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ABSTRACT Solar-driven CO2 methanation is an imperative 
and promising approach to relieve the global warming and 
environmental crisis, yet remains a great challenge due to 
the low reaction efficiency, unsatisfactory selectivity and 
poor stability. In this work, we demonstrate a facile and 
efficient strategy to prepare Ru-doped TiO2 photocatalyst 
with tunable oxygen vacancies using the ascorbic acid as a 
reducing agent for the CO2 methanation reaction. The 
optimal Ru-TiO2-OV-50 exhibits a remarkable CH4 production rate of 81.7 mmol g-1 h-1 with a 100% CH4 selectivity under a 1.5 W cm-2 light 
illumination, which is significantly higher than commercial Ru/TiO2 and other reported catalysts. We reveal that the superior photocatalytic CO2 
methanation performance is mainly due to the synergistic effect of Ru doping and TiO2 with tunable oxygen vacancies. Impressively, the light 
rather than thermal effect is confirmed as the main influencing factor by experimental studies. In addition, in situ spectroscopic technology is 
performed to investigate the CO2 methanation reaction pathway. This work will open an avenue to design and prepare highly efficient 
photocatalyst with tunable oxygen vacancies for CO2 conversion and other related applications. 
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n INTRODUCTION 
The chemical conversion of carbon dioxide (CO2) and hydrogen 
(H2) into downstream fuels and chemicals is regarded as an effi-
cient and promising technology to reduce atmospheric CO2 con-
centration and thus reliance on fossil resources.[1-3] Among them, 
the CO2 hydrogenation to high energy methane (CH4), i.e., the 
Sabatier reaction has great potential in modern chemical indus-
tries.[4,5] For instance, Guo et al. revealed the outstanding thermo-
catalytic CO2 hydrogenation activity and 98-100% CH4 selectivity 
can be obtained on the Ru nanoclusters/CeO2 catalyst, but the 
reaction temperature was still up to 190 °C.[6] In this regard, the 
photocatalytic CO2 methanation using renewable solar energy 
has emerged as one of the most promising and green routes, yet 
remains a significant challenge because of the unsatisfactory re-
action efficiency and CH4 selectivity.[7-12] Meanwhile, the design 
and development of high-efficient photocatalyst is urgently needed 
to overcome key problems such as thermodynamically inertia of 
CO2, slow kinetic process limitation and low light utilization effi-
ciency.[13,14] So far, considerable progress has been made to de-
velop CO2 methanation semiconductor photocatalysts,[15,16] in-
cluding CeO2-,[17] TiO2-,[18] SrTiO3-,[19] and Ni2V2O7-[8] based cata-
lysts. Although great progress has been made, the fabrication of 
highly active, selective and stable photocatalyst is still in urgent 
requirement for CO2 methanation under mild conditions.[20]  

Among these semiconductor photocatalysts, TiO2-based 
catalysts have been intensively investigated due to their low cost, 
simple synthesis and chemical stability for the energy and 

environmental applications. However, the photocatalytic perfor-
mance of reported TiO2-based catalysts can not meet specific 
requirements for the CO2 methanation because of their limited 
charge separation efficiency and low CO2 activation 
capabilities.[18,21] Fortunately, many strategies have been recently 
proposed to improve photocatalytic performance of TiO2-based 
catalysts such as heterojunction construction,[22,23] heteroatom 
doping,[24] metal cocatalyst[25-28] and defect engineering.[29-31] 
Considering the requirement for activating CO2 and H2, the 
construction of metal cocatalyst is an ideal strategy over the TiO2-
based materials to improve the photocatalytic CO2 methanation 
by simultaneously promoting the charge separation and reactant 
activation. Among various metals that have been explored, Ru 
site has been considered as a promising candidate for low 
temperature CO2 methanation reactions.[8,32,33] For instance, Ye’s 
group demonstrated Ru possessed an efficient ability to promote 
the photogenerated charge separation as well as the hydrogen 
activation and utilization for the CO2 photo-hydrogenation to 
CH4.[34] Besides, Cai et al. recently have showed the introduction 
of Ru species on CdS greatly promoted the activation of CO2 and 
the separation efficiency of photogenerated carriers, thus 
accelerating the conversion of CO2 to CH4.[35] Based on the above 
considerations, the Ru-TiO2 composite can be further used to 
improve photocatalytic CO2 methanation performance, yet has 
rarely been reported. In this respect, Zhou et al. reported the 1% 
Ru-TiO2-x nanocrystal with abundant oxygen vacancies exhibited 
a remarkable photocatalytic performance with a CH4 yield of 
31.63 μmol g-1 h-1 due to synergistic effect of Ru and oxygen 
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vacancies.[21] Lin et al. reported that the Ru/TiO(2-x)Nx catalyst 
exhibited superior light-assisted CO2 methanation performance, 
which was resulted from the combined effect of oxygen vacancies 
and electron-rich Ru sites.[18] Therefore, it is highly desirable to 
prepare Ru-TiO2 photocatalyst to catalyze CO2 methanation 
process, which can effectively improve the charge separation and 
reactant activation due to the synergistic effect of Ru and TiO2 
with oxygen vacancies.  

