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ABSTRACT: We describe a composite of the n-type semiconductors
for the photoelectrochemical oxygen evolution reaction (OER). A
simple drop-casting technique of mixed precursors and a one-step
annealing process were used in the synthesis of the WO;/CuWO,
composite. The composite showed improved photocurrent for water
oxidation compared to either of the two compounds individually. We
discuss possible electron—hole separation mechanisms in two
semiconductors comprising a primary photon-absorbing semiconduc-
tor of CuWO, with a secondary semiconductor of WO;. When the
WO;/CuWO, composite is simultaneously irradiated, the photo-
generated hole from the WO; valence band transfers to CuWO,,

which results in an enhanced charge separation of CuWO,. Furthermore, the OER catalytic activity of manganese phosphate
(MnPO) was compared to manganese oxide nanoparticles (Mn,O;) by electrochemical measurements, showing that the
manganese phosphate was more efficient for the OER reaction. To investigate the effect of catalysts on semiconductors,
manganese phosphate was deposited on the WO;/CuWO, composite. The result demonstrates the promise of manganese
phosphate for improving the photocurrent as well as the stability of the WO;/CuWO, composite.

1. INTRODUCTION

Metal oxide n-type semiconductors have been extensively
studied as photoanodes for solar water oxidation because of
their chemical stability and relatively low cost.' > However,
they have limitations including poor visible light absorption,
significant electron—hole recombination, and slow surface
water oxidation kinetics.”> Various strategies such as doping,
morphology control, and adjusting the surface structure have
been developed to try to address these problems. Furthermore,
the fabrication of a composite structure of two semiconductors
has suggested the advancement of photoelectrochemical (PEC)
water splitting.”® The composite not only expands the spectral
range of light absorption but also promotes charge separation,
thus significantly enhancing the energy efficiency.”'* For
example, composite electrodes of WO,/BiVO," ™"’ have
been extensively studied as promising PEC electrodes due to
more efficient charge separation in the composite, with BiVO,
as the primary light absorber and WO; presumably acting as an
electron conductor. Although the advantages of pairing
semiconductors are now widely appreciated, the origins of
electron—hole separation are still far from being understood.
CuWOQ, is an n-type semiconductor and has been identified
as a photoanode for water oxidation.'*"® Compared to WO,,
CuWO, is more stable against photocorrosion in aqueous
solution, and this semiconductor can harvest visible light at
wavelengths of up to 540 nm (~2.3 eV bandgap) with
appropriate conduction and valence band edges.'® However,
the slow carrier mobility in the bulk and fast recombination at
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the surface contributes to the poor overall efficiency for PEC
water oxidation at CuWO,.

In this paper, we discuss the spontaneous formation of WO,/
CuWO, composite structures and possible electron—hole
separation mechanisms for the improvement of the PEC
water oxidation efliciency. The WO;/CuWO, composites
typically comprise a primary photon-absorbing semiconductor
of CuWO, with a secondary semiconductor of WO, that may
play a number of assisting roles, which are constructed to
improve the processes of electron—hole separation and charge
transport through the composite. Further, the experiments of
the OER (water oxidation) catalytic activity of a manganese
phosphate were undertaken. The composite structure with the
manganese phosphate (MnPO) electrocatalyst helps to over-
come the kinetic limitations of water oxidation at the CuWO,
surface.

2. EXPERIMENTAL SECTION

Materials. Fluorine-doped tin oxide (FTO, TEC 15, WY-GMS)-
coated glass was used as the substrate for the thin film electrodes.
(NH,)¢H,W,0,40xH,0 (>99.0%, Sigma-Aldrich), Cu(NO;),-2H,0
(99%, Sigma-Aldrich), MnCl,-2H,0 (99%, Sigma-Aldrich), and
Mn(acac), (Sigma-Aldrich) were used as received as the metal
precursor salts. In addition, D-(+)-glucose (99.5%, Sigma-Aldrich),
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benzylalcohol (99.0%, JUNSEI), HEPES (2,4-(2-hydroxyethyl)-1-
piperazinyl) ethane-sulfonic acid, Sigma-Aldrich), Na,SO,,
Na,HPO,, NaH,PO,, ethylene glycol (99.0%), acetone (99.0%), and
ethanol (99.5%) were purchased from Daejung Chemicals (Korea).
Deionized water was used as the solvent in electrochemical
experiments.

