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A strong driving force for charge separation and transfer in semiconductors is
essential for designing effective photoelectrodes for solar energy conversion.
While defect engineering and polarization alignment can enhance this process,
their potential interference within a photoelectrode remains unclear. Here we
show that oxygen vacancies in bismuth vanadate (BiVO,) can create defect
dipoles due to a disruption of symmetry. The modified photoelectrodes
exhibit a strong correlation between charge separation and transfer capability
and external electrical poling, which is not seen in unmodified samples.
Applying poling at —150 Volt boosts charge separation and transfer efficiency
to over 90%. A photocurrent density of 6.3 mA cm™ is achieved on the pho-
toelectrode after loading with a nickel-iron oxide-based cocatalyst. Further-
more, using generated holes for methane partial oxidation can produce
methanol with a Faradaic efficiency of approximately 6%. These findings pro-
vide valuable insights into the photoelectrocatalytic conversion of greenhouse
gases into valuable chemical products.

Solar energy conversion via photoelectrocatalysis (PEC) plays a
vital role in producing solar fuels toward carbon neutralization.
Semiconductor materials such as Si, BiVO, and Fe,03 as promis-
ing candidates have been investigated intensively, but low solar
conversion efficiency is still the key challenge for the PEC pro-
cess. To achieve high efficiency, effective charge separation and
transfer (CST) of the photogenerated electron-hole pairs in the
photoelectrodes is a prerequisite for subsequent surface
reactions'’. Generally, the CST process occurs in the space charge
layer due to the band bending at the interface of electrolyte and
semiconductor based photoelectrodes®. However, the width of
the space charge layer is smaller than the typical light penetration

depth in a semiconductor, leading to the recombination of a large
proportion of the photogenerated electron-hole pairs, limiting
the solar conversion efficiency*. Building an internal electric field
(IEF) is an effective way to provide additional driving force for the
CST in a semiconductor’”’. Semiconductors with well-aligned
dipole moments, such as ferroelectric materials, normally show
strong IEFs®®, however, their large bandgap and high resistance
prevent the ferroelectric based photoelectrodes from obtaining
good solar energy conversion efficiency’. While for commonly
studied narrow bandgap semiconductor materials, such as BiVO,
and Fe,05°", how to create an IEF in the materials remains
challenging.
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Since the IEF is produced from well-aligned dipole moments in
bulk materials, it is critical to create dipole moment along a specific
direction in a photoelectrode. Dipole moment is typically produced by
the displacement of positive charge centers and negative charge
centers'. For many semiconductors, however, they have a high sym-
metry nature with inversion center (i-center), forbidding the genera-
tion of net dipole moments*®. In order to produce dipole moments,
we need to locally break the inversion symmetry of lattice in a
semiconductor”. Creating defect structure is an efficient way to
break the symmetry, wherein a defect dipole can be expected”™, as
evidenced by the bulky dipole moment generated via Mg doping in the
rutile TiO, lattice or Li-insertion in TiO, nanotube based
photoelectrodes™”. In addition to foreign species doping, vacancies,
such as oxygen- and metal- vacancies, are also important defects
widely applied in modifying photoelectrodes®'*'®, However, the
question that how can the vacancy-induced defect dipoles be ration-
ally tuned to facilitate the CST process in photoelectrodes remains
unanswered.

In addition to the CST engineering in the PEC system, the opti-
mization of surface reaction for utilizing the photogenerated charge
carriers is equally important to achieve good PEC conversion effi-
ciency. The reductive photogenerated electrons have found diverse
applications including green hydrogen generation'*?°, carbon dioxide
fixation?*2, ammonium synthesis and others****, However, the use of
oxidative photogenerated holes for valuable chemical products
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generation has received much less attention”. Herein, we demonstrate
that creating oxygen vacancies in metal oxide photoelectrodes can
induce substantial amount of defect dipoles, which results in remark-
able polarization behavior upon external poling, which are not
achievable at the pristine photoelectrodes. By aligning the dipole
moments with external poling treatment, exemplified using BiVO,
photoelectrode, we are able to achieve a drastic improvement of CST
photocurrent density (jcst) by over 50%. The vacancies induced defect
dipoles and unexpected polarization behavior are further verified to
be a universal feature at different metal oxide based semiconductors.
In addition, we demonstrate that the loading of NiFe-oxide cocatalyst
on the polarized BiVO, photoelectrode can boost the photocurrent
density to above 6 mA cm™ for partial oxidation of methane to
methanol production, with a Faradic efficiency (FE) of c.a. 6%, high-
lighting the value-added utilization of the photogenerated holes.

