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Abstract

Bismuth vanadate (BiVOa4) has recently received significant attention for photocatalytic CO-
conversion due to its low bandgap and high stability, but low position of the conduction band and
high electron-hole recombination rate limit its photocatalytic activity. In this study, to overcome
the drawbacks of BiVVOas, oxygen vacancies and lattice strain are simultaneously introduced in this
oxide using a high-pressure torsion process. The processed material not only shows the low
recombination rate and enhanced conduction band level but also exhibits bandgap narrowing. The
oxygen-deficient and highly-strained BiVVO4 shows a high photocatalytic CO. conversion rate with
an activity comparable to the P25 TiO> photocatalyst. The enhancement of photocatalytic activity
is discussed based on the modification of band structure, enhanced light absorbance, the lifetime
of excited electrons, and the role of oxygen vacancies as activation sites for CO2 photoreduction.
This work introduces a feasible pathway to develop active photocatalysts for CO2 conversion by
lattice strain and defect engineering.
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1. Introduction

The high concentration of CO> in the Earth’s atmosphere and consequently global warming
IS perhaps the most critical crisis of the 21st century [1]. Capturing CO> and its conversion to other
useful products has received significant attention in recent years [1]. Photocatalysis using a light-
absorbing catalyst such as TiO2, C3sNs and BiVVO4 under sunlight is the cleanest technology to
convert CO; to other useful chemicals [2,3]. During the photocatalytic CO2 conversion, the
electrons in the valence band of the photocatalyst absorb the light and transfer to the conduction
band. These excited electrons and corresponding holes take part in various reactions to convert
CO; to other products such as CO, HCOOH, HCHO, CH3OH and CHa4through the redox reactions
with the chemical potentials given in Table. 1 [4,5]. Despite high scientific interest in
photocatalytic CO. conversion, enhancement of the efficiency of the method is a significant
challenge [2,3].

Table 1. Reactions in CO. conversion with their chemical potentials [4,5].

Reaction Standard Potential (eV)
CO; + 2H* + 2 - HCOOH -4.20
COz + 2H" + 26" — CO + H,0 -4.29
CO; + 4H* + 4e- — HCHO + H>0 -4.33
CO; + 6H* + 6e" — CH30H + H-0 -4.43
CO; + 8H" + 8e"— CH4 + 2H,0 -4.57

Various strategies have been used to improve the photocatalytic CO2 conversion efficiency
such as introducing heterojunctions [6], defect engineering [7,8], doping [9], strain engineering
[10-12] and formation of mesoporous structures [13]. These strategies are employed to control
various features of photocatalysis such as enhancing the CO; adsorption, increasing the light
absorbance, facilitating the electron-hole separation, minimizing the electron-hole recombination,
and optimizing the electronic band structure [2,14]. Defect engineering is a strategy that can affect
most of the mentioned features of photocatalysis, and among different defects, oxygen vacancies
are the most effective ones [7,8]. Oxygen vacancies on the surface of catalysts can act as active
sites for CO. adsorption and electron-hole separation [7]. Moreover, it is believed that the adsorbed
CO2 on oxygen vacancies is more active for conversion due to a reduction in the binding energy
of carbon and oxygen atoms [7,8]. Strain engineering via lattice compression or expansion can
also reduce the overall energy barrier for the rate-controlling step of photocatalytic CO;
conversion, either by increasing the light absorbance, aligning the band structure or by electron-
hole separation [10-12]. Simultaneous engineering the defects and lattice strain without the
addition of impurity atoms can be an effective solution to enhance the efficiency because impurity-
induced recombination can be minimized in this way [15].

Among various photocatalysts developed for photocatalytic CO2 conversion, BiVOs (as a
mixed-metal oxide or salt) has recently received significant attention due to its high stability and
low direct bandgap (2.4-2.5 eV) [16,17]. The main drawbacks of BiVOs which limit its
photocatalytic CO> conversion efficiency are its low conduction band energy level and high rate
of electron and hole recombination [17,18]. To improve the photocatalytic CO, conversion on
BiVO4, most reported studies introduced heterojunctions as a strategy: BiVO./CsN3z [18],
BiVO4{010}/Au/Cu20 [19], BiVO4/C/Cu20 [20], ZnInzS4/BiVO4 [21], BiVO4/BisTizO12 [22],
and CdxZn1xS@AU/BiVO4 [23]. Doping with other elements such as Bi, Cu and Ag [24-28] and
formation of vanadium-deficient layers [29] were also reported as other strategies to enhance the



photocatalytic CO> reduction on BiVOs. Despite the well-known importance of engineering the
defects and lattice strain on photocatalytic CO> conversion, there have been limited studies on this
issue for pure BiVO4 without the addition of impurities.

There are some reported methods in the literature to introduce the defects and strain in
photocatalysts. Thermal treatment under hydrogen or inert atmospheres at high temperature,
chemical reduction, vacuum activation, ultraviolet irradiation, phase transformation via fast
heating, plasma etching, lithium-induced conversion and low-valence metal doping are some
methods used to introduce lattice defects such as oxygen vacancies [30-32]. Most of these methods
need chemical reactions, high temperature or impurity addition. In the case of BiVOs for
photocatalytic CO> conversion, doping with other elements or producing oxygen- and vanadium-
deficient layers by chemical reactions are the methods utilized for oxygen vacancy generation [24-
29]. There are few studies on strain engineering of BiVOs-based photocatalysts, although strain
engineering can be conducted by the formation of layered and core-shell structures or by chemical
methods such as solvothermal technique [11,12].

