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Abstract 

Gaining insight into the role of metal promoters in CO2 methanation is essential for designing 

more effective methanation catalysts. In this study, Ru-based catalysts supported on V2O5-TiO2 

were prepared via sequential wet impregnation to unravel the origin of the promotional effect 

of vanadia on Ru/TiO2 catalysts. Tuning the relative composition of TiO2 and V2O5 allows the 

synergistic interactions between the support components and Ru nanoparticles to be optimized. 

At 200 C, Ru/12%V2O5-TiO2 catalyst achieves CH4 formation rate of 1.22 molgcat
-1s-1, 

outperforming both Ru/TiO2 and Ru/V2O5 catalysts. Its superior activity is attributed to the 

combined effects of TiO2, which helps maintaining relatively high Ru dispersion, and V2O5, 

which is reduced by hydrogen spillover from Ru, generating surface oxygen vacancies and 

hydroxyl groups. The latter species are shown to promote the formation of formate 

intermediates, while higher Ru dispersion facilitates their decomposition to adsorbed CO prior 

to hydrogenation to CH4. 
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1. Introduction 

The rising atmospheric concentration of carbon dioxide (CO2) from human activities is a major 

contributor to the increase in global average temperature, approaching the critical threshold of 

1.5°C above pre-industrial levels set by the Paris Agreement [1, 2]. CO2 utilization has been 

proposed as a promising strategy to address CO2-induced climate change by converting 

captured CO2 into valuable products. In particular, CO2 conversion with green hydrogen (H2) 

to produce methane (CH4), known as CO2 methanation or Sabatier reaction, offers potential for 

CO2 abatement, renewable energy storage, and clean fuel generation. In the Power-to-Gas 

(PtG) scenario, green hydrogen produced from surplus renewable electricity reacts with 

captured CO2 to generate methane, which can be readily transported through existing natural 

gas pipelines and utilized either as fuel for heat generation or as feedstock for the synthesis of 

various chemicals [3-5]. 

CO2 methanation is an exothermic reaction that is thermodynamically favorable at low 

temperatures. However, at these temperatures, the reaction faces kinetic limitations due to the 

high activation energy required for the eight-electron reduction of CO2 to CH4. Therefore, the 

development of efficient low-temperature CO2 methanation catalysts is essential [6, 7]. Both 

noble (Ru, Rh, Pd, and Pt) and non-noble (Ni, Co, and Fe) metals have been investigated as 

active phases for CO2 methanation. Among them, Ru offers a good balance, showing higher 

activity and selectivity than non-noble metal catalysts, particularly at low temperatures, while 

being less costly than other noble metal catalysts [8-10]. In the literature, various factors, such 

as Ru particle size and shape [11, 12], support material [13, 14], metal-support interaction [15, 

16], and the addition of promoters or dopants [17-20] have been explored to enhance activity 

and selectivity in CO2 methanation. 

Among metal promoters or dopants, alkali metals (Li, Na, K, and Cs) have been extensively 

studied, with Na shown to greatly enhance the CO2 methanation activity of Ru-based catalysts. 

Based on in-situ DRIFTS experiments and DFT calculations, the electron-donating nature of 

Na was found to increase the electron density at interfacial Ru sites. This promotes electron 

back-donation to adsorbed CO intermediates, weakening the C-O bond and thereby facilitating 

CO dissociation and subsequent hydrogenation toward CH4 formation [18, 20, 21]. Similarly, 

Quintana et al. reported that doping Ba, an alkali earth metal, into the lattice of g-C3N4 support 

enhanced the electron-donating properties of nitrogen functionalities and promoted electron 

transfer from support to Ru species. In-situ DRIFTS showed that CO species strongly bounded 

to electron-rich Ru sites favored CH4 formation [22]. In another study on alkaline earth, 

Cisneros et al. revealed that incorporating MgO into the lattice of a ZrO2 support promoted the 



generation of oxygen vacancies/Zr3+, which could enable electron transfer to adjacent Ru sites. 

This modulated the stability of formate intermediates by weakening O-C-O bond, thereby 

facilitating formate decomposition and subsequent hydrogenation [19]. To date, little work has 

been done on the promoting effects of transition metals, with most studies focusing on Ni-

based catalysts. Vanadium, in particular, has been shown to enhance the CO2 methanation 

activity of Ni phyllosilicate [23], Ni/Al2O3 [24, 25], Ni-Mg-Al hydrotalcite-derived [26, 27], 

and Ni supported on 3D-mesoporous KIT-6 [28] catalysts. In general, this promotion effect 

was attributed to improved Ni dispersion and increased surface basicity for CO2 adsorption and 

activation. Recently, we investigated the promotional effects of Ti, Zr, Nb, and V on 

mesoporous silica-supported Ru catalysts for CO2 methanation [29]. We identified that Ru-V 

synergy enhanced hydrogen spillover and generated oxygen vacancies, which in turn modified 

CO adsorption and promoted methanation via the CO pathway. 

In the present study, we investigated the effect of vanadium on the catalyst properties and 

catalytic performance of TiO2-supported Ru catalysts for CO2 methanation, with particular 

attention to improving low-temperature activity. Despite the high intrinsic activity of Ru 

catalysts, their low-temperature performance is strongly influenced by the support, particularly 

its ability to generate oxygen vacancies and facilitate CO2 activation. In this context, 

V2O5/TiO2-based catalysts, well known for their redox properties, offer a promising strategy 

to enhance CO2 adsorption and activation at low temperatures. Such systems have been widely 

employed in various reactions, such as selective catalytic reduction (SCR) of NOx with NH3 

[30, 31], total oxidation of volatile organic compounds (VOC) [32, 33], and oxidative 

dehydrogenation (ODH) of alkanes and alcohols [34, 35]. To the best of our knowledge, this 

is the first report on the use of vanadia-promoted TiO2 supports in CO2 hydrogenation, 

particularly in combination with Ru catalysts. The formation of surface oxygen vacancies and 

hydroxyl groups on Ru/V2O5-TiO2, linked to enhanced low-temperature CO2 methanation 

activity, were unraveled by H2-TPR, CO2-TPD, and in-situ DRIFTS experiments. 

