmer Lambda 35).

The photoelectrochemical properties of the films were
measured at room temperature using the same electrochemical
system as described above but using WOj; thin films on FTO
substrates as the working electrodes. The PTA solutions were
replaced with 0.5 M NaCl aqueous solutions (pH 6.27) as the
supporting electrolyte for water photolysis.”® Localized acid-
ification by the formation of hypochlorous acid (HCIO) during
photoelectrolysis establishes a pH of ~2 in the vicinity of the
WO; photoanode,”® and thus it was not necessary to acidify the
electrolyte. Therefore, an electrolyte pH approaching neutral
can be used. The relevant reactions are
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Table 1. Analytical Data Obtained from the Different Tests on the Films Deposited for 30 min from Pure PTA and PTA

Containing 0.03 mol L™' Carboxylic Acids

electrolyte electrolyte electrolyte conductivity deposition time film thickness grain size true porosity
composition pH (mS cm™) (min) (nm) microstructure (nm)® %)
PTA 171 2.900 30 653 large 131 0.87
agglomerates
PTA + formic acid 1.70 3.120 30 700 small 94 121
agglomerates
PTA + oxalic acid 141 6.570 30 1039 small 83 191
agglomerates
PTA + citric acid 1.84 0.009 30 319 individual EN 3.78
particles
“Measured using the line-intercept method (300 000X SEM images; 10 lines).
2NaCl — 2Na* + 2CI” in solution = £
+ ! o To External
Power f PTA lon
2CI° + 2h'—Cl, at the photoanode (h*
is the photogenerated hole) -® =
=]
Cl, + H,0 — HCIO + HCl in solution El @ %
o

The intensity of the incident light source (50 W tungsten-
halogen lamp, chopped at a frequency of 0.05 Hz) used for
exposure was measured with a light meter (Digitech QM1587)
to be ~100 mW cm ™ (light source to film distance ~25 cm).
Linear potentiodynamic photocurrent measurements were
made at a scan rate of S mV s~ and a step size of 1 mV.

3. RESULTS AND DISCUSSION
3.1. Effect of Types of Carboxylic Acid. Figure 1 shows

the representative surface morphologies of the films deposited
from pure PTA and PTA containing different carboxylic acids
at constant concentrations. It is clear that there are three types
of microstructures, viz., individual particles, small agglomerates,
and large agglomerates, as summarized in Table 1. The
individual particles consist of discrete grains with possible
subgrains whereas the agglomerates are polycrystalline,
containing multiple particles. The grain (agglomerate or
particle) size effect is considered to result from a process
similar to the deflocculation and dispersion of colloidal particles
described by Sun et al. for WO; films prepared by oxalic acid-
assisted colloid chemistry.'”** Carboxylic acids dissociate in
aqueous solutions to form conjugate bases and hydronium
ions.”® These hydronium ions form hydrogen bonds with the
highly electronegative oxygen atoms of PTA ions, thereby
resulting in net positively charged states developed around the
PTA ions, as shown in Figure 2. The interpretations of the
effects of conjugate bases and hydronium ions bonded to the
PTA ions (PTA—hydronium ion complexes) on the micro-
structures of the films are illustrated in Figure 3 and are as
follows: (1) Pure PTA: large agglomerates of size ~131 nm
(~S00 nm max). In pure PTA, the absence of a separation
effect by a deflocculation mechanism resulted in solute
clustering and consequent rapid grain growth during annealing
since the proximity of the ion complexes minimized the
diffusion distances. (2) PTA containing 0.03 mol L' formic
(oxalic) acid: small agglomerates of size ~94 nm (~83 nm). In
PTA containing carboxylic acids whose conjugate bases have
molecular weights of 45 g mol™" (formate) and 125 g mol™
(oxalate), (i) the hydronium ions caused deflocculation and (ii)
the volumes occupied by the conjugate bases in solution
contributed to some extent to increasing the degree of
separation of the ion complexes. (3) PTA containing 0.03

17768

Electric Field @
P ——
\\ Hydrogen Bond Hydronium lon

Figure 2. Schematic diagram of the effect of hydronium ions on
positive charge imposition and consequent cathodic deposition.

mol L™ citric acid: individual particles of size ~45 nm. In PTA
containing citric acid, with a conjugate base of molecular weight
209 g mol™’, deflocculation occurred, but the larger volume
occupied by the citrate ions in solution effectively separated the
ion complexes and increased the diffusion distance to the extent
that little grain growth took place during annealing.