In this study, BiVOs was treated by a high-pressure torsion (HPT) method to
simultaneously introduce both defects and strain and improve the electronic structure, carrier
dynamics and photocatalysis CO conversion. The HPT method, in which a material is torsionally
strained under high pressure [33], was used in this study because the method can introduce defects
and strain in oxides without a need for impurity atoms [34,35]. The highly-strained and oxygen-
deficient BiVO, exhibited narrow optical bandgap, enhanced conduction band bottom, low
electron-hole recombination rate and high photocatalytic CO conversion, which was comparable
to the conversion rate on P25 TiO; as a benchmark photocatalyst. This study introduces an
effective strategy based on defect and strain engineering to enhance the photocatalytic CO-
conversion on BiVOg, although the strategy is easily applicable to a wider range of photocatalysts
for CO2 conversion.

2. Experimental procedure
2.1. Sample synthesis

Initial BiVO4 with 99.9% purity was purchased from Sigma Aldrich and further processed
by HPT, as schematically shown in Fig. 1a [33]. For HPT processing, about 410 mg of initial
powder was first compressed under 380 MPa to form pellets with 10 mm diameter and 0.8 mm
thickness. The pellets were then compressed between two HPT anvils under a pressure of 6 GPa
at room temperature (300 K). When the pressure was stabilized, the sample was plastically strained
by rotating the lower anvil with respect to the upper anvil for either 0.25, 1 or 4 turns with a rotation
speed of 1 rpm. It should be noted that larger plastic deformation is introduced in the sample with
increasing the number of HPT turns [33]. The appearance of the initial powder and of the three
samples processed by HPT after compacting to disc shapes are shown in Fig. 1b. The color of
samples became darker with increasing the number of HPT turns and changed from yellow to
orange and rose, respectively. These color changes indicate that photons with lower energies can
be absorbed after HPT processing, as shown in the Itten color wheel of Fig. 1c [36].

2.2. Characterization
The initial powder and the samples processed by HPT for 0.25, 1 and 4 turns were
characterized by various techniques, as described below.
e Crystal structure was examined by X-ray diffraction (XRD) utilizing the Cu Ko radiation (4 =
0.1542 nm wavelength) and a zero-diffraction amorphous silicon holder with a scanning speed
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of 1 °/min. A Rigaku SmartLab 9kW AMK machine equipped with automatic alignment
systems for beam, detector and sample (height and angle) was used for the XRD analysis. The
precision of diffraction angle, confirmed by using a standard crystalline silicon sample, was
better than 0.01°. XRD profiles were analyzed using PDXL software to determine the lattice
parameters and lattice volume. Moreover, the crystallite size was determined by the Halder-
Wagner method [37].
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Fig. 1. (a) Schematics of HPT method, (b) appearance of BiVO4 samples before and after HPT
processing for 0.25, 1 and 4 turns, and (c) color of samples in comparison with Itten color wheel.
Samples in (b) were compacted to disc form to show color changes clearly.

Crystal structure was also examined by Raman spectroscopy using a laser source with A =532
nm wavelength. A Renishaw inVia Raman WIRE 4 machine equipped with an optic alignment
tool was used. The precision of Raman shift, confirmed using a standard single-crystal silicon
sample, was better than 0.1 cm™.

Particle size was measured by the dynamic light scattering (DLS) method utilizing a Zetasizer
Nano-S machine equipped with a 4 mW He-Ne laser (633 nm) with 173° diffraction angle.
The specific surface area was measured from the average particle size as: surface area (m?g™)
= 6000 / [average particle size (nm) * (density (gcm™)].

Microstructure was investigated by transmission electron microscopy (TEM) using the bright-
field (BF) images, dark-field (DF) images, selected area electron diffraction (SAED) analysis,
high-resolution images and fast Fourier transform (FFT) diffractograms. For these
observations, small amounts of samples were crushed in ethanol and dispersed on a carbon
grid and examined in an aberration-corrected TEM under a voltage of 200 keV.
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e X-ray photoelectron spectroscopy (XPS) using the Al Ka radiation with a wavelength of A =
0.834 nm was used to determine the oxidation state of elements and the presence of oxygen
vacancies. Peak deconvolution of O 1s XPS spectrum was also performed to calculate the
oXxygen vacancies concentration [38].

e Electron paramagnetic resonance (EPR) using a 9.4688 GHz microwave source was used to
investigate the formation of oxygen vacancies.

e Light absorbance of samples was examined by UV-vis diffuse reflectance spectroscopy and
then the optical bandgap was calculated by the Kubelka-Munk analysis.

e The valence band top was determined using the ultraviolet photoelectron spectroscopy (UPS)
with the He-l1 UV irradiation and a DC bias of -4 V. The conduction band bottom was
determined by adding the bandgap to the valence band top.

e Recombination rate of electrons and holes was investigated by steady-state photoluminescence
(PL) emission spectroscopy with a 325 nm laser light source.

e Time-resolved photoluminescence decay (PL decay) with a 285 nm laser source was
performed to investigate the average lifetime of excited electrons.