Preparation of Thin Film Electrodes. FTO substrates were first
cleaned in deionized water and ethanol and then sonicated in ethanol
for at least 1 h. A drop-casting technique was used to create the thin
film electrodes. Here 200 uL of a 20 mM precursor solution in
ethylene glycol containing either the W precursor or the mixed (Cu
and W) precursor was dropped onto the FTO substrate (~1.5 cm X 2
cm) with a drying step at 120 °C in air. To create samples of various
ratios, the precursor Cu/W ratio was varied from 1/1 (CuWO,) to 0/
2 (WO,). The prepared films were annealed at 550 °C for 3 h (with a
3 h ramp time) in air to form the metal oxide materials (WO,
CuWO,, and WO,/CuWO, composites).

Preparation of the Manganese Phosphate (MnPO) Electro-
catalyst. The manganese phosphate (MnPO) complex was prepared
by adding 0.1 M NaH,PO, in HEPES (2 mM) to a 0.1 M MnCl,
4H,0 solution at 100 °C for 3 h in air, and the resulting white reaction
mixture was cooled to room temperature. The residue was washed
with ethanol to provide white manganese phosphate.

Preparation of Mn,0;. A slurry of Mn(acac), (S0 mg) in
benzylalcohol (5.0 g) with a carbon sphere template'” (50 mg) was
heated to 180 °C under an argon atmosphere. The reaction mixture
was maintained at this temperature for 3 h, and the resulting dark-
brown reaction mixture was cooled to room temperature. The residue
was washed with ethanol to provide dark-brown MnO/carbon
powders. MnO/carbon powders were loaded in an alumina boat in
a box furnace and were annealed at 500 °C for 3 h under an
atmospheric pressure of air, which shows a phase transition of MnO to
hollow Mn,0;.

Electrochemical Characterization of Thin Film Electrodes.
Electrochemcial characterization was performed in a specially designed
cell in a three-electrode configuration with the thin film as the working
electrode, a Pt wire counter electrode, and a Ag/AgCl reference
electrode. The actual geometric area of the working electrode with a
0.28 cm® geometric area was exposed in the electrolyte (0.1 M
phosphate buffer, pH 7). The 150 W xenon lamp (ABET
Technologies) was used as the light source in the PEC character-
ization. Chopped light linear sweep voltammetry (LSV) was used to
obtain the photocurrent responses using a DY2321 potentiostat (Digi-
Ivy). The PEC measurements were performed in aqueous solutions of
0.1 M Na,SO, with a phosphate buffer (pH 7) for water oxidation. In
all tests, the intensity of the lamp on the sample was measured to be
100 mW/cm? using a Si solar cell (AIST). A 425 nm long-pass filter
was used to cut the UV portion of the spectrum and to provide only
visible light illumination. A monochromator (ORIEL) was used to
obtain action spectra of the photoresponse as a function of wavelength.

Each catalyst (MnPO and hollow Mn,0,) with Nafion solution was
drop-cast on the FTO substrate. The electrocatalyst films were used as
working electrodes with a 0.28 cm® geometric area exposed to
electrolyte solution (0.1 M phosphate buffer, pH 7). The electrode was
first cycled five times by cyclic voltammetry until a stable cyclic
voltammogram developed before measuring the linear sweep
voltammetric behavior.

Materials Characterization of Thin Film Electrodes. UV—vis
absorption spectra were acquired with a Lambda 3B spectropho-
tometer (PerkinElmer) for wavelengths from 300 to 900 nm. The thin
film electrodes were characterized by scanning electron microscopy
(SEM, Philips XL30SFEG operated at 10 and 30 kV). The X-ray
diffraction data was measured using Cu Ko radiation at 40 kV and 100
mA (Rigaku, Dmax-RB diffractometer).

