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ABSTRACT We developed a postgrowth modification method of two-dimensional WO;
nanoflakes by a simultaneous solution etching and reducing process in a weakly acidic condition.

The obtained dual etched and reduced WO; nanoflakes have a much rougher surface, in which

oxygen vacancies are created during the simultaneous etching/reducing process for optimized
photoelectrochemical performance. The obtained photoanodes show an enhanced photocurrent
density of ~1.10 mA/cm? at 1.0V vs Ag/AgCl (~1.23 V vs reversible hydrogen electrode), compared
to 0.62 mA/cm” of pristine WO; nanoflakes. The electrochemical impedance spectroscopy mea-
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surement and the density functional theory calculation demonstrate that this improved performance of dual etched and reduced WO; nanoflakes is

attributed to the increase of charge carrier density as a result of the synergetic effect of etching and reducing.
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anostructured semiconductor tran-
Nsition metal oxide materials, such

as TiO,'* Fe,05% % and WO0;,®
have been among the research foci for
solar-energy-driven photoelectrochemical
(PEC) conversion. Central to the success of
this field includes the rational design/
synthesis of semiconductor photoelectrodes
with sufficient light absorption, efficient
charge separation, and fast transport. "
WOs is regarded as an attractive candidate
for a photoanode, as it exhibits approxi-
mately 12% of solar spectrum absorption
(Eq=2.5—2.8 eV), a moderate hole diffusion
length (~150 nm) compared with o-Fe,;03
(2—4 nm), and inherently good electron
transport properties (~12 cm? V' s7)
compared with TiO, (0.3 cm? V™' s7").'2
Nonetheless, WOs still suffers from its slug-
gish kinetics of holes, slow charge transfer
at the semiconductor/electrolyte interface,
and rapid electron—hole recombination.’?
Substantial efforts have been focused on
improving the photocatalytic activity of
WO, including selective doping of semi-
conductors,'® construction of hybrid struc-
tures,®'* and synthesis of nanostructured
WOs, such as nanowires,”® nanoflakes,'®
nanobowls,'” and nanoparticles.'® In parti-
cular, the material morphology control by
chemical etching has been demonstrated as
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a promising means to increase surface area,
leading to faster charge transfer and lower
overpotential for oxygen and hydrogen evo-
lution."® For instance, a hydrothermal chem-
ical method with simultaneous etching/
regrowing/doping for post-treatment of
TiO, nanowires was reported recently.'®
The obtained W-doped TiO, core—shell na-
nowires with an amorphous shell have a
much improved photoactivity. Pan et al. re-
ported a large-scale synthesis of urchin-like
mesoporous TiO, hollow spheres by tar-
geted etching, with enhanced PEC proper-
ties.2° The effect of chemical etching has also
been demonstrated on other materials such
as GaN?' and Cu0.*?

On the other hand, oxygen vacancies
serve as shallow donors for metal oxides
such as TiO,, WOs3, and a-Fe,0s3, thus im-
proving electrical conductivity and facil-
itating charge transfer between the metal
oxide and the electrolyte.”® The photoactiv-
ity enhancement of hydrogen-annealed
WOs5 has been shown as a result of increased
donor density by introducing a moderate
amount of oxygen vacancies and forming
substoichiometric WO5_,.2* Wang et al. re-
ported the narrowing of the SnO, band gap
by hydrothermal Sn*" self-doping, during
which the accompanying oxygen vacancies
result in the shifting of Fermi energy, thus
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improving interfacial charge transfer and overall PEC
performance.® These treatments for creating oxygen
vacancies typically require high annealing tempera-
tures (e.g., 300—500 °C) or hydrothermal conditions, as
the removal of oxygen atoms from the lattice con-
sumes substantial energy. Solution treatment under an
ambient or relatively low temperature condition, how-
ever, is much less effective, as the solution reaction
mainly takes place at the oxide surface, while the
majority of the bulk structures remain unchanged. Very
recently, a solution reduction method using NaBH, was
demonstrated for effectively increasing oxygen vacan-
cies in TiO, and C030,2%%” while this method is
inadequate for treatment of WOs;, due to its instability
in basic or neutral pH conditions.