In summary, it can be seen that the use of carboxylic acids is
inevitably effective in facilitating deflocculation and suppressing
solute clustering immediately before electrodeposition. The
microstructures of the annealed films can be manipulated by
using carboxylic acids of different molecular weights and
associated sizes of conjugate bases, where the sizes of the
conjugate bases control the distribution density of the WO,
nuclei, their proximity, the corresponding diffusion distances,
the tendency to undergo grain growth during annealing, and
hence their susceptibility to forming solid agglomerates.
Therefore, it is possible to obtain individual particles provided
the conjugate bases are sufficiently large. It may be noted that
the conjugate bases and hydronium ions were oxidized and
effectively removed from the films upon annealing

WO, exhibits an orthorhombic — monoclinic phase
transformation upon cooling from ~330 °C, and this is
associated with an extremely high thermal contraction of ~13 X
107% °C™' from this temperature to room temperature,
measured both directly and calculated from the lattice
parameters.”®>” Although the high thermal contraction and
the phase transformation experienced during cooling from 450
°C could be expected to facilitate delaminations between
agglomerates, this is not supported by the observation that the
film deposited from pure PTA (with the largest agglomerates)
did not exhibit such delaminations. It is well known that
agglomerates shrink independently during heating, so this also
represents a possible mechanism of delamination.”® Again, the
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Figure 3. Illustration of the solute deflocculation effect from the hydronium ions and the separation effect from the conjugate bases for the different

electrolyte compositions.

Figure 4. SEM images of WOj thin films deposited from (a) pure PTA and PTA containing oxalic acid at concentrations of (b) 0.01, (c) 0.03, (d)

0.05, and (e) 0.10 mol L™". Insets in a and e are at lower magnification.

SEM images in Figure 1 show that the largest agglomerates,
which are in the film deposited from pure PTA, would be
expected to show the largest annealing shrinkage, but no
delaminations were observed.

These two observations support the conclusion of the
importance of the separation effect by the conjugate bases. That
is, for the film deposited from pure PTA, the absence of the
conjugate bases allowed the close proximity of all particles,
thereby facilitating effective intergranular bonding within and
between agglomerates. For the films deposited from PTA
containing formic or oxalic acid, the separation effect was such
that effective bonding occurred within the agglomerates but
thermal contraction and annealing shrinkage were sufficient to
overcome the bonding between agglomerates. For the film
deposited from PTA containing citric acid, the separation effect
prevented agglomeration in the first place.

An examination of the true porosity data in Table 1 also
supports the preceding conclusions. The film deposited from
pure PTA had the lowest porosity, which consists of closed
pores only. Despite the large agglomerate size, delaminations
between agglomerates did not occur owing to the strong
bonding between tightly packed agglomerates. In the films
deposited with carboxylic acids, the porosities were increased
by delaminations, which occurred owing to the separation effect
of the conjugate bases. Hence, the porosity is a reflection of the
separation effect: This separation effect on PTA containing

formic acid (stronger bonding, fewer delaminations) was less
than that on PTA containing oxalic acid (weaker bonding, more
delaminations). With PTA containing citric acid, the largest
conjugate base, the separation between individual particles was
the greatest, so the porosity followed accordingly. In this case,
delaminations were not apparent because the stress was evenly
distributed throughout the particle network rather than along
the agglomerate boundaries.

A comparison of the thicknesses of the films in Table 1,
which were deposited for 30 min from pure PTA and PTA
containing different carboxylic acids, shows that the deposition
thicknesses increased, remained almost constant, and decreased
(with respect to pure PTA) for the depositions done in PTA
containing oxalic, formic, and citric acids, respectively. The
same and reverse orders are seen in the respective case for the
electrolyte conductivities and pH values. These observations
suggest that the deposition thickness is a function of these two
variables.

