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1. Experimental

1.1 Synthesis of photocatalysts.

The Sur–Vo–BWO was prepared via a facile in-situ solvothermal reduction 

strategy. Typically, 1 mmol Na2WO4·2H2O (Aladdin Industrial Corp., China) and 2 

mmol Bi(NO3)3·5H2O (Aladdin Industrial Corp., China) were added into 70 mL 

ethylene glycol (Sinopharm Chemical Reagent Corp., China) under vigorous magnetic 

stirring to obtain a homogeneous solution. The solution was then poured into a 100 

mL Teflon-lined stainless autoclave and reacted at 120 °C for 18 h. Subsequently, the 

reaction temperature was raised to 180 °C for 6 h. After cooling the autoclave to 

room temperature in air, the product was centrifuged and washed consecutively 

with deionized water and ethanol, separately. The final product was dried at 70 °C in 

vacuum oven. As a contrast, the synthesis of BWO–L, Sur–Vo–BWO–3, Vo–BWO–H–9 

and Vo–BWO–H were similar with Sur–Vo–BWO except maintained the reaction 

temperature at 120 °C for 24, 21, 15 and 9 h, and then raised to 180 °C for 0, 3, 9 and 

12 h, respectively. The BWO–C was synthesized by calcining Sur–Vo–BWO at 450 °C 

in the air for 5 h.

1.2 Materials characterization:

The morphology of the as-prepared samples was observed by scanning electron 

microscopy (SEM, Hitachi SU8200, Japan) and transmission electron microscopy 

(TEM, Talox F200X, America). The X-ray diffraction (XRD, TTR-III, Japan) pattern with 

a Cu Kα source was used to analyze crystalline structures. The chemical states of the 

as-prepared samples were performed with X-ray photoelectron spectroscopy (XPS, 

ESCA Lab MKII, UK) with Mg Kα X-ray as the excitation source. Raman spectra were 

obtained by a confocal Raman microscope (LabRam HR, Japan) using a He/Ne laser 
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(532 nm) as the excitation source. The electron paramagnetic resonance (EPR) 

spectra were characterized by JES-FA200 (JEOL, Japan). The microwave frequency 

was 9.088 GHz. The microwave power was 0.998 mW. The modulation amplitude 

was 8.0 G. The modulation frequency was 100 kHz. And the experimental 

temperature was 25 oC. For the quantitative analysis of Vo, the 2, 2, 6, 6-

tetramethylpiperidinyloxyl (TEMPO) and MnII were employed as the standard sample 

and reference sample by using EPR methods, respectively.1 0.4991 g Vo-BWO-H 

photocatalysts were tested in the quantitative analysis. The optical character of the 

samples was obtained by UV-Vis diffuse reflectance spectra (UV-Vis DRS, SOLID3700, 

Japan). Photoluminescence (PL) spectra were measured on F-4600 PL 

spectrophotometer (Hitachi Ltd., Japan) at room temperature. The excited 

wavelength and excited slit are 345 nm and 5.0 nm, separately. The emission spectra 

are around 400-800 nm. Time-resolved PL spectra were acquired using a time-

corrected single photon counting system (Fluorohub, Horiba Scientific, Japan) with 

an excitation wavelength of 370 nm at room temperature. In-situ Fourier transform 

infrared spectroscopy (FTIR) spectra were acquired using a Thermo Scientific Nicolet 

iS50 FTIR Spectrometer. The FTIR curve at 0 min was used as the baseline.

1.3 Electrochemical measurements

Electrochemical measurements were carried out by a CH Instruments 660E 

electrochemical workstation in a three-electrode cell using platinum wire, fluorine 

doped tin oxide (FTO) coated with catalysts and Ag/AgCl as the counter electrode, 

working electrode and reference electrode, respectively. 0.5 M Na2SO4 was 

saturated by Ar in the room temperate (25 oC) as the electrolyte at the 0 V bias 

potential vs. Ag/AgCl electrode. A simulated sunlight irradiation (300 W xenon lamp, 
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AM 1.5 G, 100 mW cm−2) was applied as a light source in transient photocurrent 

responses curves and electrochemical impedance spectrum plots. 

