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The high binding energy of C=0 bonds in CO, severely inhibits the
photocatalytic CO, reduction (PCR) activity. Constructing oxygen
vacancies (Vo) is considered as a fascinating strategy to promote
the capture and activation of CO, molecules. The main challenge,
however, lies in the delicate control of the Vo distribution, since the
bulk Vo can act as a recombination centre for photogenerated
electron—hole pairs. Here, an in situ solvothermal reduction
strategy is presented by programming temperature to accurately
control the Vo distribution on the catalytic surface. Taking Bi,WOg
as a model, surface-rich Vo on Bi,WOg (Sur-Vo-BWO) were gener-
ated. The governable Vo distribution strategy remarkably increases
the PCR dynamics with a high CO evolution rate for Sur-Vo-BWO
(18.73 pmol g~ h™Y), which is 8.32 times more than that of the
Vo-free control sample. This work paves a new pathway to imple-
ment delicate control of the Vo distribution on the catalysts for
precisely tuned catalytic activity.

Increasing concentrations of CO, in the atmosphere have been
considered as one of the fatal factors in global warming and
environmental degradation." The conversion of CO, to
chemical feedstocks holds great expectation to decrease the
concentration of CO, around the globe.*™® Just as in plant
photosynthesis, CO, and H,O can be converted into chemical
feedstocks over photocatalysts with a power input from solar
energy.””® Presently, a great variety of photocatalytic materials
(such as Ti0,,'° In,03,"" C3N,'? and BiOX*®) have been inves-
tigated for photocatalytic CO, reduction (PCR); however, the
main thermodynamic bottleneck of CO, conversion has not
been thoroughly conquered because of the high binding energy
of the C=0 bond (~750 kJ mol™").?
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In situ solvothermal reduction engineering
enables delicate control over surface-rich oxygen
vacancies on Bi,WOg for highly efficient
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Broader context

The presence of oxygen vacancies on the surface of the photocatalysts is
believed to play a significant role in the absorption and activation of CO,
molecules, which in turn contribute to the conversion of CO, molecules
into activated intermediates. However, controllable regulation of the
oxygen vacancy distribution is a great challenge. Herein, we present an
in situ solvothermal reduction strategy to generate surface-rich oxygen
vacancy (Vo) on Bi,WO, (Sur-Vo-BWO) in a controlled manner by the
programmable temperature. The steerable Vo distribution strategy can
significantly increase the CO, reduction performance with high CO
evolution rates, which can immensely mitigate the greenhouse effect.
This strategy can be applied to assemble many other materials where the
distribution of Vo is finely controlled.

Recently, some studies instituted that an oxygen vacancy
(Vo) could enhance the adsorption and activation of CO, by
regulating the charge density distribution of CO, on the surface
of the catalysts'® and can also extend the light absorption
region by introducing some defect levels.">™” Generally, cata-
lysts with Vo are obtained by annealing the prepared material at
high temperature with a gaseous reductant (such as H,, CH,
and CO), ion plasma etching, light etching or charge compen-
sation by heteroatom doping.®'® Nevertheless, these reductive
gases are usually dangerous and harmful. In addition, several
studies have manifested that these reductive gases can access
the bulk, leading to abundant Vo in the bulk."® Besides, the Vo
caused by charge compensation also lead to the Vo in the bulk,
which is the recombination centre of electron-hole (e -h")
pairs.>>>' High energy input, expensive equipment, and harsh
conditions are generally inevitable during ion plasma etching,

“ Hefei National Research Center for Physical Sciences at the Microscale, CAS Key Laboratory of Materials for Energy Conversion, Department of Materials Science and
Engineering, University of Science and Technology of China, Hefei, Anhui 230026, China. E-mail: gqgzhangmse@ustc.edu.cn

b Guizhou Provincial Key Laboratory of Computational Nano-Material Science, Guizhou Education University, Guiyang, Guizhou 550018, China

¢ School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei, Anhui, 230009, China

4 Department of Chemistry and Chemical Engineering, Liaocheng University, Liaocheng, Shandong, 252059, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ey00019b

i These authors contributed equally.