Herein, we report a postgrowth, dual etching, and
reducing method of pregrown WO;3 nanoflakes in a
weakly acidic condition, which allows for controlled
introduction of oxygen vacancies (i.e., reducing W
to W>™) at mild solution conditions and enhanced PEC
performance. After this dual etching and reducing
step, WO3 nanoflakes with a much rougher surface
are obtained, suggesting increased interfacial area for
solution reduction and electrochemical reaction. In
addition, oxygen vacancies are simultaneously formed
during this etching/reducing process for enhanced PEC
activity. A high photocurrent density of 1.10 mA/cm? at
1.0 V vs Ag/AgCl (1.23 V vs reversible hydrogen elec-
trode, RHE) is obtained, compared to 0.62 mA/cm? of
pristine WO5 nanoflakes. The Mott—Schottky plots and
the density functional theory (DFT) simulation illustrate
that the etching process decreases the band edge of
TiO, and is beneficial to the charge transfer, while the
effective oxygen vacancies increase the charge carrier
density of WO3 nanoflakes. These two synergistic effects
contribute to the finally enhanced PEC performance of
the dual etched/reduced WO; nanoflakes.

RESULTS AND DISCUSSION

The WOs nanoflake arrays were synthesized on
fluorine-doped tin oxide (FTO) glass substrates by a
modified hydrothermal method reported previously
(Methods)."® After the hydrothermal reaction and sub-
sequent annealing in air, the FTO glass substrate was
covered with a thin layer of light yellow, uniform film.
Scanning electron microscopy (SEM) images show that
this film is composed of vertically aligned WO3 nano-
flakes (Figure 1a,b). The thickness of the nanoflakes is
typically 20—30 nm, with a height of less than 2 um. High-
resolution transmission electron microscopy (HRTEM)
images further reveal that the nanoflakes have a single-
crystalline structure (Figure 1c), which is clearly displayed
by the corresponding fast Fourier transform (FFT) pattern
(Figure 1¢, inset). Lattice fringes of 0.385 and 0.365 nm
are clearly observed, corresponding to the d-spacing
values of the (200) and (002) planes of monoclinic
WO;, respectively.?® The annealed WO; nanoflakes were
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transferred into a weakly acidic solution containing poly-
(vinyl pyrrolidone) (PVP) and ascorbic acid (pH ~4.5)
to obtain the dual etched/reduced WO; nanoflakes
(Methods). After the reaction, a slightly blue color change
is observed on the treated WO; nanoflake samples,
suggesting the modification of the light absorption profile.
The nanoflake surface becomes much rougher with por-
ous morphologies (Figure 1d,e). TEM image exhibits that
the dual etched/reduced nanoflakes have a porous surface
morphology with holes of various sizes (Figure 1f). No
impurities are shown by the energy-dispersive X-ray spec-
troscopy (EDX, Supporting Information Figure S1). For
comparison, when ascorbic acid is absent from the reac-
tion solution, a similar porous nanoflake morphology is
also obtained (Figure S2a), suggesting that PVP provides
an etching effect for the obtained nanoflakes (designated
as the etched WOs). The selective etching of the WO;
nanoflakes can be attributed to the small difference of
crystal structure and surface energy on the WO; nanoflake
surface®® On the other hand, if the reaction solution
contains only ascorbic acid but without PVP, the resulting
nanoflakes (designated as the reduced WOs) present a
negligible difference in the surface morphology compared
to the pristine WO5 nanoflakes (Figure S2b), suggesting
the reducing effect of ascorbic acid.