 

2. Experimental 

2.1. Catalyst preparation 

The catalysts were prepared via two successive wet impregnation steps: (i) impregnation of 

vanadia onto the support, commercially available Degussa P25 TiO2 powder, and (ii) 

impregnation of RuO2 colloidal suspension onto vanadia-promoted TiO2. 

To prepare vanadia-promoted TiO2 supports, ammonium metavanadate (NH4VO3) was first 

mixed with oxalic acid monohydrate (H2C2O4.H2O) in 50 mL of deionized water to solubilize 



the vanadium precursor, with a fixed molar ratio H2C2O4.H2O/NH4VO3 of 2.33. Then, 5 g of 

Degussa P25 TiO2 powder, pre- calcined in air at 500 C (5 C/min) for 5 h, was added to the 

solution. The obtained suspension was heated in an oil bath at 50°C and stirred for 5h. After 

drying overnight in a vacuum oven at 50°C, the resulting powder was calcined in air at 450°C 

(5°C/min) for 5h. The amount of NH4VO3 added was calculated to obtain x%V2O5-TiO2 (x = 

3, 6, 9, 12, or 15, where x represents the weight percent of V2O5) after calcination. A pure TiO2 

support was prepared by calcining pristine Degussa P25 TiO2 powder in air at 500 C (5 

C/min) for 5 h. A pure V2O5 support was also synthesized by dissolving NH4VO3 with 

H2C2O4.H2O in 50 mL of deionized water, following the same procedure used for preparing 

vanadia-promoted TiO2 supports, but without the addition of TiO2. 

The catalysts with a nominal Ru loading of 2wt% were synthesized by wetness impregnation, 

following the procedure reported by Debecker et al. [36]. The use of colloidal RuO2 as a 

precursor in our study was a deliberate synthetic choice, as it provides a highly stable (up to 

several months at room temperature without further stirring or additives) and monodispersed 

colloidal suspension of RuO2 (~2 nm), prepared via a sustainable aqueous oxidative pathway 

reported in our previous work [37]. First, colloidal suspension of RuO2 was prepared by 

dissolving 126 mg of RuCl3H2O in 30 mL of deionized water. After stirring for 1 min, 17.25 

mL of 14% H2O2 was added dropwise. The resulting solution was then incubated at 95°C for 

2h. After cooling to room temperature, 3 g of support was added to the suspension, which was 

stirred for 16 h in an oil bath at 50°C. The mixture was then dried under vacuum using a 

rotavapor at 50°C and calcined at 450°C (5°C/min) for 16 h which is known to remove residual 

chlorine. The catalysts were denoted as Ru/TiO2, Ru/x%V2O5-TiO2 (x = 3, 6, 9, 12, or 15), and 

Ru/V2O5. 

 

2.2. Catalyst characterization  

X-ray diffraction (XRD) analyses were performed on a Bruker AXS-D8 Advance 

diffractometer using Cu Kα radiation at 30 kV and 40 mA. The diffraction patterns were 

recorded over a 2 range of 10-60°, with a step size of 0.025° and a step time of 20 s per step. 

N2 physisorption was used to evaluate the textural properties of the catalysts. N2 physisorption 

isotherms were recorded at -196°C using a Tristar 3000 instrument (Micromeritics). Prior to 

the analysis, 80 to 100 mg of calcined catalysts were degassed at 150°C to remove physisorbed 

water and other contaminants. The Brunauer-Emmett-Teller (BET) method was applied to 

determine the specific surface area in a relative pressure (P/P0) range of 0.05-0.3. 



H2-temperature programmed reduction (H2-TPR) and H2 pulse chemisorption measurements 

were carried out on a BELCAT II analyzer (Microtrac). For the H2-TPR measurement, 50 mg 

of catalyst was pre-treated under a 50 mL/min flow of Ar at 200°C for 1 h, then cooled to 

100°C. The H2-TPR profile was recorded from 100°C to 800°C (heating rate of 10 °C/min) 

using a 1%H2/Ar gas mixture (50 mL/min). For the H2 pulse chemisorption, 150 mg of catalyst 

was reduced at 300°C for 2 h under a 30 mL/min flow of 5%H2/Ar, followed by purging with 

Ar (30 mL/min) for 1h to remove residual H2. After cooling to 100°C, H2 was pulsed on the 

catalyst with a loop volume of 0.989 mL. The amount of surface Ru atoms was calculated 

based on the amount of chemisorbed H2, assuming a stoichiometry of H/Ru = 1. 

CO2-temperature programmed desorption (CO2-TPD) measurement was carried out on a Hiden 

instrument equipped with an online QGA mass spectrometer (MS). 80 mg of catalyst was first 

reduced at 300°C under a 30 mL/min flow of 1%H2/Ar for 2 h, followed by purging with Ar 

(30 mL/min) for 1 h to remove residual H2. The catalyst was then cooled to 50°C and exposed 

to a 15% CO2/Ar gas stream for 1 h. After flushing with Ar for 30 min, the CO2-TPD profile 

was recorded from 50°C to 800°C (heating rate of 10°C/min) under a 30 mL/min Ar flow. 

Transmission electron microscopy (TEM) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM), combined with energy-dispersive X-ray 

spectroscopy (EDX) analysis, were performed at 200 kV using a Talos F200i transmission 

electron microscope. The software used for the measurements was VELOX. 

The weight percentages of Ti, Ru, and V in the vanadia-promoted catalysts were determined 

by inductively coupled plasma atomic emission spectroscopy (ICP-AES) using an iCAP 6500 

instrument (Thermo Scientific). The samples were dissolved via sodium peroxide fusion, 

ensuing complete dissolution prior to analysis. 