© 2023 The Author(s). Published by the Royal Society of Chemistry

EES Catal., 2023,1, 495-503 | 495


https://orcid.org/0000-0003-4308-3515
https://orcid.org/0000-0002-6421-8565
https://orcid.org/0000-0003-4887-536X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ey00019b&domain=pdf&date_stamp=2023-06-09
https://doi.org/10.1039/d3ey00019b
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00019b
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY001004

Open Access Article. Published on 13 Mé&rz 2023. Downloaded on 01.11.2025 04:53:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

and are undesirable for cost-effective mass production. The
content of Vo is usually limited by light etching. For example,
the Vo concentration of the BiOBr atomic layer does not
increase after UV irradiation for more than eight hours."
Although solvothermal reduction has been used to prepare
Vo, the traditional one-step strategy inevitably generates Vo in
the bulk. Therefore, it is necessary and difficult to develop a
mild yet effective strategy that can delicately control the Vo
distribution on the surface and thus precisely tune the photo-
catalytic activity.

Bi,WO¢ (BWO) is a promising candidate for PCR due to
the nontoxic and inexpensive properties, high chemical and
thermal stability, and suitable electronic band structures.”
In addition, as a typical Aurivillius-phase oxide, an internal
static electric field exists in the BWO, which is beneficial for the
transfer of e ~h* pairs.>® However, several issues have impeded
the further application of BWO in PCR, such as the low visible
light utilization induced by the wide bandgap, and the low
surface active site-derived insufficient CO, adsorption capacity.>*
Therefore, scholars have paid close attention to improving
the separation capacity of photoinduced e -h* pairs through
elemental impurities, morphological regulation, structural hetero-
junctions, and defect engineering.”>> Among them, the con-
struction of Vo is considered as a significant tactic to effectively
prevent the recombination of photogenerated e -h" pairs.”®?°
However, refined control of the Vo distribution is the main
challenge. Herein, we propose an in situ solvothermal reduction
strategy to delicately control the generation of BWO with rich
Vo on the surface (Sur-Vo-BWO) in a refined control manner over a
programmable temperature during the reaction time. The reduc-
tion strategy can precisely regulate the Vo distribution over Sur-Vo-
BWO with the uppermost CO evolution rate (18.73 umol g * h™?),
which is 8.32 times more than that of the Vo-free control sample
(BWO-C, 2.25 pmol g~ h™"). Theoretical calculations disclose that
the energy barrier for the rate-limiting step is drastically decreased
in the attendance of Vo, which extremely facilitates CO evolution.
This work presents a new pathway for the construction of surface-
Vo-rich photocatalysts to enhance PCR activity.

The Sur-Vo-BWO was assembled by in situ solvothermal
reduction engineering, as depicted in Fig. 1A. Firstly, the
precursors were synthesized at low solvothermal temperature
(120 °C), where EG acts as the reaction solvent. Subsequently,
the Sur-Vo-BWO was obtained by in situ increasing the tem-
perature to a higher value (180 °C), where EG is a mild reducing
agent for despoiling surface lattice oxygen atoms from the
catalysts surface at high temperatures.?**® The morphology of
the Sur-Vo-BWO and control samples was observed by scanning
electron microscope (SEM), as shown in Fig. 1B and Fig. S1
(ESIT) and transmission electron microscope (TEM) images
(Fig. 1C and Fig. S2, ESIf). As revealed in Fig. S3 (ESIt), the
thickness of the as-prepared BWO photocatalysts (approximately
8 nm) does not change significantly, presumably because the
morphology has already been formed at low temperatures.
Increasing the temperature to higher values only forms oxygen
vacancies and increases the crystallinity of the BWO. The inter-
planar spacings of 0.274 and 0.309 nm in the high-resolution
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TEM (HRTEM) image (Fig. 1D) are regarded as the (060) and (131)
planes of Sur-Vo-BWO, respectively, which are the two lattice
planes most exposed in Sur-Vo-BWO based on the XRD result.
As shown in Fig. S4 (ESIT), the elemental mapping images for Bi,
W and O are uniformly distributed, indicating that Sur-Vo-BWO
is manufactured without impurities. The XRD patterns of the as-
obtained samples at 20 = 28.3, 32.7, 47.1, 55.8, 58.5 and 68.7°
(Fig. 1E and Fig. S5, ESIt) were indexed to the (131), (060), (202),
(133), (262) and (004) planes of the orthorhombic BWO materials
(JCPDS 79-2381). The absence of impurities in the XRD patterns
manifests that the BWO is a pure phase.