2.3. Photocurrent test

Photocurrent measurement was conducted under the full arc of a xenon lamp (300 W,
Asashi Spectra, Japan, HAL-320W) in a 1 M Na>SOs electrolyte to study the electron separation
potential. A thin film of BiVO4 samples on FTO (fluorine-doped tin oxide, 8 Q/sq, Aldrich) glass
was used as a working electrode, and Pt wire and Ag/AgCl were utilized as the counter and
reference electrodes, respectively. To measure the photocurrent generation, an electrochemical
analyzer (ALS C. Ltd., Japan, BAS1230C) was used in potentiostatic amperometry mode under a
voltage of 0.7 V versus Ag/AgClI (0.5 min light ON and 1 min light OFF). To prepare the thin film
samples, 5 mg of BiVO4 were crushed in 0.2 mL ethanol and dispersed on 2.25 mm thick FTO
glass with 15x25 mm? surface area and baked in a muffle furnace at 473 K for 1 h, as described in
detail in an earlier study [39].

2.4. Photocatalysis test

For the photocatalytic CO conversion test, 120 mg of each sample was dissolved in 500
mL of deionized water and 1 M NaHCOj3; under CO; bubbling with a flow rate of 3 mLmin™,
Photocatalytic test was performed in an 858 mL cylindrical quartz photoreactor with continuous
flow, as described earlier [40]. A high-pressure mercury light source with 0.5 Wcm light intensity
(Sen Lights continuous flow Corporation, HL400BH-8, 400 W) with no filtering was used for
irradiation. The process was first performed without irradiation for 2 h to be sure about the absence
of reaction products. The light source was then placed in the inner space of the reactor and the
reactor temperature was adjusted to 288 K by a water chiller. The reaction mixture was stirred
continuously by a magnetic stirrer and the CO» gas was injected into the reactor by an inlet hole
on the top of the reactor. The reaction products continuously flowed out of the reactor through an
outlet hole on the top of the reactor, as shown in Fig. 1a. The outlet gas from the reactor was
divided into two parts and moved either to vent or a gas chromatograph (Shimadzu GC-8A, Ar
Carrier). The formation of CO and CH4 was determined by a flame ionization detector equipped
with a methanizer (Shimadzu MTN-1). To measure H> and O production rate, a thermal
conductivity detector was also used. Fig. 2a shows the system used for photocatalytic CO-
conversion along with the relevant spectral composition of the mercury light source in Fig. 2b. It



should be noted that a blank test without the catalyst addition but with light irradiation was also
conducted to be sure about the absence of reaction products.
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Fig. 2. (a) Schematics of photocatalytic experiment for CO2 conversion, (b) spectral composition
of light source employed for photocatalytic experiment.

3. Results
3.1. Lattice strain and microstructure

Fig. 3a shows the crystal structure analysis of four samples using the XRD method. It is
evident that the initial powder and the HPT-processed samples have a monoclinic phase (C12/cl
space group with a = 0.519 nm, b = 1.170 nm, ¢ = 0.509 nm; « = 90°, # = 90.38° and y = 90°).
XRD profiles in a higher magnification are shown in Fig. 3b for the (004) atomic plane with a
diffraction angle of ~30.5°. There is a peak shift to higher angles after HPT processing and the
shift becomes more significant with increasing the number of turns (i.e., with increasing plastic
deformation). The peak shift is an indication of lattice expansion, which can be due to lattice strain
and vacancy-type defect formation [41,42]. Furthermore, a peak broadening occurs, and the
broadening becomes more significant with increasing the number of turns. The peak broadening
is usually due to the formation of dislocation-type defects or planar imperfections such as grain
boundaries [43]. Fig. 3c shows the crystallite size of four samples measured by the Halder-Wagner
method. It is evident that the crystallite size increases from 65.7 nm for the initial powder to 24.6,
12.2 and 8.8 nm for the samples proceeded by HPT for 0.25, 1 and 4 turns, respectively. Fig. 3a
also summarizes the volumetric lattice strain which was calculated as the increase in the lattice
volume of the HPT-processed sample compared to the lattice volume of the initial powder, AV/Vo.
The estimated volumetric lattice strains for the samples proceeded by HPT for 0.25, 1 and 4 turns
are 0.52%, 0.68% and 0.86%, respectively.