Oxygen vacancy induced defect dipole

As a typical candidate in PEC research, pristine BiVOy, is lack of dipole
moment due to the presence of i-center in the structure (Fig. 1a)*.
Once oxygen vacancies (Vo) are introduced after an optimization of
the V sites and structure reorganization, our simulation results indi-
cate that the redistribution of electron cloud around metals and oxy-
gen occurs, with a displacement between positive charges and
negative charges, as illustrated in Fig. 1b. By comparing the distance of
Bi-O and V-O pairs in the structure (Fig. 1c and Tables S1-2), it is evident
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Fig. 1| The formation of oxygen vacancies induced defect dipoles. a The
structure of BiVOy crystal showing a missed O site for V. The Bi, V and O atoms are
indicated as balls in purple, blue and red colors, respectively. b The charge density
difference of BiVO, with V,,. The Bi and V atoms are hidden for clear visibility of the
charge distribution in the BiVO,, leaving O atoms (red balls) at their lattice sites.
The Vo site is indicated with a gray ball. The yellow and cyan spheres indicate the
positive and negative charges. ¢ The BiVO, crystal with VO, (green) and BiOg (gray)
units in pure and V, modified structures. d The calculated dipole moment in BiVO,
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with different V concentrations. The dipole moment vectors of (x, y, z) are plotted
in red, green and blue bars, and the vector modules are plotted in orange balls.
e, f The k*-weighted EXAFS structure of Bi L3-edge and V K-edge with Fourier
transforms for BVO (black) and EBVO (blue). g, h The fine structure of the XPS of Bi
4fand V 2p. i-k The surface potentials of EBVO film upon external poling at -150 V,
0V and +150V, respectively. The scale bar is 1um. (I) The /-V curves of EBVO under
polarization at different voltages.
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Fig. 2 | The defect dipoles tuned PEC performance. a The charge separation and
transfer photocurrent density (jcst) at 1.23 Ve for BVO and EBVO poled at dif-

ferent external bias. Error bars are presented for an average of three measurements
for each data point. b The TRPL for BVO (black), EBVO (blue) and EBVO-(-150) (red)
samples. ¢ The schematic illustration on how the IEF induced by external poling will
modulate the total driving force (Eorar) for CST process. The cation (+) and electron

(+) pairs are used to schematically show how the space charge layer is created with
the Ey,;. d The change of jcst under different poling biases for Fe,O3 with Vo and CuO
with V¢,. e The water oxidation photocurrent density (jwo) and the surface reaction
efficiency (nrea) of BVO and EBVO under different poling biases. Error bars are
presented for an average of three measurements for each data point.

that the introduction of V, breaks the symmetry in the VO, and BiOg
polyhedrons. Additionally, by comparing the lattice parameters (a, b
and ¢) of the unit cell in Fig. S1, it is clear there is a reduction in b and c,
accompanied by an expansion in a. The structure asymmetry and
electrons redistribution will establish dipoles. To quantify the impact
of Vo on the formation of dipoles, we calculated the dipole moments of
BiVO, with a V, concentration of 0-6.25 at. % using the Berry phase
approach??, The results show that the pristine BiVO, exhibits no
dipole moment, while increasing the V, concentration leads to a gra-
dual enhancement of the dipole moment (Fig. 1d and Table S3).

To validate the calculation prediction, pristine BiVO, photoelec-
trode is prepared via a calcination of BiOl and VOSO, precursors
(sample noted as BVO)?, followed by an electrochemical reduction to
create Vo in the BiVO4 (sample noted as EBVO)*. Compared to the
pristine BVO, the EBVO did not show obvious difference in terms of
their appearance, micro-morphology and crystal phase as indicated in
Figs. S2-4. But the microstructure and electronic status have some
changes. From the extended X-ray absorption fine structure (EXAFS) of
Bi L;-edge (Fig. 1e) and V K-edge (Fig. 1f) analysis, similar Bi-O distance
(1.81A for BVO vs. 1.79 A for EBVO) and V-O distance (1.35 A for BVO vs.
1.30 A for EBVO) are observed in both samples. Interestingly, there is an
obvious reduction of the Bi-V distance, from 3.19 A for BVO to 3.09 A
for EBVO, which is in a good agreement with the predicted V induced
structure shrinkage, as illustrated in Fig. 1c and Table S5. Due to the
charge compensation during Vo formation, the V sites are positively
charged (i.e., less electrons) with the adjacent metal sites becoming
negatively charged (i.e., more electrons on Bi and V)*. The increased
electron densities on Bi and V lead to the binding energy shifting
toward low energy region, as shown in the corresponding X-ray pho-
toelectron spectra in Fig. 1g, h and Fig. S5. The X-ray absorption spectra
of Bi and V also indicate an edge shift toward increased electron density
(Fig. S6). Based on the above characterizations and calculations in
crystal structure and electronic structure, it is clear that Vg exists in the
EBVO photoelectrodes, leading to the breaking of crystal symmetry
and redistribution of electron cloud, which subsequently results in the
formation of defect dipoles, as will be discussed below.