The crystal structures and the possible phase change
of the dual etched/reduced WO; nanoflakes are exam-
ined by X-ray diffraction (XRD, Figure S3a). The pristine
WO3 nanoflakes can be well indexed into a monoclinic
structure (JCPDS No. 43-1035). The dual etched/
reduced WO3 nanoflakes show no observable shifts
of all characteristic diffraction peaks compared to pristine
WO; nanoflakes, indicating that the main crystal structure
is preserved during the treatment. To further elucidate
the chemical states of dual etched/reduced WO5 nano-
flakes, we used X-ray photoelectron spectroscopy (XPS)
for the pristine and the dual etched/reduced WO; nano-
flakes. These two types of WO3 nanoflakes have similar
normalized high-resolution O 1s spectra (Figure S3b),
indicating that the coordination polyhedron of oxygen
around each W is not much affected.®® In addition, the
absence of the hydroxyl (O—H) peak or broader shoulder
around 532 eV indicates no formation of tungsten bronze
(H,WOs5), which is also blue in color3' The normalized
XPS W 4f spectra of pristine WO5 nanoflakes (Figure S3c,
black curve) have two peaks, corresponding to the char-
acteristic W 4fs,, and W 4f;,, peaks for WO532 The W 4f
XPS peak of the dual etched/reduced WOs (red curves in
Figure S3c,d) can be deconvoluted into two pairs of
peaks, corresponding to the typical binding energies
of two W oxidation states, W (centered at 37.5
and 35.6 eV) and W™ (centered at 36.4 and 34.4 eV)
(Figure S3d).3? The data suggest that a substantial
amount of W® is reduced to W™ (or forming oxygen
vacancies) in the dual etched/reduced WO3 nanoflakes.

To evaluate the PEC conversion performance of
the dual etched/reduced WO;3 nanoflakes, the pristine
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Figure 1. (a,b) SEM and (c) HRTEM images of pristine WO5 nanoflakes. (d,e) SEM and (f) HRTEM images of the dual etched/
reduced WOs nanoflakes. Insets in (a,d): SEM images of the cross sections of films. Inset in (c): diffraction pattern.

WO3; nanoflakes, etched WO5 nanoflakes, reduced WO3
nanoflakes, and the dual etched/reduced WO3 nano-
flakes were fabricated as photoanodes with an ex-
posed surface area of ~1 cm? and measured under
simulated solar light illumination (Methods). The
photocurrent density of the pristine WOz nanoflakes
is 0.62 mA/cm? at 1.0 V vs Ag/AgCl (~1.23 V vs RHE)
(Figure 2a, black curve), comparable to previous
reports.'® The etched (green curve) or reduced WO,
nanoflakes (blue curve) exhibit photocurrent densities
of ~0.75 and ~0.85 mA/cm?, indicating the etching
and reducing effects on the photoactivity of WOs;,
respectively. Remarkably, the dual etched/reduced
WO; nanoflakes (red curve) reach ~1.10 mA/cm? at
1.0 V vs Ag/AgCl, which is the highest among the four
types of samples. For comparison, WO5 nanoflakes that
were sequentially etched, followed by the reducing
process (designated as the two-step treatment), were
measured under similar conditions (Figure 2b). Nota-
bly, the magnitude of the photocurrent density in-
crease by this two-step process is similar to that of the
etching-only or reducing-only samples but much less
than that of the one-step simultaneous etching/reducing
approach, thus clearly indicating the synergetic effect
of the simultaneous etching/reducing method. During
the simultaneous etching/reducing process, more
crystal lattices are exposed and subsequently etched,
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contributing substantially to the increase of oxygen
vacancies. However, in the case of the two-step process
(i.e., first etched then reduced), the surface area of the
pre-etched nanoflakes remains almost unchanged
during the reduction step, which is much less effective
for the formation of oxygen vacancies.

To illustrate the origin of the PEC enhancement, the
UV—vis absorption spectra of the dual etched/reduced
WOs3 nanoflakes were measured, which show a slight
red shift compared to the pristine ones (Figure 2c). The
optical band gaps (E,) are further extrapolated using
the following equation:** ahv = A(hv — E;)", where h is
Planck's constant, v is the frequency of light, A is a
constant, and n is equal to 1/2 for an allowed direct
transition, such as in WOs. The calculated Eg values of
both samples are consistent with the band gap of
monoclinic WO; (~2.6 eV),” while a slight decrease of
the band gap (~0.1 eV) is also observed for the dual
etched/reduced WOj3 nanoflakes. Moreover, to evalu-
ate the external quantum efficiency of these four nano-
flake samples at different wavelength regions, the
incident photo-to-current conversion efficiency (IPCE)
measured at 1.0 V vs Ag/AgCl is displayed from 320 to
600 nm (Figure 2d). The photocurrent responses of
all four samples are mainly located in the wavelength
region below 475 nm and decrease to almost zero
above 475 nm. The “etched” WOs5 nanoflakes (green
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Figure 2. (a) Photocurrent density curves of four types of WO3; nanoflakes. (b) Photocurrent density curves for pristine WO;
nanoflakes, the dual etched/reduced WO3; nanoflakes by one-step growth, and the subsequent two-step etching and
reducing of WO3 nanoflakes. (c) UV—vis absorption spectra and the extracted band gap profile of pristine WO; nanoflakes and
the dual etched/reduced WOs nanoflakes. (d) IPCE spectra of the four types of WO; nanoflakes measured at 1.0 V vs Ag/AgCl.

