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A flame reactor embedded with a constant tungsten wire feeding system to prepare one-dimensional (1-D) nanostruc-
tured tungsten oxide thin film for photoelectrochemical (PEC) water splitting was developed. Photoactive vertically-
aligned nanowire-based WOj3 thin films could be obtained with a controlled thickness via a flame vapor deposition pro-
cess followed by air-annealing. The PEC performances of WOj3 photoelectrodes for different thin film thicknesses were
examined. The optimum thickness of WOj thin film was found to be about 7.2 um for PEC water splitting based on inci-
dent photon-to-current efficiency plots and 1-V curves. The WO3 prepared with optimum thickness showed better PEC
performance than those of recently reported nanostructured WOj; photoanodes. © 2015 American Institute of Chemical
Engineers AIChE J, 62: 421428, 2016
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Introduction

Photoelectrochemical (PEC) water splitting using semicon-
ductor photoelectrodes is one of the most promising and envi-
ronmentally friendly methods of producing hydrogen from
water by utilizing renewable solar energy. Enormous efforts
are being devoted to finding adequate semiconductor materials
for photoelectrodes. The ideal semiconductor materials have
to satisty several requirements as follows: suitable band gap
energy levels both for visible light absorption and for favor-
able energetic alignment to enable water oxidation and reduc-
tion, good electron transport properties, chemical and
electrochemical stability in an aqueous solution under illumi-
nation, and low over-potentials for the electrode reactions as
well as being relatively inexpensive.14 Tungsten oxide (WO3)
is one of the most attractive semiconductor materials for PEC
water splitting due to its energetically favorable valence band
position for water oxidation, suitable band gap energy (~2.6
eV) for harvesting considerable light within the solar spectrum
(~12%),> and appreciable photostability in water (<pH 4).°

The morphology of WOj thin films has been considered one
of the important efficiency-limiting aspects of increasing the
utility for water splitting. one-dimensional (1-D) nanostruc-
tures, such as nanowires,””® nanorods,”'® and nanotubes,’
which are normally oriented to the substrate, are favorable for
PEC water spitting. This is due to the fact that 1-D structures
orthogonalize the directions of electron migration along the
long axis to charge the collector and hole transport across the
short radius to the semiconductor/electrolyte interface.
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Besides, the long-range orientation allows inward light scatter-
ing leading to more efficient light absorption. The ideal 1-D
nanostructures should be long enough for light absorption and,
meanwhile, not too large for efficient charge transport. It was
reported that WOj3 has the hole diffusion length at approxi-
mately 150 nm."" 1-D nanostructures with a diameter less than
300 nm would be desirable to diffuse holes efficiently to the
WOs/electrolyte interface. A dense WO3 film with a thickness
of approximately 6 pum is needed to absorb all the solar pho-
tons with energies above the bandgap of WO5."" Thus, to max-
imize both light absorption and charge collection, 1-D
nanostructured WO5 thin film with thicknesses up to 6 um is
preferable. This requires a robust technique for rapid and con-
tinuous growth of highly oriented 1-D WOj thin films. Chak-
rapani’s group12 has synthesized WO; nanowire arrays by a
chemical vapor deposition (CVD) process involving a flow of
oxygen over a hot tungsten filament in a vacuum system. Su
et al.® prepared WOj3 nanowires by performing a solvothermal
method using tungstic acid as a precursor, in which a seed
layer was deposited on conductive glass substrate by spin coat-
ing before the solvothermal growth. Because this technique is
self-limiting on a finite supply of reactants and has a low oper-
ating temperature, it results in not only a slow growth rate and
limited thickness but also low crystallinity and low purity of
products'® as well as the difficulty to scale up.'* Zheng’s
group7’15 has pioneered the growth of nanowire-based tung-
sten oxide thin film on conductive (FTO coated) glass by
flame synthesis, where tungsten wire mesh was used as a pre-
cursor source located in the flame. It is quite difficult to keep
vapor concentration constant over time and to get the desirable
thickness of the thin film.