As a vector feature, the dipole orientation can be tuned along an
external electric field”2. We further investigate the defect dipole

behavior by poling treatment of the EBVO photoelectrodes with an
external bias (the samples are noted as EBVO-(x), here x represents the
external bias between -150 V and +150 V) in Fig. 1i, k. From the surface
potential image of the pristine EBVO (average 447.0 + 42.7 mV, Fig. 1j),
it is clear that negative poling, i.e., EBVO-(-150), reduces the surface
potential to -289.3+36.2mV (Fig. 1li), while positive poling, EBVO-
(+150), increases it to 598.5 + 79.6 mV (Fig. 1k). This result is similar to
the behavior observed in typical ferroelectric BiFeO3 photoelectrodes
which possess intrinsic dipoles’. Of particular importance is that due to
the relatively flexible feature of the defect dipoles induced by electron
cloud displacement (Fig. 1b), the positive end of the dipole will stay at
low potential position and negative end stays high when subjected to
an external electric field. For the EBVO with defect dipoles, an electric
field pointed from photoelectrode surface to the substrate will be built
up at -150 V poling, wherein it will shift the defect dipoles with negative
ends toward surface, therefore decrease the surface potential. More-
over, the well-aligned defect dipoles will generate a depolarized elec-
tric field across the whole film thickness (around 580 nm in Fig. S3),
which is in an opposite direction of the external poling electric field””.
Once the external poling field is diminished, the depolarized electric
field remains, resulting in a potential difference (AE, that is IEF)
between the top surface and bottom of the EBVO film, as illustrated in
Fig. S7. The hypothesis is confirmed by the microprobe testing results
in Fig. 11"*% According to the butterfly curves, the symmetric axis of
the undershoots of the two wings signifies the AE across the film
(Fig. S7). The pristine EBVO shows no discernible potential difference
between the bottom and surface due to the negligible net dipole
moment (Fig. 11). While upon external poling, the randomly distributed
dipole moments are effectively aligned, leading to the establishment
of the IEF (i.e., AE). Note that the external poling at negative bias results
in a positive IEF directed from bottom to surface of the photoelectrode
film, while opposite tendency is observed in the samples with positive
poling (Fig. S7). These results clearly verify our hypothesis that IEF can
be created in the vacancy containing EBVO photoelectrodes upon
poling treatment.

To unveil the relationship between the IEF and CST property of
the photoelectrodes, water oxidation performance is investigated, as
illustrated in Fig. 2. For the pristine BVO and EBVO (i.e., no external
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Fig. 3 | The water oxidation performance of NiFeO,/EBVO photoelectrodes.
a The morphology of NiFeO,/EBVO-(-150) photoelectrode. b The HRTEM of the
NiFeO, amorphous layer on EBVO-(-150). ¢ The elemental mapping of V, Niand Fe in
NiFeO,/EBVO-(-150). d and (e) The water oxidation photocurrent densities and the
corresponding IPCEs at 1.23 Vg for BVO (black), EBVO (blue), EBVO-(-150) (red),

and NiFeO,/EBVO-(-150) (purple) photoelectrodes. The light absorption of BiVO,
(pink, indicated by arrow) is displayed for comparison in (e). f The stability (purple)
and the corresponding FE of oxygen (orange) on NiFeO,/EBVO-(-150) photoelec-
trodes tested at 1.23 Vrye.

poling) in Fig. 2a, the introduction of Vg into BVO promotes the CST
photocurrent density (jcst) from 3.2mAcm™ to 43mAcm™2 at 1.23V
vs Reversible Hydrogen Electrode (Vrye), confirming the contribution
of Vo in promoting the CST*. Impressively, the jcst can be further
improved to 6.6 mA cm™ upon -150 V poling treatment, which is nearly
double that of the BVO. On the other hand, when the EBVO is treated
with a +150 V poling, its jcst decreases to 3.0 mA cm™, fully eliminating
the benefit of V. This result indicates that the PEC behavior of Vg
containing photoelectrodes largely depends on the poling treatment
history.

The photogenerated charge carrier dynamics is also investigated
via the time-resolved photoluminescence (TRPL, Fig. 2b), where the
decay curves are fitted by a bi-exponential function of time with all the
fitted parameters summarized in Table S5. The fast decay component
(7y) is associated with the surface recombination, while the slow decay
(12) can be assigned to the charge carrier recombination in the bulk
BiVO, thin films®. The fitted TRPL results indicates that the introduc-
tion of Vg prolongs the charge carrier lifetime in the bulk crystals with
an almost doubled 7,, thereby yielding an increased average lifetime
(Tavg) Of the photogenerated charge carriers from 50.83 ns to 107.81 ns
(Table S5). By further applying a negative poling (Py, ie., polarization
electric field points from surface of BiVO, film to substrate) of -150 V
to the EBVO, the T, can be significantly improved to 243.72ns
(Table S5). However, when positively poled (Pp, i.e., polarization elec-
tric field points from substrate to surface of BiVO, film) at +150 V, the
charge carrier’s lifetime of the EBVO-( +150) decreases to 77.49 ns as
indicated in Table S5 and Fig. S8. These results further indicate that Py
treatment extends the photogenerated charge carrier’s lifetime for the
improved CST process, well aligning with the observed results in the
CST measurement (Fig. 2a).

