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ABSTRACT: Photoelectrochemical (PEC) conversion is a
promising way to use methane (CH4) as a chemical building
block without harsh conditions. However, the PEC conversion of
CH4 to value-added chemicals remains challenging due to the
thermodynamically favorable overoxidation of CH4. Here, we
report WO3 nanotube (NT) photoelectrocatalysts for PEC CH4
conversion with high liquid product selectivity through defect
engineering. By tuning the flame reduction treatment, we carefully
controlled the oxygen vacancies of WO3 NTs. The optimally
reduced WO3 NTs suppressed overoxidation of CH4 showing a
high total C1 liquid selectivity of 69.4% and a production rate of
0.174 μmol cm−2 h−1. Scanning electrochemical microscopy
revealed that oxygen vacancies can restrain the production of
hydroxyl radicals, which, in excess, could further oxidize C1 intermediates to CO2. Additionally, band diagram analysis and
computational studies elucidated that oxygen vacancies thermodynamically suppress overoxidation. This work introduces a strategy
for understanding and controlling the selectivity of photoelectrocatalysts for direct conversion of CH4 to liquids.
KEYWORDS: methane oxidation, rapid flame reduction, defect engineering, photoelectrochemical conversion, tungsten trioxide

Methane (CH4), the most prevalent component in natural
gas, has drawn interest as an intermediate for the

synthesis of energy-dense, transportable liquid fuels.1 Fur-
thermore, CH4 is a potent greenhouse gas accounting for 20%
of global emissions, which needs to be reduced below its
current level per the Paris Agreement.2,3 However, CH4 has a
symmetrically stable structure with a high C−H bonding
energy, which impedes its effective conversion under ambient
conditions.4 A common industrial practice of conversion of
methane to a desired chemical feedstock involves steam
methane reforming, which requires increased temperatures
(>500 °C) and multistep processes.5 Thus, developing a direct
and efficient method for transforming methane into a value-
added chemical feedstock under mild conditions is imperative.
Catalytic conversion is a promising strategy for converting

CH4 under ambient conditions by reducing the energy barrier
for C−H activation. Several studies reported photochemical
catalytic CH4 conversion with high selectivity.6−10 However,
these approaches require costly oxidants such as H2O2, which
hinders the realization of an economically favorable CH4
conversion system. On the contrary, photoelectrochemical
(PEC) oxidation using semiconductor electrodes is a
potentially efficient approach for converting CH4 without
additional oxidants. However, the PEC oxidation of CH4 in

water competes with oxygen evolution and the formation of
hydroxyl radicals. The latter is considered one of the active
species that can aid in the activation of CH4 and formation of
oxygenated products, while its excessive generation can lead to
overoxidation to CO2. Tungsten trioxide (WO3) is a promising
candidate as a PEC anode material for CH4 conversion owing
to its excellent hole mobility, desirable diffusion length, and
appropriate valence band.11−14 For example, facet-engineered
WO3 nanobar arrays have been reported to convert CH4 to
ethylene glycol with a high selectivity of 66% under solar
illumination.13 However, the PEC conversion of CH4 to
diverse carbon oxygenates remains a formidable challenge due
to the thermodynamically favorable overoxidation to CO2 or
dominant oxygen evolution even at low potentials.
One of the most efficient ways to improve catalytic

conversions is defect engineering of the catalysts, as it can
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influence the oxidation/reduction ability, catalytic site activity,
and optical properties.15−17 It was extensively researched
employing a wide array of chemical and physical treatment
methods for a variety of reactions ranging from water splitting
to CO2 reduction.18−21 In the realm of CH4 oxidation, the
defect site can induce electron localization, which facilitates the
activation of CH4 through C−H bond polarization.22

Furthermore, defects can regulate the configuration of
absorbed CH4 molecules on the surface of the catalyst,
which is a critical step in converting CH4 into the desired
products.23 However, no studies have investigated the effect of
defect engineering on PEC CH4 conversion.
Here, we report the rational design of WO3 nanotubes