curve) have a slightly higher IPCE profile than that of
pristine WOs nanoflakes (black curve), indicating that
the effect of etching contributes more active PEC
reaction sites. On the other hand, an obvious increase
of the “reduced” WO; nanoflakes (blue curve) demon-
strates the role of oxygen vacancies for the photo-
activity improvement. The dual etched/reduced WOs
nanoflakes (red curve) present the highest IPCE profile,
which is over 80% at 320 nm and substantially higher
than all the other three samples over 475 nm.

On the basis of the characterization above for the
four types of WO3 nanoflakes, a simultaneous etching/
reducing mechanism is proposed for the dual etched/
reduced WO3 nanoflakes (Figure 3). It has been re-
ported that crystalline WO; can be etched by potentio-
static anodization to expose active reaction sites.>* In
our weakly acidic solution with pH ~4.5, a similar
etching effect that forms a new surface area and
reaction sites is also expected. As more surface area
is exposed during the etching process, the ascorbic
acid in the solution also simultaneously reduces W™
to W*" and increases the densities of effective oxygen
vacancies. Thus, this simultaneous etching and reduc-
ing effect resulting from the coexistence of PVP and
ascorbic acid provides a better synergetic effect than
the “etching-only” and the “reducing-only” processes,
resulting in much enhanced photoactivity.
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This mechanism is further investigated by electro-
chemical impedance spectroscopy (EIS) measure-
ments. The Mott—Schottky plots of the pristine, the
etched, the reduced, and the dual etched/reduced
WOs3 nanoflakes are displayed (Figure 4a). All samples
show positive slopes as expected for n-type WO3
semiconductors. The flat band potential (Eg,) is esti-
mated by extrapolating each Mott—Schottky plot to
the x-axis to obtain the intercept value. The charge
carrier density (Ng) can also be calculated using the
following equation:*?

Ny = (2/egoe)[d(1/C?)/dV] ™"

For WOs5 (e = 20), the Eg, and Ny values are calculated
and summarized in Table 1. Compared to the pristine
WOs3 nanoflakes, the etched WO; nanoflakes show
positive shifts of Eg, suggesting a decrease in the
bending of band edges.>®> The flat band shift has a
major effect on the increase of the photocurrent for the
etched and the dual etched/reduced WO3 nanoflakes.
This decrease of band edge bending can be attributed
to the increased semiconductor/electrolyte interface,
similar to previous reports.'® However, a decrease of
charge carrier density is observed in the etched WO3
nanoflakes. This charge carrier density decrease is due
to the increased surface roughness resulting from
etching, which worsens the recombination of charge
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Figure 3. Schematic illustration of the dual etching and reducing mechanism for WO nanoflakes.
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Figure 4. (a) Mott—Schottky plots for the four types of WO; nanoflakes. (b) Mott—Schottky plot comparison of the etched
WOs; nanoflakes and the two-step etching and reducing of WO5 nanoflakes.

TABLE 1. Flat Band Potential (Es,) and Charge Carrier
Density (Ng) of WOz Nanoflakes (NFs)

sample Eg, (V) vs Ag/AgCl Ng/10%° cm 3
pristine WO, NF 0.47 5.92
etched W03 NF 0.66 27
reduced W03 NF 0.44 7.63
dual etched/reduced WO; NF 0.56 15.1

carriers. On the other hand, both the reduced and dual
etched/reduced WO; nanoflakes exhibit an increase of
charge carrier density, which is attributed to the effec-
tive reducing of W™ and increasing of oxygen vacan-
cies in the WOs lattice, in good accord with the PEC
activities. Moreover, the charge carrier density after the
two-step treatment is larger than that of the etched
WO;3 nanoflakes yet smaller than that of the dual
etched/reduced WO;3 nanoflakes (Figure 4b). This is
consistent with photocurrent density measurement,
suggesting that the dual etching/reducing treatment is
more effective than the two-step treatment.