The details of the working electrodes were described as follows: 5 mg catalysts 

were dispersed in 1 mL absolute ethanol and 5 uL nafion by sonication. Then, 10 μL 

of the suspension was drop-coated at FTO glass with an area of 1 × 1 cm2. The FTO 

glasses were dried at 80 oC for 24 h in vacuum oven to remove volatile organic 

compound before using. 

1.4 Photocatalytic CO2 reduction tests

The photocatalytic CO2 reduction testing was implemented by a Labsolar–6A 

(Beijing PerfectLight Co. Ltd, China) all glass automatic on-line trace gas analysis 

system with a 500 mL Pyrex reactor as reaction chamber. The reaction chamber was 

connected to a water bath for maintaining the reaction temperature at 5 °C. 

Typically, 25 mg samples were dispersed on a quartz disc (65 mm for diameter). The 

quartz disc was enclosed in the reaction chamber and then vacuumed to remove air 

in the on-line analysis system. 5 mL of deionized water and a certain volume of high-

purity CO2 (99.99%) were injected into the reaction systems to ensure constant 

pressure of 80 kPa before photocatalytic test. A 300 W Xe lamp (PLSSXE 300, Beijing 

PerfectLight Co., Ltd. China) was employed as the light source in the photocatalytic 

test. The average value of light intensity ( I ̅) is 20.4 mW cm-2 detected by 

photometer (ST-85, Beijing Normal University Photoelectric Technology Co. LTD, 

China) and calculated by eqn (1). The evolution of CO and CH4 were determined by a 

gas chromatograph (GC 7900, Techcomp, China, Ar carrier).
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AQY =  2 × Number  of  evolved  CO  molecules
Numer  of  incident  photons

 × 100% = 2×𝑁×𝑁𝐴 ×ℎ×𝑐
𝐼×̅𝑆×𝜆×𝑡

× 100%  (2) 

𝐼 ̅ = 2
3

𝐼𝑒̅𝑑𝑔𝑒 + 1
3

𝐼𝑐̅𝑒𝑛𝑡𝑒𝑟                             (3) 
                                                                        

(1)

Where I ̅
edge and I ̅

center are the average value of light intensity at edge and 

centre region, as shown in Fig. S10. 

The total electron transfer rate (RTET) was used to characterize the separation 

capacity of photoinduced electron-hole pairs, which was calculated by using the 

following eqn (2):

RTET = 2 × RCO + 4 × RCH4                   (2)

where RCO and RCH4 are the CO and CH4 evolution rate, disparately.

The apparent quantum yield (AQY) for CO was calculated using the following 

eqn (3):

AQY =  2 × Number  of  evolved  CO  molecules
Numer  of  incident  photons

 × 100% = 2×𝑁×𝑁𝐴 ×ℎ×𝑐
𝐼×̅𝑆×𝜆×𝑡

× 100%  (2) 

𝐼 ̅ = 2
3

𝐼𝑒̅𝑑𝑔𝑒 + 1
3

𝐼𝑐̅𝑒𝑛𝑡𝑒𝑟                             (3) 

   
(3)

Where I ̅ is 5.1, 14.3 and 14.1 mW cm-2 at 420, 500 and 600 nm, respectively. N 

is CO evolution amount (mol). t is the irradiation time (s). λ is the irradiation 

wavelength number (m). NA is the Avogadro constant (6.022 × 1023 mol-1). S is the 

irradiation area (cm2). h is the Planck constant (6.63 × 10-34 J·s). And c is the light 

speed (3 × 108 m s-1).

