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e photoanodes with high applied
bias photon-to-current efficiency for solar
hydrogen and peroxydisulfate production†

Tomohiko Nakajima,*a Aya Hagino,a Takako Nakamura,a Tetsuo Tsuchiyaa

and Kazuhiro Sayamab

We prepared WO3 nanosponge photoanodes by nanoparticle/solution hybrid dispersion–deposition. The

WO3 nanosponge photoanodes showed a large photocurrent (3.04 mA cm�2) in 1.0 M H2SO4 electrolyte

under 1 Sun illumination. This high photocurrent arose from the robust inter-nanoparticle connections

and preservation of the nanopores in the photoanode, achieved by the addition of tungsten phenoxide

and the very fine nanoparticles obtained by wet milling. The absorbed photon-to-current efficiency

spectra showed a high maximum of 95.4% at 410 nm. The Faraday efficiency of S2O8
2� and H2 evolution

was almost 100%, and the applied bias photon-to-current efficiency for S2O8
2� and H2 was calculated to

be 2.45%, which is the highest reported value. Obtaining this kind of high-value-added product

efficiently at photoanodes in photoelectrochemical systems is important for the use of sunlight in

sustainable industrial chemistry.
Introduction

Solar hydrogen production has great potential as a sustainable
green energy source.1–6 In particular, the use of semiconductor
photoelectrodes for solar water splitting has been studied
extensively,7–11 because photoelectrochemical (PEC) systems
have the following major advantages for water splitting: (1)
easing the energy level restrictions in semiconductor photo-
electrodes by using an external bias voltage; and (2) allowing
charge separation and straightforward product collection at
separate reaction sites for oxidation (anode) and reduction
(cathode). There have been numerous reports on water splitting
in PEC systems,12–19 and TiO2 and WO3 photoelectrodes have
been widely used because of their high chemical stability.
Although pure TiO2 shows high activity under only ultraviolet
(UV) light due to its wide band gap at 3.2 eV,20–22 black TiO2, to
which hydrogen and anions (S, N, and I), or oxygen deciencies
have been introduced, has achieved an enhanced photo-
response, even under sunlight.23–25 Black TiO2 photoelectrode
systems showed an increase in the solar-to-hydrogen (STH)
efficiency of 1.5–2.0%.
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Solar hydrogen production from water is an important goal
for energy production; however, the current STH efficiency is
still not commercially feasible. The STH efficiency should stably
exceed 10–20%.26,27 Thus, we have been searching for other
applications of photoelectrodes driven by sunlight. Solar
hydrogen production in PEC systems is a cathode reaction, and
oxygen gas is obtained at the photoanodes. Oxygen gas has
a market value less than several tens of percent that of hydrogen
gas, and few studies have focused on the other products besides
oxygen at photoanodes. However, Mi et al. reported that some
products, such as peroxydisulfate (S2O8

2�) and H2O2, can be
obtained at WO3 photoanodes in aqueous electrolytes.28 Fuku
et al. obtained Ce4+, IO4

�, and H2O2 in the WO3 photoanode
system in addition to S2O8

2�.29,30 These reagents have a much
higher market value than oxygen. In this work, we focused on
the availability of these high-value-added anode products ob-
tained by PEC solar hydrogen production. For example, S2O8

2�

is important as an industrial bleaching and oxidising reagent,
and it generally has a market price more than one hundred
times that of oxygen. Therefore, peroxydisulfate evolution at the
photoanode in addition to hydrogen gas evolution at the
cathode is a possible application of sunlight. The perox-
ydisulfate ions were evolved by an anion-derived hole transfer
process in accordance with the following equation reported by
Mi et al.:28

2HSO4
� / S2O8

2� + 2H+ + 2e�,
S2O8

2�/HSO4
� ¼ +2.12 V vs. RHE (1)
J. Mater. Chem. A, 2016, 4, 17809–17818 | 17809
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The present highest applied bias photon-to-current effi-
ciency for S2O8

2� and H2 (ABPES2O8
2�) is 2.2% in WO3 photo-

anodes.29 WO3 photoanodes have a narrower band gap
(2.6–2.8 eV) than TiO2 and are highly stable under acidic
conditions. In addition, they have a deep valence band
potential at +3.0 eV; thus, WO3 photoanodes are suitable for
obtaining various oxidants under sunlight. However, the re-
ported value of the photocurrent in the WO3 photoanodes
(single junction) for water splitting15,31,32 generally remains
1.0–2.5 mA cm�2 under simulated sunlight (AM1.5G), which
is far below the theoretical limit33 of the photocurrent of
other semiconductor photoanodes. Therefore, the fabrication
process for WO3 photoanodes must be improved to realize the
potential of the material. We refocused on effective nano-
structures for maximizing PEC properties in the WO3. The
excited electron/hole transporting property is one of the most
important key factors for enhancing PEC reactions. While
there are many reports on a fabrication process for inter-
particle necking to enhance transporting properties in TiO2

photoelectrodes,34,35 it has been rarely studied in the WO3. In
this study, we have developed a new WO3 nanoparticle/solu-
tion (NPS) hybrid dispersion–deposition process to make
rigid inter-particle connections in the WO3 nanostructure.
The obtained WO3 nanosponge photoanodes prepared by
using this fabrication process showed very high photocurrent
and a maximum ABPES2O8