Fig. 4a illustrates the crystal structure analysis using the Raman spectroscopy method for
the four samples. All peaks in the Raman spectra correspond to the monoclinic phase in good
agreement with the XRD analyses. The peaks located at 124 and 210 cm™ are relevant to the
external mode of BiVOs; the peaks located at 330 and 365 cm™ are relevant to asymmetric
((8as(VO4~3)) and symmetric ((8s(VO43)) deformation modes of the VO4>~, respectively; and the
peak located at 827 cm™ is due to stretching vibration mode of the V-O bonds in the VO4 3 (vs)
[44]. Since the peak at 827 cm™ shows the length of V-O bonds, it is usually used to analyze the
lattice strain in BiVOs [45]. Fig. 4b shows the Raman spectra of stretching vibration mode of the
V-0 bonds in higher magnification. It is evident that there is a peak shift to the lower wavenumbers



after HPT processing and the shift is enhanced by increasing the number of turns. This shift
indicates that a lattice expansion (tensile strain) occurs in the samples [46].
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Fig. 3. Formation of strained nanocrystals in monoclinic phase BiVO. by HPT processing. (a)
XRD analysis, (b) XRD analysis in high magnification for (004) atomic plane and (c) crystallite
size and volumetric lattice strain versus number of HPT turns for powder and samples processed
for 0.25, 1 and 4 turns.
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Fig. 4. Introduction of lattice strain in BiVO4 by HPT processing. (a) Raman spectroscopy, and (b)
Raman spectroscopy in high magnification for stretching vibration mode of VV-O bonds for initial
powder and samples processed for 0.25, 1 and 4 turns.

The distribution of particle size of the four samples measured by DLS is shown in Fig. 5.
The average particles size for the initial powder is 370 nm, but it increases to 420, 540 and 540 nm
after HPT processing for 0.25, 1 and 4 turns, respectively. It is concluded that despite decreasing
the crystallite size by HPT processing, the specific surface area decreases after HPT processing:
3.8 m?g! for the initial powder and 3.4, 2.6 and 2.6 m?g* for the samples processed by HPT for
0.25, 1 and 4 turns, respectively. Such a decrease in specific surface area, which is a consequence
of high applied pressure and large plastic deformation, was reported in a wide range of HPT-
processed materials [33,34].
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Fig. 5. Increasing average particle size of BiVO4 by HPT processing. Particle size distribution,
determined using DLS method, for initial powder and samples processed for 0.25, 1 and 4 turns.

Fig. 6 shows the microstructure analysis by TEM for four samples in the BF, DF and SAED
modes. It should be noted the dark and bright colors in the BF and DF images are due to the
diffraction contrasts. The white regions in the DF images correspond to grains having the diffracted
beam indicated by arrows in the SAED profiles. The SAED profile has a dotted pattern, and only
one grain with the submicrometer size is observed in the initial powder. After HPT processing for
0.25 turns, a combination of doted and ring patterns is observed in the SAED profiles, indicating
grain refinement to the nanometer sizes partially occurs, as is also evident in the DF images with
some nanosized white regions. The ring pattern of SAED analyses after 1 and 4 turns and the
presence of many white nanosized regions in DF images confirm that the initial submicrometer
grain sizes are refined to the nanometer sizes. The average grain size after 4 HPT turns is 15 nm,
which is in reasonable agreement with the crystallite size value measured by the XRD analysis in
Fig. 3c. Such a decrease in the crystal size is a consequence of large plastic deformation, as
reported in a wide range of HPT-processed oxides [34,35,39].

The nanostructural evolution is shown more clearly in Fig. 7 using the TEM high-
resolution images for (a) the initial powder, and for the samples processed by HPT for (b) 0.25, (c,
d) 1 and (e, f) 4 turns. The high-resolution images confirm the presence of monoclinic lattice
structure in all samples in good agreement with the XRD analysis and Raman spectroscopy.
Moreover, while the initial powder contains large crystals, numerous nanograins are formed after
HPT processing. In addition to the formation of nanograins with high-angle grain boundaries,
dislocations are also detected within some crystals, as shown in Fig. 7d. The presence of large
fractions of grain boundaries and dislocations and resultant lattice distortion is consistent with the
XRD peak broadening. The evolution of nanostructure to a defective and distorted state is
supposed to contribute to an easier electron and hole separation in this material [31].



Fig. 6. Formation of nanograins in BiVO4 by HPT processing. TEM BF images, SAED analyses
and DF images taken with diffracted beams indicated by arrows in SAED analyses for (a-c) initial
powder and samples processed for (d-i) 0.25, (j-0) 1 and (p-u) 4 turns.
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Fig. 7. Coexistence of grain boundaries and dislocations in BiVO4 after HPT processing. TEM
high-resolution images for (a) initial powder and for samples processed for (b) 0.25, (c, d) 1 and
(e, f) 4 turns.

11



3.2. Oxygen vacancy formation

The changes of the color of samples from yellow for the initial powder to orange for the
samples processed with 0.25 and 1 turns and to rose for the sample processed with 4 turns (Fig.
1c) indicates that the color centers such as oxygen vacancies should have formed after HPT
processing [39]. The lattice expansion, confirmed by XRD peak shift in Fig. 3b and by Raman
spectroscopy in Fig. 4b, also indirectly suggests that vacancy-type defects can be formed by HPT
processing [41,42,45]. In addition to these evidences, the presence of oxygen vacancies can be
analyzed by XPS and EPR analyses.