(NTs) for PEC CH4 conversion with high selectivity of C1
liquid products by defect engineering. WO3 NTs were
synthesized, and their oxygen vacancies were carefully tuned
by a rapid flame reduction treatment. The optimized oxygen
vacancies of WO3 NTs successfully suppressed the over-
oxidation of CH4 and achieved a high total C1 liquid product
selectivity of 69.4% and a production rate of 0.174 μmol cm−2

h−1, which surpassed the CO2 selectivity of 28.6% and the
production rate of 0.07 μmol cm−2 h−1. We performed a full set
of characterizations to investigate the origin of suppressing
overoxidation in CH4 conversion. With the aid of scanning
electrochemical microscopy (SECM), we demonstrated that
oxygen vacancies in WO3 NTs restrain the rate of generation
of hydroxyl radicals that could lead to overoxidation to CO2 if
it is present in excess. Additionally, oxygen vacancies increase
the band energy level and decrease the electron affinity of
catalyst surfaces, which thermodynamically suppresses over-
oxidation (Figure 1).

■ RESULTS AND DISCUSSION
The flame synthesis technique, which is fast, scalable,
controllable, and cost-effective, was adopted for both the
synthesis of WO3 NTs and the control of oxygen
vacancies.24,25 In a typical WO3 NT synthesis process, a seed

layer was spin-coated on a FTO glass substrate. Then,
crystalline substoichiometric W18O49 (WO2.72) NTs were
deposited by flame vapor deposition for 45 min (Figure S1).
In this process, a substrate temperature of 520 °C and a flame
equivalence ratio (ϕ) of 1.4 were employed to grow dense
NTs. Next, through postannealing under 600 °C, crystalline
WO3 NTs were obtained. To control the oxygen vacancies, the
as-prepared WO3 NTs were treated with a premixed flat flame
at a temperature of 900 °C. By controlling the fuel/air ratio,
where fuel is slightly more abundant than air, we could create a
reducing environment with the flame in which WO3 NTs could
be reduced with the formation of oxygen vacancies.
Panels a and b of Figure 2 show the side-view scanning

electron microscopic (SEM) images of WO3 NTs before and
after reduction, respectively, in a flat flame for 20 s. The dense
WO3 NTs were vertically grown to a height of ∼2.2 μm. The
top view of the SEM image clearly shows the hollow structures
of the NTs (Figure S2). The reduced WO3 NTs showed no
significant difference in morphology compared to the bare
WO3 NTs in the top-view and side-view SEM images.
To investigate the crystallinity of WO3 NT samples, X-ray

diffraction (XRD) was performed (Figure 2c). Both the bare
and reduced WO3 NTs have a monoclinic WO3 structure
(ICSD No. 80055) and exhibit a growth direction along the
[002] direction. Additionally, full widths at half-maximum and
diffraction angles of each peak did not change noticeably
during the short-duration, high-temperature flame reduction
treatment, indicating no grain growth or phase alteration.
Consistent with these results, transmission electron micros-
copy (TEM) analysis shows that the bare and reduced WO3
NTs have the same d spacing of 0.38 nm along the [002]
growth direction (Figure S3).
Next, to examine the effect of reduction on the chemical

oxidation states, we conducted X-ray photoelectron spectros-
copy (XPS). Figure 2d shows the W 4f XPS spectra with two
major peaks. Each peak can be deconvoluted into two peaks,
where the peaks at ∼37.5 and ∼35.4 eV represent W6+ while
those at ∼36.7 and ∼34.6 eV correspond to W5+.26,27 After
reduction, the percentage of the lower oxidation state W5+

increased from 1.8% to 5.2%, implying that the WO3 NTs were
successfully reduced, leading to the formation of oxygen
vacancies.28 Meanwhile, we observed negligible changes in the
O 1s XPS spectra (Figure S4). This demonstrates that flame
treatment has a minimal impact on the coordination
polyhedron of oxygen surrounding tungsten, and no
carbonates were formed after reduction.27,29 Furthermore, a
hydroxyl peak (∼532 eV) was not observed, which suggests
that no HxWO3 phase was formed through flame reduction.
Oxygen vacancy formation of reduced WO3 NTs was further
confirmed by the light blue color, enhanced absorbance in the
visible region of the ultraviolet−visible spectrum, and the
distinct peak at g = 2.002 in the electron paramagnetic
resonance spectrum (Figures S5 and S6).26,30