In the BiVO, photoelectrodes, the CST process is driven by the
electric field established at the BiVO,/electrolyte interface and within
the films. As shown in Fig. 2¢, a built-in electric field (Ey;) is established
at space charge layer of the interface, with its direction toward the

surface due to the band bending®* But inside the bulk, the orientation
of IEF induced by defect dipoles can be tuned under external poling.
Therefore, the CST driving force (Eyocar) is dominated by the sum of Ey;
and IEF, wherein IEF is modulated with the poling treatment as shown
in Fig. 2c. According to our previous research on ferroelectric
photoelectrode’, the IEF is aligned with the Ey; at a Py case, therefore
the Ey, for the CST process is an add-up of Ey,; and IEF (Fig. 2c).
However, under Pp, the IEF will be directed against Ey;, S0 E;o for the
CST process is a deduction of Ey,; by the IEF, leading to a weakened CST
process”*. The modulated CST process by external poling is further
confirmed by the charge transfer resistance and open circuit potential
tests in Fig. S9.

Considering the negligible dipole moment predicted in pristine
BVO (Fig. 1d), it is interesting to find that the jcst of BVO also shows a
response to external poling, as illustrated in Fig. 2a. However, com-
pared to EBVO, the BVO presents a much smaller slope of jcst-poling
bias curves. The relatively sluggish jcst change upon external poling is
possibly due to the much less Vg concentration in pristine BVO. From
the Mott-Schottky (M-S) curves in Fig. S10, BVO shows a typical n-type
semiconductor with a positive slope of M-S curves. It is generally
recognized that the n-type conductivity of metal oxide is originated
from its unavoidable V,, during material synthesis®. The presence of V,
in BVO also produces defect dipoles and responds to external poling
treatment as shown in Fig. 2a. By increasing the concentration of Vo, a
reduced slope of M-S curve is observed, suggesting a higher V con-
centration in EBVO (Fig. S10). The high V, concentration leads to
increased defect dipole moments, therefore exhibiting a more pro-
nounced response to external poling, as observed in Fig. 2a.

In fact, oxygen vacancies are common in many metal oxides and
can be induced in different methods, therefore we expect that similar
behaviors should be observed in different types of oxide based pho-
toelectrodes. For the BiVO, used here, when Vg is created via a heat
treatment, we can also observe nearly the same response of jcst to
external poling treatment as shown in Fig. S11. This result further
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Fig. 4 | The methane partial oxidation on NiFeO,/EBVO-(-150) photoelectrodes.
a The comparison of photocurrent density of NiFeO,/EBVO-(-150) and EBVO-(-150)
photoelectrodes under CH,4 flow (solid line) and N, flow (dash line). b The elec-
trocatalytic performance of CH4 oxidation on NiFeO,/FTO electrode. ¢ The pro-
ducts of O,, CH;0H and CO, during PEC test of NiFeO,/EBVO-(-150) photoelectrode

at 1.2 Ve under CH,4 flow. The inset shows hydrogen nuclear magnetic resonance
(H-NMR) signal of CH30H (6 = 3.30 ppm) intensity (/) change with the reaction time.
d The FE of produced O, (gray) CH;OH (red) and CO, (blue) at different PEC testing
potentials on NiFeO,/EBVO-(-150) photoelectrode. The CH3OH production rates at
different potentials are indicated by yellow data points.

confirms that it is the Vo, not the treatment method, that leads to the
poling response of a photoelectrode. With this knowledge, we further
explore the vacancies’ influence to other photoelectrodes. Taking the
hematite (i.e. Fe,03) as an example, the Vo tuning has been reported in
modifying n-type Fe,05; photoelectrodes (Fig. S12a)*’. We found that
both the pristine and Vy-Fe,O; photoelectrodes exhibit a tunable
photocurrent density upon external poling treatment (Fig. S13a). When
comparing the photocurrent change (Ajcst) of Fe;O3 upon poling, a
reduced Ajcst along with the increased poling bias is observed
(Fig. 2d), similar to the tendency observed in BiVO, (Fig. S14). In
addition to oxygen vacancies, previous studies have also confirmed
that metal vacancies, such as Cu vacancies (Vc,), can be produced in
p-type CuO photoelectrodes®. With the creation of additional V¢, in
CuO photoelectrode (Fig. S12b), the jcst and corresponding Ajcst
exhibit a gradual increase with the external poling, as revealed in
Fig. 2d and Fig. S12b. These results indicate that an opposite polar-
ization behavior (jcst-poling bias curves) between Fe,O3; and CuO has
been observed. That may originate from the intrinsic difference in
defect dipoles as the charging states of V in Fe,03 and V., in CuO are
different. Specifically, Vo carries a positive charge (Fig. S13c, fewer
electrons), whereas V, bears a negative charge (Fig. S13d, more
electrons)®?**. As a result, the defect dipole vectors in Fe,03 and CuO
exhibit distinct orientations, as depicted in Fig. S13. This disparity
results in opposite reactions to external poling in Fig. 2d. Above all, the
tunable photocurrent response to external poling in different photo-
electrodes confirms that the defect dipole alignment can be a generic
feature in metal oxide semiconductors.

