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Abstract 

Transition metals are widely employed to promote heterogeneous catalysts, yet their effects on Ru-

based CO2 methanation remain unclear. Herein, mesoporous silica supports promoted with Ti, Zr, 

Nb, or V were synthesized via an aerosol-assisted sol-gel process to systematically compare their 

effects. With fixed promoter (4 mol%) and Ru (2 wt%) loadings, V exhibits a unique promoting 

effect, attributed to Ru-V synergy that facilitates hydrogen spillover and generates oxygen 

vacancies. Increasing V loading to 16 mol% markedly reduces specific surface area and induces 

macropore formation due to V2O5 crystallization, yet significantly enhances activity, with CH4 

formation at 250 C 8 times higher than unpromoted Ru/SiO2. This improvement is rationalized by 

improved Ru dispersion and hydrogen spillover from Ru to adjacent V species. In-situ DRUV-Vis 

and XANES analyses reveal V5+ reduction to lower oxidation states and oxygen-vacancy 

generation, while in-situ DRIFTS shows modified CO adsorption, thereby promoting methanation 

via the CO pathway. 
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1. Introduction 

The hydrogenation of CO2 with renewable hydrogen to produce methane is one of the promising 

approaches in CO2 utilization strategies, as it has potential for both abatement of CO2 and storage 

of renewable electric energy [1, 2]. Particularly in the Power-to-Gas (PtG) scenario, green 

hydrogen can be obtained from surplus renewable electricity (e.g., solar and wind-powered water 

electrolysis) and subsequently used to convert captured CO2 into storable or transportable CH4 

through the existing natural gas pipeline infrastructure [3, 4]. 

The hydrogenation of CO2 to CH4, known as CO2 methanation or Sabatier reaction, is an 

exothermic process, which is thermodynamically favorable at low temperatures. However, it is 

kinetically limited at mild temperatures due to the intrinsic stability of CO2 [5, 6]. To achieve 

acceptable rate and selectivity, a highly active metal catalyst is required. Metals in groups 8-10 

(e.g, Ru, Rh, Pd, Ni, Co and Fe) have been extensively studied for CO2 methanation, and supported 

Ru catalysts are generally recognized as one of the most active and selective [7, 8]. A number of 

studies have shown that the catalytic activity and selectivity of Ru catalysts depend on various 

factors, such as Ru particle size and dispersion [9, 10],  the type of support [11-13], 

structural/electronic effects in metal-support interactions [14-16] and the effects of metal promoters 

or doping [17-25].  

Regarding the promoting/doping effects, alkali metals (Li, Na, K and Cs) are most frequently 

investigated for their influence on Ru methanation catalysts. The addition of alkali metals to Al2O3 

[17], TiO2 [18, 19] and ZrO2 [20] has been found to improve the CO2 methanation activity of Ru 

catalysts. It has been revealed that enrichment of electron density on Ru metals could enhance 

electron back-donation from Ru to adsorbed CO intermediates, which could then modify the nature 

and population of Ru carbonyls and facilitate their dissociative adsorption. In addition to alkali 

metals, alkali earth metals (Mg) [21], lanthanide (Ce) [22] and transition (Cr) [23] have also been 

reported to promote CO2 methanation activity. For example, the improved activity of Ru/ZrO2-

MgO over Ru/ZrO2 has been attributed to the modification of electronic properties: the 

incorporation of Mg2+ into the ZrO2 lattice promoted the generation of oxygen vacancies, 

facilitating electron transfer from the associated oxygen vacancies/Zr3+ (Zr4+ + e- (O-vacancy) → 