In this work, we report a facile and efficient strategy to 
synthesize Ru-doped TiO2 with abundant oxygen vacancies by 
using ascorbic acid as a reducing agent. The as-synthesized 
Ru/TiO2-OV-50 catalyst exhibits an outstanding activity, selectivity 
and stability for the photocatalytic hydrogenation of CO2 to CH4 
with an 81.7 mmol·g-1·h-1 reaction rate and 100% CH4 selectivity 
at a 1.5 W·cm-2 light illumination. The experimental results show 
the enhanced photocatalytic CO2 methanation performance is 
due to the synergistic effect of Ru and TiO2 with tunable oxygen 
vacancies, which is mainly resulted from the light rather than the 
thermal effect. Finally, the CO2 methanation reaction pathway on 
this catalyst is also proposed using in situ spectroscopic techno-
logy.  

n RESULTS AND DISCUSSION 
The synthetic process of Ru/TiO2-OV-x (x stands for the ascorbic 
acid amount) is schematically illustrated in Figure 1a. Briefly, the 
TiO2-OV-x precursors with tunable oxygen vacancies were first 
synthesized by a simple solvothermal method using ascorbic acid 
as a reducing agent. The as-synthesized TiO2-OV-x precursors 
exhibit rod-like shape from the transmission electron microscopy 
(TEM) images (Figure S1). Notably, the TiO2-OV-x nanorods be-
come shorter in length and larger in diameter with the increase of 
ascorbic acid amount. Subsequently, an electrostatic adsorption- 
reduction strategy was used to prepare Ru/TiO2-OV-x, which was 
finally reduced at 400 oC for 2 h under a 10 vol% H2/Ar flow. The 

scanning electron microscopy (SEM) and TEM images (Figures 
S2, 3) show that the original morphology of TiO2-OV-x precursors 
is preserved well after the introduction of Ru species. For the 
typical Ru/TiO2-OV-50 catalyst, the rod-like shape with around 
100-200 nm in length and 10-20 nm in diameter is well maintained 
after the reduction treatment (Figure 1b, c). High-resolution TEM 
(HRTEM) image (Figure 1d) shows a lattice spacing of 0.215 nm 
corresponding to the (002) lattice fringe of metallic Ru. The 
average size of Ru sites is around 2-3 nm (Figure S4). The 
corresponding TEM elemental mapping images (Figure 1e) reveal 
highly homogeneous distributions of Ru, Ti and O over the 
skeleton. For comparison, the Ru-doped commercial TiO2 nano-
particles (NPs) catalyst (denoted as Ru/TiO2) was also prepared 
using the same procedure, and the morphology and structure are 
shown in Figures S1f, 2f and 3f.  