Defect dipoles promoted photoelectrocatalysis

The tuned jcst shows a straightforward influence on its water oxidation
performance as shown in Fig. 2e. The pristine BVO has a water oxida-
tion photocurrent density (jwo) of 1.5 mAcm™ at 1.23 Vgye. By intro-
ducing the V,, the EBVO photoelectrode achieves a jyyo of 2.7 mA cm™.
Poling the EBVO at -150 V further boosts the jo to above 4.0 mA cm™.
Taking the jcst into consideration, we can calculate the surface

reaction efficiency (frea, =jwoljcst) change with the external poling
bias®. As illustrated in Fig. 2e, the ¢, does not show significant change
upon poling. This finding suggests that poling treatment majorly
affects the bulky CST, while has limited influence on the surface
reaction. Comparing to the nearly 90% CST efficiency (ncst, Fig. S15),
the <50% n., indicates there is a significant recombination of photo-
generated charges at the surface due to the slow reaction kinetics of
the four-charge involved water oxidation.

To address this challenge, we further deposit low-cost nickel-iron
oxide based surface cocatalyst (noted as NiFeO,) on the BiVO, pho-
toelectrodes. Despite the absence of NiFeO, signal in XRD patterns
(Fig. S16), the presence of NiFeO, species is confirmed by X-ray pho-
toelectron spectroscopies (Fig. S17). Due to the thin nature of the
NiFeO, layer, the surface structure of the original BiVO, photoelec-
trode is not significantly altered, as shown in the SEM images (Fig. 3a,
Fig. S3). From the high-resolution transmission electron microscope
(HRTEM) and the corresponding elemental mapping of Ni and Fe, an
amorphous NiFeO, coating layer is visualized on the surface of BiVO,
photoelectrodes (Fig. 3b, c). The introduction of NiFeO, considerably
improves the surface reaction efficiency to nearly 90% (Fig. S15). Due
to the synergistic contributions from the defect dipole and cocatalyst
NiFeO,, the optimized NiFeO,/EBVO-(-150) achieves a jyo of
6.3 mA cm™ at 1.23 Vgye With a small onset potential of around 0.2 Vgye
(Fig. 3d and Figs. S8), which is comparable to the champion BiVO4
photoelectrodes for water oxidation as tabulated in Table S6. The
corresponding incident photon-to-current efficiency (IPCE) exceeding
80% is achieved, with the IPCE-wavelength action curve closely align-
ing with the absorption curve of BiVO, (Fig. 3e). Encouragingly, the
NiFeO,/EBVO-(-150) photoelectrode demonstrates a good stability of
over 30 h, coupled with an excellent O,-Faradaic efficiency (FE) of over
95% (Fig. 3f) and minor surface changes (Fig. S3). The electrochemical
testing about the NiFeO, on various BiVO, photoelectrodes have
shown the advantage of NiFeO, in promoting water oxidation
(Figs. S19, 20) and preventing BiVO, from corrosion or structure cor-
ruption (Figs. S20-23). These results indicate that NiFeOy layer can

Nature Communications | (2024)15:9127


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53426-8

effectively utilize photogenerated holes for water oxidation while
shielding the BiVO,4 photoelectrode from holes induced photocorro-
sion. But due to the metastable intrinsic feature of the aligned dipoles,
they will relax during storage, leading to decay of photocurrent
improvement as shown in Fig. S26. This process can be recovered and
well matches our recent finding in the ferroelectric BiFeO5 system®,