In our study, we developed a facile and economical flame
vapor deposition (FVD) process, in which a solid wire feeding
system was first incorporated into the flame reactor realizing a
constant tungsten feed rate, which can guarantee the constant
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Figure 1. The schematic of experimental setup of FVD process for nanowire-based tungsten oxide thin films

growth.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

vapor concentration in an FVD system. Vertically-aligned
nanowire-based thin films of substoichiometric tungsten oxide
were prepared with a controllable thickness, which could be
converted to photoactive monoclinic WO;3 by postannealing.
The thin film growth rate was fast enough to reach up to a few
hundred nanometers per minute. The WOj3 nanostructured thin
film prepared in this study showed better performances of
PEC water splitting than those recently reported in the
literature.

Experimental
Thin film preparation and characterization

The experimental set up for the FVD process is shown sche-
matically in Figure 1. It mainly consists of three parts: Part 1,
the premixed flame burner, where the various gases such as
CHy4, O,, and N, were introduced with flow rates precisely
controlled and were well mixed in the chamber prior to the
nozzles of the premixed flame burner; Part 2, the constant
feeding system, where the feed rate controller supplies the
tungsten wire (precursor, 0.025 cm in diameter, >99.9%
purity, Sigma-Aldrich) with a constant feed rate from the bot-
tom of a temperature-resistant alumina ceramic tube, which is
embedded in the central nozzle of the premixed burner; Part 3,
the substrate temperature controlling system, where the FTO-
coated glass substrate (2 mm in thickness and 1.5 X 1.5 cm®
in area, Sigma-Aldrich) was held by a substrate holder with an
exposed area of 1 X 1 cm? and was attached on a temperature
controlled plate. A small amount of silver thermal paste
(Arctic Silver, Visalia, CA) was adhered to the backside of the
substrate to keep intimate thermal contact between the sub-
strate and temperature controlled plate. The tungsten wire
evaporated and was partially oxidized in the high temperature
atmosphere of the methane-oxygen fuel rich flame generating
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a vapor species which included a mixture of WO, (x < 3) and/
or WC,OyH,, These vapor species are designated WO, in the
following context. These vapors were transported downstream
by convection and diffusion, and subsequently, were con-
densed onto FTO-coated glass substrate to form substoichio-
metric WO, thin film. Nanowire-based tungsten oxide thin
films were obtained in the experimental conditions as follows:
tungsten wire feed rate: 5 um/s, deposition height: 5 cm, sub-
strate temperature: 200°C, fuel-rich flame (1.0 slm (liter per
minute at standard temperature and pressure) of CH, and
molar ratios of CH,4:0,:N, = 1:1.7:3). The calculated adiabatic
flame temperature of this premix flame is about 2849°C. Thin
films were prepared for various deposition times (fp: 1040
min) to obtain thin film with different thicknesses. The as-
grown thin films were annealed in air at 450°C for 2 h before
being assembled into the photoelectrode for the PEC test.

The morphology, thickness, and crystal structure of the
tungsten oxide thin films were characterized by scanning elec-
tron microscopy (UHR-SEM, Hitachi S-4800) and X-ray dif-
fraction (HRXRD, X’Pert PRO MPD), respectively.

Photoelectrochemical measurements

The WO, thin films grown on the FTO substrate were fabri-
cated as working electrodes (WE) for PEC measurement. A
copper wire was bonded through high-purity silver conducting
paint onto a bare part of the FTO substrate. The bare part of
the substrate edges and the metal contact regions were sealed
with insulating epoxy resin to prevent photocurrent leakage.
The WE was masked to use only an area of 0.25 cm? in the
central part (reasonably uniform deposition of thin film could
be ensured within this area) for light illumination. PEC meas-
urements were performed using a three-electrode electrochem-
ical custom-built photocell with an embedded quartz window,
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(A, B) 10 min, (C, D) 20 min, (E, F) 30 min. (G, H) 40 min.