The XPS spectra of initial powder and samples processed by HPT are shown in Fig. 8 for
(a) Bi 4f, (b) V 2p and (c) O 1s. Examination of XPS data confirms that the main oxidation states
of three elements are Bi®*, V°" and O%. The Bi 4f and V 2p spectra do not show a clear change
after HPT processing. However, the O 1s spectra in Fig. 8c after HPT processing show small
shoulders at high energies, indicating the formation of oxygen vacancies [38]. To quantify, the
concentration of oxygen vacancies using XPS, peak deconvolution for the O 1s spectra was
conducted by considering two components in the spectra: (i) oxygen at lattice sites O, and (ii)
oxygen vacancies Oy. The peak positions for Or and Ov in Fig. 8c were considered at 529.9 and
530.7 eV, respectively [47,48]. It is evident that the intensity of oxygen vacancy peak
systematically increases with increasing the number of HPT turns. The intensity ratio for Ov to
Ov+0y, as an indication for surface oxygen vacancy concentration, is plotted in Fig. 8d for the
four samples. The concentration of surface oxygen vacancy reaches ~15% after HPT processing
for 4 turns, although this value may be overestimated due to the influence of adsorbed oxygen on
O 1s spectra [49].

The EPR spectra for the four samples are shown in Fig. 8e, in which the electron spin
resonance intensity is plotted against the dimensionless magnetic moment or g factor (g =
hv/ugB,, h: Planck constant, v: frequency, pg: magnetic field; Bo: Bohr magneton constant
[50,51]). For all samples, peak pairs with opposite curvatures are observed, while the intensity of
these peaks increases with increasing the number of HPT turns. For the sample processed for 4
turns, the turning points of these peaks are close to a g factor of 2. Since it was reported that a ¢
factor of 1.978 for BiVO, corresponds to oxygen vacancies [52], it is concluded that some amounts
of oxygen vacancies are present after HPT processing and particularly after 4 turns. The formation
of vacancies by HPT processing, which was reported in both metallic [53,54] and non-metallic
materials [35,36], is due to the plastic deformation effects on vacancy formation and due to the
high-pressure effects on suppressing the vacancy annihilation.

3.3. Electronic structure

UV-vis spectroscopy and UPS analysis were employed to examine the light absorbance,
bandgap and electronic band structure of BiVOas. Fig. 9a shows the light absorbance of the four
samples. All samples mainly absorb the light in the UV region, but the light absorbance in the
visible region improves after HPT processing and particularly after 4 turns, indicating a better
electron-hole separation after HPT processing. Light absorbance edge tends to transfer from the
blue light region to the green light region after HPT processing for 4 turns, which is in agreement
with the prediction of the Itten color wheel in Fig. 1c. The Kubelka-Munk analysis is shown in
Fig. 9b for estimation of the direct bandgap. A bandgap narrowing occurs by HPT processing and
the bandgap decreases from 2.4 eV for the initial powder to 2.3 eV for the samples processed with
0.25 and 1 turns and to 2.1 eV for the sample processed with 4 turns. Since no phase
transformations occur in BiVO4 by HPT processing, such a bandgap narrowing should be due to
the introduction of lattice defects and strain [7-11].
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Fig. 8. Formation of oxygen vacancies in BiVO4 after HPT processing. XPS spectroscopy of (a)
Bi 4f, (b) V 2p and (c) O 1s and its peak deconvolution; (d) ratio of surface oxygen vacancy peak
(Ov) to sum of lattice oxygen and vacancy peaks (O + Ov) plotted versus number of HPT turns;
and (e) EPR spectroscopy for initial powder and samples processed for 0.25, 1 and 4 turns.

Fig. 9c shows the UPS spectra of four samples which are used to determine the top of the
valence band from the vacuum level. The top of the valence band from the vacuum level was
calculated as cutoff energy from the Fermi level (Eo indicated by arrows in Fig 9c) - valence band
top energy from the Fermi level (Es indicated by arrows in Fig. 9¢) - UV He-I energy (21.2 eV)
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[55]. The top of the valence band for the initial powder and the samples processed by HPT for
0.25, 1 and 4 turns is -6.4, -6.0, -6.0 and -6.0 eV versus the vacuum level, respectively. By the
addition of bandgap values to the top of the valence band, the bottom of the conduction band can
be determined as -4.7, -3.7, -3.7 and -3.9 eV for the initial powder and the samples processed by
HPT for 0.25, 1 and 4, respectively. Fig. 9d shows the band structure of four samples, while the
numbers in the figure are the positions of the top of the valence band and the bottom of the
conduction band versus the normal hydrogen electrode (NHE): energy vs. NHE = -4.4 - energy vs.
vacuum [55]. For the initial powder, the bandgap, the top of the valence band and the bottom of
the conduction band are in agreement with the reported data in the literature [56]. After HPT
processing, in addition to bandgap narrowing the bottom of the conduction band increases,
suggesting that the problem of low conduction band bottom of BiVO4 [17,18] can be successfully
solved by the introduction of lattice defects and strain. As shown in Fig. 9d, the electronic structure
of all four samples can support the CO> conversion reactions by considering the relevant chemical
potentials for different reactions [4,5]. However, the HPT-processed samples have a higher
overpotential for CO> conversion, which is thermodynamically desirable for photocatalysis. While
earlier studies used the heterojunctions to solve the problem of the electronic structure of BiVO4
[18-23], this study confirms that engineering the lattice defects and strain is effective to improve
the electronic structure of pure BiVO4 without any need for a second phase or impurity atoms.
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Fig. 9. Bandgap narrowing and improvement of electronic band structure of BiVOs for
photocatalytic CO. conversion by HPT processing (a) UV-vis spectroscopy, (b) Kubelka-Munk
analysis for direct bandgap calculation (a: light absorption, h: Planck's constant, v: photon
frequency), (c) UPS spectroscopy using bias of -4 V to measure the top of the valence band, and
(d) electronic band structure including chemical potentials for CO; reduction reactions for initial
powder and samples processed for 0.25, 1 and 4 turns. Arrows on left and right in (c) indicate the
valence band top energy (Es) and cutoff energy (Eo) shifted 4 eV lower from Fermi level,
respectively. Numbers in (d) shows energy levels versus normal hydrogen electrode (NHE).
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3.4. Charge carrier dynamics