According to the pK,, values (logarithm of the first proton
acid dissociation constant) of the acids,> ! the degree of
dissociation follows the order oxalic > citric > formic acid. The
partial dissociation of formic acid produces a small number of
hydronium ions and therefore minimally changed the electro-
lyte pH compared to that of pure PTA. The increase in the pH
of PTA containing citric acid suggests that the pH was affected
by hydrogen bonding between the highly electronegative
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(a)

Figure 5. AFM images of WO; thin films deposited from (a) pure PTA and PTA containing oxalic acid at concentrations of (b) 0.01, (c) 0.03, (d)

0.05, and (e) 0.10 mol L™,

Table 2. Analytical Data Obtained from the Different Tests on the Films Deposited from Pure PTA and PTA Containing Oxalic

Acid at Different Concentrations

oxalic acid electrolyte
concentration electrolyte conductivity
film (mol L) pH (mS cm™) microstructure
A 0.00 1.71 2.90 large
agglomerates
B 0.01 149 5.06 small
agglomerates
C 0.03 141 6.57 small
agglomerates
D 0.05 135 8.35 small
agglomerates
E 0.10 125 12.50 individual
particles

grain true (002) (020) (200)
crystallite  porosity peak peak peak optical indirect
(nm)®  size(nm) (%) area area area band gap (eV)
35 0.75 8052 1708 8885 2.90
35 1.68 7997 174§ 8071 2.90
34 1.88 7177 1756 7780 295
33 323 5281 1706 6566 3.05
29 5.66 2700 1239 4066 3.30

“Measured using the line-intercept method (160,000 SEM images; 10 lines). “Measured using the Debye—Scherrer’s equation by averaging (002),

(020), and (200) crystallite sizes.

oxygen atoms of citrates and hydronium ions, thereby reducing
the availability of hydronium ions. However, the dissociation of
oxalic acid produces a large number of hydronium ions, as
confirmed by the decreased electrolyte pH. This created highly
net positively charged PTA ions resulting from the hydrogen
bonding with the hydronium ions. Under cathodically biased
conditions, the PTA ions were driven by the electric field to the
working electrode, where they were reduced to form tungsten
oxides, hence resulting in thicker films deposited in PTA
containing oxalic acid.

Furthermore, it is clear that the molecular weights and
associated sizes of the conjugate bases adversely affected the
deposition thickness through molecular drag in the solutions. In
this case, the order is citrate > oxalate > formate (molecular
weights of the ions 209 > 125 > 45 g mol™"). Since the effects
of pK,, values and molecular weights of the carboxylic acids
show different trends with the electrolyte conductivity and pH,
it is clear that they represent interdependent variables. The
enhanced deposition thickness in PTA containing oxalic acid
demonstrates that oxalic acid has the highest conductivity, the
lowest pH, and the lowest pK,, value, but its conjugate base
does not have the lowest molecular weight. Therefore, it is
concluded that the effect of the carboxylic acid is predominantly

electrochemical and not physical, where the electrochemical
factors are the pK,, values of the acids and the resultant
electrolyte conductivities and pH, whereas the physical factors
are the molecular weights of the acids.

3.2. Effect of Concentrations of Oxalic Acid. Further
studies on the effect of varying the oxalic acid concentrations
were carried out by considering the advantages to a synthesis
process yielding an enhanced deposition thickness from PTA
containing oxalic acid. Higher concentrations of oxalic acid in
PTA also resulted in increasing deposition thicknesses, which
are attributed to the increasing availability of hydronium ions to
form hydrogen bonds with the PTA ions. However, the initial
trials revealed that longer deposition times resulted in cracked
and poorly adhered thick films. To avoid this, films of similar
thicknesses (400 + 20 nm) were prepared where shorter
deposition times (<20 min) were applied to PTA containing
higher oxalic acid concentrations. The films are named A—E
according to their depositions from pure PTA and PTA
containing 0.01, 0.03, 0.0S, and 0.10 mol L' oxalic acid,
respectively.

Figures 4 and S present the surface morphologies of the films
deposited from pure PTA and PTA containing oxalic acid of
different concentrations, as examined by SEM and AFM,
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respectively. The scanned areas of the AFM images were 3 ym
X 3 um. The films consist of agglomerates/particles with sizes
in the range of 42—132 nm, where the size decreases with
increasing oxalic acid concentration (Table 2). Varying the
oxalic acid concentration reveals that the separation effect of
the conjugate bases is not only size-dependent but also depends
on the amount present in the PTA electrolytes. Figure 4a,e
shows insets at lower magnifications, illustrating the two
characteristic types of larger-scale microstructures that were
observed. The microstructure in Figure 4a is relatively
homogeneous in terms of the grain size distribution and true
porosity. Although this image is for the film A, it is similar to
the images for films B—D. In contrast, Figure 4e shows a
completely different microstructure of film E, consisting of
isolated islands of unagglomerated particles that were generated
by excessive shrinkage of the high-surface-area/energy particles
(~39 nm) during annealing. The shrinkage appeared to have
been so extreme that the microstructures of the islands are
highly disrupted, with uneven steps and concavities. This is in
contrast to the other agglomerated films, which consist of
coarser particles of lower surface area/energy.”®

