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Abstract 

Artificial photosynthesis from CO2 reduction is severely hampered by the kinetically challenging 

multi-electron reaction process. Oxygen vacancies (Vo) with abundant localized electrons have great 

potential to overcome such limitation. However, the surface Vo usually have low concentrations and 

easily oxidized to lose their activities. For practical application of CO2 photoreduction, fabricating 

and enhancing the stability of Vo on semiconductor is indispensable. Here we report the first 

synthesis of ultrathin WO3·0.33H2O nanotubes with large amount of exposed surface Vo sites, which 

can realize excellent and stable CO2 photoreduction to CH3COOH in pure water under solar light. 

The selectivity for acetum generation is up to 85% with an average productivity of about 9.4 

µmolg-1h-1. More importantly, Vo in the catalyst are sustainable and the concentration was not 

decreased even after 60 h reaction. Quantum chemical calculations and in-situ DRIFT studies 

revealed the main reaction pathway might be CO2 → ·COOH → (COOH)2 → CH3COOH. 
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Introduction 

Artificial photosynthesis from CO2 reduction has attracted particular interest because of its dual 

effects on both suppressing the greenhouse effect and alleviating the dependence on fossil fuels1-7. 

However, the conversion of CO2 requires high energy input because of the high dissociation energy 

of the C=O bond (~750 kJ/mol)8. Therefore, most of the studied catalysts for photochemical CO2 

reduction were wide band gap semiconductors which could provide negatively enough electrons for 

CO2 reduction but only response under UV light, such as TiO2
9-12, SrTiO3

13, ZnS14,15, Zn2GeO4
16, 

InTaO4
17 etc. In addition, H2 evolution was usually competed with the CO2 reduction because the H+ 

reduction is kinetically more favorable18, severely decreasing the selectivity for CO2 reduction.   

To overcome the above mentioned limitations, a desirable photocatalyst should have a broad solar 

light absorption along with a highly active and selective CO2 reduction performance. Among the 

various semiconductor photocatalyst, tungsten trioxide (WO3) with a small band gap of 2.4~2.8 eV, 

has been demonstrated as one of the most promising candidates because of its strong solar light 

adsorption, stable physicochemical properties, and the relatively low conduction band edge potential 

for suppressing H+ reduction19-21. However, the low conduction band potential also suppresses the 

CO2 reduction performance because of the insufficient reduction power of the photogenerated 

electrons. Up to the present, only C1 products (such as CH4, CH3OH) were obtained from CO2 

photo-reduction with a reaction rate lower than 2.5 µmol/g.h22-24. Elevating the conduction band 

edge and increasing the CO2 activation on WO3 surface are indispensable to largely improve its 

photocatalytic activity.  

Construction of atomic scale nanostructure provides unique opportunity to both improve the 

conduction band potential and CO2 activation by modifying the particle size and surface 

microstructure of the photocatalyst. For instance, quantum sized semiconductors have been proved 

to possess elevated conduction band and exhibit much improved performance for water splitting25-28. 

In addition, when the particle size decreases to quantum size, the extremely large fraction of 

low-coordinated surface atoms will largely improve the molecular adsorption5,29. A recent study by 

Zeng et al. reported the surface negative charge density generally determine the adsorption and 
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activation of CO2
30,31. At present, the general approach for improving the surface negative charge 

density is loading noble metals to improve photocatalytic CO2 reduction performance9,32,33. However, 

for metal oxide semiconductors, constructing surface oxygen vacancies (Vo) may be a more 

economical and accessible approach for increasing surface negative charge density, since the 

positively charged Vo can accumulate excess free electrons during the photocatalysis and play a 

similar role to that of noble metals34,35. At present, several studies have been reported on the 

application of oxygen vacancy in photocatalytic CO2 reduction10,22,36,37, proving the feasibility of this 

approach. However, it was found the Vo is not stable and only C1 product was obtained by these 

catalyst. Especially, the design principle of stable and sustainable Vo functioned photocatalyst has 

not been established yet.  

In this work, we report a new WO3·0.33H2O catalyst with large amount of sustainable surface Vo 

site for highly efficient CO2 reduction to CH3COOH under solar light. It is found CH3COOH is the 

main product with a high selectivity more than 80% from CO2 photoreduction. Computational and 

experimental results proved that Vo active sites can be sustainably used because of an unique C-C 

bond formation process.  