3. RESULTS AND DISCUSSION

PEC at the WO5;/CuWO, Composite. To investigate the
effect of the Cu—W—0O composition, thin film electrodes were
prepared by drop casting the precursor solutions on an FTO

substrate. For the WO, (band gap: 2.7 eV), CaWO, (band gap:
2.3 eV), and WO,/CuWO, composites, the atomic ratio of the
Cu/W precursor was varied from 1/1 (CuWO,) to 0/2 (WO,)
(Scheme 1).

Scheme 1. Prepared Thin Film Electrodes with Different
Ratios of Cu and W Components
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After drop casting, the prepared films were annealed at 550
°C for 3 h in air to form thin film electrodes. Figure 1 shows
the scanning electron microscopy (SEM) image of CuWO, and
WO; with continuous morphology with small grain sizes below
200 nm. The X-ray diffraction (XRD) peaks have been indexed
to the monoclinic structure of WO; and the triclinic structure
of CuWO, (Figure 2). Typically, the ratio in between (from
0.95/1.05 to 0.05/1.95) resulted in various WO,;/CuWO,
composite structures (Scheme 1). The scanning electron
microscopy (SEM) image showed continuous morphology
with different grain sizes of the WO,;/CuWO, composite
(Figure 1c).

The composite structure of WO;/CuWO, was further
identified by SEM and energy-dispersive X-ray spectroscopy
(EDS) measurements (Figure S1 in the Supporting Informa-
tion). From the EDS mapping images, the WO; and CuWO,
sizes were estimated to be ~40 and ~100 nm, respectively. The
crystallite sizes were additionally determined by XRD using the
Debye—Scherrer equation'® and are 40 nm (WO,) and 80 nm
(CuwO,) (Figures 2 and S2), which matched the EDS images
well. Most WO; particles initially crystallize on the bottom
layer (Figure Sle).

The PEC performance of the WO; CuWO,, and WO,/
CuWO, composite (Cu/W = 0.4/1.6, sample 13 in Scheme 1)
electrodes was studied using linear sweep voltammetry (LSV)
in 0.1 M Na,SO, (pH 7, 0.1 M phosphate-buffered). The LSV
was conducted from —0.2 to +0.8 V vs Ag/AgCl at a scan rate
of 20 mV/s with chopped light under UV—visible irradiation
(Figure 3).

All three electrodes successfully generated anodic photo-
currents, which confirmed the n-type characteristics of the thin
film electrodes. The WO; and CuWO, electrodes had
approximately the same photocurrent, and the WO,;/CuWO,
composite electrode attained at least a 2-fold higher photo-
current than the CuWO, for water oxidation. To investigate the
optimized ratio of W and Cu, we created film electrodes of Cu/
W ranging from 0.95/1.0S to 0.05/1.95. Figure 4 shows the net
photocurrent at 0.6 V vs Ag/AgCl for water oxidation as a
function of W and Cu ratios under UV—visible and visible
(>42S5 nm) irradiation to illustrate how the composite affects
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Figure 1. SEM images of thin film electrodes: (a) CaWO,, (b) WO,
and (c) WO;/CuWO, composites (Cu/W = 0.4/1.6, sample 13 in
Scheme 1).

water oxidation. From the net photocurrent in Figure 4, we see
that a maximum photocurrent response occurred between 0.8/
1.2 and 0.2/1.8 ratios of Cu/W. Note that the composite shows
an enhanced photocurrent under full UV—visible irradiation,
but the visible region response is similar to that for the CaWO,,
film alone (Figure 4).