Bruker NanoScope Analysis v1.4 software was used to
analyze the AFM images of films A—E for information on the
root-mean-square (rms) surface roughness and the surface area
ratio (3D surface area/2D projected surface area).”"** The
results have been plotted as a function of the grain size, as
illustrated in Figure 6. Interestingly, the data for both the
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Figure 6. Root-mean-square surface roughnesses (blue 4) and surface
area ratios (red M) as a function of the grain size of WOj thin films
deposited from (a) pure PTA and PTA containing oxalic acid at
concentrations of (b) 0.01, (c) 0.03, (d) 0.05, and (e) 0.10 mol L™,

surface area ratios and the rms surface roughness are bimodal.
An abrupt increase in the specific surface area with decreasing
grain size is observed at the transition from small agglomerates
to particles, owing to the islandlike microstructure in Film E, as
explained subsequently. A small grain is an advantage in terms
of the specific surface area for photoelectrochemical applica-
tions, which depend on, inter alia, the number of reaction sites
for water photolysis.""

At lower oxalic acid concentrations (<0.05 mol L"), the rms
surface roughness decreases from ~7 to ~2 nm with decreasing
agglomerate size, as expected. In contrast, film E, which was
deposited from PTA containing the highest oxalic acid
concentration (0.10 mol L™") and consisting of small particles
rather than fine agglomerates, gives an unexpectedly high
roughness of ~24.80 nm. This results from the islandlike
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microstructure shown in Figure 4e, which caused the AFM tip
to register the uneven steps and concavities created by the
annealing shrinkage. For agglomerated films A—D, which were
deposited from PTA containing <0.0S mol L™! oxalic acid, the
trend in the rms surface roughnesses is consistent with the
work of other researchers with respect to WO, thin films
synthesized by various methods and coarsened and agglom-
erated by annealing at 400—950 °C.'>'>202133

Figure 7 shows the raw XRD results of the films deposited
from pure PTA and PTA containing oxalic acid at different

858 P
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3 _JUL . (d)
s
2
£ . ©
c
]
E
i ()
R (a)
20 25 30 35 40 45 50 55 60
20 (°)

Figure 7. XRD spectra of monoclinic WO; thin films deposited from
(a) pure PTA and PTA containing oxalic acid at concentrations of (b)
0.01, (c) 0.03, (d) 0.05, and (e) 0.10 mol L' (* FTO peaks).

concentrations, with major peaks at 23.3, 23.7, and 24.4° 26,
which correspond to the (002), (020), and (200) planes of
monoclinic WO;** respectively. The contributions of the FTO
(positions, intensities, and full-widths at half-maxima) are
approximately equivalent for all films, so a direct comparison of
WO; films of variable thicknesses is facilitated. Compared to
film A, films B—E show weaker and broader peaks with
increasing oxalic acid concentrations. These data are consistent
with the SEM images in Figure 4 and the data in Table 2. That
is, true porosity controlled the peak intensities because it
decreased the solid material area scanned by the X-ray beam.
The grain size of <0.5 ym is much smaller than the beam
diameter of 6.4—24 mm. The areas under the three main peaks
scale in inverse proportion to the true porosities, as shown in
Table 2.

In contrast, for colloidal WOj; particles, Sun et al. observed
that the particle size, degree of aggregation, and crystallinity
decreased with increasing concentration of oxalic acid in the
colloid suspension.'® The first two observations were consistent
with the role of the separation effect of the conjugate bases.
The effect on crystallinity probably was not comparable because
Sun et al. did not mention annealing their samples."”

The crystallite (subgrains comprising discrete grains) sizes of
WO;, as shown in Table 2, were estimated using the Debye—
Scherrer equation by averaging those of the three major XRD
reflections (002), (020), and (200).*® The crystallite sizes are
found to decrease from 35 to 29 nm with increasing oxalic acid
concentration. The grain sizes, as suggested in Figure 4, show
the same trend where they decrease from 132 to 42 nm for the
same oxalic acid concentrations. These data show that the
grains consist of multiple crystallites per grain (~3.8
crystallites/grain) in the absence of oxalic acid and approach
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unity (~1.4 crystallites/grain) at the highest oxalic acid
concentration.