X-ray diffraction (XRD) patterns (Figure 2a) of Ru/TiO2-OV-x 
show the anatase and rutile mixed phase TiO2, which are different 
from the anatase phase of commercial TiO2 (Figure S5). 
Impressively, characteristic XRD peaks of Ru species are not 
clearly observed after Ru doping, indicating the high dispersion of 
Ru species (Figures 2a, S6). X-ray photoelectron spectroscopy 
(XPS) was performed to investigate the surface properties and 
chemical states of the catalysts. As shown in Figure S7, the XPS 
survey spectra of Ru/TiO2-OV-x show the presence of Ru, Ti and 
O elements. The Ru 3d spectra (Figure 2b) of Ru/TiO2-OV-x at 
~280.4 and 284.5 eV, which are assigned to 3d5/2 and 3d3/2 of Ru0, 
respectively, indicating the transformation of Ru3+ into a lower 
valence state of Ru.[36] As the ascorbic acid amount increases, a 
shift to lower binding energy is observed. Such a negative shift 
indicates a higher electron density of Ru site, thus leading to a 
stronger ability to attach and activate CO2.[37,38] The Ti 2p spectra 
(Figure S8) show the peaks at ~458 and 464 eV corresponding to 
Ti 2p3/2 and Ti 2p1/2, respectively.[38] Notably, a negative shift in the 
binding energy is observed with the increase of ascorbic acid 
amount, which indicates the more oxygen vacancies are 
generated on the surface of catalyst.[39] For the O 1s spectra 
(Figure S9), the peaks at 529.4 and 531.0 eV correspond to lattice 
oxygen species and adsorbed oxygen species, respectively.[40-42] 
Furthermore, the electron paramagnetic resonance (EPR) was 
employed to investigate the oxygen vacancies, and the results in 
Figure 2c exhibit an obvious signal at g = 2.003 for the Ru/TiO2-
OV-x catalysts, which is attributed to the oxygen vacancy 
signal.[43-46] It can be found that much higher intensity compared 
with Ru/TiO2 and Ru/TiO2-OV-0 confirmed the presence of 
abundant oxygen vacancies, which suggests the importance of 
ascorbic acid.[43] In addition, the contents of oxygen vacancies are 
accordingly increased after Ru doping due to the reductive 
treatment of H2. The fine structure information of optimum 
Ru/TiO2-OV-50 catalyst was further studied by X-ray absorption 
near-edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) measurements. The white-line intensity of 
Ru/TiO2-OV-50 is higher than that of Ru foil and lower than that of 
RuO2, indicating a partial positive charge of Ru species (Figure 
2d).[47] The corresponding Fourier transform EXAFS spectrum 
(Figure 2e) of Ru/TiO2-OV-50 shows two obvious peaks at ~1.5 
and 2.4 Å, which can be assigned to Ru-O and Ru-Ru 

Figure 1. (a) Schematic illustration of the synthesis of Ru/TiO2-OV-x 
catalysts. (b) SEM image, (c) TEM image, (d) HRTEM image and (e) TEM 
element mapping images of Ru/TiO2-OV-50 catalyst. 
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coordination, respectively. According to the fitting results (Table 
S1), the coordination numbers of Ru-O and Ru-Ru are 1.41 and 
3.95, respectively, which suggests the formation of low-
coordination Ru clusters and NPs. The ultraviolet-visible-near 
infrared (UV-vis-IR) spectroscopy was used to investigate the light 
adsorption ability. Figure 2f shows the Ru/TiO2-OV-x samples can 
adsorb visible-near infrared light with a range of 400-2000 nm, 
and an adsorption peak at λ = 470 nm corresponds to the 
interband adsorption of Ru species. Compared with the 
absorption spectra of TiO2-OV-x samples (Figure S10), such 
excellent light absorption ability makes these candidates very 
suitable for photocatalytic CO2 hydrogenation reaction. The Ru 
contents are respectively determined to be 1.8, 1.4, 1.5, 1.6, 1.9 
and 2.1 wt.% for Ru/TiO2, Ru/TiO2-OV-0, Ru/TiO2-OV-25, 
Ru/TiO2-OV-50, Ru/TiO2-OV-75 and Ru/TiO2-OV-100 catalysts by 
inductively coupled plasma-atomic emission spectrometry (ICP-
AES) analysis, which indicates that the loading amount of Ru sites 
increases with the increase of oxygen vacancies. Furthermore, 
the specific surface area measurements at 77 K (Figures S11, 12) 
show that the Ru/TiO2-OV-50 gives a large specific surface area 
(152.0 m2/g), which is about 1.5 and 1.8 times higher than those 
of Ru/TiO2 (101.7 m2/g) and Ru-TiO2-OV-0 (83.6 m2/g), 
respectively. It can be found that the specific surface area 
increases first and then decreases with the increase of ascorbic 
acid amount. In a word, the Ru-doped TiO2 nanorods catalyst with 
tunable oxygen vacancies is successfully synthesized.  