1.5 Density functional theory (DFT) calculation details

DFT based first-principles calculations were performed using the projected 

augmented wave method implemented in the Vienna ab initio simulation package 



S6

(VASP).2, 3 The Kohn–Sham one-electron states were expanded using the plane-wave 

basis set with a kinetic energy cutoff of 500 eV. The Perdew–Burke–Ernzerh of 

exchange-correlation functional within the generalized gradient approximation was 

employed for the geometrical optimization.4 The Brillouin-zone integration was 

carried out using the Monkhorst-Pack sampling method with a density of 3 × 3 × 1.5 

A vacuum layer of 15 Å was included to avoid the interaction between neighboring 

slabs. All atoms were fully relaxed until the maximum magnitude of the force acting 

on the atoms was smaller than 0.03 eV/Å. Following the reference, the BWO (001) 

surface was modelled by a periodic seven-layer slab repeated in a 2 × 2 surface unit 

cell to study surface reactions' mechanistic chemistry.6 For O vacancy calculations, 

one atom was removed from this 2 × 2 supercell, and the remaining atoms were 

allowed to relax. The photocatalytic CO2 reduction properties of BWO and Vo–BWO 

under acidic conditions (pH = 0) have been investigated through the Concerted 

Proton–Electron Transfer mechanism.7 First, BWO and Vo–BWO (denoted as *) 

absorb a CO2 molecule from the solution and subsequently release H+ + e- pairs, 

leading to the formation of *COOH. Then, another H+ + e- pairs were added and 

reacts with *COOH to form *CO, while releasing a molecule of H2O. Finally, *CO was 

desorbed from the substrate. The whole basic steps of photocatalytic CO2 reduction 

could be described as following eqn (4)-(7):

* + CO2 + 2H+ + 2e- → *CO2 + 2H+ + 2e-                             (4)

*CO2 + 2H+ + 2e- → *COOH + H+ + e-                               (5)

*COOH + H+ + e- → *CO + H2O                                   (6)

*CO + H2O → * + CO + H2O                                      (7)
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In the actual reaction, although the electrons come from the photogenerated 

electrons in the excited state of the material and the H+ originates from the cleavage 

of water molecules in solution, we still equated the free energy of the H++ e- pairs to 

half the free energy of an isolated H2 molecule after using a computational hydrogen 

electrode.8 Thus, the Gibbs free energy of the reaction can be obtained by the 

following eqn (8)-(11):

ΔG1 = G(CO2) - G(*) - G(CO2)                                     (8)

ΔG2 = G(*COOH) - G(*CO2) - 0.5 × G(H2)                          (9)

ΔG3 = G(*CO) + G(H2O) - G(*COOH) - 0.5 × G(H2)                  (10)

ΔG4 = G(*) + G(CO*) - G(*CO)                                   (11)

The Gibbs free energy is defined as: G = ΔE + (ΔZPE－TΔS), where ΔE is the total 

energy based on DFT calculations, ΔZPE is the zero point energy (ZPE) correction, T is 

the temperature (here T is 298.15K), and ΔS is the entropy change. 

For the calculation of excited states, the FERWE and FERDO parameters could 

be modulated in the VASP program. This allows one of the electrons to leap from the 

valence band maximum (VBM) so that a photogenerated electron is produced in the 

conduction band minimum (CBM) and a photogenerated hole is produced in the 

VBM.9 Since in practice the photoexcitation is localized, we need to use sufficiently 

large supercells to obtain more reasonable results. Here we used a 4 × 4 supercell. 

The different supercell was used in the part of theory calculation in order to better 

match the actual situation. In photocatalytic CO2 reduction process, abundant CO2 

molecules are adsorbed in catalyst surface, which indicate that it is not reasonable to 

adsorb only one CO2 molecule in a 4*4 supercell. Therefore, the 2*2 supercells 

instead of 4*4 supercells were used in the free energy step diagram in order to meet 
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practical conditions. As for the excited state calculation model, 4*4 supercells 

instead of 2*2 supercells were used, that is because only a tiny fraction of the 

electrons in the actual material are excited. Obviously, the larger the number of 

supercells we choose, the closer the simulation will be to reality. For the excited 

state calculation of Vo-BWO, one atom was still removed from this 4 × 4 supercell 

and the rest of the atoms could relax.