Figure 8 shows the optical transmittance spectra of the films
deposited from pure PTA and PTA containing oxalic acid at
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Figure 8. Transmittance spectra of WOj thin films deposited from (a)
pure PTA and PTA containing oxalic acid at concentrations of (b)
0.01, (c) 0.03, (d) 0.05, and (e) 0.10 mol L™

different concentrations. In general, films A—D, which were
deposited from PTA containing <0.05 mol L™ oxalic acid,
absorb light in the near-UV region (<350 nm). Their optical
absorption edges fall in the wavelength range of 350—450 nm.
Relatively high transmittances (~60—80%) in the wavelength
range of >450 nm are observed, and these are consistent for all
of the films except for film E, which shows an indistinct optical
absorption edge and very low transmittance owing to the
scattering losses from its having the highest rms surface
roughness and porosity resulting from the channels between
the islands, uneven steps, and concavities.

Blue shifts of <20 nm in the optical absorption edge, relative
to film A, are observed in films B—D. The shifts follow the
alphabetical order of the films, where film D shows the largest
shift. This suggests that the optical band gaps of the films are
dependent on the agglomerate/particle sizes. Tauc plots were
used to obtain the optical indirect band gaps of the films, and
the results are shown in Table 2.*® The band gaps of the
fabricated films vary in the range of 2.90—3.30 eV (wavelength
range 376—428 nm). These values are significantly higher than
the expected (theoretical) value of 2.60 eV for pure WO,.*
The principal reason for this is that the band gaps of thin films
are dependent on their mineralogical and morphological
characteristics, which in turn depend on the synthesis
techniques employed. For electrodeposited WO, films with
thickness in the range of ~250—1400 nm, the reported band
gap values were 2.60—3.30 eV, with lower band gaps being
measured for thicker films.*>**** Similar trends between the
band gap and film thickness also have been reported for WO,
films synthesized using other techniques.**~** Films with band
gaps close to the theoretical value have been reported to have
typical thicknesses of several micrometers.*** The main
reason for these variations lies in the effect of residual stress on
the thin films owing to thermal expansion mismatch between
film and substrate as well as grain impingement in the film.
Although these residual stresses give rise to structural
imperfections and defects, which are known to affect the
band gap,”>*~*° these stresses decrease as the distance from

the substrate to the film surface increases in thicker films, thus
lowering the band gap. More generally, the relevant effects,
including macrostructural and microstructural, on the band gap
are as follows:

Bulk chemistry: All of the films had the same bulk
composition, so this effect should not be relevant.

Defect chemistry: It is known that dopants affect the optical
band gaps of materials.>' ™>* Although no dopants were added,
it was possible that contamination from Sn, F, Na, Ca, and/or
Si might have occurred owing to diffusion from the FTO
substrates during annealing. However, because all of the films
were subjected to the same annealing conditions, this effect
should be minimal or absent.

Mineralogy: There are five known atmospheric-pressure
polymorphs of WO;,>" two of which are stable at room
temperature (15—25 °C) and one of which could be quenched
from the annealing temperature (450 °C). However, the X-ray
diffraction data show that only the monoclinic polymorph is
present, so this effect should not be relevant.

Macrostructure: The variations in structure, composition,
and grain-impingement-induced compressive stress as a
function of film thickness are known to affect the band gaps
of materials.>*¢~>° However, because the film thicknesses are
similar (400 + 20 nm), this effect should not be significant.

Microstructure: The films consist of interconnected networks
of grains in which the grain boundary areas (within the bulk
and at the exposed surface) increase with decreasing grain size
and increasing porosity. The increase in these grain boundary
areas, which represent terminating structural and bonding
regions and discontinuities in the lattice order, is known to
increase the band gaps of materials.'>"***>* Table 2 shows that
the true porosity and the grain size vary with the amount of
oxalic acid present in PTA. The associated variation in grain
boundary areas would be expected to be relevant because these
affect the proportion of defects.

In light of the preceding brief survey, it is probable that the
principal factor affecting the band gap is the density of the
defects associated with grain boundary areas.