Fig. 10 shows (a) PL spectroscopy, (b) PL decay analysis and (c) photocurrent
measurements which can give information about charge carrier dynamics including the
recombination of electrons and holes, mobility of charge carriers and defect trapping [5]. Fig. 10a
shows a significant decrease in PL intensity after HPT processing, indicating that the
recombination rate of electrons and holes decreases effectively after HPT processing. These results
suggest that the HPT-induced defects and strain act positively as electron-hole separation sites
rather than recombination sites [19,26,39]. The PL peak for all samples appeared at a peak around
650 nm (1.9 eV) which is less than the bandgap of samples. Although electron-hole recombination
in BiVO4 can happen radiatively or nonradiatively, the emission detected around 650 nm in Fig.
10a was attributed to the radiative recombination of electrons and holes on defects [52,57].

PL decay spectra shown in Fig. 10b follow a relation shown below [58].

I(t) = A; exp (— i) + A, exp (—L) 4)
71 T2
where, I(t), A4, A,, T, and 7, are PL decay intensity at time t, the amplitude of the first exponential
function, amplitude of the second exponential function, fast decay time and slow decay time,
respectively. The average lifetime can be calculated using the following equation [58].
AT + AyTS .
tave = ) 0 4 A1, ®)
Values of A,, A,, T4, T, Tape TOr the initial powder and the samples processed by HPT are presented
in Table 2. The average electron lifetime decreases from 12.90 ns for the initial powder to 11.48,
10.22 and 9.24 ns for the samples processed for 0.25, 1 and 4 turns, respectively. The decrease in
the lifetime for HPT samples can be attributed to the formation of oxygen vacancies. Oxygen
vacancies on the surface of photocatalyst act as shallow traps or active sites for the fast migration
of electrons and participation in a reaction. Therefore, their formation can lead to a decrease in the
exited electron lifetime and an increase in the photocatalytic activity [39,48]. It should be noted
that the oxygen vacancies in the bulk can also lead to electron migration and a decrease in the
lifetime, but they do not necessarily improve the photocatalytic activity [31,59,60].

Photocurrent measurements in Fig. 10c demonstrate that the current density is the highest
for the initial powder and decreases with HPT processing and increasing the number of turns. Since
photocurrent generation is attributed to the migration of electrons from the surface under an
external voltage, Fig. 10c suggests that electron separation from the surface of BiVO4 becomes
weaker after HPT processing. Such a decrease in photocurrent may not be due to enhanced
electron-hole recombination because the PL intensity (as an indication of recombination) decreases
after HPT processing, as shown in Fig. 10a. The decreases in photocurrent density after HPT
processing should be due to the action of surface vacancies as electron trapping sites. It was shown
earlier that polarity and localization of photoexcited electrons of BiVO. can lead to electron
trapping in this material [61]. Such trapping can be enhanced on oxygen vacancies, making these
defects active sites with sufficient electrons for chemical reactions (particularly if they form near
the bottom of the conduction band and act as shallow donors) [62]. Theoretical studies suggested
that a change of the oxygen vacancy states from the shallow donors to localized intragap states can
reduce the photoconductivity and photocurrent of BiVO4 [62], but this is not the case in this study
because the PL spectra in Fig. 10a show similar peak energies for all four samples.
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Table 2. Decreasing electron lifetime in BiVOs by HPT processing. PL decay parameters and
electron lifetimes for initial powder and for samples processed for 0.25, 1 and 4 turns.

Sample 71 (NS) 72 (NS) As Az Tave (NS)
Powder 2.17 14.92 56.56 43.44 12.90
N =0.25 1.92 13.08 53.19 46.81 11.48
N=1 1.78 12.40 64.26 35.74 10.22
N=4 1.62 10.35 48.09 51.91 9.24