2� of 2.45%.
Experimental procedure
Preparation and characterisation of WO3 nanosponge layers

AWO3 nanoparticle dispersion was prepared by wet-ball milling
of WO3 nanocrystal powders (EM Japan) in isopropanol (IPA)
with a tilted rotation planetary ball mill (Planet M, Nagao
System) using zirconia balls at 650 rpm with or without
a toluene solution of tungsten phenoxide (Gelest) as a source of
W ions in the dispersion ink. The dispersion containing WO3

nanocrystals and W ion solution is called WO3 NPS hybrid
dispersion ink. Polyethylene glycol (PEG; molecular weight: 300,
Wako Pure Chemical) was added to the WO3 dispersion ink in
a 1 : 1 volume ratio. The WO3 dispersion ink with PEG was spin-
coated at 2000 rpm for 10 s onto F-doped SnO2 (FTO) glass
substrates. The lms were preheated at 500 �C for 5 min. The
coating and preheating were repeated several times to increase
the lm thickness, and then the preheated lms were red at
550 �C for 30 min in air. The preparation conditions and lm
thickness of representative photoanodes are shown in Table 1.
The phase purity and crystallinity of the WO3 thin lms on the
FTO substrates were determined by X-ray diffraction (XRD;
Table 1 Preparation conditions and thickness of representative photoan

Sample Thickness/mm Dispersion WO3 nan

W1 7.3(4) D1 10
W2 7.3(2) D2 23
W3 7.4(5) D3 23

17810 | J. Mater. Chem. A, 2016, 4, 17809–17818
SmartLab, Rigaku). The distribution of particle size (d) for the
WO3 dispersion was checked with a particle size analyser
(ELSZ-1000, Otsuka Electronics). The surface morphology and
cross-sectional structure were determined by eld emission
scanning electron microscopy (FESEM; SU9000, Hitachi). The
optical absorbance spectra and light harvesting efficiency (LHE)
of the WO3 lms were evaluated by using a UV-visible spec-
trometer (UV-3150, Shimadzu) equipped with an integrating
sphere (MPC-3100, Shimadzu). X-ray photoemission spectros-
copy (XPS) was carried out with an Al Ka source.
PEC performance evaluation

Linear sweep voltammetry for solar water splitting photocurrent
measurements was performed under 100 mW cm�2 AM 1.5G
simulated sunlight (1 Sun) from a 150 W Xe lamp (XES-40S2-CE,
San-Ei Electric), in 1.0 M H2SO4 (pH ¼ 0.0) at 0.4–2.0 V vs.
a reversible hydrogen electrode (VRHE) in a three-electrode elec-
trochemical cell equipped with a quartz glass window. The 1 Sun
simulated sunlight was calibrated by using a spectroradiometer
(Fig. S1;† SOMA Optics). An Ag/AgCl reference electrode in satu-
rated KCl solution and a Pt wire counter electrode were used, and
the scan rate was 5 mV s�1. The measured potential vs. Ag/AgCl
(VAg/AgCl) in the three-electrode system was converted to VRHE

according to VRHE¼ VAg/AgCl + 0.059pH + V0Ag/AgCl, where V
0
Ag/AgCl¼

0.1976 at 25 �C. Mott–Schottky plots were obtained by using
a potentiostat (Autolab PGSTAT204, Metrohm) equipped with an
impedance analyser (Autolab FRA32M, Metrohm) in 1 M H2SO4.
The excitation voltage and frequency were 10 mV and 1 kHz,
respectively. Intensity modulated photocurrent spectroscopy
(IMPS) was performed with a potentiostat (PGSTAT204, Met-
rohm), an impedance analyser (FRA32M, Metrohm), and a light-
emitting diode (LED) driver kit (Metrohm) that drove a 365 nm
power UV LED (NCSU033B, Hamamatsu Photonics). The LED
intensity was modulated by 10% in the range of 100 kHz–0.1 Hz.
Incident photon-to-current conversion efficiency (IPCE) was
evaluated by using the three-electrode setup with the equation
IPCE ¼ 1240J/lI, where l is the incident light wavelength (nm),
and I is the intensity of the light source at each wavelength (mW
cm�2). The absorbed photon-to-current efficiency (APCE) was
calculated by APCE ¼ IPCE/LHE. The bias voltage was 1.50VRHE.
The monochromatic light was generated by a Xe lamp with
a monochromator (SPG-120S-REV, Shimadzu). The ABPES2O8