The electron paramagnetic resonance (EPR) was utilized to
verify the existence of Vo as it can obtain information about the
defect states in materials.”’ As exhibited in Fig. S6 (ESIT), the
Sur-Vo-BWO displays an obvious EPR signal at g =2.001, which
is identified as the unpaired electrons at the oxygen defect
sites.”’ However, the BWO synthesized at the low solvothermal
temperature (named BWO-L) and Vo free BWO-C do not present
an apparent EPR signal, indicating that Vo is not formed at low
temperatures and can be removed by calcining Sur-Vo-BWO
in the air atmosphere. The EPR signal increases when the
precursors stay for a longer time (12 h) at high temperature
(denoted as Vo-BWO-H). Fascinatingly, the EPR intensity dis-
plays a linear relation with the solvothermal temperature at
high values (Fig. 1F), indicating that the Vo is acquired due to
the extended time at high temperatures. For the quantitative
analysis of Vo, 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and
Mn" were employed as the standard sample and reference
samples, respectively, using the EPR methods.*> As demon-
strated in Fig. 1G, the number of unpaired electrons (one
unpaired electron denotes one Vo) in Vo-BWO-H is about
1.99 x 10" €~ g ' catatyse- Therefore, the Vo concentrations of
BWO-C, BWO-L, Sur-Vo-BWO-3, Sur-Vo-BWO and Vo-BWO-H-9
were estimated as 0, 5.13 x 10™%, 3.83 x 10", 8.16 x 10'* and
1.36 X 10" e g 'Gaayse respectively. These above results
indicate that the Vo-rich state is controllably obtained by
increasing the reaction time at higher temperatures.

A schematic illustration of the Ar" etching is shown in the
inset of Fig. 2A. The Ar" etching technique can scrape away the
surface information of the catalyst, so that the inner informa-
tion of the catalyst can be detected.**** Therefore, the depth
information of Vo distribution was investigated by X-ray photo-
electron spectroscopy (XPS) through time coursed Ar" etching.
The O 1s XPS spectra of Sur-Vo-BWO at Fig. 2A present two
peaks located at 529.2 and 530.6 eV, which are considered
as lattice oxygen and Vo, respectively.>* Notably, the binding
energy of the lattice oxygen for Sur-Vo-BWO moves to the BWO-
C site with increasing Ar* etching time. In addition, the content
of Vo in Sur-Vo-BWO determined by the O 1s XPS spectra
(Table S1, ESIt) decreases from 22.66% to 16.26% after 60 s
Ar’ etching, which is close to the Vo content of BWO-C
(15.02%). The O 1s XPS spectra results indicate that Vo is
mainly generated on the surface of Sur-Vo-BWO. The peaks at
164.5 and 159.2 eV for Sur-Vo-BWO in Fig. 2B are ascribed to
the Bi 4f;, and Bi 4f,, of the Bi*" chemical state, respectively.*”
Moreover, two prominent peaks for Sur-Vo-BWO at 162.4 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic illustration of the formation process of Sur-Vo-BWO photocatalysts by programming temperature to accurately control the Vo

distribution on the catalytic surface; (B) SEM image, (C) TEM image and (D) HRTEM image of Sur-Vo-BWO, respectively. (E) XRD pattern; (F) the relation
between EPR intensity and solvothermal time at high temperature (180 °C); (G) quantitative study of the Vo density for Vo-BWO-H (the weight of

Vo-BWO-H in the test is 0.4991 g).