Results and discussion 

Quantum sized WO3·0.33H2O with high concentration of Vo (H-WO3) was synthesized by oleate 

assistant hydrothermal synthesis method. The XRD pattern (Figure S1) of the H-WO3 sample can be 

indexed to orthorhombic WO3·0.33 H2O (JCPDS card, No. 87-1203). TEM images (Figure 1a,b) 

indicate an ultrathin tube-like structure with an uniform diameter of ~8 nm and a wall thickness of 

~2 nm. The surface structure of the nanotube was further observed by a high resolution TEM 

(HRTEM) image from the marked area in Figure 1b. As shown in Figure 1c, the lattice spacing along 

the growth orientation of the nanotube was measured to be 0.37 nm which is corresponding to the d 

spacing of {200} plane. Besides, {040} lattice plane was also clearly observed with a d spacing of 

0.31 nm. Both of the {200} and {040} planes are belong to the [001] zone axis, indicating the  
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Figure 1 Characterizations for the hydrothermally synthesized H-WO3 sample. a. low-magnification TEM image 

of the H-WO3 nanotube sample. b. High magnified TEM image of single one nanotube. Inset of b: Schematic 

atomic model of WO3·033H2O (Fmm2), clearly showing the atomic configuration of W/O along the [001] 

direction, red: oxygen, blue: tungsten, gray: hydrogen. c. HRTEM image of the nanotube from the marked area of b. 

d. W4f XPS spectrum of the as-prepared WO3·033H2O samples. e. O1s XPS spectrum of the H-WO3 sample. f. 

O1s XPS spectrum of the L-WO3 sample. g. ESR spectra of different WO3·0.33 H2O samples at 300 K in N2. h. 

Ultraviolet-visible-near infrared absorption spectrum of the oxygen deficient WO3·033H2O samples. 

surface plane of the WO3·0.33 H2O nanotube is {001} plane. The schematic crystal structure of 

WO3·0.33 H2O along the [001] direction in the inset of Figure 1b which displayed the same 

orientation and arrangement of {040} and {200} planes as that observed from Figure 1c. Oleate ions 

played an important role in the formation of this ultrathin nanotube structure (detailed illustration as 

shown in Figure S2). For comparative study, WO3·0.33 H2O (L-WO3) sample with similar grain size 

(Figure S1, S3) but lower Vo concentrations was also prepared under the same conditions without 

 d 
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adding oleate ions.  

High resolution XPS spectrum revealed the surface chemical environment of the as-prepared 

WO3·0.33 H2O samples. Compared with L-WO3 sample, the W 4f7/2 and W 4f5/2 peaks of the 

H-WO3 sample (Figure 1d) are decreased from 35.85 and 37.95 eV to 35.6 and 37.65 eV 

respectively, indicating a lower valence state of W in the H-WO3 sample which possesses higher Vo 

concentration. The surface Vo concentration was estimated from the high resolution O1s XPS 

spectrum. As shown in Figure 1e, the peak at 530.7 eV is ascribed to the lattice oxygen, while the 

other two peaks located at 531.6 eV and 533 eV are attributed to the O-atoms in the vicinity of Vo 

and the O-atoms in the surface OH, respectively. The relative concentration of the surface O-atoms 

around Vo can be calculated about 36.4% (Figure 1e) in H-WO3 sample. The L-WO3 sample 

possesses much lower surface O-atoms around Vo which is calculated about 22.3% (Figure 1f).  

The presence of Vo was also evidenced by ESR (Figure 1g). A characteristic 

single-electron-trapped Vo signal with a g factor of 2.001 was observed for H-WO3 and L-WO3 

sample at room temperature in N2 gas. The higher Vo concentration of the H-WO3 sample was also 

observed from the ultraviolet-visible-near infrared absorption spectrum (Figure 1h). Because of the 

similar grain size, the intrinsic UV-Vis absorption edge of the two different WO3·0.33 H2O samples 

are almost the same, generating a similar intrinsic band gap of about 2.85 eV. However, a higher 

broad absorption tail appeared in the H-WO3 sample. A DFT calculation on band structure (Figure 

S4) proved this absorption tail comes from Vo associated middle band in the band gap of oxygen 

deficient WO3·0.33 H2O sample. 

   To assess the catalytic performance, photocatalytic CO2 reduction was performed in pure water 

under solar light simulator. Before the CO2 reduction, the catalyst powder was dispersed into 100 mL 

water and then irradiated under a 300 W Xe lamp for 6 h to eliminate the surface organic 

contaminants during the catalyst preparation process. Solid state 13 C NMR (Figure S5) can confirm 

the surface organic contaminants were eliminated by this photocatalytic oxidation process. We also 

conducted a control experiment by Ar-bubbling. It was found there is no organic substance existed in 

the reaction solution before and after light irradiation. After that, the WO3·0.33 H2O catalyst was 
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then used for the photocatalytic CO2 reduction reaction. It was found the main product of CO2 

reduction on the as-prepared WO3·0.33 H2O samples was CH3COOH under a simulated solar light 

irradiation, while a small amount of HCOOH and CO were also detected. H2 as the mostly reported 

competitive product only exhibit trace amount in this experiment, indicating the high selectivity of 

the photocatalyst for CO2 reduction. Before quantitatively evaluating the catalytic performance, 

control experiments showed that CH3COOH, CO and HCOOH cannot be detected by gas 

chromatography and ion chromatography in the absence of the catalyst or under dark, indicating the 

product is come from photocatalytic reaction. To further prove the CO2 reduction, isotopic 13CO2 gas 

was used as the reactants and the obtained liquid products after 4 h irradiation were identified by 