2� of
the WO3 photoanodes was measured by using a two-electrode
conguration cell with a Pt wire counter electrode and an ion-
exchange membrane (Naon). ABPES2O8

2� values were estimated
by ABPES2O8

2� ¼ J(2.12 � ECE)h(S2O8
2�)/IAM1.5, where J is the

photocurrent density (mA cm�2), ECE is the applied bias voltage
odes

oparticle/wt% W phenoxide/mM Milling time/min

0.0 15
0.0 360
5.0 360

This journal is © The Royal Society of Chemistry 2016
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vs. the counter electrode, h(S2O8
2�) is the Faraday efficiency of

S2O8
2�production, and IAM1.5 is the irradiance of AM 1.5 simu-

lated sunlight at 100 mW cm�2. The production of S2O8
2� was

evaluated by colorimetry by using UV-VIS spectroscopy at 310 nm
aer the reaction with FeSO4 solution (ESI†). The evolved H2 gas
was detected by using a thermal conductivity detector gas chro-
matograph (GC-8AIT, Shimadzu).
Fig. 2 (a) Photographs of the (O) WO3 nanoparticle dispersion used
for photoanode W2 and centrifuged/filtered dispersions A, B and C.
The original sources of A, B and C were as follows: (A) original WO3

nanoparticle dispersion in IPA (WO3 nanoparticles were stirred vigor-
ously in IPA), (B) dispersion W1 and (C) dispersion W2. The filtering of
the centrifuged supernatant liquid was carried out by using 100 nm
pore filters. (b) Particle diameter (d) distribution for the dispersion O
and C.
Results and discussion
Preparation and structural/optical properties of WO3

nanosponge photoanodes

Fig. 1 shows the WO3 nanoparticle morphology of the original
and wet-ball milled samples (360 min). The original WO3

nanoparticle diameter (d) was 20–200 nm (Fig. 1a), and
included big nanoparticles with d z 100–200 nm and small
nanoparticles with d z 20–50 nm. The original nanoparticles
were wet-ball milled into smaller particles with a diameter of
5–150 nm (Fig. 1b), and the bimodal size distribution remained,
with big nanoparticles with d z 100–150 nm and very small
granular nanoparticles with d z 5–20 nm.

Fig. 2a shows photographs of the WO3 nanoparticle disper-
sions. Dispersion D2, used to fabricate photoanode W2, was
beige, and the dispersed nanoparticle size was evaluated by
using a particle size analyzer to be mainly 264.1 nm in the range
of 250–400 nm (Fig. 2b). This value indicates that the nano-
particles aggregated and were detected as secondary particles.
We examined the effect of milling by preparing dispersions A, B,
and C. Dispersion A was obtained by centrifuging and ltering
(100 nm pore size) the original WO3 nanoparticle dispersion in
IPA (WO3 nanoparticles were stirred vigorously in IPA).
Dispersion B was obtained by centrifuging and ltering (100 nm
pore size) dispersion D1, used to fabricate photoanode W1.
Dispersion C was obtained by centrifuging and ltering (100 nm
pore size) dispersion D2, used to fabricate photoanode W2.
Dispersions A and B were completely transparent; however,
a light suspension was visible in dispersion C. Under green laser
irradiation, this colloidal suspension exhibited Tyndall scat-
tering (Fig. 2a) that originated from very ne, highly mono-
disperse WO3 nanoparticles with d ¼ 3.3 nm, which
corresponds to 4–5 unit cells of WO3 (Fig. 2b). This means that
wet-ball milling for 360 min produced very ne nanoparticles in
the dispersion, whereas milling for 15 min did not. In the D3
dispersion (the WO3 NPS hybrid dispersion) for the W3, the
Fig. 1 FESEM images of nanoparticle morphology of WO3 nano-
particles (a) before and (b) after wet-ball milling for 360 min.

This journal is © The Royal Society of Chemistry 2016
solvated W ions from tungsten phenoxide were added to the
WO3 nanoparticle dispersion for D2 that contained very ne
nanoparticles as seen in dispersion C.