157.0 eV are identified as the Bi® )" chemical state due to the
partial reduction of Bi atoms by localized electrons trapped in
the Vo.>® The peaks of Bi® " for Sur-Vo-BWO weaken after Ar*
etching, indicating that rich Vo exists over Sur-Vo-BWO due to
the despoilment of the lattice oxygen linked with Bi species in
the reductive solvent of EG at high temperature. The W 4f XPS
spectra of Sur-Vo-BWO (Fig. 2C) consisted of two peaks at
35.3 and 37.4 eV, representing the W 4f;,, and W 4f;), in the
W®" chemical state, respectively.”® The W 4f XPS sites of
binding energy for BWO-C and Sur-Vo-BWO are immobile,
manifesting that the W-O bond might not be cracked during
the solvothermal process.®” According to the above-mentioned
results, the BWO with rich Vo on the surface by cracking the
Bi-O bond has been manufactured by an in situ solvothermal
reduction strategy.

The photocatalytic activity and selectivity of the Sur-Vo-BWO
and control samples were evaluated under simulated sunlight
without any co-catalysts or sacrificial agents. As given in Fig. 3A,
B and Fig. S7, S8 in the ESI,} the evolution of CO and CH,

© 2023 The Author(s). Published by the Royal Society of Chemistry

demonstrates a linear process with increasing illumination
time. Notably, the Sur-Vo-BWO exposes the highest CO evolu-
tion rate (18.73 umol g~ ' h™"), selectivity (99.0%), and total
electron transfer rate (Rypr) (38.99 pmol. g ' h™') as shown in
Table S2 (ESIt), because of the appropriate concentration of
surface Vo over Sur-Vo-BWO. The Vo-induced defect state may
act as an initial charge carrier’s acceptor to inhibit the recom-
bination of e -h* pairs and promote the interfacial charge
transfer from the excited Sur-Vo-BWO to preactivated CO, on
the Vo sites. The high selectivity also avoids complex and
expensive purification processes, which is advantageous for
subsequent industrial utilization.® The highest CO evolution
rate for Sur-Vo-BWO also outperforms commercial P25 and
most of the reported BWO-based catalysts (Table S3, ESIf),
demonstrating that Sur-Vo-BWO is a promising candidate for
PCR. The CO evolution rate decreases to 6.18 pumol g~ ' h™* with
Rrer of 13.60 umol. g~' h™" for Vo-BWO-H, separately, which
may be the redundant Vo in the bulk as an electron trap-
ping centre to facilitate surface recombination.’® Besides, the

EES Catal., 2023,1, 495-503 | 497
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Fig. 2 XPS spectra for Sur-Vo-BWO and BWO-C before and after Ar* etching: (A) O 1s XPS spectra, (B) Bi 4f XPS spectra and (C) W 4f XPS spectra,
respectively. A schematic illustration of Ar™ etching is shown in the inset of (A).

BWO-C reveals the lowest CO evolution rate (2.25 pumol g~ " h™?)
because of the poor concentration of Vo over BWO-C. The
emergence of trace CH, could be a stronger interaction between
Vo and intermediates of the CO, photoreduction process, which
is verified by the CO temperature-programmed desorption in
Fig. S9 (ESIf). The apparent quantum yield (AQY) was also
measured to illustrate the photon conversion efficiency. The
AQY (Fig. S10 and S11, ESIt) achieved 0.0224%, 0.00394% and
0.00328% for Sur-Vo-BWO at 420, 500 and 600 nm band-pass
filter irradiation, respectively, comparable to the reported BWO
photocatalyst.*> By comparison, the AQY for BWO-C was only
0.0118%, 0.000509% and 0.000330% at 420, 500 and 600 nm
irradiation, respectively. The result indicates that Vo plays an
important role in light absorption and CO evolution. No products
were detected in the absence of CO,, light source or photocata-
lyst. As exposed in Fig. S12, ESI, T although no water was added to
the reactor, a trace of CO was spotted, which may be the
adsorption of water vapor from the air due to the abundant
oxygen vacancies in Sur-Vo-BWO as an oxidant to consume the
photogenerated holes. >CO, isotope labelling experiments were
performed to further shed light on the origin of the photocata-
lytic products. As presented in Fig. 3C, a clear signal at m/z =29 is
attributed to "*CO formed by *CO, reduction, implying that the