X-ray photoelectron spectroscopy (XPS) was carried out using a SSI-X-probe (SSX-100/206) 

spectrometer equipped with a monochromatized micro-focused Al-Kα X-ray source (1486.6 

eV), operated at 10 kV and 20 mA. The C 1s peak was set to 284.8 eV for binding energy 

calibration. Data processing was carried out using the CasaXPS program (Casa Software Ltd, 

UK). 

In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed 

using a Bruker INVENIO-S spectrometer equipped with a Harrick Praying Mantis chamber. 

The catalyst was reduced in-situ with H2 at 300°C for 1 h, followed by purging with He for 30 

min. For background subtraction, a spectrum was recorded under He at each temperature. The 

reaction mixture, consisting of 10%CO2, 40%H2, and 50%He, was then introduced into the 



chamber. Spectra were recorded once a steady state was reached at temperatures from 50°C to 

300°C. 

 

2.3. Catalytic test 

A continuous flow fixed-bed reactor with an internal size diameter of 6 mm Stainless steel tube 

was used. 100 mg of catalyst with a particle size of 100-400 μm was first loaded and reduced 

in situ at 300°C with 20 mL/min flow of H2 for 2 h, before being purged with a 20 mL/min 

flow of Ar. The reaction was then operated at 1 atm and temperatures ranging from 200°C to 

300°C with a reaction mixture of 20 mL/min (10% CO2, 40% H2 and 50% of Ar). Each 

temperature was maintained for 100 min to allow 5 GC-injections per temperature. The outflow 

gases were then analyzed using a gas chromatograph (SCION 456-GC) equipped with Hayesep 

Q, Molsieve 5A, Porapak R and SCION-1 columns. For quantification, a flame ionization 

detector (FID) was used for CH4 and a thermal conductivity detector (TCD) for CO2 and CO. 

Transfer lines were kept above 120°C to avoid water condensation.  

CO2 conversion (XCO2
), CH4 selectivity (SCH4

), and CH4 formation rate (rCH4
) were calculated 

according to the following equations: 

XCO2
(%) =  

FCO2,in  − FCO2,out

FCO2,in

 ×  100%   (1) 

SCH4
(%) =  

FCH4,out

FCO2,in  − FCO2,out

×  100%   (2) 

rCH4
(molCH4

gcat
−1 s−1) =  

FCH4,out

mcat
    (3) 

where F and mcat are the molar flow rates and mass of catalyst introduced to the reactor, 

respectively. 

 

3. Results and discussion 

3.1. Characterization of supports and corresponding Ru catalysts 

The catalysts were prepared by two successive wet impregnations. Vanadia was first 

impregnated onto TiO2, followed by RuO2 impregnation. Both impregnation steps lead to a 

decrease in specific surface area (Table 1). V2O5 and Ru/V2O5 display low specific surface 

areas, consistent with values reported for crystalline V2O5 in the literature [38]. N2 

physisorption isotherms of TiO2, 15%V2O5-TiO2, and their corresponding Ru catalysts are 

shown as examples in Fig. S1. They exhibit type IV isotherm with H3 hysteresis loop, 

attributed to interparticle voids formed by the aggregation of non-porous TiO2 crystallites [39]. 



The overall isotherm shape remains unchanged after V2O5 and RuO2 impregnation steps, 

indicating that the textural properties are not significantly altered by these treatments. 

Structural properties of TiO2, V2O5-TiO2, and V2O5 supports and their corresponding Ru 

catalysts were analyzed using XRD (Fig. 1). The commercial P25 TiO2 exhibits diffraction 

peaks at 25.4°, 37.0°, 37.8°, 38.6°, 48.1°, 53.9°, and 55.1°, corresponding to anatase TiO2, and 

at 27.5°, 36.1°, 41.3°, 44.1°, 54.3°, and 56.7°, corresponding to rutile TiO2 (Fig. 1(a)) [40]. 

Diffraction peaks at 15.4°, 20.2°, 26.2°, 31.1°, 32.4°, 34.4° and 51.3°, attributed to the 

orthorhombic structure of V2O5, begin to appear at vanadia loadings of 9 wt% and above [41]. 

Below this loading, no peaks related to crystalline phases of V2O5 are observed, suggesting 

that the crystallite size is smaller than 5 nm. The peak positions of the TiO2 phases remain 

unaffected upon V2O5 addition, indicating no distortion of the TiO2 crystal structure. After 

RuO2 impregnation, the XRD diffractograms of the Ru catalysts do not display the main RuO2 

peaks at 27.7° and 35.40°, likely due to overlap with proximate rutile TiO2 peaks, as well as 

the low Ru loading (2 wt%) and the small size of RuO2 particles (< 5 nm) (Fig. 1(b)). 

 

Table 1 Specific surface area (SBET) of TiO2, V2O5-TiO2, and V2O5 supports and their corresponding Ru catalysts. 

Support SBET (m2/g) Catalyst SBET (m2/g) 

TiO2 49 Ru/TiO2 42 

3%V2O5-TiO2 44 Ru/3%V2O5-TiO2 40 

6%V2O5-TiO2 38 Ru/6%V2O5-TiO2 36 

9%V2O5-TiO2 38 Ru/9%V2O5-TiO2 30 

12%V2O5-TiO2 36 Ru/12%V2O5-TiO2 28 

15%V2O5-TiO2 36 Ru/15%V2O5-TiO2 25 

V2O5 < 5 Ru/V2O5 < 5 

 

 



 

Fig. 1 XRD diffractograms of (a) TiO2, V2O5-TiO2, and V2O5 supports and (b) their corresponding Ru catalysts. 

An enlarged view of the diffraction region from 27-37° is also shown. 

 

V2O5 and Ru contents measured by ICP-AES closely match the nominal loadings, 

demonstrating the excellent quantitative control during the wet impregnation steps (Table 2). 