3.3. Photoelectrochemical Tuning by Microstructural
Control. The linear potentiodynamic photocurrent density
measurements of the films deposited from pure PTA and PTA
containing oxalic acid at different concentrations are shown in
Figure 9. Effective photocurrents were measured as the
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Figure 9. Linear potentiodynamic photocurrent densities of WO thin
films deposited from (a) pure PTA and PTA containing oxalic acid at
concentrations of (b) 0.01, (c) 0.03, (d) 0.0, and (e) 0.10 mol L™
dark currents (measured without illumination) also are shown.

dx.doi.org/10.1021/jp400499c | J. Phys. Chem. C 2013, 117, 17766—17776



The Journal of Physical Chemistry C

difference between photocurrents (with illumination) and dark
currents (without illumination). It has been shown that the use
of sodium chloride can stabilize the photoelectrochemical
performance of WO; photoanodes by avoiding the formation of
a passivating layer of peroxo (O—Q) species on the surface of
the photoanodes, which is favored when commonly used acids
are employed as supporting electrolytes to lower the electrolyte
pH.>*>5¢ 1t may be noted that up to ~20% of the dark
currents may be provided by chlorine gas formation (“...about
20% of the current efficiency.”).”®> Also, because Xe light
sources, which normally are used, and tungsten-halogen light
sources produce significantly different spectral outputs, it is
relevant to note that the integrated intensities of these two
sources over the wavelengths absorbed below the minimal band
gap of WO, film of ~2.90 eV (~428 nm) differ by a factor of
approximately 50.%7 That is, the reported photocurrent
densities were underestimated 50-fold (relative to the standard
AM1.5G using a Xe light). Gaussian-shaped peaks, which
correspond to electrochromic reactions of WO; films, are
barely visible in the potentiodynamic scans in the present work
owing to (i) the starting potential of —0.2 V versus Ag/AgCl,
which is close to the peak potentials that occur in the typical
range of ~—0.2 V to —0.1 V versus Ag/AgCl,32’58_60 and (ii)
the relatively low scan rate of 5 mV s™', which is much lower
than the t)gpical rate of >50 mV s™' reported in the
literature.®' ~¢*

There were various microstructural (and structural) variables
that influenced the photoelectrochemical results of the films, as
summarized in Table 3. Decreasing grain sizes are beneficial in

Table 3. Effect of Decreasing Grain Size on
Photoelectrochemical (PEC) Performance Factors and
Associated Photocurrent Densities of WO; Thin Films

effect of decreasing grain size

on
PEC
microstructural PEC performance performance  photocurrent
variable factor factor density
specific surface area  number of reaction increase increase
sites
number of increase decrease
recombination
sites
grain radius hole transport increase increase
grain boundary number of electron increase decrease

distribution density  transport barriers

(i) providing large specific surface areas and the associated
number of reaction sites (oxygen vacancies)®® for water
photolysis and (ii) improving hole transport because the
holes photogenerated in the outermost grains travel a shorter
distance to the photoanode/electrolyte interface and oxidize
water before they can recombine with the photogenerated
electrons."’ Vacancy filling by oxidation may degrade the
photoelectrochemical activity owing to the reduced number of
reaction sites.® The hole transport is moderated by the
hopping distance, where long distances require more energy
than short ones.”” However, the large specific surface area also
is associated with a high fraction of dangliré% bonds owing to
the terminations of the crystal continuity.”” These dangling
bonds introduce deep localized levels in the energy band gap,
which can trap photogenerated electron—hole pairs, thereb)r
increasing their probabilities of surface recombination.®””°
These undesirable dangling bonds may be removed by surface

passivation.”” For photogenerated electrons, the grain bounda-
ries also act as weak links that hinder electron transport to the
substrate.”" Tt is well known that high-angle grain boundaries
are associated with greater lattice mismatch and higher
interfacial energies than low-angle grain boundaries.”® Con-
sequently, the greater the grain boundary angle, the weaker the
link for electron transport.”> The present work shows that these
variables, which act concurrently, and their consequent
influences on the photoelectrochemical performance of the
films can be manipulated through grain size variation. The
explanation of these data is as follows:

Pure PTA: Film A has the largest agglomerates (~132 nm
average; ~S00 nm maximum) and hence a relatively long hole
diffusion distance and a limited specific surface area for both
reaction and recombination sites. Across the film thickness of
~400 nm, the number of agglomerates is ~3, thus requiring the
electrons to cross this relatively low number of transport
barriers. This facilitates electron transport.