2. Figures

Fig. S1 SEM images of the as-prepared (a) BWO-L, (b) Sur-Vo-BWO, (c) Vo-BWO-H 

and (d) BWO-C.
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Fig. S2 (A) TEM image and (B) HRTEM image of BWO-L, respectively; (C) TEM image 

and (D) HRTEM image of BWO-C, respectively.
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Fig. S3 AFM image and the corresponding height profiles of (A) BWO-L, (B) Sur-

Vo-BWO, (C) Vo-BWO-H and (D) BWO-C.
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Fig. S4 Elemental mapping images of Sur–Vo–BWO.
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Fig. S5 XRD pattern of as-obtained samples.



S13

Fig. S6 (A) EPR spectra of as-obtained samples.
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Fig. S7 The photograph of (A) BWO-C, (B) BWO-L, (C) Sur-Vo-BWO and (D) Vo-BWO-H 

dispersed on a quartz disc with diameter of 65 cm. 
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Fig. S8 Time courses of photocatalytic CH4 evolution curves of as-obtained BWO 

samples and P25.
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Fig. S9 CO temperature-programmed desorption spectra of Sur-Vo-BWO and BWO-C.
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Fig. S10 The measured sites of light intensity. 
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Fig. S11 Time course of CO evolution over Sur-Vo-BWO and BWO-C under (A) 420 nm 

(B) 500 nm and (C) 600 nm monochromatic light irradiation; (D) AQY of CO evolution 

over Sur-Vo-BWO and BWO-C under different monochromatic light irradiation.
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Fig. S12 CO2 reduction activities of Sur–Vo–BWO under various conditions.
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Fig. S13 SEM images of Sur-Vo-BWO after photocatalytic cycle test.
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Fig. S14 XRD patterns of the Sur-Vo-BWO after photocatalytic cycle test.
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Fig. S15 High resolution XPS spectra for Sur-Vo-BWO and BWO-C after cycle testing: 

(A) Bi 4f, (B) W 4f, (C) O 1s and (D) C 1s, respectively.
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Fig. S16 EPR spectra of Sur-Vo-BWO after photocatalytic cycle test in the dark and 

under light illumination.
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Fig. S17 N2 adsorption-desorption isotherm and corresponding pore size distribution 

curve of (A) BWO-C, (B) BWO-L, (C) Sur-Vo-BWO and (D) Vo-BWO-H.



S25

Fig. S18 The specific area normalized CO2 photoreduction rate for Sur-Vo-BWO and 

control samples.
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Fig. S19 CO2 adsorption isotherms of as-obtained samples.
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Fig. S20 Steady-state PL spectra of as-obtained samples.
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Fig. S21 EIS plots of the as-prepared samples under a simulated sunlight irradiation.
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Fig. S22 Transient photocurrent responses curves of the as-prepared samples.
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Fig. S23 (A) UV-Vis DRS and (B) corresponding Kubelka-Munk plots for the band gap 

estimation of as-obtained samples.

The optical property is evaluated by UV-Vis DRS spectra. The BWO-C expose inferior 

optical respond in visible light region. However, the light absorption extends to the 

longer wavelengths with extension the solvothermal time at high temperature, 

which is due to the Vo on the surface of BWO. The band gap is calculated as 2.89, 

2.75, 2.67 and 2.49 eV for BWO-C, BWO-L, Sur-Vo-BWO and Vo-BWO-H, respectively. 

The narrower band gap and extended absorption in the visible-light region improve 

the utilization for low energy light, which is the major component of sun light on the 

earth.10, 11 The above-mentioned results indicate that Vo offers additional light 

harvesting in the visible-light region, while BWO-C mainly in UV region. 
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Fig. S24 The distance of Bi–vacancy–Bi (A) on ground state and (B) under excited 

state.



S32

Fig. S25 Charge difference of (A) photoinduced electron and (B) photoinduced hole 

for BWO under excited state.
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Tables

Table S1. Relative ratio of lattice oxygen and Vo determined by O 1s XPS 

Samples Lattice oxygen Vo

BWO-C 84.98% 15.02%

Sur-Vo-BWO 77.34% 22.66%

Sur-Vo-BWO after 30s Ar+ etching 81.48% 18.52%

Sur-Vo-BWO after 60s Ar+ etching 83.74% 16.26%

Table S2. Transfer numbers of photo-induced electrons based on the evolution rate 

of CO and CH4.