GC-MS and NMR. In the mass spectrum extracted from GC-MS analysis (Figure 2a), the molecular 

ion peak appeared at an m/z value of 60, which can be ascribed to the ionic CH3COO− with one 

carbon labeled. According to the standard fragmentation  

Figure 2 Photocatalytic CO2 reduction performance of the as-prepared oxygen deficient WO3·033H2O samples 

under simulated solar light irradiation. a. Mass spectra extracted from GC-MS analysis of acetic acid product from 

13CO2 reduction on hydrated H-WO3 sample in water. b. 1H NMR spectra of the obtained acetum product in D2O 

saturated water solution by using different 12CO2 and 13CO2 gas on H-WO3 catalyst. c. Acetum evolution along 

with irradiation times in pure water, Inset of a: the acetum formation rate of the different samples. d. Photostability 

of the as-prepared hydrated H-WO3 sample for CO2 reduction under simulated solar light irradiation. e. Mott–

a 

b 
e 

f 
d c 
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Schottky plot of the as-prepared H-WO3 electrode in 0.1M Na2SO4. f. Mott–Schottky plot of the as-prepared 

L-WO3 electrode in 0.1M Na2SO4. 

pattern of acetic acid, the highest m/z peak appeared at 43 (Figure S6), corresponding to the 

fragmented CH3CO. In the 13C labeled acetic hydrate product, the highest m/z peak appeared at 44 

instead of 43. Besides, the m/z peak of fragmented CH3 also shifted from 15 to 16, proved the 13C 

specie in the CH3 fragment. Non-isotope labelled 12COOH fragment is come from the tightly 

adsorbed surface HCO3 specie (further proved by TPD, DRIFT and DFT calculation in the following 

section) which could not eliminated by Ar bubbling. 1H NMR spectrum was also used for detecting 

the 13C species in the obtained acetum product. As shown in Figure 2b, if 12CO2 was used as the 

carbon source, only singlet was observed around 2.07 ppm which is the characteristic methyl proton 

peak for CH3COOH in D2O. However, if the carbon source was changed into 13CO2 gas, the methyl 

proton resonance at δ 2.07 is split into two peaks, which is due to a one-bond coupling between 13C 

and 1H. These studies clearly show that the CH3COOH product is indeed come from CO2 reduction.  

  Figure 2c summarizes the photocatalytic CO2 reduction activity of the as-prepared WO3·0.33 H2O 

samples. As shown in Figure 2c, the acetum yield gradually increased with the photocatalytic time, 

and the total yield of acetum obtained by the H-WO3 sample was about 94 µmol/g after 10 h, 

corresponding to an CH3COOH generation rate of 9.4 µmol/g·h (Figure 2c). The flat stage for 

acetum generation before 4h may be ascribed to the low concentration of the dissolved CO2 (HCO3
−) 

at initial. After the surface pre-adsorbed HCO3 specie (proved by in-situ DRIFT in the following 

section) was transformed into the final product, the acetate generation rate may depend on the 

HCO3
− concentration in the reaction solution. This phenomenon has been observed in 

electrochemical CO2 reduction experiment38. For the H-WO3 sample, the HCO3
− concentration can 

only be largely increased under light irradiation. An obvious HCO3
− peak at δ 160.4 was observed in 

13C NMR spectrum after 5h irradiation (Figure S7) and this peak rapidly increased along with the 

irradiation time. Without light irradiation, there is no peak observed in the 13C NMR spectrum within 

5h. This finding demonstrates the HCO3
− may be an important intermediate for acetum generation by 

the H-WO3 catalyst. There is no O2 evolved in the reaction system during the CO2 reduction 
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experiment. After the photocatalytic reaction for 10 h, a total amount of 17.6 µmol H2O2 was 

detected by the titanium sulfate spectrophotometric method in the reaction solution, indicating H2O 

provide the protons for acetum generation. 