To make good use of the photogenerated holes on the photo-
electrodes, we further consider to extend the water oxidation (4OH™ +
4h* > 0, + 2H,0) to value-added reactions, such as methane con-
version to valuable products (e.g., methanol via CH, + 2h*+20H™ >
CH3;0H + H,0)**. To investigate the feasibility of methane partial
oxidation on the developed photoelectrodes, methane gas was purged
into the PEC cell. It shows that the photocurrent density of NiFeO,/
EBVO-(-150) photoelectrode has obviously increasement with CH4
purge compared to the N, purge (Fig. 4a). It is interesting that there is
no obvious difference on EBVO-(-150) with the absence of co-catalyst
(Fig. 4a), further underlining the significance of NiFeO, in methane
activation. A similar CH, induced photocurrent increasement is
observed in NiFeO,/BVO photoelectrode (Fig. S27), further confirm
that CH, conversion is motivated by NiFeO, other than the poling
treatment. Subsequent electrocatalytic test of NiFeO, deposited on
the substrate of fluorene doped tin oxide (FTO) in a CH, flow indicates
a significantly higher oxidative current in the presence of CH,4 flow
(Fig. 4b). We then further study the methane oxidation products in
both gas and liquid phases. At a testing potential of 1.2 Vgy, the gen-
eration of oxygen, methanol and carbon dioxide with a gradual accu-
mulation of the products is observed, as shown in Fig. 4c and Figs. S27,
28. Interestingly, only methanol as a liquid phase product is observed
in the cell, evidenced by its typical chemical shift (6) of 3.30 ppm (inset
in Fig. 4c and Fig. S29)*2. According to the photocurrent density
(Fig. S30), we calculate the FE of methanol (FE(CH30H)) to be around
4.8 %. We then further investigate the influence of applied potential on
methanol production. As shown in Fig. 4d, the presence of methane
can reduce the FE(O,) to below 83% due to the presence of methane
oxidation. The peak methanol production rate (6.04 umol h™ with an
area of 0.36 cm?) is achieved under a potential of 1.0 Ve withac.a. 6 %
FE(CH30H), which represents as one of the most effective processes as
shown in Table S7*>**, The above results verify a value-added process
for making better utilization of the photogenerated holes along with
green hydrogen production. We can apply the defect dipoles to
accelerate the bulky CST and use the surface cocatalyst to steer the
surface reaction pathway, paving a way to the utilization of the pho-
togenerated holes for CH;0H production and electrons for hydrogen
production.

In summary, we demonstrated that vacancies can induce defect
dipoles in metal oxide semiconductors, and efficiently tune the charge
separation and transfer process at the metal oxide semiconductor
photoelectrodes. Using the BiVO, as an example, the defect dipoles
drastically boost the charge separation and transfer efficiency under
-150 V poling. By further introducing a surface cocatalyst of NiFeO,, a
water oxidation photocurrent density of 6.3 mA cm™ with a stability
over 30 h is achieved. Moreover, the NiFeO,/EBVO-(-150) photoelec-
trode shows effective methane partial oxidation capability with a high
methanol production. The findings provide a direction for rational
design of photoelectrocatalytic reactions toward efficient solar driven
greenhouse gas mitigation and valuable chemical production.

Methods

Materials

The following chemicals are used in the experiment, including Potas-
sium iodide (KI, Sigma-Aldrich, >95%), Nitric acid (HNO3, Merck, 69%),
Bismuth nitrate pentahydrate (Bi(NOs)3-5H,0, Sigma Aldrich, >98%),
P-benzoquinone (Sigma-Aldrich, >98.0%), vanadyl (V) acetylacetonate
(VO(acac),, Sigma-Aldrich, 99%), Dimethyl sulfoxide (DMSO, Sigma-

Aldrich, 99.9%), Boric acid (H3BO3, Sigma-Aldrich, 99.5%), Potassium
hydroxide (KOH, Sigma-Aldrich 86%), Iron(ll) sulfate heptahydrate
(FeS0O4-7H,0, Sigma-Aldrich, >99%), Nickel(ll) sulfate hexahydrate
(NiSO4-6H,0, Sigma-Aldrich, >98%) Iron(lll) nitrate nonahydrate
(Fe(NO3)39H,0, Sigma-Aldrich, >98%) Absolute ethanol (CH3;OH,
Merk, 99.9%), Copper(ll) acetate monohydrate (Cu(CO,CH3),-H,0,
Chem-supply, >98%), Sodium sulfite (Na,SO5, Sigma-Aldrich, >98%),
sodium hydroxide (NaOH, Sigma-Aldrich, >98%), Hydrogen peroxide
(H,0,, Supelco, 30%), Sodium sulfate (Na,SO,4, Sigma-Aldrich, >99%),
Potassium persulfate (K,S,0g, Sigma-Aldrich, >99%) and Deuterium
oxide (D,O, Sigma-Aldrich, 99.9%). All the chemicals are used as
received without further purification.

BiVO, synthesis and electrochemical reduction treatment

The synthesis of BiVO, (BVO) photoelectrode was based on the
reported work. 50 mL 0.4 M KI (pH 1.7) and 0.04 M Bi (NO5)5-5H,0 was
mixed with 20 mL 0.23 M p-benzoquinone ethanol solution for BiOl
electrodeposition on the Fluorine-doped tin oxide substrates (FTO) in
a typical three-electrode system. The deposition was set at —0.15V vs.
Ag/AgCl for 240s. Then, the V source of vanadyl acetylacetonate
(VO(acac),) was loaded on BiOl films and calcinated in the muffle
furnace at 450 °C for 2h. The excess V,05 on the BiVO, film was
removed in 1M NaOH solution.