The crystallinity and structure of photoanodes W1, W2, and
W3, and the original WO3 nanoparticles were analyzed by XRD
(Fig. 3). The XRD pattern of the original WO3 nanoparticles was
from a pure g-phase of WO3 with a monoclinic P21/c space
group. The diffraction peaks were tted without a specic crystal
orientation by the Rietveld method by using RIETAN-FP,36 and
the unit cell parameters were rened as a ¼ 7.3204(5) Å, b ¼
7.5301(5) Å, c ¼ 7.6917(5) Å, and b ¼ 90.67(1)�, which were
almost consistent with the reported values (JCPDS 20-1324 (ref.
37)). Photoanodes W1, W2, and W3 crystallised at 550 �C in the
pure g-phase of WO3. Photoanode W3 showed preferential
(001)-orientation growth, whereas photoanodes W1 and W2
exhibited almost no specic orientation.

Fig. 4 shows the FESEM for photoanodes W1, W2, and W3 at
the WO3 lm surface and the interface between the WO3 and
FTO substrate. All the photoanodes had a granular morphology
and 5–100 nm nanopores between the nanoparticles. Faceted-
grown plate-like nanoparticles grew on the top surface of W3
(Fig. 4e), although the plate-like particles did not have a specic
orientation in the lms, as observed in the cross-sectional view
(Fig. 4f). In contrast, no faceted-grown nanoparticles were
observed in photoanodes W1 and W2, and they were more
spherical (Fig. 4a–d). The preferential (001)-orientation growth
observed in the XRD pattern of photoanode W3 originated from
these faceted-grown (001)-face up plate-like nanoparticles on
J. Mater. Chem. A, 2016, 4, 17809–17818 | 17811
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Fig. 4 FESEM images of the top surface of the WO3 film and interface
at the FTO glass substrate of the (a and b) W1, (c and d) W2 and (e and f)
W3 films.

Fig. 5 Cross-sectional view of FESEM for photoanode W3. (a) Broad
overview and (b) enlarged view of WO3 nanoparticles. The white
arrows indicate the grain boundaries of WO3 nanoparticles.

Fig. 3 XRD patterns of photoanodes W1, W2, and W3, and the original
WO3 nanoparticles. The diffraction pattern of the WO3 nanoparticles
was fitted by the Rietveld method. The vertical marks indicate the
positions calculated for the Bragg reflections for g-WO3.
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the surface. Therefore, there was an additional driving force for
the crystal growth in photoanode W3. TheW ions introduced by
adding tungsten phenoxide to the WO3 NPS hybrid dispersion
ink spread effectively on the nanoparticles during ring, and
17812 | J. Mater. Chem. A, 2016, 4, 17809–17818
acted as an accelerator for crystal surface reconstruction,
leading to the faceted growth. Another effect of tungsten
phenoxide addition appeared at the interface between the WO3

lm and FTO glass substrate. In photoanode W3, very ne WO3

nanoparticles covered the FTO glass surface, which was due to
crystal nucleation from tungsten phenoxide solution. However,
the interfaces had hollows with a size of approximately 100 nm
in places in photoanodes W1 and W2. The high coverage of the
top surface of the FTO bottom electrode facilitated effective
excited electron transfer from the WO3 layer.

The cross-sectional FESEM image of the whole of photo-
anode W3, including the FTO bottom electrode, is shown in
Fig. 5a. The WO3 lm thickness was 7.4 mm with large numbers
of nanopores (Fig. 4f and 5b), and the morphology was like
a nanosponge. Microscopically the nanosponge consisted of
large plate-like nanoparticles with an average size of 117 nm,
and small granular nanoparticles with an average size of 23 nm
(Fig. 5b). The large plate-like nanoparticles were bound by the
small nanoparticles, and each particle had strong connections
with distinct crystal grain boundaries. Thus, photoanode W3
exhibited the good crystallinity of WO3 and nely connected
nanoparticle networks with large numbers of nanopores. These
features are desirable for excited electron/hole transfer.

Fig. 6 shows Tauc plots for photoanodes W1, W2, and W3,
and original WO3 nanoparticles that were evaluated from the
transparency spectra obtained by using an integrating sphere.
The band gap energy (Eg) of the source nanoparticles of 2.61 eV
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Tauc plots for (a) WO3 nanoparticles, (b) W1, (c) W2, and (d) W3.