Besides the acetum product, a small amount of CO and formic acid were also detected in the 

reaction system. After 10 h, the total amount of CO (Figure S7a) and HCOOH (Figure S7b) 

produced by H-WO3 catalyst is 1.12 µmol/g and 15 µmol/g respectively, indicating the high 

selectivity (85%) for acetum production. The L-WO3 sample with lower Vo concentration exhibits an 

obvious decreased activity for CH3COOH production but a much increased CO production when 

comparing with the H-WO3 sample (Figure S8). The higher photocatalytic activity of L-WO3 sample 

for CO production is ascribed to its higher conduction band potential (detailed discussed in the 

following section).   

To further confirm the important role of Vo for the CH3COOH production, the H-WO3 sample was 

oxidized with 30 % hydrogen peroxide (H2O2) for five hours to eliminate the surface Vo. After that, 

the color of the sample was changed from medium blue to light yellow. The CO2 reduction 

experiment by the H2O2 treated H-WO3 (H2O2-WO3) sample indicates there is no acetum generated 

in the final reaction solution, which is similar as the performance of commercial WO3 (C-WO3). 

To evaluate the photocatalytic stability of the as-prepared H-WO3 sample, the used catalysts were 

re-collected, washed and freeze dried for recycling tests. As demonstrated in Figure 2d, after 6 

consecutive runs (60 h), the photocatalytic activity of the H-WO3 nanotube for acetum production 

was well-maintained. The total amount of the obtained acetum is 562 µmol/g within 60 h, which is 

equivalent to a turnover number of 1.07 for the consumed photo-generated electrons for acetum 

generation. This suggests that acetum evolution under these conditions is catalytic. The XRD pattern 

(Figure S9) of the spent H-WO3 is almost the same as that of the initial sample. In addition, XPS 

analysis (Figure S10) revealed the relative concentration of the surface O atoms around Vo were also 

well maintained (38%) after photocatalytic reaction, further proving the high stability of Vo.  

To investigate the thermodynamic feasibility of the as-prepared WO3·0.33 H2O samples for 

acetum generation, the conduction band potential of the catalysts were studied by electrochemical 
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measurements. Figures 2e-f show the Mott–Schottky spectrum of the as-prepared WO3·0.33 H2O 

samples, which is usually used for the analysis of the flat band potential (Efb) of semiconductor 

electrodes39. The Efb value calculated from the intercept of the axis with potential values was at -0.62 

and -0.67 V vs. SCE for H-WO3 and L-WO3, respectively. For many n-type semiconductors, Efb is 

considered to be about 0.1 V below the conduction band (Ecb)
 40. Based on this, the estimated Ecb 

value of the H-WO3 and L-WO3 samples were -0.48 and -0.53 V vs. NHE at pH 7. Although the Ecb 

value decreased in H-WO3 along with the increase of Vo concentration, the photo-generated 

electrons in the H-WO3 sample are still energetically enough for CO2 reduction to acetum, because 

the CO2/CH3COO－ redox potential (-0.29 V vs. NHE at pH 7) is much lower than the Ecb value of 

the catalyst. Besides Ecb, the conductivity of the H-WO3 is found slightly decreased because of the 

increased Vo concentration when comparing with L-WO3 sample (Figure S11). Although both of the 

decreased Ecb and conductivity may lower the CO2 reduction activity, the H-WO3 sample still exhibit 

a much improved photocatalytic performance, which may be ascribed to its higher Vo concentration 

and larger BET surface area of the nanotube structure.  

An interesting question raised in the experiment is why the as-prepared WO3·0.33 H2O samples 

exhibited highly efficient and sustainable photocatalytic activity for acetum production which is an 

eight electron transfer reduction process. Kinetically, CO is the most possible product from CO2 

reduction because this process only needs two electrons. However, this process is 

thermodynamically difficult, because the redox potential of CO2/CO is as high as -0.53 V vs. NHE at 

pH 7. From the electrochemical measurement, the conduction band electron of the as-prepared 

WO3·0.33 H2O samples are not energetically enough for efficient CO2 reduction to CO. A 

multi-electron reduction process which possesses a relative low thermodynamic barrier is more 

possible to realize on these WO3·0.33 H2O catalyst. For multi-electron reduction, an activation 

process is necessary for promoting the reaction rate.  