The photocatalytic CO2 hydrogenation to CH4 was used as a 
model reaction to evaluate the catalytic performance of as-
synthesized samples. As seen in Figure 3a, the Ru/TiO2-R 
catalyst shows a higher reaction rate (11.20 mmol·g-1·h-1) than 
Ru/TiO2-A (0.43 mmol·g-1·h-1), Ru/CeO2 (1.11 mmol·g-1·h-1), 
Ru/In2O3 (1.96 mmol·g-1·h-1) and Pd/TiO2 (2.62 μmol·g-1·h-1) at an 

irradiation intensity of 1.0 W·cm-2, which confirms the synergistic 
effect of Ru and TiO2 for the enhanced photocatalytic CO2 
methanation performance. More importantly, an almost 100% CH4 
selectivity is obtained on the Ru/TiO2 catalyst. Although it exhibits 
an excellent CH4 selectivity, low reaction rate still needs to be 
improved due to the absence of oxygen vacancies over commercial 
TiO2. For this purpose, a series of Ru/TiO2-OV-x catalysts with 
tunable oxygen vacancies were synthesized. The results in Figure 
3b show that Ru/TiO2-OV-50 has an 81.7 mmol·g-1·h-1 reaction rate 
with a 100% CH4 selectivity, which is ~ 2.4 times higher than those 
of Ru/TiO2 (34.6 mmol·g-1·h-1) and Ru/TiO2-OV-0 (34.8 mmol·g-1·h-1) 
at an irradiation intensity of 1.5 W·cm-2. This indicates the oxygen 
vacancies of TiO2 nanorods can efficiently catalyze the photo-
catalytic CO2 methanation reaction due to the generated active 
sites and better light response ability. In addition, the reaction rate 
increases first then decreases with the increase of ascorbic acid 
amount, suggesting the importance of tunable oxygen vacancies 
amount.  

To optimize the reaction conditions and investigate the catalytic 
mechanism, a series of photocatalytic CO2 methanation reactions 
were conducted over the optimum Ru/TiO2-OV-50 catalyst. First, 
the influence of light intensity on catalytic performance was 
investigated. As shown in Figure 3c, no activity is observed in the 
absence of light irradiation, indicating the significance of light. The 
reaction rate is increased from 0.18 mmol·g-1·h-1 at 0.4 W·cm-2 to 
45.6 mmol·g-1·h-1 at 1.2 W·cm-2, and then the reaction rate is 
further increased to 81.7 mmol·g-1·h-1 at 1.5 W·cm-2. It is worth 
noting that the catalyst not only possesses excellent catalytic 
activity, but also displays 100% CH4 selectivity. Considering the 
intensity distribution of the light at different frequencies, the 
apparent quantum efficiency is estimated to be 3.01% over 
Ru/TiO2-OV-50 under the optimum reaction conditions. 