Figure 3 shows the PEC performance of bare and reduced
WO3 NTs. Figure 3a illustrates a schematic of the experimental
setup. PEC measurements were conducted in a gastight
customized H-cell, where the anodic and catholic chambers
were separated by a Nafion film. All reactions were studied at
room temperature and atmospheric pressure in an acidic
electrolyte (pH 2). Figure 3b shows linear sweep voltammetry
(LSV) scans of the bare and reduced WO3 NTs under 1 sun
illumination. The magnified low-potential region, wider-range
LSV scans to higher potentials, and cropped LSV scans are

Figure 1. Schematic of the flame-reduced WO3 NTs for PEC
conversion of CH4.
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shown in Figure S7. Nitrogen (N2) or CH4 gas was purged to
form an N2- or CH4-saturated environment, respectively.
Under CH4-saturated conditions, the LSV onset potential
negatively shifts and shows a current value higher than that
under N2-saturated conditions. This demonstrates that CH4
oxidation is preferred over oxygen evolution on WO3 NTs.
Additionally, we performed electrochemical impedance spec-
troscopy to obtain Nyquist plots at 0.7 V versus the reference
hydrogen electrode (RHE) (Figure S8). Both bare and
reduced WO3 NTs show a smaller semicircle under CH4

conditions compared to N2 conditions, indicating enhanced
charge transfer at the WO3/electrolyte interface. This
improvement could be attributed to the more facile reaction
of photoholes with methane, which is consistent with the
higher current in LSV scans under CH4 conditions.
To further investigate the PEC CH4 oxidation, photo-

electrolysis at 0.7−1.3 V versus the RHE was conducted for 1.5
h (Figure S9). The faradaic efficiency (FE) of each component
is summarized in Figure 3c, where the blank and shaded bars
indicate the FE of bare and reduced WO3 NTs, respectively.

Figure 2. SEM images of (a) bare and (b) reduced WO3 NTs. (c) XRD patterns and (d) XPS W 4f spectra of bare and reduced WO3 NTs.

Figure 3. (a) Schematic of photoelectrolysis of CH4. (b) LSV scans of bare and reduced WO3 NTs under saturated nitrogen and CH4 conditions
with a scan rate of 25 mV/s. (c) FE for bare (blank) and reduced (shaded) WO3 NTs electrodes. (d) Carbon selectivity of the liquid products
produced in PEC CH4 conversion.
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Similar to previously reported results, the most dominant
reaction was the complete oxidation of CH4 to CO2.

11,31

However, at 0.7 V versus the RHE, reduced WO3 NTs show a
higher FE for liquid intermediate oxygenate species (CH3OH
and HCOOH) than for overoxidation species (CO2 and CO).
In particular, the HCOOH FE (35.8%) was higher than the
CO2 FE (32.1%). The selectivity of all liquid products at 0.7 V
versus the RHE for reduced WO3 NTs was 69.4%, while bare
WO3 NTs showed a value of only 45.3% (Figure 3d). The total
liquid production rate (CH3OH and HCOOH) was 0.174
μmol cm−2 h−1, which was higher than that of bare WO3 NTs
(0.132 μmol cm−2 h−1) even though bare WO3 NTs showed a
slightly higher photocurrent. To the best of our knowledge,
such a high C1 liquid product selectivity from PEC CH4
conversion under mild conditions has never been reported
(Table S1). In addition, the negligible difference in photo-
current density after 30 min and the FE of HCOOH after
reaction for 4.5 h indicate the stability of reduced WO3 NTs
for long-term PEC CH4 conversion (Figure S10). At 0.9 V
versus the RHE, the reduced WO3 NTs had a higher FE of
liquid products and a lower FE of overoxidation species,
compared to those of bare WO3 NTs. For potentials of >0.9 V
versus the RHE, CO2 accounted for the vast majority of
products for bare and reduced WO3 NTs, as overoxidation to
CO2 is the most thermodynamically favorable reaction at high
potentials. The CO2 FE was higher for reduced samples than
for bare WO3 NTs at 1.1 V versus the RHE, and it reached a
similar value for both cases at 1.3 V versus the RHE. The
production rate and selectivity of C1 liquid products decreased
as the applied potential increased. The increased selectivity and