Proposed Mechanism. We observe that CuWO, has
approximately the same photocurrent for water oxidation
compared to WO, but that a composite of WO,;/CuWO,
produces a higher photocurrent for water oxidation than either
of the two compounds individually. On the basis of the SEM
image (Figure Sle), a composite structure has mostly an FTO/
WO;/CuWO, arrangement. In addition, when we make a
layered structure such as FTO/WO;/CuWO,, this shows
enhanced PEC activity (Figure S3). As suggested by the
diagrams of the two materials shown in Scheme 2, we propose
that improved electron—hole separation leads to a higher
photocurrent. This involves two effects: transfer of a hole from
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Figure 2. XRD patterns of (a) WO; and (b) CuWO, electrodes on the
FTO substrate.
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Figure 3. LSVs of WO;, CuWO,, and WO;/CuWO, electrodes in
phosphate buffer (pH 7) under UV—visible illumination. Scan rate: 20
mV/s. Light intensity: 100 mW/ cm?
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Figure 4. Photocurrent with different molar ratios between Cu and W
at an applied potential of 0.6 V versus Ag/AgCl in phosphate buffer
(pH 7). Light intensity: 100 mW/cm?
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Scheme 2. Photogenerated Electron—Hole Pathways
between Two Semiconductors (WO; and CuWO,)“
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?(1) Transfer of a hole from the valence band of WO, to that of
CuWO,. (2) Electron transfer from the conduction band of CuWO,
to that of WO,.

the valence band of WO; to that of CuWO, and electron
transfer from CuWO, to that of WO;. The latter is equivalent
to sensitization by the smaller band gap semiconductor in an
analogous way to dye sensitization of a larger band gap
semiconductor. For the elucidation of the mechanism, we
investigated the distribution of the photocurrent depending on
the wavelength when it formed into a WO;/CuWO,
composite. Chopped light with the monochromator adjusted
to obtain photocurrents at wavelengths with 10 nm intervals
was employed. The band gaps were determined from the
wavelengths for the onset of the photocurrent (Figure 5).
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Figure 5. Action spectrum of CuWO, and WO,;/CuWO, composite
electrodes at an applied potential of 0.6 V versus Ag/AgCl in
phosphate buffer (pH 7).

The WO;/CuWO, composite shows the same onset
wavelength as for CuWO, (540 nm, 2.3 eV), which indicates
the band gap of CuWO,. Typically, the WO;/CuWO,
composite shows a larger photocurrent until 490 nm compared
to CuWO, but essentially it shows the same photocurrent
above 490 nm. The onset wavelength of WO; is 490 nm
(Figure S4), suggesting an important role in the water oxidation
process. CuWO, and WO; have the same conduction band
potential, but the valence band of WO; is more positive than
that of CuWO,."”*” Because the enhanced photocurrent of the
composite is not observed above 490 nm in the action
spectrum (Figure S), we attribute the enhancement from WO,
by pathway 1 in Scheme 2. When the WO;/CuWO, composite
is simultaneously irradiated, the photogenerated hole from the

WO; valence band transfers to CuWO,, which results in an
enhanced charge separation of CuWO,. And the photo-
generated electron can freely transfer through either way
because CuWO, and WO, have the same conduction band
potential as determined by onset potentials. Photocurrent
onsets are observed at the same potential of around —0.15 V
(vs Ag/AgCl) for both WO; and CuWO, (Figure 3), which
matches well with the literature.'”*° This value can be taken to
approximate the conduction band edge of WO; and CuWO,,
The band gap can also be estimated from the onset of UV—
visible absorbance (Figure S5). From the absorbance data, the
CuWO, and the WO;/CuWO, composite samples showed
indirect transitions with band gaps of ~2.3 eV. The band gap
obtained from the absorbance agrees well with the action
spectrum data, and the onset wavelength of CuWO, is
essentially the same.

Manganese Phosphate Electrocatalyst. The photo-
current for the OER was increased even more by the addition
of a manganese phosphate electrocatalyst to the composite.
The water oxidation catalyst of photosynthesis composed of
earth-abundant elements such as Mn and Ca in the form of a
cubical CaMn,O; cluster catalyzes water oxidation under
neutral conditions with an extremely low overpotential
value.”’ The unique capabilities of the natural system have
inspired the design of Mn-based catalysts for water oxidation.””
Metal phosphate is an interesting material as a water oxidation
catalyst, which shows highly active catalytic properties under
neutral conditions.”>** However, manganese phosphate has not
been fully characterized as an electrocatalyst associated with a
photocatalyst. The manganese phosphate complex was
prepared by adding 0.1 M NaH,PO, in HEPES (2 mM)
buffer to a 0.1 M MnCl,-4H,0 solution at 100 °C for 3 h in air.
Figure 6 shows the SEM images of manganese phosphate with

Figure 6. SEM image of manganese phosphate (MnPO) nanoplates.

an aggregated thin-layer morphology with a regular thickness of
~30 nm (Figure 6, inset). The XRD patterns of the manganese
phosphate are shown in Figure S6 in the Supporting
Information. The diffraction peaks have been indexed to the
monoclinic Mng(PO;(OH)),(PO,),(H,0), (MnPO, PDF no.
86-1521).