Additionally, HAADF-STEM-EDX images with elemental mapping of Ru/12%V2O5-TiO2 

show that vanadia is well dispersed on TiO2 particles, forming a continuous layer without 

noticeable isolated V2O5 grains (Fig. 2(b)). RuO2 nanoparticles are also homogeneously 

dispersed on both Ru/TiO2 and Ru/12%V2O5-TiO2 catalysts, with no obvious agglomeration 

observed (Fig. 2). However, the addition of vanadia significantly decreases overall Ru 

dispersion measured by H2 pulse chemisorption (Table 2). The highest and lowest dispersion 

values are observed for Ru/TiO2 and Ru/V2O5, respectively. The Ru dispersion values of the 

vanadia-doped catalysts fall between these two extremes, suggesting that doping Ru/TiO2 with 

vanadia results in a trade-off: the presence of TiO2 helps maintain relatively high Ru dispersion, 

partially compensating for the low dispersion observed on pure V2O5. It should be noted that 

H2 chemisorption on reducible oxide-supported catalysts may be influenced by hydrogen 

spillover, which can affect the quantitative determination of Ru dispersion. Therefore, the 

values reported here should be considered approximate and mainly used for qualitative 

comparison. 

 



 

Fig. 2 HAADF-STEM-EDX images with elemental mapping of (a) Ru/TiO2 and (b) Ru/12%V2O5-TiO2 catalysts 

(EDX spectra in Fig. S2). 

 

XPS analysis of the freshly calcined catalysts provides information about their chemical state 

and surface compositions. The Ru 3d and C 1s regions are deconvoluted into three components: 

metallic Ru0, oxidized Ru4+, and C 1s. The Ru 3d peaks consist of 3 doublets: an asymmetric 

peak at 279.7-279.9 eV, corresponding to metallic Ru0, and a main doublet at 280.5-280.7 eV 

along with a satellite doublet at 282.4-282.6 eV, both attributed to oxidized Ru4+ (Fig. S3) [42]. 

In Table 3, the atomic V/Ti ratios determined by XPS are much higher than the nominal values 

(in parentheses), which is consistent with the surface-sensitive nature of XPS technique and 

with the mode of preparation (i.e. impregnation onto the support surface). As expected, the 

V/Ti ratio increases with increasing V2O5 loading. Additionally, the Ru0/(Ru0+Ru4+) ratio 

reveals that Ru is partially present in its metallic form in the fresh catalysts, even though 

impregnation was done from a RuO2 colloidal suspension, and subsequent calcination in air 

was applied. This can be attributed to the ultra- high vacuum (UHV) conditions during XPS 

analysis, which may induce partial reduction of Ru oxides to metallic Ru. Interestingly, the 

metallic Ru content decreases from 0.42 for Ru/TiO2 to 0.04-0.12 for Ru/V2O5-TiO2 catalysts, 

and no metallic Ru is detected in the Ru/V2O5 catalyst. After ex-situ H2 reduction at 300°C, 

XPS analysis was also performed (Fig. S4 and Table 3). The results show a slight increase in 

the proportion of metallic Ru for Ru/TiO2 and Ru/V2O5-TiO2 catalysts compared to the freshly 

calcined samples. In contrast, metallic Ru remains undetectable for the Ru/V2O5 catalyst, 

possibly due to surface passivation upon exposure to air during sample transfer. Nevertheless, 

these results suggest that the presence of V2O5 hinders the reduction of RuO2, likely due to 



stronger metal-support interaction introduced via vanadia doping, as later evidenced by H2-

TPR results.  

 

Table 2 V2O5 and Ru loadings, Ru dispersion, and CH4 formation rate at 200°C. 

Catalyst 
ICP-AES Ru dispersion 

(wt%) a 

CH4 formation rate 

(molgcat
-1s-1) V2O5 (wt%) Ru (wt%) 

Ru/TiO2 − 1.5 16.3 0.78 

Ru/3%V2O5-TiO2 2.5 1.4 4.9 0.88 

Ru/6%V2O5-TiO2 5.4 1.6 4.7 0.87 

Ru/9%V2O5-TiO2 7.9 1.7 6.7 1.10 

Ru/12%V2O5-TiO2 11.0 1.6 5.3 1.22 

Ru/15%V2O5-TiO2 13.8 1.6 4.5 1.10 

Ru/V2O5 − 1.6 3.2 0.70 

a Ru dispersion was determined from H2 pulse chemisorption measurement. 

 

Table 3 XPS analysis results (atomic ratios) of Ru catalysts, experimental H2 uptake up to 300°C, theoretical H2 

uptake, and the number of weak basic sites for CO2 adsorption on Ru catalysts. 

Catalyst V/Ti a 

Ru0/(Ru0+Ru4+) H2 uptake  

up to 300°C 

(mmol/g)  

Theoretical  

H2 uptake 

(mmol/g) b 

Amount of 

weak basic 

sites (mmol/g) c 
Calcined Reduced 

Ru/TiO2 − 0.42 0.46 0.22 0.30 0.03 

Ru/3%V2O5-TiO2 0.13 (0.03) 0.12 0.20 0.42 0.28 0.08 

Ru/6%V2O5-TiO2 0.24 (0.06) 0.04 0.08 0.45 0.32 0.12 

Ru/9%V2O5-TiO2 0.28 (0.09) 0.04 0.10 0.88 0.34 0.13 

Ru/12%V2O5-TiO2 0.28 (0.12) 0.05 0.09 0.94 0.32 0.13 

Ru/15%V2O5-TiO2 0.34 (0.15) 0.08 0.10 0.10 0.32 0.14 

Ru/V2O5 − 0.00 0.00 1.49 0.32 0.01 

a Nominal bulk V/Ti atomic ratios are provided between parentheses. 

b The theoretical H2 uptake was calculated based on the Ru loading measured by ICP, assuming that 2 moles of 

H2 are stoichiometrically required to reduce 1 mole of RuO2.  

c The deconvoluted peaks are centered between 80°C and 200°C.  