FE of liquid products at an even lower potential of 0.65 V
versus the RHE also support the selectivity trends (Figure
S11). We hypothesize that an increase in potential would
accelerate the transfer of photogenerated carriers on the
surface of WO3 NTs, resulting in excess reactive intermediates,
such as hydroxyl radical (•OH) and other oxygen-containing
radicals, which could expedite CH4 overoxidation and oxygen
evolution. Notably, trace amounts of H2O2 were detected only
at the high potential of 1.3 V versus the RHE (Figure S12). No
detectable amount of C1 oxygenates was found in the absence
of an electrical bias or illumination (Figure S13).
Additionally, the flame reduction time was varied to control

the amount of oxygen vacancies and to evaluate their effect on
PEC CH4 conversion (Figure S14). A 10 s reduction treatment
resulted in a slightly higher photocurrent but a lower liquid
selectivity compared to those of bare samples. The prolonged
reduction time of >20 s led to a decrease in the photocurrent.
Because excessive oxygen vacancies could act as recombination
sites for photogenerated holes, the rates of production of C1
oxygenates under these conditions were much lower than that
of the optimized reduction treatment time of 20 s.32,33

According to previous studies, •OH as a strong oxidizing
agent to activate methane can be produced by water
photoelectrolysis.9,34 To confirm the •OH generation in our
PEC conversion process and study the effect of •OH with
respect to PEC CH4 conversion, we performed scanning
electrochemical microscopy (SECM) experiments in the
substrate-generation tip collection mode using a recently
reported methodology.35 Here, the rate of generation of •OH
at the operating electrodes was evaluated by using a lifetime-

Figure 4. (a) Schematic of [DMPO−OH]• collection experiments by SECM. (b) Normalized tip collection current of [DMPO−OH]• from cyclic
voltammograms recorded in a Au UME tip immersed 10 μm from a bare or reduced WO3 NT substrate biased at different substrate potentials, in a
solution containing 10 mM DMPO and Na2SO4 (pH 2). (c) Free energy diagram of water decomposition on the WO3 (100) surface at pH 2 and a
URHE of 0.7 V. (d) Schematic depicting the overall band diagrams of bare and reduced WO3 NTs.
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extending spin trap, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO). Figure 4a shows the experimental configuration
with back illumination following the SECM configuration
reported elsewhere.36,37 [DMPO−OH]• collection experi-
ments were performed with WO3 NT substrates kept under
illumination and biased to different potentials (ESubstrate) with a
quiet time of 60 s, while cyclic voltammograms were recorded
at 10 mV s−1 using a Au ultramicroelectrode (UME) tip to
collect the [DMPO−OH]• species formed by the spin
trapping reaction between DMPO and the •OH produced
during the photoelectrolysis of water at these electrodes.13

Figure S15 shows the results of the [DMPO−OH]•
collection experiments obtained when the bare and reduced
WO3 NT substrates were polarized at different potentials
under dark and illumination conditions. As expected, when the
catalytic surfaces were not irradiated, no [DMPO−OH]•
collection current in the UME tip was detected (Figure
S15a,b). Instead, when the WO3 surfaces were kept irradiated
and biased at different potentials (Figure S15c,d), the UME tip
response showed an increasing current trend as the substrate
current increased. The normalized current of the UME tip with
the substrate current is shown in Figure 4b and Figure S16.
This quantitative comparison shows that the [DMPO−OH]•
collection from bare WO3 NTs was higher than that of reduced
WO3 NTs, demonstrating that bare WO3 NTs afford more
•OH photoelectrochemical production as the substrate
potential increases.
To further investigate the formation of •OH on WO3

surfaces, we carried out ground-state DFT calculations of
water decomposition on three representative WO3 surface
facets, i.e., (100), (010), and (001), which correspond to the
side and top facets of WO3 NTs (Figure S17). We found
surface OH* and O* formation to be exergonic with respect to
liquid water and H+/e− pairs on reduced surfaces in the
absence of ultraviolet (UV) light, with Gibbs free energies of
formation reaching −1.8 and −2.66 eV, respectively, on the
WO2.83 (100) model surface (Figure 4c). Interestingly, all three
facets of the reduced cases considered here exhibit greater
OHx* (x = 0, 1, or 2) stabilization with an increasing degree of
surface reduction (Figure 4c and Figures S18 and S19), while
the (100) facet shows the greatest OHx* stability on the
surface. Curiously, the formation of O* from OH* is
thermodynamically favorable and will become even more
favorable at higher potentials, which may deplete the surface of
OH*. This is consistent with the decreased level of •OH
production (Figure 4b) and the reduced selectivity to liquid
products at high potentials (Figure 3d).
On the bare WO3 surface in the dark, H2O dissociation is