To investigate the catalytic property of MnPO, the well-
known manganese oxide (Mn,0;) catalyst was prepared for a
comparison. Mn,0; was synthesized by a reported method
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with some modification.'” Note that the Mn,O; structure has
been known as the best water oxidation catalyst among the
manganese oxide structures (MnO, Mn;O, Mn,0; and
MnO,).”* The OER catalytic activity of the MnPO and
Mn,0O; nanoparticles drop cast on FTO were obtained by
electrochemical measurement in 0.1 M phosphate buffer (pH
7) using a three-electrode cell setup. Figure 7 shows oxidation
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Figure 7. LSVs of manganese phosphate (MnPO) and Mn,Oj5 in 0.1
M phosphate buffer (pH 7). Scan rate: 20 mV/s. The current density
area was taken as the projected area of the electrode.

currents of the MnPO and Mn,0; nanoparticles. The oxygen
evolution ability of MnPO was higher than that of pure Mn,05.
The current of the MnPO catalyst was 0.72 mA/ cm?, whereas
Mn,O; was below 0.35 mA/cm” at an overpotential of 850 mV.
Our result shows that MnPO is more efficient for water
oxidation than the manganese oxides. For the qualitative
detection of O, with the MnPO electrode, chronoamperometry
was carried out at 1.4 V vs Ag/AgCl for 30 min. Bubbles,
assumed to be O,, were observed on the surface of the MnPO
electrode (Figure S7).

The electrocatalysts associated with the semiconductor
photoelectrode can improve the PEC water oxidation. Intensive
attention is currently focused on the discovery of good
cocatalysts for PEC-OER, but the best electrocatalysts do not
always perform equally well when integrated into a PEC-OER
system.”>*® The interface between the semiconductor and the
catalyst may play a role. To investigate the effect of this catalyst
on the composite structures, MnPO and Mn,0O; electro-
catalysts were deposited on the WO;/CuWO, composite. The
PEC performance of the WO;/CuWO,/MnPO and WO,/
CuWO, composite (Cu/W = 0.8/1.2, S sample in Scheme 1)
electrodes were studied using LSV in 0.1 M Na,SO, (pH 7, 0.1
M phosphate-buffered) under UV—visible irradiation (Figure
8a). The WO,/CuWO,/MnPO composite electrode attained at
least a 1.5-fold higher photocurrent than WO;/CuWO, for
water oxidation (at +0.5 V vs Ag/AgCl). However, Mn,O; does
not show any catalytic activity on WO,;/CuWO,,.

To assess the stability of the composite electrodes over time,
chronoamperometry was carried out at 0.4 V versus Ag/AgCl
under UV—visible irradiation (Figure 8b). The first photo-
current—time profile of WO;/CuWO, was obtained over 20
min (black line in Figure 8b) and then deposited the MnPO on
this electrode to make WO;/CuWO,/MnPO for the following
experiment. The photocurrent using WO;/CuWO,/MnPO
showed high photoelectrochemical stability (red line in Figure
8b), while WO,;/CuWO, alone under the same condition
decayed rapidly, dropping by 20% over 20 min, indicating

10901

a) 0.1
& 0.04
E AR
© 014
<
E 2]
2
» 0.3 - WO,/ Cuwo,
g -WO0,/ Cuwo,/ MnPO
T 0.4 A
-
e
g 054 LA
=]
O -0 %
p
0.7 T . . T u )
0.8 0.6 0.4 0.2 0.0 0.2 0.4
Potential (V vs. Ag/AgCl)
b) 0.00{ — —
)
S -0.05
N
E .0.10 - WO,/ Cuwo,
- -WO,/ Cuwo,/ MnPO
2 -0.15
‘%
(=
@ -0.20 4
°
-
£ 025 /,..—————
1
=
S -0.304
-0.35 . T : T T 1
0 500 1000 1500 2000 2500
Time (sec)