Figure 2. (a) XRD patterns and (b) high-resolution Ru 3d XPS spectra of Ru/TiO2-OV-x catalysts. (c) EPR spectra of Ru/TiO2 and Ru/TiO2-OV-x catalysts. 
(d) XANES spectra and (e) EXAFS spectra of Ru foil, RuO2 and Ru/TiO2-OV-50 catalysts. (f) UV-vis-IR spectra of Ru/TiO2 and Ru/TiO2-OV-x catalysts. 
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Compared to reported results (Table S2), our catalytic perfor-
mance exceeds most of the reported metal catalysts. Herein, the 
photothermal effect towards the gas-phase CO2 methanation 
reaction needs to be considered. Therefore, we monitored the 
surface temperature of the catalysts over time under light 
irradiation. The results show that the surface temperatures are 
rapidly increased in three to five minutes and then remain 
unchanged over the as-synthesized samples (Figures 3d, S13). 
Specifically, the surface temperatures over TiO2-OV-50 sample 
are 67.7, 79.2, 82.3 and 88.2 °C at 0.8, 1.0, 1.2 and 1.5 W·cm-2, 
respectively, which are much higher than those over commercial 
TiO2 and TiO2-OV-0 (Figure S13). It illustrates that the surface 
photothermal temperatures can be obviously increased in the 
presence of oxygen vacancies for the TiO2 catalysts. After Ru 
doping, the surface temperatures are further increased due to the 
excellent optical adsorption properties of Ru site. For instance, the 
surface temperatures over Ru/TiO2-OV-50 sample are 107.5, 
135.1, 149.8 and 171.2 °C at 0.8, 1.0, 1.2 and 1.5 W·cm-2 (Figure 
3d) respectively, indicating the excellent photothermal properties 
of metallic Ru site. To evaluate the contribution of thermal effect, 
we compared the catalytic performance with or without light 
irradiation. The results in Figure 3e reveal the reaction rates are 
2.7, 23.0, 45.6 and 81.7 mmol·g-1·h-1 at 0.8, 1.0, 1.2 and 1.5 W 
cm-2, respectively, which are 82.3, 303.6, 263.4 and 48.1 times 
higher than those at the same reaction temperature under dark 
conditions, which confirm the significance of light other than 
thermal effect. In addition, we also explored the influence of 
wavelength on the catalytic performance of Ru/TiO2-OV-50. As 
shown in Tables S3, 4, the ultraviolet light gives almost no 
contribution to catalytic performance. The visible light, especially 

the wavelength between 420-600 nm, plays the most important 
role for this catalytic reaction. Subsequently, the effect of mixed 
gas ratio on catalytic activity was investigated, as shown in Figure 
S14. The reaction rate and CH4 selectivity increase with the 
increase of H2 to CO2 ratio, and a 100% CH4 selectivity is obtained 
when the H2 to CO2 ratio is greater than 1. When H2 to CO2 ratio 
is less than 1, the main product is CO. At last, the cycling test was 
examined at an irradiation intensity of 1.0 W·cm-2. The results in 
Figure 3f show the catalyst exhibits an excellent stability during 
five successive cycles. The XRD patterns of Ru/TiO2-OV-50 
before and after 5 cycles are almost the same (Figure S15), 
implying its structural stability.  

To confirm the carbon source of the produced CH4, isotope 
labelling experiment was carried out using 13CO2 as reactant for 
CO2 hydrogenation. The gas chromatography-mass spectroscopy 
(GC-MS) analysis (Figure S16) clearly confirms the origin of 
produced CH4. Meanwhile, the high CH4 selectivity is also 
confirmed by this isotope labelling experiment. Afterwards, the 
photocurrent and electrochemical impedance spectroscopy (EIS) 
results (Figure S17) show that the Ru/TiO2-OV-50 has a higher 
photocurrent density and smaller arc radius than commercial 
Ru/TiO2 and TiO2-OV-50 samples, which suggests a higher 
charge separation efficiency and lower charge-transfer resistance 
over Ru/TiO2-OV-50. Therefore, these results indicate the 
synergistic effect of Ru and TiO2 with the oxygen vacancies for 
the enhanced photocatalytic CO2 methanation performance. As 
for the role of oxygen vacancies, the transfer of photoexcited 
electrons TiO2 with oxygen vacancies to the electron-rich Ru NPs 
promotes the adsorption and dissociation of CO2 on the Ru sites. 
In addition, the oxygen vacancies can enhance the absorption of 