equipped with a saturated calomel electrode (SCE) as refer-
ence electrode and a platinum mesh as counter electrode (CE).
The photocell was filled with an aqueous solution of 0.5 M
H,SO, as an electrolyte. The distance between WE and CE
was kept at 1 cm. A 300 W xenon lamp coupled with a mono-
chromator (Mmac 200, Spectro, Korea) was used to select the
wavelength of light for the incident photon-to-current effi-
ciency (IPCE) measurement. Linear sweep voltammetry was
performed under illumination of simulated sunlight obtained
from a 300 W xenon lamp coupled with an AML1.5 G filter.
The scan rate for all linear sweep voltammetry was 10 m
Vs~ !. The light intensity of 100 mW cm ™ * was calibrated by
an optical power meter (PM100D, Thorlabs) with Sensor
(S140C). The current was recorded by a Potentiostat (Versa-
stat 3, Princeton Applied Research). All PEC measurements
were performed in an argon atmosphere. The IPCE values
were calculated using the following expression'®:
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J (A cm_z)
IPCE (%): 1240 X W)XIOO, where J and P are
the photocurrent density and light irradiance, respectively, for
a certain wavelength region of incident light and 1 corre-

sponds to the average wavelength.

Results and Discussion
Thin film preparation and characterization

The experimental conditions mentioned in the experimental
section were found to be favorable for 1-D nanowire-based
thin film growth and were maintained for all thin film deposi-
tion experiments in this study. WO, thin films with controlled
thicknesses were prepared for different deposition times from
10 to 40 min. The typical SEM images of as-grown thin films
are shown in Figure 2(A-H). All thin films showed the mor-
phologies of vertically aligned nanowire-based structures.
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Figure 3. The curves of thin films thickness (A) and
nanowire diameter (B) with respect to depo-
sition time.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

When the thin film was prepared for 10 min as shown in Fig-
ures 2A, B, the thickness was approximately 1.8 um and the
diameter of the nanowires ranged from 30 to 50 nm. After 30
min deposition, the thickness increased to about 7.2 um and
the diameter of nanowires also increased. As thin film deposi-
tion was performed for 40 min, thin film thicknesses with
nanowire-based structures reached up to 9 um with an average
diameter of about 400 nm. The thin film thickness and diame-
ter of the individual structures grew larger with the increase of
deposition time, as illustrated in Figure 3. In the meanwhile,
the areal number density of nanowire-based structures
decreases with deposition time. Based on our observation of
these structural changes at various growth stages, the feasible
growth mechanisms for these vertically aligned nanowire-
based structures are illustrated in Figure 4. At the beginning of
deposition, the generated WO, vapors and small particles
formed in the downstream could selectively be deposited on
the surface of the FTO coated glass substrate to generate many
nuclei for thin film growth, where the FTO layer has 145 nm
in roughness and 650 nm in thickness (Supporting Information
Figure S1). It was reported that substoichiometric WO, formed
under fuel-rich conditions has an intrinsically anisotropic
growth property, leading to 1-D growth’. An et al.'” pointed
out that when a vapor and particles are coexisting in the down-
stream deposition region, 1-D nanostructures could be easily
formed. And for vapor existing only, it tends to have an iso-
tropic growth property and consequently smooth thin film
could be formed. It is suggested that incoming vapors with
small particles can be diffused and condensed much easier
onto the top region of nanowires rather than penetrating deep
into the bottom space between nanowires for shorter traveling
distances. Besides, the high setting substrate temperature also
has a great impact on 1-D nanostructure growth due to a sin-
tering process.'® Gradually, the growth in the axial direction
becomes dominant compared to the lateral direction and the
nanowire structures are formed. Because of the roughness of
the original FTO surface, some individual nanowires happen
to become taller than others and they can become dominant in
growth, because the incoming vapors can be more selectively
and easily diffused and condensed onto the taller ones by
reduced traveling distances compared to the shorter ones. For
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the fixed flux of WO, vapors, the taller ones receive more
WO, vapors than the shorter ones and they become taller and
larger in diameter than the shorter ones over time, which is
demonstrated in Figure 4. This is similar to the apical domi-
nance of trees in a forest with the fixed sunlight by interspe-
cific competitive growth.