Figure 8. (a) LSVs of WO;/CuWO, and WO,/CuWO,/MnPO
electrodes in phosphate buffer (pH 7) under UV—visible illumination.
Scan rate: 20 mV/s. Light intensity: 100 mW/cm?. (b) Current—time
response curve of the WO;/CuWO, and WO,;/CuWO,/MnPO
electrodes at an applied potential of 0.4 V versus Ag/AgCl in
phosphate buffer (pH 7).

enhanced stability by the MnPO electrocatalysts. The instability
of the WO,/CuWO, composite is attributed to the interaction
between the electrolyte (phosphate and/or sulfate) anion and
the electrode surface (WO; and CuWO,) under neutral
conditions.”””” When a phosphate solution was used, oxygen
evolution and the formation of peroxo species were the two
major photo-oxidation reactions on the WO, surface.”® The
accumulation of peroxo species on the WO; surface is known
to cause a gradual photocurrent decay. When an electrocatalyst
such as Co-Pi is used on a WOj; electrode, the formation of
surface-bound peroxo species was suppressed with improved
stability.”” Similarly, the presence of the MnPO electrocatalyst
may suppress the formation of surface-bound peroxo species,
preventing the photochemical deactivation of WO; and
CuWO,. However, it is not clear whether the presence of an
MnPO catalyst inhibits the formation of the surface peroxo
species or produces other intermediate species, so a more
quantitative analysis is necessary. The activity, however, is not
retained for a long time. The MnPO catalyst is easily detached
when O, is generated on the MnPO surface because we just
drop cast MnPO catalysts on the semiconductor. We found
similar phenomena when we used drop-casting using a well-
known OER catalyst of Co;0, nanoparticles.

MnPO is a promising cocatalyst because it does not absorb in
the visible spectrum during the PEC experiment. When the
MnPO catalyst was deposited on other semiconductors such as
BiVO, and Fe,0;, the photocurrent also showed enhanced
PEC efficiency (Figure S8). We are currently investigating the
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detailed mechanisms of MnPO on a semiconductor for a better
understanding of PEC water oxidation reactions.

A long-term stability test of the WO;/CuWO, composite
was carried under UV—visible irradiation in phosphate buffer
(pH7). Although the WO,;/CuWO, composite showed an
initial drop in photocurrent (Figure S9b), the photocurrent
stabilized at a steady-state value of 0.2 mA/cm” (Figure S9b).
The WO;/CuWO, composite is chemically stable during PEC
water oxidation. Because no other oxidation reactions are
possible in phosphate bufter, the current flow is predominantly
from the OER.

4. CONCLUSIONS

WO,;/CuWO, composites were synthesized by a simple drop-
casting technique of mixed precursors and a one-step annealing
process. We discussed the spontaneous formation of WO,/
CuWO, composite structures and possible electron—hole
separation mechanisms for the improvement of PEC water
oxidation efficiency. The WO;/CuWO, composite showed
improved photocurrent over either of the two compounds
individually. The WO;/CuWO, composite, typically compris-
ing a primary photon-absorbing semiconductor of CuWO, with
a secondary semiconductor of WOj; that may play a number of
assisting roles, is constructed to improve the processes of
charge transport through the composite. The water oxidation
catalytic activity of the manganese phosphate (MnPO)
compared to that of the manganese oxide nanoparticle
(Mn,0;) was investigated by electrochemical measurements.
The OER at manganese phosphate was higher than manganese
oxide. Furthermore, the manganese phosphate electrocatalyst
was deposited on the WO;/CuWO, composite to investigate
the effect of catalysts on the semiconductor. The result
demonstrates the promise of manganese phosphate for
improving the photocurrent as well as the stability of the
WO,;/CuWO, composite.
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