 



H2-TPR was conducted to investigate the reducibility of the catalysts and to obtain insights on 

metal-support interactions (Fig. 3(a)). Ru/TiO2 exhibits a main reduction peak centered at 

160°C, corresponding to the reduction of Ru oxides to metallic Ru0. Increasing the V2O5 

loading causes this peak to shift toward higher temperatures, indicating that the presence of 

V2O5 strengthens the interaction between RuO2 and the support, thereby hindering RuO2 

reduction. Ru/V2O5 displays broad reduction peaks, attributed to the reduction of both RuO2 

and vanadium oxides. Compared to V2O5 and 9%V2O5-TiO2 supports, the H2-TPR profiles of 

their respective Ru catalysts show significantly larger reduction peaks at much lower 

temperatures. This behavior indicates that Ru facilitates the reduction of nearby vanadium 

species via hydrogen spillover − the migration of dissociated H from Ru to V2O5. In addition, 

H2 consumption up to 300°C (the reduction temperature) was calculated (Table 3). The values 

increase with increasing V2O5 content and are considerably higher than the theoretical values, 

except for Ru/15%V2O5-TiO2, whose main reduction peak is centered above 300°C. The 

increased H2 consumption further corroborates the reduction of V2O5 via hydrogen spillover. 

These findings are consistent with the literature; for example, Song et al. reported enhanced 

reducibility of VOx species and improved redox properties of V-based catalyst in the presence 

of Ru [43]. Moreover, it has been reported that the reduction of reducible metal oxides via 

hydrogen spillover from Ru is accompanied by the formation of surface oxygen vacancies and 

hydroxyl groups [17, 29, 44]. 

 

 

Fig. 3 (a) H2-TPR profiles of Ru/TiO2, Ru/V2O5-TiO2, and Ru/V2O5 catalysts, compared with those of 9%V2O5-

TiO2 and V2O5 supports. (b) CO2-TPD profiles of Ru/TiO2, Ru/V2O5-TiO2, and Ru/V2O5 catalysts. 

 



It is noted that V2O5 is generally reported to provide surface acidity [45]. However, in this 

study, partial reduction of vanadia via hydrogen spillover from Ru occurs under H2 pre-

treatment, and this reduction is expected to decrease surface acidity due to the lower cation 

charge [46]. Concurrently, this reduction promotes the formation of oxygen vacancies and 

surface hydroxyl groups. As a result, the presence of partially reduced vanadia also influences 

CO2 adsorption behavior, as shown in CO2-TPD profiles, which can be divided into three 

regions: 80-200°C, 200-350°C, and > 350°C, corresponding to weak, medium, and strong basic 

sites, respectively (Fig. 3(b)) [19, 47]. Compared to Ru/TiO2 and Ru/V2O5 catalysts, the 

desorption peaks in the 80-200°C range, attributed to bicarbonates (b-HCO3
-), for Ru/V2O5-

TiO2 catalysts shift to higher temperatures, indicating enhanced strength of weak basic sites. 

The amount of CO2 desorbed in the 80-200°C range was also calculated from the area under 

the curve and used to estimate the number of weak basic sites on the catalysts (Table 3). 

Ru/V2O5-TiO2 catalysts exhibit a higher number of weak basic sites than Ru/TiO2 and Ru/V2O5 

catalysts. These results demonstrate both increased strength and more abundance of weak basic 

sites on Ru/V2O5-TiO2 catalysts. It has been reported that surface hydroxyl (−OH) groups can 

act as weak basic sites and play a crucial role in CO2 hydrogenation by promoting the formation 

of intermediate species [48, 49]. The desorption peaks above 350°C, associated with bidentate 

carbonates (b-CO3
2-) and monodentate carbonates (m-CO3

2-) [47], vary in intensity but not in 

temperature among the catalysts. Although Ru/V2O5-TiO2 catalysts exhibit a higher amount of 

desorbed CO2 in this temperature range than Ru/TiO2, the species adsorbed on strong basic 

sites are not expected to actively participate in the reaction at 200-300°C (vide infra in the 

section 3.4.), as they typically require high temperatures to react [13, 50].  

 

3.2. Catalytic performance  

CO2 methanation was evaluated between 200°C and 300°C, with catalysts pre-reduced under 

H2 at 300°C. The reaction conditions were chosen such that CO2 conversion remained well 

below thermodynamic equilibrium, allowing for the measurement of intrinsic activity. 

Negligible diffusional limitations were also confirmed (Fig. S5(a)). Under the tested 

conditions, all catalysts exhibit 100% CH4 selectivity, and the addition of vanadia effectively 

enhances the activity of Ru/TiO2 (Fig. 4(a)). While Ru/3%V2O5-TiO2 and Ru/6%V2O5-TiO2 

show modest improvements, a more pronounced enhancement is observed from Ru/9%V2O5-

TiO2 onward, indicating that higher V2O5 loadings more effectively promote CO2 methanation. 

Considering the peak shift to higher temperatures in the H2-TPR profiles for catalysts with 



higher V2O5 content, Ru/15%V2O5-TiO2 was also tested after reduction at 350°C (Fig. S5(b)). 

Although this higher reduction temperature facilitates greater RuO2-to-Ru0 conversion, it 

results in lower catalytic activity compared to reduction at 300 °C, likely due to Ru nanoparticle 

sintering and consequent loss of Ru active sites. It is worth noting that V2O5 proves to be an 

effective catalyst support for this reaction despite the low Ru dispersion. Ru/V2O5 shows 

activity comparable to Ru/TiO2 at low temperatures and even superior at higher temperatures. 

CH4 formation rate at 200°C is also presented in Table 2. The Ru/12%V2O5-TiO2 catalyst 

achieves CH4 formation rate of 1.22 molgcat
-1s-1, which is ca. 1.6 times higher than that of 

Ru/TiO2 catalyst (0.78 molgcat
-1s-1). The CH4 formation rate (mmolgRu

−1s−1) of Ru/12%V2O5-

TiO2 is also compared with those of other Ru-based catalysts reported in the literature (Table 

S1) [19, 29, 51-56]. Ru/12%V2O5-TiO2 exhibits a comparable or superior CH4 formation rate 

under similar conditions. 