Figure 3. (a) Photocatalytic CO2 methanation over different catalysts at an irradiation intensity of 1.0 W·cm-2 (Ru/TiO2-R: rutile; Ru/TiO2-A: anatase). (b) 
Photocatalytic CO2 methanation over Ru/TiO2 and Ru/TiO2-OV-x catalysts at an irradiation intensity of 1.5 W·cm-2. (c) Photocatalytic CO2 methanation 
over Ru/TiO2-OV-50 catalyst under different light intensities. (d) The photothermal temperature monitoring for the TiO2-OV-50 and Ru/TiO2-OV-50 
catalysts. (e) The CO2 methanation over Ru/TiO2-OV-50 catalyst with and without light. (f) Stability test for photocatalytic CO2 methanation over Ru/TiO2-
OV-50 catalyst under 1.0 W·cm-2. 
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visible-near infrared light at a range of 400-2000 nm (Figure 2f). 
Finally, the existence of oxygen vacancies can effectively regulate 
the loading amount of Ru sites and thus specific surface area of 
catalysts. So far, two main pathways for CO2 methanation reaction 
have been proposed: (1) associative path, where oxygenate 
intermediates are first produced by reacting CO2 with H adatom 
(Had) species; (2) dissociative path, in which CO2 is first dissocia-
ted to carbonyl and O adatom (Oad) species.[48] To explore the 
reaction pathway and mechanism in this work, in situ diffuse 
reflectance infrared Fourier transformations spectroscopy (DRIFTS) 
was therefore performed as shown in Figure 4a. Under CO2 
atmosphere, the two obvious peaks at 1650 and 1410 cm-1 
corresponding to formate are observed,[49] and the other weak 
peaks between 1560 and 1500 cm-1 corresponding to surface 
formates are also identified.[50] Notably, the peak at around 2000 
cm-1 attributed to carbonyl species is not observed, indicating that 
the carbonyl species produced by dissociative path is not an 
essential intermediate.[48-56] In addition, the DRIFTS under a CO 
atmosphere shows the four peaks at 2172, 2115, 2060 and 1960 
cm-1 are observed, which are assigned as the absorbed CO on 
the Ru NPs (Figure S14).[50] Thus, it can be inferred that the main 
reaction pathway is an associative path, as shown in Figure 4b. 
Briefly, CO2 and H2 are firstly adsorbed on the surface of catalyst 
to produce CO2 adsorption species and Had species, respectively. 
Then the C-O bond is broken and thus the C-H bond is 
concurrently formed with formate intermediate. Finally, the 
methane is obtained by further hydrogenation.[48] The proposed 
photocatalytic CO2 methanation pathway is different from that of 
the reported thermocatalytic process.[48-50,52,56]  

n CONCLUSIONS 
In summary, the Ru-doped TiO2 photocatalysts with tunable 
oxygen vacancies have been successfully synthesized by using 
ascorbic acid as a reducing agent. In a photocatalytic CO2 
methanation reaction, the optimal Ru/TiO2-OV-50 exhibited a 
remarkable performance with an 81.7 mmol·g-1·h-1 reaction rate 
and 100% CH4 selectivity under a 1.5 W·cm-2 light illumination, 
which was much better than that of commercial Ru/TiO2 and other 
reported catalysts. The detailed characterizations and experi- 
mental results revealed that the highly efficient photocatalytic CO2 
methanation performance was mainly attributed to the synergistic 

effect of metallic Ru site and TiO2 with tunable oxygen vacancies. 
Meanwhile, the CO2 methanation performance was resulted from 
the light rather than the thermal effect. Moreover, based on the in 
situ spectroscopic analysis, we proposed the reaction pathway of 
CO2 methanation on this photocatalyst. It is hoped that this work 
would provide new insights for the design and synthesis of 
efficient photocatalysts for solar-driven CO2 transformation. 

n EXPERIMENTAL 
Chemicals  

Lithium acetate, ascorbic acid, ruthenium chloride hydrate 
(RuCl3·xH2O) and commercial titanium dioxide (30 nm, anatase) 
were purchased from Aladdin Biochemical Technology Co., Ltd. 
N,N-dimethylformamide, acetic acid, tetrabutyl titanate and 
ammonia solution were purchased from Sinopharm Chemical 
Reagent Co., Ltd.  

Catalysts Preparation 

Synthesis of TiO2-OV-x. The titanium dioxides with tunable 
oxygen vacancies were synthesized via a simple solvothermal 
method. Firstly, 200 mg lithium acetate and x (x = 0, 25, 50, 75 or 
100) mg ascorbic acid were successively added into a mixture of 
6 mL N,N-dimethylformamide (DMF) and 4 mL acetic acid with 
continuous stirring until complete dissolution. Subsequently, 2 mL 
tetrabutyl titanate was added dropwise with stirring, and then the 
solution was transferred into a 100 mL Teflon-lined autoclave and 
heated at 200 °C for 20 h. The obtained precipitate was washed 
with deionized water and ethanol for three times and dried in an 
oven for 12 hours. The final product was denoted as TiO2-OV-x.  