Density functional theory was then applied to simu-
late the structural relaxation and electronic structure
calculation. In order to understand the rule of the
oxygen vacancy on the WOs; surface, the ab initio
calculation was carried out to investigate the electronic
structure property. O vacancies on the WO; (001)

LI ET AL.

surface are studied by performing DFT calculation with
the periodic slab models®® (Methods). A room tempe-
rate phase, y-monoclinic, is used as the unit cell model
(Figure 5a). The clean surface is built from cleaving the
(001) surface on the O plane from a y-monoclinic WO3
supercell with 24 W atoms and 72 O atoms (Figure 5b).
The stoichiometric proportion is preserved by remov-
ing one-half of the O atoms on the top and bottom O
plane. O vacancy is created by removing one O atom
on the clean surface (Figure 5c). Formation energy of
an oxygen vacancy on the surface is calculated in both
O-rich and O-poor conditions, and the results suggest
that O vacancies are easier to form in the O-poor con-
dition (Appendix in the Supporting Information). The
density of states of the WO; unit cell, a clean sur-
face, and the surface with O vacancies are plotted in
Figure 5d. The band gap of the unit cell is calculated to
be 1.52 eV. As the band gap is often underestimated by
the Perdew—Burke—Ernzerhof method,*” here a scis-
sor operator is applied to shift the gap to 2.20 eV
because the O vacancy is a deep donor on the WO3
surface. From the partial density of states of the unit
cell, the valence band maximum (VBM) is mainly
occupied by O 2p orbitals and the conduction band
minimum (CBM) is mainly composed by the W 5d
orbitals. From the difference between the top and the
middle panel of Figure 5d, when a (001) surface is cleaved,
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Figure 5. (a) Atomic structure of the monoclinic phase. (b) Clean surface of (\/2 X \/2)R45°. (c) Top view of the surface with an
oxygen vacancy. (d) Total and partial density of states of the WOs unit cell, a clean surface, and a surface with O vacancies. The
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the band gap is narrowed by 0.28 eV, while the character-
istics of CBM and VBM remain similar to those of the bulk
system. The narrowing of the band gap can be attributed
to the distortion of the surface atoms and charge redis-
tribution near the surface. Some occupied states appear in
the gap region with the introduction of O vacancies and
narrow the band gap to 1.54 eV. The O vacancy also
creates charge carriers to the system. Thus, this simulation
suggests that the increasing of charge carrier density and
narrowing of band gap lead to the enhancement of
photocurrent density of WO;3 slab with O vacancies.

CONCLUSIONS

In summary, we have developed a solution-based,
simultaneous etching and reducing method for

METHODS

Synthesis, Etching, and Reducing of W0; Nanoflakes. WO3 nano-
flakes were synthesized by a modified hydrothermal method.
Briefly, a seed solution prepared by dissolving 2.50 g of
H,WO, and 1.0 g of poly(vinyl alcohol) (PVA) into 34 mL of
H,0, (30 wt %) was spin-coated onto fluorine-doped tin oxide
substrates at 2500 rpm, followed by annealing at 500 °Ciin air for
2 h. Another H,WQ, solution was prepared by adding 5.0 g of
H,WO, and 68 mL of H,0, (30 wt %) into 100 mL of H,O and
stirred at 95 °C to dissolve. This H,WQ, solution was then diluted
to 0.05 M for the hydrothermal process. In order to prepare the
hydrothermal precursor solution, 3 mL of H,WO, (0.05 M), 0.02 g
of oxalic acid, 0.02 g of urea, 12.5 mL of acetonitrile, and 0.5 mL
of HCl (6 M) were added into a 50 mL beaker and stirred to clear.
An FTO substrate precoated with WO seed was placed into a
25 mL Teflon-lined stainless steel autoclave filled with the as-
prepared precursor solution, which was then kept at 180 °C for 2 h.
Finally, the obtained sample was annealed at 500 °C in air for 2 h.