 

Fig. 4 (a) CO2 conversion as a function of temperature from 200°C to 300°C. (b) Arrhenius plot of CH4 formation 

rate over Ru/TiO2 and Ru/12%V2O5-TiO2 catalysts in the temperature range of 200-275°C. (c) 50-hour stability 

test at 300°C of Ru/TiO2, Ru/12%V2O5-TiO2 and Ru/V2O5 catalysts. 



 

To better understand the promoting role of vanadia, the apparent activation energies (Ea) were 

calculated from the Arrhenius plot in the temperature range of 200-275°C (Fig. 4(b)). The 

Arrhenius plot was obtained by doubling the total flow rate to 40 mL/min, compared to the 

standard reaction conditions of 20 mL/min, to lower CO2 conversion and ensure operation in 

the kinetic regime (Fig. S5(c)). The Ea values for Ru/TiO2 and Ru/12%V2O5-TiO2 are 43 

kJ/mol and 49 kJ/mol, respectively, which are in the typical range reported for Ru/TiO2 

catalysts in the literature [15, 57]. The similar apparent activation energies of Ru/TiO2 and 

Ru/12%V2O5-TiO2 suggest that the addition of V2O5 promoter does not alter the reaction 

mechanism, the nature of the active site, or the rate-limiting step. These findings will be further 

supported by in-situ DRIFTS experiments in Section 3.4. 

A 50-hour stability test at 300°C was performed on Ru/TiO2, Ru/12%V2O5-TiO2 and Ru/V2O5 

(Fig. 4(c)). Consistent with the literature, Ru/TiO2 exhibits relatively stable performance, with 

CO2 conversion decreasing from 48% to 41% (less than 10%) over extended periods [58, 59]. 

In contrast, V2O5 has never been used as the catalyst support in CO2 methanation. Both 

Ru/12%V2O5-TiO2 and Ru/V2O5 show moderate deactivation, with CO2 conversion dropping 

from 62% to 48% and from 54% to 45%, respectively, during the first 10 h of reaction. The 

catalytic performance of Ru/12%V2O5-TiO2 and Ru/V2O5 becomes comparable after this 

initial deactivation period. This suggests that, at 300°C, the advantage of Ru/12%V2O5-TiO2 

lies not in enhanced stability, but in achieving similar catalytic performance with a lower 

vanadium content. Their CH4 selectivity remains at 100% throughout 50 h test. 

 

3.3. Characterization of spent Ru catalysts 

XRD diffractograms of the spent catalysts (Fig. 5(a)) reveal that the crystallinity of TiO2 in 

Ru/TiO2 and Ru/V2O5-TiO2 catalysts remains unchanged after CO2 methanation between 200-

300°C, while peaks associated with the V2O5 crystal structure disappear from the spent 

Ru/x%V2O5-TiO2 (x = 9, 12, and 15) and Ru/V2O5 catalysts. New peaks at 27.8°, 37.1°, 42.3°, 

and 55.6°, corresponding to the monoclinic rutile VO2 phase, emerge in the XRD pattern of 

Ru/V2O5, indicating that crystalline V2O5 is converted to VO2 during CO2 hydrogenation [60, 

61]. Additionally, a broad peak at 44.8°, attributed to metallic Ru, is observed only in Ru/V2O5 

[57]. The crystallite size of Ru, estimated using the Scherrer equation, is ca. 6.7 nm. Given the 

similar Ru loading (2wt%) across all catalysts, the absence of Ru peaks in the other catalysts 

implies that their Ru crystallite sizes are smaller and fall below the XRD detection limit. It is 

also possible that the Ru peak overlaps with the rutile TiO2 peak at 44.1°.  



 

Fig. 5 XRD diffractograms of (a) spent Ru catalysts after the reaction from 200°C to 300°C, (b) spent 

Ru/12%V2O5-TiO2 after the reaction from 200°C to 300°C and after 50-hour stability test at 300°C, and (c) 

Ru/V2O5 after the reaction from 200°C to 300°C and after 50-hour stability test at 300°C. 

 

Ru/12%V2O5-TiO2 and Ru/V2O5 catalysts after 50-h stability test at 300°C were also analyzed 

by XRD (Fig. 5(b) and (c)). Interestingly, Ru/V2O5 exhibits more pronounced VO2 peaks, along 

with additional peaks at 24.4°, 33.1°, 36.2°, 39.9°, 41.3°, 49.8° and 54.2°, which are assigned 

to the corundum structure of V2O3 [61, 62]. This demonstrates progressive reduction of V2O5 

(V5+) to VO2 (V
4+) and subsequently to V2O3 (V

3+), as well as gradual crystallization of VO2 

and V2O3 during the prolonged CO2 hydrogenation test. These findings align with the work of 

Corr et al., who performed in-situ XRD experiments during the controlled reduction of 

vanadium oxides (without Ru) [60]. They reported VO2 as the dominant crystalline phase after 

1 h of reduction at 500°C, and V2O3 as the main phase after 6 h. Despite structural 

transformation of the V2O5 support, the Ru crystallite size remains ca. 6.9 nm. Unlike Ru/V2O5, 

VO2 and V2O3 peaks are not clearly observed in the XRD pattern of the spent Ru/12%V2O5-

TiO2 after stability test. Their absence may be attributed to lower vanadia content or to overlap 



with TiO2 peaks, which could also obscure the reflections from metallic Ru. Based on XRD 

results of the spent catalysts, the moderate decline in CO2 conversion observed for vanadia-

containing catalysts during 50-h stability test is plausibly associated with structural 

transformation of vanadia species (V2O5 → VO2 → V2O3) under reaction conditions. 

Significant Ru sintering is unlikely to be the primary cause, as the Ru crystallite size remains 

small. In addition, given the relatively low reaction temperature (300°C), carbon deposition is 

expected to be limited [9] and is therefore unlikely to be a major contributor to deactivation. 