PTA containing 0.01—0.05 mol L™ oxalic acid: Films B—D
have small agglomerates (~58—101 nm), so the hole diffusion
distances are decreased. These small agglomerates also are
associated with large specific surface areas for reaction sites.
Nonetheless, these specific surface areas also are associated with
a relatively high fraction of dangling bonds as recombination
sites. The number of agglomerates in the cross section was
~4—7, so the electrons must cross a greater number of
transport barriers, which hinders electron transport.

PTA containing 0.10 mol L' oxalic acid: Film E has
individual particles of ~42 nm. The large specific surface area is
associated with a high fraction of dangling bonds. This
disadvantage is dominant over the advantages of a large
number of reaction sites and a short hole diffusion distance.
The intersection density of ~10 agglomerates requires the
electrons to cross a great number of transport barriers, thereby
minimizing the electron transport.

The concept that condenses the main principles in terms of
the size effect and the corresponding microstructural features
that result in a maximum in the photocurrents is summarized
schematically in Figure 10. Because the nuclei that precede
crystallization are amorphous, they show negligible photo-
currents,** and because single crystals have a minimal specific
surface area, they show minimal photocurrents.'® Therefore, it
is clear that in microstructures that range from individual
particles to small agglomerates to large agglomerates there must
be a maximum in the photocurrent density. Hence, the
observed maximum at a small agglomerate size of ~90 nm
corresponds to a balance between (i) the surface reaction and
recombination sites and (ii) the hole and electron transports.

Similar bell-shaped relationshi;)s also have been observed by
Li et al. and Hong et al.'*'® Both observed optimal
photoelectrochemical performance in WOj; films consisting of
what appeared to be small agglomerates of ~60 nm size. The
difference in the optimal size value could be the result of the
different processing techniques employed in the synthesis of
WO, films. These studies illustrated that the microstructures of
these materials must be tuned so that the combination of the
preceding four main photoelectrochemical performance factors
can be optimized for maximal photoelectrochemical perform-
ance.

4. CONCLUSIONS

WO; thin films with controlled grain sizes (42—132 nm) were
electrodeposited from PTA containing different carboxylic acids
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(formic, oxalic, and citric). The electrodeposition of the films
from PTA containing oxalic acid of different concentrations
also was investigated. The deposition thickness was dependent
on the electrolyte pH and electrical conductivity, both of which
were dependent on the amount, degree of dissociation,
molecular weight, and associated sizes of the acids. These
influenced the availability of hydronium ions (for hydrogen
bonding with PTA ions) and molecular drag in the electrolytes.

The morphological, mineralogical, optical, and photoelec-
trochemical properties of these films have been investigated.
These data can be correlated through microstructural effects,
viz., grain sizes and true porosities of the films. These effects
were tunable through the use of carboxylic acids with different
concentrations and sizes of conjugate bases, which contributed
to the separation of the PTA ions, the distribution density of
the WO; nuclei, their proximity, the corresponding diffusion
distances, the tendency to undergo grain growth during
annealing, and hence their susceptibility to forming agglomer-
ates. The grain sizes decreased whereas the true porosities of
the films increased with the increasing concentrations and sizes
of the conjugate bases. These observations were consistent with
the mineralogical data and were supported by the optical data
in that the films consisting of smaller agglomerates/particles
showed lower transmissions. These were consistent with the
larger density of delaminations between particles and the
greater amount of true porosity, which would scatter light
maximally.

The nonlinear relationship between the grain sizes and the
photoelectrochemical performance of WO, thin films suggested
that the optimal photoelectrochemical performance of a film
was a result of the tuning of (i) surface reaction and
recombination sites and (ii) the hole and electron transports.
The positive balance of the preceding photoelectrochemical
performance factors resulted in a maximal photocurrent density
at an agglomerate size of ~90 nm, which was deposited from
PTA containing 0.03 mol L™" oxalic acid. Although it usually is
assumed that nanomaterials with large specific surface areas are
beneficial owing to the associated number of reaction sites, the

17774

present work shows that the optimization of the concurrent
factors that affect the photoelectrochemical properties requires
a more nuanced approach to processing. That is, small
agglomerates appeared to offer a means of controlling the
effective grain boundary area, which needs to be tuned between
extremes.
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