Fig. 7 (a) Absorption spectra of photoanodes W1, W2, and W3
collected with and without the integrating sphere. (b) Photographic
images of W1, W2, and W3 photoanodes (top panel), and transmitted
white light (AM1.5G) from the photoanodes through the photomask
(bottom panel, TLS: transmitted simulated sunlight).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:2

0:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was narrow compared with the literature value of WO3 of 2.8 eV,
indicating that there were defects in the crystal lattice of the
nanoparticles. Photoanode W1 was fabricated from nano-
particle dispersion D1 that was subjected to short wet-ball
milling (15 min), and ring at 550 �C recovered these defects to
some extent. However, the nely crushed nanoparticles ob-
tained by long wet-ball milling (360 min) that were used to
fabricate photoanodes W2 and W3 retained slight surface
defects owing to the large surface area of the very small diam-
eter particles. Moreover, photoanode W3 contained small
nanoparticles that originated from the pyrolysis and crystal-
lisation of tungsten phenoxide. This increased the amount of
very small nanoparticles, leading to a slight red shi in the
absorption edge. The surface oxygen deciency varied slightly
between photoanode W1 and photoanodes W2 and W3. The
reducedW5+ state was not detected by XPS by strongW6+ signals
(Fig. S2†).38 This means that there should be fewer oxygen
defects than in photoanodes treated in reducing atmospheres.39

Fig. 7a shows the absorbance spectra of photoanodes W1,
W2, and W3 collected with and without the integrating sphere.
The optical band edges of each photoanode corresponded to the
results of the Tauc plots (Fig. 6). However, a big difference was
observed between the absorbance spectra of photoanode W1
and photoanodes W2 and W3 measured with and without the
integrating sphere at wavelengths longer than 500 nm. In
photoanode W1, a large pseudo-absorption was observed that
arose from the incident light diffusion of the WO3 layer above
500 nm. However, the absorption above 500 nm in photoanodes
W2 and W3 was much smaller than that of photoanode W1
owing to the small light diffusion of the WO3 layers. Photo-
anode W1 was light yellow compared with photoanodes W2 and
W3 due to light diffusion (Fig. 7b). The incident white light
(AM1.5G) was changed to red-orange by the relatively large
transmission above 500 nm in photoanodes W2 and W3. The
This journal is © The Royal Society of Chemistry 2016
small light diffusion indicates that there were robust intercon-
nections at the grain boundaries of the nanoparticles. Although
the addition of tungsten phenoxide would affect the inter-
nanoparticle bonding, the very small nanoparticles produced by
the long wet-milling time of WO3 nanoparticles (Fig. 2) would
also play an important role by lowering the crystal growth
temperature. The very small particles can reduce the melting
temperature, as described by40

DT ¼ 2glsTm

rsDHfr
(2)

where DT is the melting point depression, gls is the solid–liquid
interface energy, Tm is the bulk melting point, rs is the density of
the solid,DHf is the bulk heat of fusion, and r is the particle radius.
Hence, DT of the small nanoparticles (d z 3.3 nm) was 30 to 45
times higher than that of large nanoparticles (d z 100–150 nm)
according to this equation. It is unclear whether the small nano-
particles actually melted at 550 �C. However, the reactivity for
liquid–solid or solid–solid sintering is increased by very small
nanoparticles between the large nanoparticles in addition to the
new nucleation and crystal growth by tungsten ions around the
nanoparticles derived from the tungsten phenoxide solution
(Fig. 8). Thus, we prepared WO3 nanosponge layers with sufficient
inter-nanoparticle bonding and many nanopores.
PEC properties of WO3 nanosponge photoanodes for
hydrogen and peroxydisulfate evolution under simulated
sunlight

To evaluate the preparation conditions for optimising the PEC
properties, we rst examined the photocurrent density (J) of the
J. Mater. Chem. A, 2016, 4, 17809–17818 | 17813
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Fig. 8 Schematic illustration of crystal growth of W3 by NPS hybrid
dispersion ink.
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ca. 2 mm-thick WO3 nanosponge photoanodes in aqueous 1 M
H2SO4 solution under 1 Sun simulated sunlight from the front
of the photoanodes at 1.5VRHE. Fig. 9 shows the dependence of J
on the concentration of tungsten phenoxide in the WO3 NPS
Fig. 9 cw, tmill, and cp dependences of J for WO3 nanosponge pho-
toanodes ca. 2 mm thick in aqueous 1 M H2SO4 solution under 1 Sun
simulated sunlight from the front of the photoanodes at 1.5VRHE.

17814 | J. Mater. Chem. A, 2016, 4, 17809–17818
hybrid dispersions (cw), the wet-milling time (tmill), and the
concentration of WO3 nanoparticles in the dispersions (cp). cw
reached a maximum at 5 mM, and then J decreased with
increasing concentration. This indicates that adding tungsten
phenoxide improved the crystal quality of WO3 nanosponges
(Fig. 4f and 5). Excess tungsten phenoxide addition could
reduce the surface area by lling the nanopores. We measured
tmill up to 360 min, and a long tmill increased J because of the
production of very ne nanoparticles that improved the inter-
nanoparticle bonding. cp affected the coating process. A high
particle concentration was unsuitable for obtaining a homoge-
neous coating, and the optimum cp was 10–25%. Thus, we
concluded that the optimum conditions for a WO3 nanosponge
with high J were cw ¼ 5 mM, tmill ¼ 360 min, and cp ¼ 23 wt%
(dispersion D3 in Table 1).