Figure 5 shows the SEM images of as-grown and annealed
thin films, respectively, prepared for a deposition time of 25
min. No noticeable change in thin film morphology was
observed by the annealing process. The XRD patterns of as-
grown and annealed tungsten oxide thin films are also shown
in Figure 6. The characteristic peaks indicate that WO, thin
films were converted to monoclinic WOj thin films from WO,
by annealing. The inset photographs display the colors of the
corresponding thin films, which are blue for WO, thin film
before annealing (Figure 6a) and yellow for WOj3 thin film
after annealing (Figure 6b).

PEC performance of thin films

The PEC performance of WO; photoanodes were evaluated
by measuring the IPCE plot and current density-voltage (I-V)
curve. Figure 7 presents the IPCE plots of tungsten oxide thin
films prepared for different deposition times from 10 to 40
min, which were measured in a 0.5 M H,SO, solution at
applied potential of 1.0 V under front illumination. It indicates
that the IPCE changes significantly by changing the WO; thin
film thickness. As the thin film thickness increases from 1.8
um (10 min deposition) to 7.2 um (30 min deposition), the
IPCE plot shifts up gradually for the whole range of wave-
lengths from 350 to 500 nm. The maximum IPCE values for
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Figure 4. The schematic illustration of nanowire-based
structure growth mechanisms.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Top view SEM images of as-grown (A, B) and annealed (C, D) tungsten oxide nanostructures prepared

for 25 min.

deposition times of 10, 20, 25, and 30 min were 24.0% at
380 nm, 30.2% at 390 nm, 43.6% at 410 nm, and 45.8% at
410 nm, respectively. With increased thin film thickness, more
illuminated light could be absorbed to generate more photo-
electrons and holes and, thus, a higher photocurrent could be
generated. Meanwhile, the peak value of each IPCE plot
shifted toward the visible long-wavelength light region from
380 to 410 nm, which implies that more light in the visible
region could be utilized for photoexcitation as the thickness
increases. This is most probably because the shorter wave-
length light which has higher energy could be more efficiently
utilized in the thinner thickness of thin film, while the longer
wavelength light could be transmitted farther into the thin film
with thicker thickness for higher transmittance. As the thick-
ness increased, more light with longer wavelength could effi-

(002)
| * FT0
(020)
w | WO,_after annealing
S| o) ) ;
=y f
g <
(|
I« WO __before annealing
- ‘ - .
L T . T L = Jl
20 30 40 50

2 Theta (degree)
Figure 6. XRD pattern and photographs of as-grown (a)
and annealed (b) tungsten oxide thin films
prepared for 25 min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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ciently be absorbed for the increased penetration length in
thicker thin film. When the thickness increases further, how-
ever, the IPCE plot shifts down and the maximum IPCE value
decreases to 41.1% for 35 min deposition and 32.2% for 40
min deposition at the same wavelength of 410 nm. When the
thin film thickness is beyond the critical value of approxi-
mately 7.2 um, the light absorption of thin film becomes satu-
rated. It is suggested that atomic and structural properties of
WO; nanowires are constant in our experimental conditions.
Electron/hole transport is mainly affected by the length and
diameter of WO;5; nanowires as well as the interfacial contact
area between nanowire and electrolyte. Further increase in
thickness leads to larger interfacial contact area promoting a
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Figure 7. IPCE plots of tungsten oxide thin films pre-
pared for different deposition time measured
in 0.5 M H,SO, solution under front illumina-
tion at an applied bias of 1.0 V vs. SCE.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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faster water oxidation reaction. However, as thickness
increases, the length and diameter of the WO; nanowires
increase. The increase in length of the nanowires causes a lon-
ger distance or time for the photogenerated electrons to
migrate from nanowire-structures to the current collector
(FTO) and a longer distance for holes to diffuse to the WO/
electrolyte interface. Thus, the electrical transport resistances
of charge carriers increase. The nanowire-based thin film with
longer length and bigger diameter also makes the charge
recombination processes more competitive with the transport
of photoelectrons and holes promoting the -electron-hole
recombination and reduction in the IPCE result.'” Thus, light
absorption and charge transport has to be balanced to maxi-
mize efficiency. The best-performing photoanode consisting
of WO; nanowire-structures with an average length (thin film
thickness) of 7.2 um and average diameter of 260 nm at the tip
of nanowire-based structures were prepared for 30 min deposi-
tion. The average length for best performance here is compara-
ble with the value (6.0 um) proposed in the literature'" for
dense WOj3 film to reach saturation of light absorption. The
average diameter of nanowire-based structures for best per-
formance is also close to 300 nm (double of the reported hole
diffusion length in the literature'') leading to efficient hole
injection. It indicates that this nanowire-based thin film with
optimal length and diameter could counterbalance the light
absorption yield and charges transport losses and, thus, maxi-
mize the IPCE results.