 

3.4. In-situ DRIFTS experiments 

To gain deeper insight into the promoting effect of vanadia, the evolution of surface 

intermediate species and the plausible reaction pathway on Ru/TiO2, Ru/12%V2O5-TiO2, and 

Ru/V2O5 were investigated using in-situ DRIFTS measurements under CO2 methanation 

conditions between 50-300°C (2200-1200 cm-1 in Fig. 6). The whole range (4000-1200 cm-1) 

is also provided in the Supporting Information (Fig. S6) along with additional descriptions.  

 

Fig. 6 In-situ DRIFTS spectra (2200-1200 cm-1) recorded at steady-state during CO2 methanation (10%CO2, 

40%H2, and 50%He) from 50 °C to 300 °C over (a) Ru/TiO2, (b) Ru/12%V2O5-TiO2, and (c) Ru/V2O5 catalysts. 



In the carbonyl region, no distinct peaks are observed for Ru/V2O5 (Fig. 6(c)), whereas bands 

corresponding to linearly adsorbed CO on Ru sites (Ru-CO at 2030-1990 cm-1) and bridged 

CO at the metal-support interface (Ruif-CO at 1950-1940 cm-1) [15, 47] appear in the spectra 

of Ru/TiO2 and Ru/12%V2O5-TiO2, starting at 50°C and 100°C, respectively (Fig. 6(a) and 

(b)). With increasing temperature, the Ru-CO band shifts to lower wavenumbers. This red shift 

may be attributed to the formation of Ru carbonyl hydride species, in which a CO molecule is 

adsorbed on a Ru atom that also binds one or two hydrogen atoms [63]. In addition to the 

influence of hydrogen atoms, such a shift accompanied by decreased band intensity may 

indicate a decrease in CO coverage on metal nanoparticles [64, 65], presumably caused by CO 

desorption or conversion toward other surface intermediates. However, no gaseous CO bands 

are detected at 2170 and 2114 cm-1 [52]. Instead, the intensity of adsorbed CO bands diminishes 

and shifts to lower wavenumbers as methane bands at 3014 and 1306 cm-1 [66] simultaneously 

begin to emerge above 150°C, suggesting that CO intermediates undergo hydrogenation to 

form CH4. 

In the carbonate and formate region, bands at 1630-1623 and 1425 cm-1 are assigned to 

as(CO3) and s(CO3) vibrational modes of bicarbonate species (b-HCO3
*), respectively [13, 

19]. These bands appear as early as 50°C for all three catalysts. Bands at 2873 (Fig. S6), 1560-

1555, 1380, and 1360 cm-1 (Fig. 6) are attributed to (CH), as(CO2), (CH), and s(CO2) 

vibrational modes of bidentate formate species (b-HCOO*) [17, 67], respectively. These b-

HCOO* bands are first observed at 50°C for Ru/TiO2, 100°C for Ru/12%V2O5-TiO2, and 

150°C for Ru/V2O5. The intensities of b-HCOO* bands reach their maxima at 150°C, 200°C, 

and 300°C, respectively, and coincide with a decrease in the intensity of b-HCO3
* bands, 

indicating the conversion of b-HCO3
* to b-HCOO*. It is known that CO2 can react with surface 

hydroxyl groups on the support to form bicarbonate species, which can be hydrogenated to 

bidentate formate species and subsequently further hydrogenated to produce CH4 via the 

formate pathway [17, 50]. Among three catalysts, Ru/12%V2O5-TiO2 exhibits the lowest b-

HCO3
* band intensities and the highest b-HCOO* band intensities during the stepwise-

increasing reaction temperatures. This trend demonstrates that Ru/12%V2O5-TiO2 promotes 

the conversion of b-HCO3
* to b-HCOO*. In addition to bicarbonate species, bands associated 

with monodentate carbonate species (m-CO3
*) at 1510 and 1340 cm-1 are detected for all three 

catalysts, while polydentate carbonate species (p-CO3
*) at 1475 cm-1 are observed only for 

Ru/12%V2O5-TiO2 [11, 17]. These carbonate species likely arise from CO2 adsorption on 

strongly basic adsorbed O2- sites [13, 67]. Notably, monodentate carbonate species begin to 



form at 200°C and continue to increase at higher temperatures, suggesting that they do not 

participate in further transformation into formate intermediates and instead act as spectators. 

For Ru/V2O5 (Fig. 6(c)), the onset of CH4 formation occurs at the same temperature at which 

b-HCOO* species first appear, and the intensity of b-HCOO* bands increases with temperature 

in parallel with CH4 formation. In contrast, on Ru/TiO2 and Ru/12%V2O5-TiO2, b-HCOO*, 

bands reach their maximum intensities at lower temperatures (Fig. 6(a) and (b)). Moreover, for 

both catalysts, the onset of HCOO* formation coincides with the appearance of their respective 

carbonyl species. Based on these observations, it is speculated that HCOO* may also undergo 

conversion to carbonyl species on Ru/TiO2 and Ru/12%V2O5-TiO2. To further examine this 

possibility, CO2 adsorption DRIFTS experiments were carried out on Ru/12%V2O5-TiO2 to 

determine whether adsorbed CO is formed via direct CO2 dissociation (CO2(ads) → CO(ads) + 

O(ads)) or via H-assisted CO2 dissociation (Fig. S7(a)). The b-HCO3
* band at 1625 cm-1 is 

observed at 50 °C and decreases with increasing temperature. Meanwhile Ru-CO species (2076 

and 2030 cm-1) appear at 200°C, which is higher than the temperature (100°C) required in the 

presence of H2. This observation suggests that b-HCO3
* species are converted to carbonyl 

species. Therefore, in the presence of H2, it is plausible that adsorbed CO originates from 

formate/carbonate species through H-assisted CO2 dissociation rather than direct CO2 

dissociation. This pathway is consistent with mechanism previously proposed for Ru/TiO2 

catalysts [21, 63]. After CO2 adsorption from 50 to 300°C, the feed gas was switched to H2 

(Fig. S7(b)). Upon introducing H2, the Ru-CO bands gradually decrease in intensity with a 

slight shift to lower wavenumbers, and a weak CH4 band of methane appears, indicating the 

hydrogenation of CO to CH4.   