Fig. 10 shows the lm thickness dependence of J under 1 Sun
simulated sunlight from the front and back of the photoanodes
at 1.5VRHE for the WO3 nanosponge photoanodes W1 and W3
prepared with dispersions D1 and D3, respectively (Table 1). For
photoanodeW1 prepared with dispersion D1, Jmeasured under
back illumination had a maximum (Jmax) of 1.58 mA cm�2 at
4.8 mm (Fig. 10a). Under front illumination, J was saturated up
to 6–8 mm, and Jmax was 1.22 mA cm�2 at 5.8 mm. For WO3

nanosponge photoanode W3 prepared by using dispersion D3,
Fig. 10 Thickness dependence of J at 1.5VRHE in 1 MH2SO4 electrolyte
for theWO3 films prepared from nanoparticle dispersions (a) D1 and (b)
D3. The front and back of theWO3 photoanodes were illuminated with
incident light.

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 (a) J–V curves under chopped simulated sunlight at 1 Sun in 1
M H2SO4 electrolyte from the front of the W1, W2, and W3 photo-
anodes. (b) LSV curves of the W3 photoanode illuminated with exci-
tation light from the front and back.
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which was obtained by a long wet-milling time with tungsten
phenoxide, J was markedly enhanced. Under front illumination,
J was saturated up to 7 mm, and Jmax was 2.28 mA cm�2 (average
of 10 samples) at 7.4 mm (87% higher than Jmax for photoanode
W1). The J under the front illumination did not decrease below
15 mm; however, it will start decreasing at thicker thickness
because of the limit of excitation penetration depth and long
transporting distance of excited electrons. Under back illumi-
nation, J reached a maximum at 6–8 mm, and a Jmax of 3.01 mA
cm�2 was high (average of 10 samples) at 7.4 mm (91% higher
than Jmax for W1). Back illumination produces a high photo-
current because the photoexcited electrons can be transferred
smoothly to the FTO bottom electrode.41,42 The thickness
dependence of J should be determined mainly by a competition
between the light absorption and excited electron/hole transfer.
The photoresponse of WO3 nanosponges prepared by the D3
NPS hybrid dispersion showed a slight anodic shi with the
increasing lm thickness, and the thick WO3 photoanode
(14.4 mm) exhibited a gradual increase of the J–V curve (Fig. S3†).
This indicated that too high photocarrier density near the
bottom electrode due to the large lm thickness could cause
sluggish transport of excited electrons, resulting in the
appearance of Jmax in the thickness dependence of J. Never-
theless, Jmax in the photoanode W3 prepared from dispersion
D3 appeared thicker than photoanode W1 prepared from
dispersion D1, suggesting that the WO3 layer prepared from
dispersion D3 effectively collected photoexcited electrons further
from the bottom electrode. This arose from the good inter-
particle connections that allowed photocarrier transportation.

The J–V curves under chopped simulated sunlight at 1 Sun
from the front of photoanodes W1, W2, and W3 were plotted
(Fig. 11a). The onset potential of each photoanode was very
similar at around 0.49VRHE, and the J–V curves were saturated at
around 1.1–1.2VRHE. The J of W3 at 1.2VRHE was 2.25 mA cm�2,
which was 60% and 13% higher than that of W1 and W2,
respectively. Fig. 11b shows the J–V curves of the W3 under
excitation from the front and back illumination. Although the
onset potential under back illumination showed an anodic shi
to 0.63VRHE, J increased markedly to 3.04 mA cm�2 at 1.50VRHE.
This value is very high for a single junction photoanode, and
reaches approximately half the theoretical limit of J under AM
1.5G illumination for the stoichiometric WO3 with a band gap of
2.8 eV. The reported photocurrent densities of WO3 photo-
anodes by using H2SO4 electrolyte are summarized in Table 2.

The photocurrent was maintained at ca. 85% aer 60 min,
and it was recovered to the original photocurrent value by
washing the photoanode (Fig. S4†). It could be mainly due to
accumulation of the products in the inner photoanode nano-
structure. The nanostructure of W3, e.g., faceted nanocrystals
and pore size, was unchanged before/aer the reaction under 1
Sun illumination at 1.5VRHE for 120 min (Fig. S5†); therefore,
the obtained photoanodes would have sufficient stability for the
use of this PEC reaction.