Figure 8A shows the IPCE plots of as-grown WO, under
front illumination and annealed WO; photoanode under front
and back illumination. All photoanodes measured for Figure 8
were assembled with the thin films prepared for 30 minutes
deposition. IPCE for as-grown WO, thin film is extremely low
compared to that for annealed WOj; thin film, because the sub-
stoichiometric WO, has many oxygen vacancies which work
as recombination sites, where photogenerated electron-hole
pairs would be recombined, leading to reduced efficiency. It is
proven that WO, is non-photoactive and all as-grown thin
films should be converted to photoactive WOj for further PEC
water splitting application. The PEC performance of annealed
thin film under back illumination was also examined in this
study and Figure 8A shows that thin film exhibits the higher
IPCE under front illumination than that obtained under back
illumination. With back illumination, the WOj5 thin film-
coated side is facing toward the CE and would facilitate the
proton generated to travel shorter distance to the CE, which
promotes water oxidation (2H,O(1)+ 4h" — 4H' + 0,(g)) at
the WOs/electrolyte interface. However, as the incident light
has to pass through FTO-coated glass (2 mm thick) to reach
WOj; thin film, some light would be partially adsorbed,
reflected and lost in the FTO-coated glass. When the WOj; thin
film-coated side faces toward the light source under front illu-
mination, light can be harvested by WO; thin film more effi-
ciently than that under back illumination, but protons
generated travel longer distances to the CE. It implies that the
impact of light absorption by FTO-coated glass is far larger
than that of the proton transport on PEC performance for back
illumination. Figure 8B shows the IPCE plots with thin films
prepared for 30 minutes deposition with respect to various
applied potentials between WE and CE electrodes. The IPCE
plot presents the similar tendency for all cases and it shifts up
with increasing the applied potential. The higher the applied
potential is, the more effective the electron-hole separation is
and, thus, the faster transport and collection of photogenerated
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Figure 8. (A) IPCE plots for as-grown (WO,) and annealed
(WOy) thin films measured under front illumina-
tion, and for annealed thin film measured under
back illumination, respectively (at an applied
potential of 1.0 V vs. SCE); (B) IPCE plots for
WO; thin films with various applied potentials
under front illumination.

All thin films for A and B were prepared for 30 min deposi-
tion and measured in 0.5 M H,SOj, solution. [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

charges could be achieved, resulting in the higher IPCE
results.

Linear scan voltammetry was performed to obtain the -V
curves in 0.5 M H,SO, solution as shown in Figure 9 with thin
films prepared for various deposition times under dark condi-
tions and under front illumination of simulated AM1.5 solar
light (100 m W cm ), respectively. Under dark conditions,
current density is close to zero for all cases. When the light is
on, the onset photocurrent begins at around 0.3 V vs. SCE. It
is worth mentioning that the small current observed below 0.3
V for both dark and light illuminated conditions is ascribed to
the electrochromic redox response of HWO3;/WO; (HWO;
— WOz + xH* -i-);(f).20 Above 0.3 V, the photocurrent
increases with the increase of applied bias voltage for all cases
due to the enhanced charge separation at more positive poten-
tial. Current density increases quickly as the applied potential
increases from 0.3 to about 1.0 V but, later, increases rela-
tively slowly as the applied potential increases from 1.0 to
about 1.8 V. Eventually it will reach saturation as the applied
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Figure 9. I-V curves of tungsten oxide thin films with
respect to different deposition times meas-
ured in dark and under front illumination of
simulated AM1.5 solar light (100 mW cm™2) in
0.5 M H,S0, solution.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