Synthesis of Ru/TiO2-OV-x. The Ru-doped titanium dioxides 
were synthesized by an electrostatic adsorption-reduction method. 
For a typical synthesis of Ru/TiO2-OV-50, 100 mg TiO2-OV-50 was 
first dissolved in a mixture solution containing 30 mL deionized 
water and 7.5 mL ammonia. Then, 11.9 mg RuCl3·xH2O was 
dissolved in another mixture solution containing 3 mL deionized 
water and 0.75 mL ammonia. After that, two solutions were mixed 
and stirred for 4 h. The obtained precursor was washed with 
deionized water and dried in an oven overnight. Subsequently, the 
precursor powder was reduced at 400 °C for 2 h with a heating rate 
of 5 °C min-1 under a 10 vol% H2/Ar flow to obtain Ru/TiO2-OV-50. 
The other Ru-doped titanium dioxide catalysts (Ru/TiO2-OV-x) 
were prepared by the same procedure, except that different 
titanium dioxides were used.  

Catalysts Characterization 

Scanning electron microscopy (SEM) images were taken on a 
ZEISS GeminiSEM 450 Schottky field-emission scanning electron 
microscope operated at 5 kV. TEM images and the corresponding 
EDS mapping analysis images were taken on a JEOL JEM-2100 
Plus field-emission high-resolution transmission electron 
microscope operated at 200 kV. Powder XRD patterns were 
recorded by using a Philips X’Pert Pro Super X-ray diffractometer 
with Cu-Kα radiation (λ = 1.5418 Å). UV-vis-NIR diffuse 
reflectance data were recorded in the spectral region of 240-800 
nm with a Shimadzu SolidSpec-3700 spectrophotometer. XPS 

Figure 4. (a) In situ DRIFTS spectra during CO2 methanation reaction. (b) 
The proposed reaction pathway for the photocatalytic CO2 methanation 
reaction. 
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was recorded on an X-ray photoelectron spectrometer (Thermo 
ESCALAB 250, USA). The specific surface areas were determined 
by BET measurement (JK-BK200C, JWGB SCI. & TECH) using a 
nitrogen adsorption-desorption isotherm at 77 K. X-ray absorption 
fine structure (XAFS) measurements were measured at the 
BL14W1 beamline in Shanghai Synchrotron Radiation Facility and 
Singapore Synchrotron Light Source. In situ DRIFTS measure-
ments were performed using a Bruker IFS 66v Fourier-transform 
spectrometer equipped with a Harrick diffuse reflectance 
accessory at the Infrared Spectroscopy and Microspectroscopy 
Endstation (BL01B) in the NSRL. EPR spectra were collected 
using a JEOL JES-FA200 electron spin resonance spectrometer 
at 140 K (9.062 GHz). The Ru contents were measured by ICP-
AES. The photocurrent curves and EIS experiments were carried 
out on a CHI660E electrochemical workstation.  

Photocatalytic CO2 Methanation Measurements 

In a typical measurement, 5 mg of catalyst was first dissolved in 
300 μL deionized water and dispersed evenly on the surface of a 
FTO glass slice (15mm × 30mm × 2.2mm). Then the glass slice 
was placed into a 32 mL custom-made quartz tube. The custom-
made photoreactor was continuously degassed and purged with a 
mixture of CO2 and H2 (3:1) three times. After the photoreactor was 
sealed, the reaction was conducted for 1.5 h under the irradiation 
of a 300 W Xenon lamp (Beijing Perfectlight, PLS-SXE300D). After 
reaction, the amounts of CO and CH4 were determined using a 
flame ionization detector (FID) of the gas chromatograph (GC, 
7890A, Agilent). Other products such as C2H4 were determined by 
another gas chromatograph (GC, 7890B, Agilent) equipped with 
thermal conductivity detector and flame ionization detector (FID). 
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