To investigate the CO2 activation, quantum chemical calculations were conducted to explore the 

adsorption property of CO2 on the surface of WO3·0.33 H2O. For the defect-free surface, we 
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expected that the CO2 will be on top of surface W atoms, as shown in Figure 3a. The calculated 

binding energy is 0.08 eV and the C=O bond length is only prolonged from 1.169 Å to 1.177 Å, 

suggesting a weak activation of CO2 by perfect {001} surface. For the oxygen deficient {001} 

surface, there are two possible Vo sites, as shown in Figure 3 b. The O1 site has the longest O-W 

bond distance (1.972 Å) among these two sites, suggesting this is most plausible Vo site. Thus, we 

removed the O atom in the O1 site and added one CO2 molecule to this site. The calculated binding 

energy of CO2 on O1 site is 1.32 eV, much larger than that in the defect free surface. The 

energetically stable configurations of CO2 are shown in Figure 3c. It was found the C=O bond close 

to the Vo was prolonged from 1.169 Å to 1.4589 Å, which is similar as the single C-O bond length, 

indicating the potential advantage of oxygen deficient surface for CO2 activation. 

 

 

Figure 3 CO2 adsorption and activation on different WO3·0.33H2O samples revealed by DFT calculation (a-c) and 

in-situ DRIFT observation (d,e). a. CO2 adsorption on perfect {001} surface, b. the possible VO sites on {001} 

surface, c. CO2 adsorption on oxygen deficient WO3·0.33H2O {001} surface, red: oxygen, grey: tungsten, white: 

a    b    c    

d    e    
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hydrogen, sienna: carbon. d. In-situ DRIFT spectrum of the H-WO3 sample after ambient temperature adsorption 

of CO2 under solar light irradiation. e. In-situ DRIFT spectrum of the L-WO3 sample after ambient temperature 

adsorption of CO2 under solar light irradiation.  

To further investigate the role of Vo on the adsorption and activation of CO2, in-situ diffuse 

reflectance Fourier transform infrared spectroscopy (DRIFT) study was performed on the 

as-prepared catalysts. Before introducing CO2, we analyze the DRIFT spectrum of WO3·0.33H2O 

catalyst in vacuum under dark (Figure S12). The H-WO3 surface was dominated by strongly 

adsorbed OH and CO2 although in vacuum state. The absorption band at ∼1420 cm−1 1620 cm−1 are 

ascribed to the symmetric and asymmetric OCO stretching vibration of surface bicarbonate HCO3 

specie, which is formed by interaction of Vo adsorbed CO2 with surface hydroxyl9,41. The slight 

absorption bands around ∼1550 cm−1 are bidentate or monodentate carbonates (b-CO3
2−, m-CO3

2−) 

species42,43. The strong absorption bands around 3538 cm−1 are attributed to the stretching vibration 

of the surface W-OH groups. Another strong absorption band around 2350 cm−1 is ascribed to the 

asymmetric stretching vibration of linear adsorbed CO2. 

In situ DRIFT spectra of CO2 with H2O vapor during photo-irradiation were further recorded for 

studying the adsorption and activation process. The DRIFT absorption spectra were obtained by 

subtracting the WO3·0.33H2O background in vacuum. Both of the H-WO3 and L-WO3 exhibited a 

similar behavior on the DRIFT under light irradiation. As shown in Figure 3d-e, after introducing 

CO2, a distinct linearly absorbed CO2 was observed at ∼2350 cm−1. In situ solar light irradiation of 

the H-WO3 sample for 5 min resulted in the appearance of three obvious negative absorption bands 

at ∼1400 cm−1, 1600 cm−1 and 3540 cm−1 along with a new positive absorption peak at ∼980 cm-1. 

The negative absorption bands at ∼1400 and 1600 cm−1 are assigned to the decreased concentration 

of surface bicarbonate under light irradiation. Besides, it was found the absorption bands of 

bicarbonate species are red shift by -20 cm−1, indicating the HCO3 specie further adsorbed on the 

catalyst surface after light irradiation which is consistent with the theoretical simulation result which 

will be discussed in the following section. The negative absorption band around 3540 cm−1 is 

relevant to the decreasing of surface hydroxyl OH. The new appeared positive absorption band 
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around 980 cm−1 is most probably the C-O stretching band of the new formed C-OH from surface 

HCO3 reduction. There is no decreased absorption band about bidentate or monodentate carbonate, 

indicating that these carbonate (CO3
2−) species are not active for further photo-reduction. From the 

above, the in situ DRIFT study suggests a reaction between the surface bicarbonate specie and 

hydroxyl to produce the COOH intermediate which has been proved as the kinetically dominant key 

intermediate leading to CO2 reduction44,45.  

CO2 TPD of the H-WO3 and L-WO3 samples are provided in Figure S13. Based on the above 

DRIFT data, the TPD profiles were deconvoluted in four desorption peaks: a low temperature peak 

at 66 °C assigned to the liner adsorbed CO2 by surface OH, a middle-temperature peak around 

280 °C and 320 °C attributed to bidentate or monodentate carbonate (b-CO3
2−, m-CO3

2−) species, and 

a high-temperature peak after 350 °C assigned to CO2 desorption from Vo46. From the TPD spectrum, 

it was found the H-WO3 sample has much higher Vo adsorbed CO2 but lower linear adsorbed CO2 

than L-WO3 sample, further proving the improved CH3COOH generation in H-WO3 sample is 

closely related to the higher Vo adsorbed bicarbonate specie. 