We performedMott–Schottky and IMPS analyses of the effect
of the physical properties of the photoanodes on the PEC
performance. The Mott–Schottky plots for photoanodes W1,
W2, and W3 exhibited n-type characteristics with a positive
This journal is © The Royal Society of Chemistry 2016
slope (Fig. 12), indicating that electrons were the main carrier,
as in n-type semiconductors. The curves were tted by

1/C2 ¼ (2e0303Nd)(E � EFB � kT/e0) (3)

where C is the space charge capacitance, e0 is the electron
charge, 30 is the vacuum permittivity, 3 is the dielectric constant
of WO3 (¼ 20),38 Nd is the donor density, k is the Boltzmann
constant, T is the temperature, and E and EFB are the applied
and at band potentials, respectively. The Nd of photoanodes
W2 and W3 was 2.44 � 1021 and 3.06 � 1021 cm�3, respectively
(Table 3). These values were 30–40 times higher than that of
photoanode W1. The high carrier density observed in photo-
anodes W2 and W3 could be due to the partial oxygen de-
ciency51 at the WO3 nanoparticle surface, as indirectly observed
in the red shi of the optical absorption edges for photoanodes
W2 and W3 (Fig. 6 and 7).

The electron transport in the photoanodes was evaluated by
IMPS. Fig. 13a and b show the IMPS spectra of photoanodes W1,
W2, andW3 under front and back illumination with UV LEDs at
365 nm. The photoexcited electron transport time (se) is evalu-
ated by an imaginary minimum (fmin) of the semicircles and is
expressed as

se ¼ 1/2pfmin (4)
J. Mater. Chem. A, 2016, 4, 17809–17818 | 17815
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Table 2 Preparation conditions, nanostructure and PEC properties of WO3 photoanodes in H2SO4 electrolyte

Preparation method Nanostructure morphologya Conc.b Light source J/mA cm�2 Ref.

Chemical vapor deposition Nanowire 0.5M AM1.5Gc 1.2 (1.2 V vs. SCE) 43
Hydrothermal Spherical nanoparticles (d ¼ 60 nm) 0.5M AM1.5Gc 0.6 (1.2 V vs. NHE) 44
Hydrothermal Nanobar building blocks (d ¼ 60 nm) 0.5M AM1.5Gc 1.87 (1.6 V vs. Ag/AgCl) 45
Pulsed laser deposition Nanotree 1M AM1.5Gc 1.85 (0.8 V vs. RHE) 46
Plasma-assisted deposition Nanolament (d ¼ 100–200 nm) 3M AM1.5Gc 1.0 (1.7 V vs. RHE) 47
Electrodeposition Thin lm (t ¼ 300 nm) 1M AM1.5Gc 1.3 (1.4 V vs. NHE) 28
Chemical solution deposition Spherical nanoparticles (d ¼ 50–100 nm) 1M AM1.5Gc 2.6 (1.5 V vs. RHE) 29
NPS hybrid dispersion deposition Plate-like nanoparticles (d ¼ 20–120 nm) 1M AM1.5Gc 3.04 (1.5 V vs. RHE) This work
Chemical solution deposition Droplet-like particles (d ¼ 200–300 nm) 1M 86 mW cm�2 1.4 (1.2 V vs. SCE) 48
Chemical solution deposition Nanoparticles (d ¼ 40 nm) 1M 140 mW cm�2 1.6 (1.4 V vs. SCE) 42
Anodization Worm-like structure 1M 150 mW cm�2 3.5 (1.5 V vs. SCE) 49
Anodization Nanoporous (d ¼ 70–90 nm) 0.5M 100 mW cm�2 3.45 (1.6 V vs. Ag/AgCl) 50

a d and t represent the particle size and lm thickness, respectively. b Concentration of H2SO4 electrolyte.
c AM 1.5G: 100 mW cm�2.

Fig. 12 Mott–Schottky plots of photoanodes W1, W2, and W3 at
a frequency of 1.0 kHz in 1 M H2SO4 electrolyte.

Table 3 Calculated Nd, EFB, and se for photoanodes W1, W2, and W3

Sample Nd/cm
�3 EFB/VAg/AgCl

se
(front)/ms

se
(back)/ms

W1 7.32 � 1019 0.48 7.11 0.63
W2 2.44 � 1021 0.57 7.98 1.79
W3 3.06 � 1021 0.67 8.95 5.65

Fig. 13 IMPS responses of photoanodes W1, W2, and W3 biased at
1.5VRHE in 1 M H2SO4 electrolyte under (a) front and (b) back illumi-
nation with the UV LED (365 nm). The LED was driven as a modulated
light source with a DC intensity of 25mWcm�2 and superimposed 10%
AC intensity. (c) Photoexcited electron transport time se for photo-
anodes W1, W2, and W3 under front and back illumination.
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The calculated se values of photoanodes W1, W2, and W3
under front illumination were 7.11, 7.98, and 8.95 ms, respec-
tively (Fig. 13c and Table 3). Back illumination made a large
difference in se of 0.63, 1.79, and 5.65 ms for photoanodes W1,
W2, and W3, respectively (Fig. 13c and Table 3). Because of the
short wavelength LED (365 nm) illumination, the penetration
depth of excitation light was shallow, and the effect on transport
time to the bottom electrode was maximised. The much longer
transport time in photoanode W3 than in photoanodes W1 and
W2 reected the ease of charge transport from the regions
further from the bottom electrode, suggesting that the good
inter-nanoparticle connections played an important role in
17816 | J. Mater. Chem. A, 2016, 4, 17809–17818 This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta07997k