Sample
CO evolution 

rate (μmol g-1 h-1)

CH4 evolution 

rate (μmol g-1 h-1)

Total electron 

transfer rate 

(μmole g-1 h-1)

Selectivity 

of CO (%)

BWO-C 2.249 0.066 5.026 97.1

BWO-L 3.450 0.114 7.812 96.8

Sur-Vo-BWO 18.727 0.192 38.990 99.0

Vo-BWO-H 6.180 0.155 13.600 97.6

P25 1.742 0.638 8.588 73.2
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Table S3. Summary of the photocatalytic CO evolution performance of some Bi2WO6-

based catalysts.

Photocatalyst
Reaction 

medium
Light source

CO evolution rate 

(µmol g−1 h−1)
Ref.

Sur-Vo-BWO H2O vapor 300 W Xe lamp 18.73
This 

work

Bi2WO6

Bi2WO6-V1

Bi2WO6-V2

H2O vapor 300 W Xe lamp

0.77

3.8

7.7

12

Bi2WO6

g-C3N4/Bi2WO6

H2O vapor
300 W Xe lamp

λ > 420 nm

0.81

5.19
13

Bi2WO6

Bi2WO6/Bi2O3

H2O vapor
300 W Xe lamp

λ > 420 nm

4.14

17.39
14

BWO/ C3N4

RGO/ C3N4

Bi2WO6/RGO/C3N4

H2O vapor
300 W Xe lamp

λ > 420 nm

6.38

4.20

15.96

15

Bi2WO6

Vo-Bi2WO6

MeCN/ H2O/ 

TEOA
300 W Xe lamp

16.8

40.6
16

Bi2O2CO3/Bi/Bi2WO6 H2O 300 W Xe lamp 0.818 17

Bi2WO6/TiO2 H2O vapor 300 W Xe lamp 2.6 18

PB-Bi2WO6

PB550-Bi2WO6

H2O vapor
300 W Xe lamp

600>λ>420 nm

0.333

0.50
19

Cs3Bi2I9/Bi2WO6 H2O vapor 300 W Xe lamp 7.33 20
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Bi2WO6-nanosheets

Bi2WO6-C2
H2O vapor 300 W Xe lamp

1.80

7.12
21

Vo-Bi2WO6/Au

Vo-Bi2WO6

H2O vapor 300 W Xe lamp
34.8

3.7
22

Bi2WO6/InVO4 H2O vapor
300 W Xe lamp

λ > 420 nm

17.97

0.8
23

Table S4. Relative ratio of lattice oxygen, surface hydroxyl groups and carboxylate 

determined by O 1s XPS after cycle test.

Samples Lattice oxygen Hydroxyl groups Carboxylate

Sur-Vo-BWO 78.04% 15.50% 6.36%

BWO-C 87.25% 6.87% 5.88%
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Table S5. Relative ratio of C=C, C-OH and C=O determined by C 1s XPS after cycle test.

Samples C=C C-OH C=O

Sur-Vo-BWO 46.67% 28.40% 24.93%

BWO-C 61.24% 23.61% 15.15%

Table S6. The specific area normalized CO2 photoreduction rate and total electron 

transfer rate of Sur-Vo-BWO and control samples.

Sample

CO evolution 

rate (μmol m-2 

h-1)

CH4 evolution 

rate (μmol m-2 

h-1)

Total electron 

transfer rate 

(μmole m-2 h-1)

Selectivity 

of CO (%)

BWO-C 0.188 0.00553 0.399 97.1

BWO-L 0.260 0.00860 0.555 96.8

Sur-Vo-BWO 0.737 0.00755 1.110 99.0

Vo-BWO-H 0.202 0.00508 0.425 97.6

Table S7. Parameters of the time-resolved photoluminescence decay curves.

Sample τ1 (ns) τ2 (ns) τave (ns)

BWO-C 0.207 (77.7%) 6.319 (22.3%) 1.57

Sur-Vo-BWO 0.255 (71.6%) 8.813 (28.4%) 2.69
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