The above experimental studies have confirmed the HCO3 species is a vitally important 

intermediate for the final acetum production, which is transformed into COOH intermediate under 

light irradiation. In order to further investigate the hydrogenation mechanism, quantum chemical 

simulations based on density functional theory (DFT) were conducted on the oxygen deficient 

H-WO3 sample. From the DFT simulation, it was found that protonating of the VO site adsorbed CO2 

will result in a tightly attached HCO3 intermediate on the WO3 surface, because this process further 

buried the O atom in C–O bond to the Vo site and the protonated H atom can form a hydrogen bond 

with adjacent oxygen atom, as shown in the initial stage of Figure 4a. This result can explain why 

desorption of HCO3 species is difficult during TPD measurement. Further calculation found that 

once another protonated CO2 (O=C�–OH) approaching the HCO3 intermediate under light irradiation, 

it will react with each other spontaneously and form a C2 intermediate. During this process, the Vo 

adsorbed O atom in the C–O bond depart from the Vo site because of the formation of adjacent C-C 

bond (as shown in the final stage Figure 4a). This simulation result coincides with the experimental 
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observation that the oxygen atom did not fill in the Vo site after photocatalytic reaction, making the 

Vo is sustainable. The reaction barrier was calculated by searching the transition state of this reaction 

using the CI-NEB method, which was found to be 0.96 eV as shown in Figure 4a. This energy 

barrier is much smaller than the band gap of the WO3·0.33H2O sample, indicating the 

photogenerated electrons are energetically enough to drive the spontaneous reaction for C2 species 

production.  

At present, there are mainly two pathways about the photocatalytic CO2 reduction, depending on 

whether the hydrogenation or the deoxygenation process is faster47,48. Quantum chemical 

calculations and in situ DRIFT spectrum revealed the CO2 reduction pathway on the as-prepared 

catalyst might be CO2 → ·COOH → (COOH)2 → CH3COOH via a hydrogenation process, as   

Figure 4 The possible CO2 activation and hydrogenation process on oxygen deficient WO3·0.33H2O {001} surface. 

a. A summary of the transition state analysis and the energy changes along the reaction pathway of the C2 product 

formation by DFT calculation. The reference energy state is selected to be the oxygen defective WO3·0.33H2O 

{001} surface with one Vo adsorbed CO2 and one free CO2. b. Schematic illustration of possible reaction pathway 

for CH3COOH production. 

shown in Figure 4b. Specifically, upon light irradiation, the unsaturated C=O bond in the linear 

absorbed CO2 which coordinated with surface W-OH group are attacked by the photo-generated 

a    

b    
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electrons to form one O=C�–OH radical intermediate. Meanwhile, a considerable proportion of the 

photo-generated electrons are trapped in the middle sub-band of the Vo and a proton coupled 

electron transfer take place on the Vo adsorbed HCO3 bicarbonate specie to form another O=C�–OH 

intermediate radical. The photo-generated electron transfer to Vo can be proved by ESR of the light 

irradiated catalyst in CO2 gas (Figure S14), from which one can see the single electron trapped Vo 

signal was slightly decreased and shifted to lower magnetic field under light irradiation. If there are 

not sufficient H· radical around these new formed ·COOH intermediates, the adjacent ·COOH 

radicals can form C-C bond simultaneously. During this process, the Vo absorbed O atom in the 

O=C�–OH radical gradually departs from the oxygen vacancy (observed from quantum chemical 

simulation). Different from the deoxygenation process where the Vo adsorbed CO2 usually leaving 

one oxygen on the Vo to form CO, this hydrogenation process can refrain the deactivation of Vo 

from oxygen filling. After the C2 intermediate formed, the Vo absorbed O atom completely detached 

from Vo site and then form a HOOC-COOH intermediate. Under light irradiation, proton coupled 

electron transfer will proceed on the hydrogen bond connected –COOH until the –COOH is reduced 

to –CH3 and then the acetum product formed. This reaction pathway is very similar as the 

electrochemical CO2 reduction to acetate process which has been proved via a CO2 → CO2
•− → 

(COO)2
•− → CH3COO− pathway 38.  

From the above reaction pathway, it can be concluded the acetum product is originated from the 

reaction of Vo adsorbed HCO3 specie and the surface OH adsorbed CO2. Different from the 

previously reported C1 product which only needs one active site for reduction of one CO2 molecule, 

the acetum product in our experiment is obtained by cooperation of two active sites (Vo and OH) for 

simultaneously reduction of two CO2 molecule and then to form a C2 intermediate (COOH)2 at initial. 