largely energetically unfavorable, consistent with the lack of
experimentally observed •OH in the absence of UV light. As
UV irradiation photoexcites WO3 by at least the band gap
value (2.85 eV from Figure S20), the formation of OHx*
species would, in the first approximation, become more
exergonic by the same value, if we assume a thermodynamic
equilibrium among liquid H2O, photoexcited WO3, and
chemisorbed OHx* in the ground state. Consequently, the
states OH* + H+ + e− and OH* + OwH* (Figure 4c) would
become thermodynamically accessible on bare WO3 under UV
light. In contrast to the reduced WO3 surface, on the bare
surface the hydroxyl groups do not transform into O*, as the
latter is highly unstable [2.68 eV (Figure 4c)], favoring •OH
formation. We hypothesize that the OH* + H+ + e− state gives
rise to the current associated with •OH formation in the

SECM experiment, owing to the weak interaction of OH* with
the surface in the ground state [1.20 eV (Figure 4c)] and thus
its high reactivity. The spin density isosurface plotted in Figure
S21 for the OH*/WO3 (100) structure confirms the partial
radical character of the OH* species, with an unpaired electron
delocalized over several surface oxygen atoms. Radical
formation mediated by the OH* + H+ + e− state on the
bare surface is consistent with the potential dependence of the
normalized tip collection current of [DMPO−OH]• (Figure
4b). Indeed, less positive potentials destabilize this state,
making OH* more reactive and explaining the rapid increase
in the current observed at lower potentials on the bare surface.
Overall, the reduced WO3 has greater OH* stability in
comparison with the bare WO3 based on DFT calculations
while having a lower rate of production of •OH in the
electrolyte solution based on the previously discussed SECM
results. As •OH radicals have a high oxidative reactivity, they
could contribute to overoxidation to CO2.

38,39 In this regard,
the reduced WO3 NTs, which produce fewer •OH radicals in
the electrolyte, are less likely to fully oxidize intermediate
oxygenates to CO2 as observed in photoelectrolysis experi-
ments.
In addition, the location of the valence band maximum

(VBM) also plays an important role, as it thermodynamically
determines the oxidation power.40,41 The energy states of bare
and reduced WO3 NTs were examined to further elucidate the
mechanisms of suppressing overoxidation and increasing
intermediate oxygenate production. The total energy-band
diagrams were calculated through a combination of Mott−
Schottky plots, Tauc plots, and UPS characterizations (Figure
S22 and Figure 4d). The VBM of the bare WO3 NTs was
deeper than that of the reduced WO3 NTs. Therefore, the
reduced WO3 NTs thermodynamically generate less oxidation
power. As a result, for the reduced WO3 NTs, overoxidation of
CH4 was suppressed, and the production of intermediate
oxygenates was promoted at low potentials. However, at high
potentials, due to the high oxidation power from the electrical
bias, regardless of the location of the VBM, both samples show
overoxidation to CO2 as shown in the CH4 photoelectrolysis
experiment results.
DFT calculations of electron affinity (EA) corroborated the

aforementioned argument that the reduced surfaces possess
less oxidation power. Two different EA calculation methods
(Figure S23 and Tables S2 and S3) revealed that the bare
surfaces possess greater EA values in comparison with the
reduced surfaces and thus should exhibit a greater propensity
for accepting electrons. The lower oxidizing power of the
reduced states makes partial oxidation favorable over full
oxidation to CO2.
In summary, we realized PEC conversion of CH4 at ambient

conditions with a high C1 liquid product selectivity through
defect engineering of catalysts. The optimized flame-reduced
WO3 NTs attained a high total liquid product selectivity of
69.4% and a production rate of 0.174 μmol cm−2 h−1 while
exhibiting a suppressed CO2 production rate. Using SECM, we
showed that the oxygen vacancies in the WO3 NTs restrain the
production of •OH radicals, which are responsible for
accelerating CH4 overoxidation. Additionally, oxygen vacancies
increase the band energy level of WO3 NTs and decrease the
electron affinity, making overoxidation thermodynamically
unfavorable. We conclude that decreasing the oxidative
power of photoelectrocatalysts is a key to increasing the rate
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of production of intermediate oxygenates from PEC CH4
conversion.
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