Electrochemical reduction treatment for BVO photoelectrode was
conducted in a three-electrode electrochemical cell where BVO film,
saturated calomel electrode (SCE) and Pt electrode acted as the
working, counter and reference electrode, respectively. A reduction
treatment was applied to the BVO photoelectrode at —0.15 Vg for
120 s in 1M borate buffer electrolyte (pH 9.5) (Fig. S33). Alternatively,
the V was created by heating the as-prepared BiVO, photoelectrode
in a pure nitrogen flow at 450 °C for 2h in a tube furnace, noted
as H-BVO.

The NiFeOy electrocatalyst was loaded via a sequentially photo-
assisted electrodeposition of FeO, and NiOy in a 0.1 M FeSO, solution
at 0.25V vs. Ag/AgCl for 20 min and in a 0.1 M NiSO, solution at 0.11V
vs. Ag/AgCl for 20 min. The NiFeO,/FTO electrode was fabricated by
electrodeposition at 1.2V vs. Ag/AgCl (4 M KCI) for 30 min in a 0.1M
FeSO, solution and a 0.1 M NiSO, solution at 70 °C.

The Fe,O3 photoelectrode was fabricated through the spin coat-
ing method. Typically, 2 M Fe(NO3)3-9H,0 ethanol solution was spread
on a FTO substrate spined at 2500 rpm for the 30 s. The spin-coating
process was repeated 2 times and pre-annealed on a hotplate at 120 °C
for 5 min, followed by further thermal treatment in a muffle furnace at
800 °C for 20 min. The Vo was created by calcinating the as-prepared
Fe,03 photoelectrode in a pure nitrogen flow at 600 °C for 4.0 h in a
tube furnace.

The CuO photoelectrode was achieved from the oxidization of the
Cu,0 electrode. The Cu,0 was deposited at -0.4V vs SCE in 0.2M
copper acetate solution with a 3-electrode system for 15 min. Then, the
Cu,0 film was converted into CuO film through an annealing at 450 °C
for 2 hin air. The V, on CuO photoelectrode was produced by heating
the as-prepared Cu,O photoelectrode in a pure oxygen flow at 450 °C
for 2 h in a tube furnace.

Poling process

Poling treatment was carried out on a DC power source (ITECH DC
POWER SUPPLY, IT6834) as shown in Fig. S31. A device composed of a
Ti plate electrode and a bismuth vanadate photoelectrode was fabri-
cated with the insolation from Kapton tape. Then poling bias of
0-150V is loaded on the device for 30 min with the same polarity as
previous work’. That is, when the photoelectrode is connected to the
positive pole and Ti to the negative pole of the DC power source, the
photoelectrode poling voltage is noted as positive. Otherwise, it is
noted as negative.
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Computational details

The polarization of BVO is calculated using the Vienna Ab Initio
Package (VASP)***¢ and its projected augmented wave implementation
of DFT?. The PBEsol-GGA functional is selected for the exchange
correlation functional®. To sample the reciprocal lattice for both the
primitive cell and the applied supercell, k-points of 6 x6x4 and
3 x 3 x 4 are considered, respectively. The supercell is made of 2 x2 x 1
primitive cell. A cut-off energy on the plane-wave expansion of 600 eV
was enough to converge our structures to <107 Ang in lattice para-
meters. The tolerance on force for relaxing the structure was set to
107 eV/Ang. The calculation of the polarization is done using Berry
phase*’*® as implemented in VASP. To visualize the structures, the
VESTA software is employed in this article*.

Materials characterizations

The morphology and crystal lattice of film photoelectrode were
imaged with scanning electron microscope (SEM, JEOL JSM 7001F)
and high-resolution transmission electron microscopy (HR-TEM,
Hitachi HF5000). The crystal phase structure was characterized by
X-ray diffraction (XRD) spectroscopy (Bruker D8 Advanced dif-
fractometer) with Cu Ko (1=1.5418 A) radiation. The light absor-
bance spectrum was obtained by the ultraviolet-visible (UV-Vis)
absorption spectra (JASCOV-650 spectrophotometer). The element
chemical state was analyzed with X-ray photoelectron spectroscopy
(XPS, Kratos Ultra) with a mono Al X-ray source. The X-ray absorption
spectroscopy over the Bi L-edge and V K-edge was collected at the
Australian Synchrotron. A commercial atomic force microscope
(AFM, Cypher, Asylum Research) was used for surface potential
measurement via Kelvin probe force microscopy (KPFM) and I-V
curve via conductive AFM (C-AFM). The surface potential of the
photoelectrode was acquired by KPFM with Pt-coated Si conductive
probes (Olympus ASYELEC.01-R2, spring constant -2.8 Nm™ and tip
radius - 28 nm) on under ambient conditions. During I-V curve mea-
surement via C-AFM, bias was loaded via the Pt-coated Si conductive
probe as shown in Fig. S7. The time-resolved PL decays were mea-
sured upon a 375 nm pulsed diode laser excitation (FLSP-900, Edin-
burgh Instruments).