In this process, the Vo adsorbed CO2 is easily detached from Vo after the formation of C-C bond, 

realizing the sustainable use of the Vo sites. Although CO2 activation by Vo is widely reported in the 

previous studies, the deactivation of Vo after photocatalytic reaction is also a general problem. In this 

study, the phenomenon that the collaboration of surface Vo and OH sites to co-activate two CO2 
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molecules to form C2 intermediate specie can suppress the deactivation of Vo is completely new, 

which may stimulate other studies on how to increase the selectivity for C2 species production and 

how to maintain the activity of Vo active sites.  

Conclusion 

Ultrathin WO3·0.33 H2O nanotubes with large amount of sustainable Vo are firstly explored for 

photocatalytic CO2 reduction to CH3COOH under solar light with a high selectivity up to 85%. After 

systemically experimental studies and quantum chemical calculations, an innovative hydrogenation 

mechanism for CO2 reduction was revealed that the collaboration of surface Vo and hydroxyl group 

as the main reactive sites are responsible for the highly selective CH3COOH generation. This 

innovative hydrogenated mechanism refrains the surface Vo from O-atom filling during the 

photocatalytic process. Therefore, the catalytic activity of the oxygen deficient WO3·0.33 H2O 

nanotube does not show obvious deactivation even after six repetitive photocatalytic reactions. This 

study not only puts forward a new strategy for developing high-performance heterogeneous 

photocatalyst through the atomic scale nanostructure control, but also gives deeper insight into 

understanding the mechanism of CO2 activation and then enables us to establish a strategy to design 

better photocatalysts. 

Experimental Section 

Preparation. For the H-WO3 sample, sodium oleate (4.4 mmol) and Na2WO4·2H2O (3 mmol) were 

successively added to distilled water (50 mL). After vigorous stirring for 2 h, the pH value was 

adjusted to 1 by dilute HNO3. Before the suspension was transferred to a 100 mL Teflon-lined 

autoclave, the volume of the precursor suspension was adjusted to 80 mL by adding additional 

distilled water. The sealed reaction system was heated at 180 °C for 16 h. The system was then 

allowed to cool down to room temperature. The obtained solid products were collected by 

centrifugation, washed with absolute ethanol and dilute HNO3 (10 µL in 20 mL ethanol) more than 

three times, and then freeze-dried for further characterization. For comparison, L-WO3 sample was 

prepared without adding sodium oleate in the reaction system. The obtained precursor suspension 

with pH value of 1 was sealed in a 100 mL Teflon-lined autoclave up to 80% of the total volume and 
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then heated at 180 °C for 12 h.  

Characterization. The purity and the crystallinity of the as-prepared samples were characterized by 

powder X-ray diffraction (XRD) on a Japan Rigaku X-ray diffractmeter/RINT2500HLR+ using Cu 

Kα radiation while the voltage and electric current were held at 40 kV and 80 mA. The transmission 

electron microscope (TEM) analyses were performed by a JEOL JEM-2100F field emission electron 

microscope. X-ray photoelectron spectroscopy (XPS) was carried out by irradiating the sample with 

a 320 µm diameter spot of monochromated aluminum Kα X-rays at 1486.6 eV under ultrahigh 

vacuum conditions (performed on PHI5000VersaProbe). UV-VIS-NIR Spectrophotometer diffuse 

reflectance spectrum (DRS) of the sample was measured using a Shimadzu UV-3600 UV-VIS-NIR 

Spectrophotometer. The surface adsorbed organic contaminants were analyzed by solid state 13C 

NMR on a Bruker AscendTM 400 spectrometer by using 2 g sample. The in-situ DRIFT measurement 

was performed on a Nicolet 8700 DRIFT spectrometer using KBr window. Before measurement, the 

catalyst powder was placed in the cell and evacuated at room temperature for 5 min. Temperature 

programmed desorption of CO2 was performed with commercial one (TPD, Micotrac Bel Japan) 

under vacuum condition with quadrupole mass spectrometric detector (Anerva AQA-100). Typically, 

30 mg of the sample, placed in a glass tube, was pretreated by a He gas flow at 150 °C for 2 h, and 

then cooled down to 50 °C. The adsorption of CO2 was performed in a 99.99% CO2 gas flow 

(0.1MPa, 100 ml/min) at 50 °C for 2 h. After evacuated with vacuum pump at 50 °C for 15 min, the 

sample was heated from 50 °C to 500 °C at a rate of 5 °C /min. The TPD signal was recorded by a 

thermal conductivity detector. Further to identify if the product was formed from CO2, labeled 

experiments were done using 13CO2 and the products were analyzed with gas chromatograph mass 

(GC-MS) by Shimadzu GCMS-QP2010 with thermal conductivity detector (TCD). Electron spin 

resonance (ESR) spectra were recorded at 300K on a Bruker EMX 8/2.7 X-band spectrometer 

operating under 100 kHz modulation frequency. NMR spectra were acquired on a Bruker AVANCE

Ⅲ 600 spectrometer. 