3.5. Photocatalytic activity

Photocatalytic CO, to CO conversion activity of the initial powder and the samples
processed by HPT for 0.25, 1 and 4 turns are shown in Fig. 11a versus the catalyst mass unit and
in Fig. 11b versus the catalyst surface area unit. Since the photocatalytic reactions occur on the
surface of photocatalysts, normalizing the CO production rates per surface area is more reasonable
to show the differences. It should be noted that the photocatalytic tests were conducted two times
in Figs. 11a and 11b for the initial powder and for the sample processed with N = 4 to confirm the
reproducibility of data. All samples could convert CO, to CO, but the photocatalytic performance
of HPT-processed samples is better than the initial powder. The sample processed for 4 turns shows
the highest activity. The average of CO production rate for the powder is 2.27 + 0.24 umolhg?
(0.60 + 0.06 pmolh*m2) which increases to 3.21 + 0.23, 3.35 + 0.27 and 3.97 + 0.38 pmolhg?
(0.96 + 0.07, 1.27+ 0.10 and 1.45% 0.08 umolh™*m2) for the samples proceeded for 0.25, 1 and 4
turns, respectively. Here, it should be noted that no hydrocarbons such as CH4 and no oxidation
products such as O, were detected within the detection limits of the experiments. The absence of
the oxidation products should be a reason for the gradual decrease in the activity during the time.
It should be mentioned that the result of the blank test before the photocatalytic activity test
(addition of catalysts without light irradiation) shows that the production rate of CO is zero (the
data point at t = 0 h). Moreover, a blank test without the addition of catalyst with light irradiation
shows no CO production within 8 h, as shown in Fig. 11a and 11b. The improvement of
photocatalytic activity of BiVO4 after HPT processing should be due to the presence of oxygen
vacancies as active sites for adsorption and conversion of CO2 molecules as well as due to the
effect of lattice strain on the improvement of band structure for CO, photoreduction [2,17].

Fig. 11c demonstrates the structure stability of powder and samples processed by HPT after
photocatalytic test using the XRD analysis. All samples are stable and retain their monoclinic
structure after use for photocatalytic CO> conversion. No chemical reaction, corrosion or
degradation products are detected by XRD analysis. Since some photocatalysts are negatively
influenced by photocorrosion phenomenon, finding the photocorrosion-resistant catalysts is a
critical issue [63,64]. In some BiVOs-based catalysts, it was reported that the photocorrosion and
formation of bismuth oxides can occur by dissolving vanadium into the solution through the
accumulation of holes on the surface [63,64]. The absence of such photocorrosion products
confirms the stability of current HPT-processed photocatalysts.
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4. Discussion

This study shows that the simultaneous introduction of strain and oxygen vacancies into
BiVO4 can lead to improving the light absorbance, narrowing the bandgap, modifying the
electronic band structure, decreasing the recombination rate of electrons and holes and finally
enhancing the photocatalytic activity for CO2 conversion. Unlike earlier strategies that mainly used
heterojunctions [18-23] or doping [24-28] to deal with the low level of the conduction band in
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BiVO4 [17,18], this study shows that the level can be enhanced even in pure BiVO4 by the
accumulation of oxygen vacancies and lattice strain. Due to the presence of unpaired electrons in
surface oxygen vacancies, they can act as adsorption sites to uptake CO- as a Lewis acid [8,65].
These vacancies also contribute to the activation of adsorbed CO, and H.O for conversion to
intermediate and final products by weakening the carbon-oxygen and oxygen-hydrogen bondings
[8]. The oxygen vacancies on the surface do not usually act as recombination sites for electrons
and holes, but they trap the excited electrons and provide active sites for photocatalytic reactions
[65-67]. Here, it should be noted that the concentration of oxygen vacancies in BiVOs as activation
sites should be an optimum level because large fractions of oxygen vacancies can reduce V°* to
V# resulting in electron scattering due to a large ionic diameter of V** [42,68,69]. A high
concentration of V** can lead to decreasing the length of effective diffusion of holes and
accordingly reduce the photocatalytic activity [70]. Despite these expected effects of oxygen
vacancies, the overall effect of oxygen vacancies in this study is the improvement of photocatalytic
activity. On the other hand, lattice strain can lead to electronic band structure modification such as
changing the level of the conduction band bottom or decreasing the bandgap [10-12]. Therefore,
in the current HPT-processed BiVO4 photocatalysts, increasing the light absorbance, decreasing
the bandgap, and increasing the bottom of the conduction band energy are the results of the
contribution of lattice strain, while decreasing the electron-hole recombination and improvement
of surface catalytic activity are the main contribution of oxygen vacancies.

Here, to have a clear view regarding the improvement of photocatalytic CO> conversion of
highly-strained and defective BiVVO4, some comparisons can be made. Fig. 12 compares the CO
production rate of this material with P25 TiO2, which is a typical benchmark photocatalyst. Note
that both materials were examined exactly under similar conditions by the current authors. The
average of photocatalytic CO production of P25 TiO; is 4.63 + 0.33 umolh™g™? which is close to
the productivity of HPT-processed BiVOj after 4 turns (3.97 + 0.38 pmolh™g™). Here, it should
be noted that the surface area of P25 TiO, is 38.70 m2g* which is much higher than the surface
area of HPT-processed BiVO4 (2.6 m?g?). Despite the negative effect of the HPT method on the
reduction of the surface area [34,41], Fig. 12 confirms the efficiency of the defect and strain
engineering in improving the photocatalytic activity to high levels comparable with one of the
most active photocatalysts. Another comparison is given in Table 3, in which photocatalytic
activity of HPT-processed BiVVO4 was compared with some data for BiVO4-based photocatalysts
[19-28]. It should be noted that data in Table 3 should be compared with care because of the
differences in experimental conditions in various studies (e.g., light source, photoreactor type, the
mass of catalyst, etc.). Despite these differences, the range of reported photocatalytic CO
production rate for these materials is between 0.05-13.5 umolh™g?, while the HPT-processed
BiVO4 shows one of the highest activities.