498 | EES Catal, 2023,1, 495-503

CO is generated by CO, reduction. This presents that the
products are generated by PCR and that H,O plays a crucial role
in the reaction system. The PCR activity (Fig. 3D) remains 97.2%
after 4 cycles with the unbroken morphology (Fig. S13, ESIt) and
crystal structure (Fig. S14, ESIt), demonstrating the excellent
durability of Sur-Vo-BWO. Interestingly, the higher CO evolution
rate in the second times than in the first could be due to the
strong interaction of the Sur-Vo-BWO with CO, and C1 inter-
mediates, which avoids the activated time from CO, to C1
intermediate in the second times than in the first. Hence, a
slight increase in the CO evolution rate is detected in Fig. 3D. The
Sur-Vo-BWO and BWO-C after photocatalytic testing were mea-
sured by XPS. The XPS peaks at 164.4 and 159.1 eV for Sur-Vo-
BWO in Fig. S15A (ESIT) are ascribed to the Bi 4fs/, and Bi 4f;, of
the Bi®* chemical state, respectively.>® Noteworthily, the Bi® " of
Sur-Vo-BWO is indistinct after the cycling test, which is deemed
to be the adsorption of CO, and water on the Vo sites and bond
with Bi species. The W 4f XPS spectra (Fig. S15B, ESIt) at 35.2
and 37.3 eV for Sur-Vo-BWO represent the W 4f;, and W 4fy),
in the W°" chemical state, correspondingly.>®> The O 1s XPS
peak (Fig. S15C, ESIf) located at 529.7 eV is deemed as the
lattice oxygen of Sur-Vo-BWO. In addition, the surface hydroxyl
group and C=O0 of the carboxylate were detected at 530.9 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Time courses of photocatalytic CO evolution curves and (B) CO and CH,4 evolution rate of Sur-Vo-BWO and control samples; (C) mass

spectrum of *CO produced over Sur-Vo-BWO by a *CO; isotope labelling experiment; (D) CO and CH,4 evolution rate of Sur-Vo-BWO under stability

test; (E) the in situ FTIR study of Sur-Vo-BWO.

531.8 eV, separately.*’ The increased relative ratio of surface
hydroxyl groups and carboxylate for Sur-Vo-BWO over BWO-C
(Table S4, ESIT) manifests that the Vo enormously accelerates the
adsorption and activation of CO, and water over Sur-Vo-BWO.
The C-OH and C=O0 peaks also emerged at 286.1 and 288.3 eV in
the C 1s XPS spectra (Fig. S15D, ESIt).*" The increased relative
ratio of C-OH and C—O peaks for Sur-Vo-BWO than BWO-C
(Table S5, ESIt) is in line with the increased relative ratio of
surface hydroxyl and carboxylate groups in the O 1s XPS spectra.
The XPS results indicate that surface Vo can accelerate the
adsorption and activation of water and CO, molecules. As
emerged in Fig. S16 (ESIT), the vague EPR response of Sur-Vo-
BWO after photocatalytic testing declares that the Vo is occupied

© 2023 The Author(s). Published by the Royal Society of Chemistry

by adsorbed water and carboxylate species. Surprisingly, the Vo
was recurrent when the sample was illuminated under an argon
atmosphere, which clarifies that the Vo is the active site and it
can be released during PCR.

To understand the PCR mechanism over Sur-Vo-BWO, in situ
FTIR measurements were implemented, as shown in Fig. 3E.
The FTIR peak at 1261 cm ™" is indexed to the carbonate species
during the PCR."**> The peak at 1548 cm ™" is attributed to the
typical intermediate of *COOH for CO, reduction.*”® In the
meantime, the monodentate carbonate (m-CO5>") at 1496 cm ™%,
the bidentate carbonate (b-CO;>") at 1340 and 1356 cm ™' and
the chelating bridged carbonate (c-CO;>") at 1740 c¢m ™'
are detected.**** In addition, the *CO absorption band at

EES Catal.,, 2023, 1, 495-503 | 499
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2056 cm ™ is also detected in the photocatalytic process, and it is
enhanced with the increase of the irradiation time, indicating
that abundant CO intermediates (*CO) are generated over Sur-Vo-
BWO.%'® According to the in situ FTIR analysis, the pathway
of photoreduction from CO, to CO over Sur-Vo-BWO may be
recommended as the formate (*COOH) pathway.