Photocatalytic Test. Photocatalytic CO2 reduction experiments were performed under a solar 
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simulator (PEC-L11) located approximately 10 cm from the sample. The reaction cell (capacity 600 

mL) was made of Pyrex glass with a quartz window on top. Typically, 0.05 g of the as-prepared 

photocatalyst powder was dispersed in 150 mL deionized water and then stirring under the simulated 

solar light irradiation. Before illumination, CO2 (50% in Ar) gas was slowly bubbled through the 

reaction vessel for 30 min. Then the reaction vessel was sealed and irradiated under the solar 

simulator. During the photocatalytic tests, the temperature of the reaction vessel was maintained at 4 

ºC by providing a flow of cooling water. For 13CO2 isotopic labelling experiment, pure Ar gas was 

slowly bubbled through the reaction vessel for 30 min. Then 200 mL of Ar gas was pumped out from 

the sealed reaction cell and 200 mL of 13CO2 gas was injected. The concentration of acetic acid and 

formic acid products in the reactor solution were measured using Ion Chromatography System 

(Dionex, ICS-1000) equipped with an ICE-AS6 column. The concentration of CO was determined 

with online gas chromatography equipped with a flame ionization detector (Ar carrier) and the 

catalytic conversion furnace. The amount of H2O2 in solution was determined by the titanium sulfate 

spectrophotometric method via a UV-VIS-NIR Spectrophotometer (Shimadzu UV-3600). 

Electrochemical measurements. Electrochemical measurements were performed on an IVIUM 

electrochemical workstation using a standard three-electrode cell with a working electrode, a 

platinum mesh as counter electrode, and a standard saturated calomel electrode (SCE) in saturated 

KCl as reference electrode. The working electrodes were prepared by dip-coating: Briefly, 5 mg of 

photocatalyst was suspended in 0.1 mL of ethanol in the presence of 1% Nafion to produce slurry, 

which was then dipcoated onto a 2 cm × 1.5 cm FTO glass electrode and drying at 25 °C. 

Computational Methods. Periodic density functional theory (DFT) calculations with 

spin-polarization were performed using the Vienna Ab Initio Simulation Package (VASP)49-52. We 

used the plane wave projector augmented wave (PAW) method for description of the ionic cores. The 

energy cutoff for the plane wave expansion was 500 eV and the 4×4×4 Γ-centered symmetry 

reduced Monkhorst-Pack meshes was used, adequate for geometry optimization. For the CO2 

adsorption energy calculation, the Perdew–Burke–Ernzerhof (PBE) functional form of the 

generalized gradient approximation was used to describe the non-local exchange and correlation. 
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Convergence is reached if the consecutive energy and force differences are within 10-5 eV for 

electronic iterations and 10−2 eV/Å for ionic relaxations, respectively. Three layers of WO3·0.33H2O 

were constructed with the bottom layer fixed. A 10 Å vacuum is applied along the [001] direction to 

avoid the interaction between periodic images. Dipole corrections and spin-polarization were 

allowed in all calculations considering the polar nature of the surface. To achieve a better description 

of the electronic structure of the bulk phase, the band gaps and densities of states of both the ideal 

and oxygen deficient WO3·0.33H2O are calculated using the hybrid B3LYP functional with 20% 

mixing of the Fock exchange. The oxygen deficient WO3·0.33H2O lattice was created by removing 

one atomic oxygen from a stoichiometric unit cell of W3O9·H2O so that charge neutrality was 

maintained. Each of the possible symmetrically unique oxygen vacancy positions was tested. The 

most energetically stable oxygen defect case was then selected for the band gap and density of states 

calculations. To evaluate the reaction barrier for the formation of the C2 product on the 

WO3·0.33H2O surface, a transition state search utilizing the climbing image nudged elastic band 

(CI-NEB) method was carried out. Five intermediate configuration images were linearly interpolated 

between the stable start and end configurations for the CI-NEB calculations. The two start and end 

configurations are pre-evaluated to be energetically stable and are corresponding to the adsorbed and 

reacted double CO2 state. During the CI-NEB calculations, the atomic positions are fully relaxed 

with the lattice constants held fixed. 
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