Finally, it is worth mentioning that the HPT method used in this study for the generation
of defects and strain is applicable to any kind of conventional oxides [33,34] and multi-component
ceramics and salts [71]. Although the method was used earlier by the authors to improve the
photocatalytic CO2 conversion by synthesis of high-pressure phases [40] or high-entropy oxides
[41], its current application to introduce strain and defects is applicable to a wider range of
materials to develop advanced photocatalysts for CO. conversion. Since the specific surface area
is usually small after HPT processing, other alternative mechanical or chemical routes may be
employed in the future for simultaneous generation of strain and defects in photocatalysts, while
keeping their surface area large.
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BiVO4 in comparison with P25 TiO> as benchmark photocatalyst. CO production rate versus
irradiation time for BiVO4 processed by HPT for 4 turns and P25 TiO..

Table 3. Photocatalytic CO evolution rate of BiVO, processed by HPT for 4 turns compared with

other BiVO4-based photocatalysts.
Catalyst Mass

CO Production

Photocatalyst Light Source Reference

(mg) (umolh™g™)
BiV0.,{110}-Au- Cu,0O 100 300 W Xe (> 420nm) 1.12 [19]
BiV0.{010}-Au- Cu,0O 100 300 W Xe (> 420nm) 2.02 [19]
BiV0.{010}-Cu,O 100 300 W Xe (> 420nm) 0.45 [19]
BiV0.{010}-Au-(Cu,0-Au) 100 300 W Xe (> 420nm) 2.08 [19]
BivOs-Cu,0 e 300 W Xe (> 420nm) ~0.5 [20]
BivOs-C-CuiO - 300 W Xe (> 420nm) 3.01 [20]
ZninzS;-BiVO, 100 300 W Xe 4.75 [21]
BiVO,:-5 % BisTizO12 10 300 W Xe ~6.75 [22]
BiVO,;-10 % BisTi3012 10 300 W Xe ~135 [22]
BiV0:-20 % BisTi3012 10 300 W Xe ~6.75 [22]
Bi-BiVO, 10 300 W Xe (> 420nm) ~0.75 [24]
Cu-Bi-BiVO, 10 300 W Xe (> 420nm) ~11 [24]
BiVO, 10 300 W Xe (> 420nm) 0.42 [26]
Bi-BiVO, 10 300 W Xe (> 420nm) 1.29 [26]
Ag-Bi-BiVO, (Ag/Bi = 0.3) 10 300 W Xe (> 420nm) 34 [26]
Ag-Bi-BiVO, (Ag/Bi = 0.6) 10 300 W Xe (> 420nm) 5.19 [26]
Ag-Bi-BiVO, (Ag/Bi = 0.9) 10 300 W Xe (> 420nm) 4.54 [26]
1.0%Cu-BiVO, 50 400 W High-Pressure Hg 2 [27]
0.5%Cu-BiVO4 50 400 W High-Pressure Hg 4.1 [27]
0.3%Cu-BiVO4 50 400 W High-Pressure Hg 3.9 [27]
Au-BiVO, 50 300 W Xe (> 420nm) ~0.05 [23]
CdS-BiVO, 50 300 W Xe (> 420nm) ~0.75 [23]
Cdos5Zng5S-BiVO, 50 300 W Xe (> 420nm) ~1.2 [23]
CdS-Au-BiVO, 50 300 W Xe (> 420nm) ~1.1 [23]
Cdo.2ZnosS-Au-BiVO, 50 300 W Xe (> 420nm) ~1.6 [23]
Cdos5ZnosS-Au-BiVO, 50 300 W Xe (> 420nm) ~2.15 [23]
CdosZno2S-Au-BiVO, 50 300 W Xe (> 420nm) ~1.3 [23]
BiV0;-2%Co 30 25 W 254 nm Ultraviolet 0.62 [28]
BiV0;-5%Co 30 25 W 254 nm Ultraviolet 0.68 [28]
BiV0,-10%Co 30 25 W 254 nm Ultraviolet 0.83 [28]
BiV0,-15%Co 30 25 W 254 nm Ultraviolet 1.04 [28]
BiV0,-20%Co 30 25 W 254 nm Ultraviolet 2.08 [28]
BiVO., (HPT: N=4) 120 400 W High-Pressure Hg 3.97+0.38 This study
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4. Conclusion

A photocatalyst with low bandgap, improved band structure and low recombination rate of
electrons and holes was produced by simultaneous introduction of oxygen vacancies and lattice
strain in BiVO4 via a high-pressure torsion process. The material showed high photocatalytic
activity for CO, to CO conversion with an activity comparable to P25 TiO2 as a benchmark
photocatalyst. This study suggests that simultaneous engineering of lattice strain and defects is an
effective strategy to produce active photocatalysts for CO. conversion.
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