Fig. 15 Time dependence of Faraday efficiency and generated
amounts of (a) S2O8

2� (anode) and (b) H2 (cathode). The reaction was
carried out under 1 Sun simulated sunlight illumination from the back
of the W3 photoanode with a steady photocurrent at 0.2 mA. (c)
ABPES2O8

2� calculated for the evolution of S2O8
2� and H2 in 1.0 M

H2SO4 solution under simulated sunlight illumination from the front
and back of photoanode W3.
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increasing carrier transport. Based on the Mott–Schottky and
IMPS analyses, photoanode W3 had a high carrier density and
much better carrier transport, which affect the increase in
photocurrent.

To evaluate the wavelength dependence of the PEC reaction
in photoanode W3 in 1 M H2SO4 electrolyte, we measured the
IPCE and APCE spectra (Fig. 14). As the wavelength of light
decreased, the back illumination APCE spectra increased below
480 nm, and reached a high maximum of about 95.4% at
410 nm. This means that almost all the absorbed light was used
for the PEC reaction around this wavelength. The APCE values
were about 30% higher for back illumination than for front
illumination, and it was almost independent of the wavelength.
The IPCE values for back and front illumination were about
40% less than the APCE values. This arose from the light
reection of the WO3 nanosponge photoanodes (Fig. S6†), and
was linked to the decrease in J from the theoretical limit in
photoanode W3. Therefore, the light harvesting properties in
this system will be important for decreasing the gap between
the current value and the theoretical limit.

We conrmed the generation efficiency of S2O8
2� at the W3

photoanode and H2 gas at the Pt cathode in 1 M H2SO4 elec-
trolyte. The simulated sunlight was illuminated from the back
of the photoanode. The Faraday efficiency of h(S2O8

2�) and
h(H2) was calculated by h(S2O8

2�/H2) ¼ (generated amount of
S2O8

2�(H2)/theoretical amount of S2O8
2�(H2)) � 100. Both

S2O8
2� and H2 were stably generated under excitation light

illumination, and stoichiometric evolution of S2O8
2� and H2

was conrmed as Faraday efficiencies of almost 100% (Fig. 15a
and b). These results were consistent with previous reports.28,29

Finally, we measured the J–V curves with a two-electrode
setup in 1.0 M H2SO4 electrolyte under 1 Sun illumination
from the front and back of photoanode W3. Fig. 15c shows the
calculated ABPES2O8

2�, and the maximum values for the back
illumination of 2.45% at 1.26VCE and 1.92% at 1.03VCE,
Fig. 14 IPCE and APCE spectra of photoanodes W1, W2, and W3 as
a function of the excitation wavelength at 1.50VRHE under front and
back illumination. The inset shows the relative APCE under back illu-
mination compared with front illumination.

This journal is © The Royal Society of Chemistry 2016
respectively, were remarkably high. The 2.45% ABPES2O8
2� is

the highest efficiency reported for the production of S2O8
2�

and H2.
Conclusions

We prepared WO3 nanosponge photoanodes by NPS hybrid
dispersion–deposition, and the WO3 nanosponge photoanodes
showed a large photocurrent (3.04 mA cm�2) at 1.50VRHE in 1.0
M H2SO4 electrolyte under 1 Sun back illumination of the
photoanodes. This high photocurrent was obtained mainly
because of the robust inter-nanoparticle connections and the
preservation of the nanopores. The connections were produced
by adding tungsten phenoxide and using very ne nano-
particles that were obtained by wet-milling. The APCE spectra
showed a high maximum of about 95.4% at 410 nm. The PEC
reaction of this system was conrmed as a stoichiometric
reaction for S2O8

2� and H2 evolution, and ABPES2O8
2� was

calculated to be 2.45% at 1.26VCE for the back illumination,
which is the highest reported value. Obtaining this kind of
high-value-added product at the photoanodes in PEC systems
will be crucial for the sustainable industrial chemistry using
sunlight.
J. Mater. Chem. A, 2016, 4, 17809–17818 | 17817
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