Considering the influence of specific surface areas in differ-
ent samples, N, adsorption-desorption tests were carried out.
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As shown in Fig. S17 (ESIY), the Brunauer-Emmett-Teller (BET)
surface areas of BWO-C, BWO-L, Sur-Vo-BWO and Vo-BWO-H
are 11.934, 13.261, 25.421 and 30.523 m* g~ ', respectively. The
trapping of N, can be facilitated by localized excess electrons
due to the coordinated unsaturated nature of metal atoms
caused by Vo.>*®*” Therefore, Vo-BWO-H reveals the highest
specific surface areas due to the existence of exorbitant Vo.
However, the specific area normalized CO evolution rate for
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(A) CO, adsorption isotherms and (B) TRPL spectra of Sur-Vo-BWO and BWO-C; (C) total and projected DOS of Vo-BWO and BWO; (D) the ELF

of BWO (left) and Vo-BWO (right). The value of function closer to 1 means that the electrons are more localized; (E) distribution of photogenerated
electrons (left) and photogenerated holes (right) for the Vo-BWO in the excited state; (F) free energy diagrams of CO, photoreduction to CO for the Vo-

BWO and BWO.
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Sur-Vo-BWO is 0.737 pmol m~> h™" (Fig. S18 and Table S6,
ESIY), about 3.92, 2.83 and 3.65 times higher than that of BWO-
C (0.188 umol m > h™'), BWO-L (0.260 pmol m > h™*) and Vo-
BWO-H (0.202 pmol m > h™"), respectively. This result
indicates that the intrinsic photocatalytic activity of Sur-Vo-
BWO is enhanced by the surface Vo, and that the specific
surface area is not the most important factor to enhance the
PCR activity. The presence of Vo also reinforces CO, adsorption
(Fig. 4A and Fig. S19, ESI{), which is thanks to the coordina-
tively unsaturated nature of the Bi atoms near the Vo site. CO,
is likely to aggregate at the site of localized excess electrons,
which is conducive for the CO, adsorption and activation.®
Time-resolved photoluminescence (TRPL) decay spectroscopy
(Fig. 4B) was employed to investigate the charge transfer
dynamics. The fitting parameters are summarized in Table S7
(ESIT). The average lifetime (t,,) for Sur-Vo-BWO is 2.69 ns,
which is about double the lifetime of BWO-C (1.57 ns). These
results indicate that surface Vo plays a great role in improving
the lifetime of photocarriers.*® Steady-state PL spectroscopy
was employed to understand the carrier recombination process
caused by Vo. As exposed in Fig. S20 (ESIt), BWO-C exhibits the
highest PL intensity due to the strong radiative recombination
behaviour. The PL is gradually quenched as Vo is generated
over BWO, confirming that the quenching of the PL intensity is
directly triggered by Vo. The Sur-Vo-BWO emerges the lowest PL
intensity, manifesting an obvious suppression of the charge
recombination probability for the photogenerated carriers.*’
However, the redundant Vo is pernicious for the charge separa-
tion due to the excessive existence of electron trapping in the
bulk of Vo-BWO-H, which acts as a recombination centre to
aggrandize the charge recombination. The result can be further
verified by the stronger PL emission peak, the larger arc radius
of the Nyquist plots (Fig. S21, ESIT) and the depressed transient
photocurrent response curves (Fig. S22, ESIt) of Vo-BWO-H
compared to Sur-Vo-BWO.?® These results clearly indicate that
Sur-Vo-BWO exhibits stronger electron transfer properties than
that of the control samples.