A dual etching and reducing solution was prepared by
mixing 0.175 g of poly(vinyl pyrrolidone), 0.3 g of ascorbic acid,
and 30 mL of H,0, and then the solution was stirred at 90 °C for
4 h. Afterward, an FTO substrate (grown with WO3 nanoflakes)
was placed into the solution and kept at 90 °C for another 4 h.
For the pure etching or pure reducing process, ascorbic acid or
PVP was removed from the aforementioned solution, respectively.

Photoelectrochemical Measurement. The PEC measurement was
taken in a typical three-electrode quartz cell. The prepared
sample was used as the working electrode. A Pt wire and a
Ag/AgCl electrode were used as the counter electrode and the
reference electrodes, respectively. H,SO,4 (1 M) was used as the
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improving the PEC activity of pregrown WOs nano-
flakes. The etching effect provides a much increased
surface site for the reducing process to take place
simultaneously, as well as the subsequent PEC reac-
tion. In the meanwhile, the reducing effect leads to a
substantial increase of oxygen vacancies and charge
carrier densities. This simultaneous etching and redu-
cing method is convenient and facile and requires only
mild solution conditions, which may provide a general
approach to tune the surface morphology of other
transition metal oxide materials. Confirmed by the
EIS measurement and DFT calculation, our studies
can further suggest the postgrowth treatment
method of semiconductor electrodes for enhanced
PEC performances.

electrolyte. A simulated sunlight coupled with an AM 1.5 G filter
(Newport 94022A) was applied. IPCE spectra were collected by a
solar simulator (Newport 66902) coupled with a filter (Newport
74010) and an aligned monochromator (Newport 74125). All
the electrochemical measurements were carried out by an
electrochemical workstation (Autolab PGSTAT 204, Metrohm,
Switzerland). The electrochemical impedance spectroscopy was
measured with 10 kHz frequency in the dark. The reversible
hydrogen potential can be converted from the Ag/AgCl refer-
ence electrode potential as RHE = V5 ag/agcl + E°agragal +
0.059 x pH, where E°sg/ngci is 0.1976 V at 25 °C. IPCE can be
expressed by the equation: IPCE = (1240 x /)/(A X Jiigny), where |
is the measured photocurrent density at a specific wavelength,
A is the wavelength of incident light, and Jygn: is the measured
irradiance at a specific wavelength. According to the Mott—
Schottky equation

1/C* = 2(E — Eg, — kT /e)/Nqeeoe

where Cis the space charge capacitance in the semiconductor,
Ny is the charge carrier density, e is the electron charge, ¢g and &
are the vacuum permittivity and the dielectric constant of the
semiconductor, respectively, E is the applied potential, Eg, is the
flat band potential, T is the temperature, and k is the Boltzmann
constant.

Density Functional Theory Calculation. The ion—electron interac-
tion was treated by the projector-augmented wave tech-
nique,>® as implemented in the Vienna ab initio simulation
package.?® The exchange-correlation potential was treated
using the Perdew—Burke—Ernzerhof function.”® The on-site
correlation corrections were included using the Hubbard model
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(DFT+U approach), and the value of the correlation energy (U)
was fixed at 6.2 eV for the 5d orbital of W.*' The 3D k-mesh was
generated by the Monkhorst—Pack scheme, where the density
of k-points was determined by lattice constant (4 x 4 x 4 for the
monoclinic phase and 4 x 4 x 1 for the slab model). In the slab
model, the vacuum layer was set to be 15 A between atomic
layers. The lattice vectors and atomic positions were optimized
according to the guidance of atomic forces, with a criterion of
the calculated force on each atom smaller than 0.01 eV/A. A slab
model was built along the (001) surface, as it was easy to be
cleaved due to the antiferroelectric distortion along the direc-
tion. A (\/2 X «/2)R45° surface, which was found to be the most
stable for the reconstructed (001) surface, was built to simulate
the system with six layers of WO planes, and the convergence of
energy with respect to the number of layers was tested.
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