potential increases further and the maximum solar current den-
sity will depend on the semiconductor material. Still, the thin
film prepared for 30 min deposition exhibits the highest cur-
rent density compared to other thicknesses for all applied
potentials. This is consistent with the trend indicated in IPCE
plots (Figure 7). Photocurrent density increases with the
increase of thin film thickness below the critical value, light
absorption is the determinant factor. And beyond this critical
value where light absorption is saturated and charge separation
and transport in long-range distance becomes the limiting fac-
tor, photocurrent density decreases with the increase of thin
film thickness. Thus, photocurrent density of thin film pre-
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Figure 10. The photocurrent density-time (J-t) curves
of WO3; deposited for 30 min, measured
under a chopped illumination of AM1.5 G at
an interval of 10 s on/off for at an applied
potential of 1.0 V vs. SCE.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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pared for 40 min is lower for the entire range of applied poten-
tial than that for 30 min.

The photocurrent density (J)-time (#) scan of thin film pre-
pared for 30 min was performed under a chopped illumination
of AM1.5 G with an interval of 10 s on/off at an applied bias
of 1.0 V vs. SCE, the result of which is shown in Figure 10.
The abrupt occurrence and decay of the photocurrent density
during the on/off illumination sequences implies the fast con-
duction of photogenerated electrons from WO;5 to FTO. The
photocurrents in the J-f curves remain nearly constant and
match closely with the values in I-V curves at 1.0 V vs. SCE
for the same thin film thickness, indicating that the present 1-
D nanostructured WO5 thin films prepared in this study are
quite stable over many on/off cycles.

Histogram comparison of the photocurrent values in this
study with state-of-the-art nanostructured WO;3 photoanodes
taken from the literature at different applied potentials is shown
in Figure 11. Chakrapani et al.'? reported WOj; nanowires by a
CVD process and Biswas et al.'® prepared nanocrystals by a
hydrothermal method and both tested the IPCE in 0.5 M H,SO,
solution. Rao et al." prepared nanowires by a FVD method and
measured the IPCE in 0.5 M potassium phosphate electrolyte.
To make a comparison, the applied potentials reported in the lit-
erature are all converted to the values against a reversible
hydrogen electrode (RHE) according to Nernst equations?':
Erue (V) = Eagagar +1[0.059 (V) *PH] + E§ Ag/AgCl (0.194 V)
or Erpe (V) =Escgxa t10.059 (V) *PH]+ ESCE/KC]
(0.242V), at 25°C. Nanowire-based structures prepared by CVD
and FVD processes showed better performance than
nanocrystal-based photoanode. The best-performing WO;
nanowire-based structured photoanode in this study exhibits sig-
nificantly improved performance over that of flame synthesized
nanowire (Rao et al. reported) for all range of applied potentials.

Conclusions

Facile growth of WO, thin films with desirable thickness
based on vertically-aligned nanowire-structures was realized
using a FVD process incorporated with a constant tungsten
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feeding system. Nonphotoactive WO, could be converted to pho-
toactive monoclinic WO; by postannealing at 450°C for 2 h in
atmospheric condition. As deposition time increases, the length
and diameter of individual structures of thin film grows larger
and larger simultaneously. The feasible growth mechanisms of
nanowire-based structure were proposed. Nanowire-based WO;3
thin film with optimum thickness of 7.2 um was found to have
the best performance for PEC water splitting under front illumina-
tion. When below this critical value, the increase of thin film
thickness enhances light absorption and more photocurrent could
be generated. As the thickness increases further beyond the opti-
mum thickness, the photocurrent decreases because of limited
charge separation and transport in the long-range structure. The
present nanowire-based WOj5 thin film with optimum thickness
demonstrated better [PCE performance than those of nanostruc-
tured WOj3; photoanodes in previous literature. This work offers a
promising approach to prepare the 1-D nanostructured WO; thin
film with precise thickness control.
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