DFT simulation was performed to understand the electronic
structure and the reaction energy barrier. According to the
density of states (Fig. 4C), the VBM for BWO is mainly formed
by O 2p orbitals, while the CBM is comprised by W 5d orbitals.
When the Vo is produced in the BWO (named Vo-BWO), the
band gap reduces from 2.50 eV for BWO to 1.30 eV for Vo-BWO.
Simultaneously, a mid-gap state near the VBM of Vo-BWO
appears and consists of Bi 6p and O 2p orbitals. The adventi-
tious energy levels can induce electronic transitions from the
VBM to the intermediate state and then to the CBM, which is
identical with extended light absorption in the longer wave-
length region by the ultraviolet-visible diffuse reflection spectra
result in Fig. S23 (ESIT). The intermediate state can serve as the
reactive sites and trap the separated photocarriers for the
subsequent surface reaction. Consequently, there is less chance
for e -h" pairs to meet and recombine. The narrower band gap
and extended absorption in the visible-light region improve the
utilization of low energy light, the major component of sunlight
on the earth.*>** The electron localization function (ELF) maps

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reveal strong covalent interactions of Bi with neighbouring
O atoms in BWO (Fig. 4D). However, the electron is localized
surrounding Bi sites for Vo-BWO when the O atom is removed.
This result demonstrates that the Vo in the ground state
can trap electrons. Excited state calculations provide a deeper
explanation of the role of Vo on charge separation in photo-
catalytic reactions. The distance of Bi-vacancy-Bi for Vo-BWO
is 3.16 A in the ground state (Fig. S24A, ESIT). When an electron
is excited from the valence band to the conduction band, that
is, the electron is transferred from a Bi atom (HOMO) to
neighbouring Bi atom (LUMO), charge repulsion between the
two Bi atoms will exist. Accordingly, the distance of Bi-vacancy-
Bi extended to 4.42 A in the excited state (Fig. $24B, ESIT). This
result also leads to the spatial separation of the HOMO and
LUMO orbitals, as revealed in Fig. 4E. Hence, the extended carrier
lifetime and enhanced charge separation become a reality.
On the contrary, the electrons and holes disperse on the whole
region for BWO in the excited state (Fig. S25, ESIT). These results
indicate that Vo as an active site can preferably promote adsorp-
tion and activation of CO, molecules, and encourage diffusion of
e -h" pairs. The photoreduction pathways from CO, to CO
(the main product) were calculated to reveal the adsorption and
activation energy over BWO and Vo-BWO. Usually, the CO,
photoreduction mainly contains five steps: (i) the adsorption
and (ii) activation of CO, molecules; (iii) hydrogenation of
activated CO, molecules; (iv) decomposition of the C-O bond
with removal of water and (v) desorption of reductive products
from the active sites.'®>” The hydrogenation step of CO, mole-
cules is regarded as a potential-determining step for PCR.
As displayed in Fig. 4F, the Gibbs free energies of Vo-BWO with
*CO, , *COOH and *CO are 0.46, 1.57 and 1.12 eV, while the
Gibbs free energy is 0.56, 2.99 and 1.14 eV for BWO, respectively.
What needs to be emphasized is that the energy barriers of the
potential-determining step are reduced obviously from 2.43 eV
for BWO to 1.57 eV for Vo-BWO by the hydrogenation of adsorbed
*CO, to *COOH, which immensely facilitates CO evolution.

Conclusions

In conclusion, the Sur-Vo-BWO has been synthesized by a deli-
cate in situ solvothermal reduction strategy in a controlled
manner over programmable temperature during the reaction
time, which can avoid the superfluous Vo in the bulk. The Sur-
Vo-BWO shows the highest CO evolution rate and selectivity. The
surface Vo extends the photoresponse in the visible-spectrum
region, increases the adsorption and activation capacity of CO,,
suppresses the recombination of photogenerated charges and
decreases the energy barrier of the potential-determining step,
which are demonstrated by experimental and theoretical results.
This work opens a novel avenue to manage the Vo distribution of
the photocatalysts to enhance the CO, photoreduction capability.
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