Photoelectrochemical and electrochemical measurement for
water splitting
Photoelectrochemical water splitting performance and Mott-Schottky
(M-S) measurement were conducted on a CHI660E potentiostat. The
charge separation and transfer (CST) efficiency of BiVO,-based pho-
toelectrodes were evaluated in 1M borate buffer electrolyte (pH 9.5)
with 0.2 M Na,SO; as the hole scavenger. Their water-oxidation per-
formance was measured in 1 M borate buffer electrolyte (pH 9.5). The
M-S curves were measured at 1 kHz frequency in the 1 M borate buffer
electrolyte (pH 9.5). For Fe,03-based photoelectrodes, the CST cap-
ability and water-oxidation performance were investigated in 1.0 M
NaOH solution with/without 0.1 M H,0O, (pH 13.6) respectively. For
CuO-based photocathodes, the CST ability was investigated in 0.5M
Na,S0, solution (pH 6.5) with 0.2 M K,S,0g as an electron scavenger.
The open circuit potential (OCP) was conducted in 1M borate buffer
solution under dark and continuous illumination. The photoelec-
trochemical impedance spectrum (PEIS) was conducted at 0.4 vs SCE
in 1M borate buffer solution under continuous illumination within a
frequency range of 102-10°Hz. For the PEC test, all the photoelec-
trodes are scanned in dark until it achieves stable photocurrent.

The potential versus SCE was scaled to RHE using the Nernst Eq.
(1)50,51:

Egpse = Esce +0.059 x pH +0.2411 M

The incident-photon-to-current conversion efficiency (IPCE) for
BiVO,-based photoelectrode was determined via an Oriel Cornerstone

260 1/4 m monochromator coupled with a 300 W Oriel Xe lamp as the
simulated light source. IPCE was measured at 1.23 Vg in 1M borate
buffer (pH 9.5) using the same electrochemical cell described above
for photoresponse. The power density at a specific wavelength was
calculated from the IPCE value of standard Si diode. IPCE values were
calculated using the following Eq. (2)

IPCE = x 1240 /(A X Pygp) &)

where j (mA cm™) presents the photoresponse for BiVO, photoelec-
trode under the light with a wavelength of A at an intensity of Pyignc
(mWem™) at 1.23 Ve

Photoelectrochemical CH, oxidation measurement
The photoelectrochemical methane conversion process was con-
ducted in the same reactor as the PEC water splitting. Methane con-
version was performed in an H-type cell after purging CH,
(10 mL min™) for 30 min in 1M borate buffer solution (pH=9.5). Sub-
sequently, the photoelectrochemical methane oxidation was con-
ducted at 0.8, 1.0, 1.2, 1.4 Vgye to analyzes the products of CH,
conversion and their corresponding Faradaic efficiencies (FEs). The
liquid product (CH30H) was analyzed through 'H-NMR spectroscopy
(Bruker Avance Il HD 500 MHz spectrometer) with dimethyl sulfoxide
as the internal standard in 10 % D,0 using the water suppression mode.
The gas products (O, and trace CO,) from PEC CH, oxidation were
detected via a gas chromatograph (GC, Shimadzu GC-2014C) equipped
with a thermal conductivity detector (TCD) and a flame ionization
detector (FID).

The Faradaic efficiency (FE) was calculated using following Eq. (3):
FE = Qoroduct 100 g5 = Moroduer * ZXF 1504, 3)

total t

where j is photocurrent density, t is reaction time, Nprgocut is the molar
amount of the corresponded product, Z is the charge transfer number
(Z =4 for H,0-0,, Z =2 for CH4-CH30H, Z = 8 for CH4-CO,) and F is the
Faradaic constant (96,485 C-mol™).

For the methanol produced in the electrolyte, its concentration
(Crmeon) is calculated from the relative peak area (4) in the 'H-NMR
compared to the DMSO according to Eq. (4):

A 3
Chreon = Aveon/3 Cpmso *22.8 (4)
Apmso/6

The cpuso is 49.5umol L, the methanol in the electrolyte has
been diluted by 22.8 times in the NMR tube.

For the above electrocatalytic/photoelectrocatalytic measure-
ments and electrodepositions, all the electrolytes were freshly pre-
pared before use. No resistance (iR) correction was applied to the
applied potential.

Data availability

All data generated or analysed during this study are included in the
published article and its Supplementary Information and Source Data
files. Source data are provided with this paper. Source Data file has
been deposited in the Materials Cloud Archive under accession code
DOI link of https://archive.materialscloud.org/record/2024.145.
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