Based on these findings, we propose that CO2 methanation on Ru/V2O5 proceeds primarily via 

the formate pathway. Surface hydroxyl groups serve as adsorption sites for CO2, leading to the 

formation of bicarbonate species, which are subsequently hydrogenated to bidentate formate 

intermediates and further converted to CH4. On Ru/TiO2 and Ru/12%V2O5-TiO2, CO2 

methanation likely follows the H-assisted CO2 dissociation pathway, in which 

bicarbonate/bidentate formate species decompose to adsorbed CO that migrates from the 

support surface to adjacent Ru sites. The product CH4 is then produced through CO 

hydrogenation. 

 

3.5. Decisive factors governing CO2 methanation activity 

Promotion with vanadium oxide clearly provokes modifications of the properties of the 

catalyst, as described above. Although no direct proof is presented for molecular-level 



interactions between the Ru and VOx phases, characterization data do indicate that such 

interactions exist in these formulations. The catalytic activity begins to increase substantially 

starting from Ru/9%V2O5-TiO2 catalyst (Fig. 4(a)). Notably, this loading also corresponds to 

the first appearance of diffraction peaks attributable to crystalline V2O5 in the XRD patterns 

(Fig. 1(b)), suggesting that bulk V2O5 crystallites larger than ~5 nm more effectively promote 

the reaction. The highest Ru dispersion is observed for Ru/TiO2, and the lowest for Ru/V2O5 

(Table 2), with the Ru/V2O5-TiO2 catalysts falling in between. This indicates that TiO2 favors 

the formation of well-dispersed Ru nanoparticles, while V2O5 contributes additional promoting 

effects relevant to enhanced CO2 methanation.  

DRIFTS analyses (Fig. 6) show that higher Ru dispersion on Ru/TiO2 and Ru/12%V2O5-TiO2 

facilitates the decomposition of formate species to adsorbed CO, whereas such decomposition 

is negligible on Ru/V2O5, which has the lowest Ru dispersion. This behavior is likely related 

to the fact that formate decomposition to adsorbed CO occurs preferentially at the metal-

support interface [13, 21]. Higher Ru dispersion, which is associated with a greater number of 

interfacial sites, could therefore promote the decomposition of formate species located near the 

interface and the subsequent migration of the resulting adsorbed CO to adjacent Ru sites prior 

to their hydrogenation to CH4.  

The remaining question is what role V2O5 plays in enabling Ru/12%V2O5-TiO2 to outperform 

Ru/TiO2. H2-TPR analyses (Fig. 3(a)) suggest hydrogen spillover from Ru to nearby V2O5, 

while CO2-TPD analyses (Fig. 3(b)) demonstrate enhanced basicity, particularly stronger and 

more abundant weak basic sites associated with surface hydroxyl groups on Ru/V2O5-TiO2 

catalysts. Taken together, these results suggest that hydrogen spillover to V2O5 generates 

V4+/V3+, surface oxygen vacancies, and hydroxyl groups synchronously, which are beneficial 

for the formation of bicarbonate and formate species. DRIFTS analyses further show that 

although the same surface intermediate species are detected on Ru/TiO2 and Ru/12%V2O5-

TiO2 catalysts during the stepwise temperature increase (Fig. 6(a) and (b)), the hydrogenation 

of bicarbonate to bidentate formate species is significantly enhanced on Ru/12%V2O5-TiO2. 

This enhancement correlates with its superior CO2 methanation activity. This finding aligns 

well with literature reports that the CH4 formation rate is directly linked to the formation of 

formate species, which is favored on supports enriched in oxygen vacancies and hydroxyl 

groups [13, 17, 44].  

Overall, tuning the relative composition of TiO2 and V2O5 allows the synergistic interactions 

between the support components and Ru nanoparticles to be optimized, thereby enhancing CO2 

methanation activity. 



 

 

 

4. Conclusions 

Model Ru/x%V2O5-TiO2 (x = 3, 6, 9, 12, and 15 wt.%) catalysts were synthesized via two 

successive wet impregnation steps, with Ru/TiO2 and Ru/V2O5 as reference catalysts. N2 

physisorption and XRD analyses show that the textural and structural properties of P25 TiO2 

remain largely unchanged after V2O5 and RuO2 deposition. HAADF-STEM-EDX further 

reveals that V2O5 is well-dispersed on TiO2 particles and that RuO2 nanoparticles are 

homogeneously distributed on the 12%V2O5-TiO2 support. However, increasing V2O5 loading 

leads to a clear trade-off with Ru dispersion. The presence of TiO2 helps maintain relatively 

high Ru dispersion, partly compensating for the low dispersion observed on pure V2O5. Despite 

the reduced Ru dispersion, Ru/12%V2O5-TiO2 catalyst achieves CH4 formation rate of 1.22 

molgcat
-1s-1, approximately 1.6-fold higher than that of Ru/TiO2 catalyst (0.78 molgcat

-1s-1). 

This enhanced activity is rationalized by synergistic interactions between the support 

components and Ru nanoparticles. TiO2 contributes by preserving relatively high Ru 

dispersion, while hydrogen spillover from Ru to adjacent V2O5 facilitates the generation of 

surface oxygen vacancies and hydroxyl groups, as indicated by H2-TPR and CO2-TPD 

analyses. In-situ DRIFTS analyses further demonstrate that enriched surface oxygen vacancies 

and hydroxyl groups promote the formation of formate intermediates, while higher Ru 

dispersion facilitates their subsequent decomposition to adsorbed CO prior to hydrogenation 

to CH4.  
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