Zr3+) to interfacial adjacent Ru sites. This was shown to expedite both the decomposition of 

bidentate formate species and the subsequent breaking of carbonyl species for hydrogenation 

toward methane [21]. Likewise, the addition of CeO2 to Ru/Al2O3 has been proposed to increase 



the number of utilizable oxygen vacancies, leading to improved CO2 reduction to CO via formate 

species before the successive CO methanation [22]. In another combined experimental and 

computational study, Cr3+ doping in the support of Ru/CeO2 catalyst has been proposed to create 

more reactive surface oxygen vacancies and hydroxyl groups, which play crucial roles in the 

formation of bicarbonate and formate species. This, in turn, promoted the formate pathway, greatly 

improving the CO2 methanation activity at low temperatures [23]. These aforementioned studies 

identify the origins of metal promotion/doping and highlight the importance of electronic metal-

support interaction and oxygen vacancies in Ru catalysts for CO2 methanation. Recently, we 

investigated the promotional effect of Ti on mesoporous silica-supported Ru catalysts for CO2 

methanation [26]. Ti-promoted mesoporous silica materials were prepared as supports via an 

aerosol-assisted sol-gel process (AASG), providing excellent Ti dispersion in the silica, even at 

high loadings. Using these model supports, it was found that Ti species play a marked beneficial 

role in stabilizing Ru nanoparticles and forming the interfacial contact between Ru and TiO2. 

Importantly, the promotion of CO2 activation and CO adsorption at the Ru-TiO2 interfaces is 

responsible for the enhanced CO2 methanation activity. It is therefore of interest to extend our 

studies to other transition metals from groups 4 and 5, for which very little is known regarding their 

effects on the CO2 methanation activity and selectivity of Ru catalysts. To date, their promotional 

effects have been reported mainly for Ni-based methanation catalysts [27-30].  

In the present study, we propose to leverage the AASG process (described in Fig. 1 and section 

2.1.), modified from Smeets et al. [31] and Hongmanorom et al. [26], for the preparation of 

different metal oxide-promoted silica materials, including Ti, Zr, Nb, and V to unravel their effects 

on the catalyst properties and catalytic performance of silica-supported Ru catalysts in CO2 

methanation. 

2. Experimental 

2.1. Preparation of mesoporous metal oxide-promoted SiO2 materials 

As illustrated in Fig. 1, a series of mesoporous metal oxide-promoted SiO2 materials were prepared 

using the AASG process, with the promoter loading set at 4 mol%. Tetrapropylammonium 

hydroxide (TPAOH, Merck, 40% w/w) was mixed with distilled water for 10 min. Tetraethyl 

orthosilicate (TEOS, Sigma, 98%) was then added as the silica precursor and vigorously stirred 

overnight to hydrolyse the silica precursor, followed by further aging at 70 C for 15 h under 



stirring. After that, pluronic F127 surfactant was added into the solution and thoroughly mixed at 

room temperature for 3 h to ensure complete dissolution. Metal alkoxide precursor was 

subsequently added dropwise and stirred overnight before aerosol spray drying. Titanium butoxide 

(Fluka, 99%), Zirconium butoxide (TCI, 80% in 1-butanol), Vanadium triisopropoxide oxide (Alfa 

Aesar, 96%), and Niobium n-butoxide (Alfa Aesar, 99%) were chosen as the metal alkoxide 

precursors. The molar ratio of the components was 1 Si: 0.042 M: 0.16 TPAOH: 0.005 F127: 21 

H2O, where M = Ti, Zr, V or Nb. A Büchi Mini Spray Dryer B-290 was used to aerosolize the 

precursor solution under 4-bar air pressure. The aerosol was carried by air through a glass chamber 

heated at 150 C and pneumatically conveyed to a cyclone where the dried powder was collected. 

The obtained powder was further dried overnight in an oven at 70 C and calcined in static air at 

550 C (5 C/min) for 5 h. The materials were denoted as 4%M-SiO2, where M = Ti, Zr, V or Nb. 

A series of mesoporous V-SiO2 materials with different V loadings were also synthesized as 

described above, varying mol V / (mol V + mol Si) x 100% = 0, 4, 8, 12 and 16%. The materials 

were denoted as x%V-SiO2, where x means mol% V loading. 

 



Fig. 1 Scheme of preparation of metal-incorporated silica microspheres via the AASG process. The precursor 

solution (TPAOH is not shown for clarity) is atomized into small droplets carried by air to pass through a heated 

zone of drying chamber. Under these conditions, solvent evaporation induces the self-assembly of F127 surfactant, 

forming micelles around which polycondensation of inorganic gel quickly occurs. The dried solid microspheres of 

metal-incorporated SiO2 material are then collected after the cyclone prior to removal of surfactant by calcination. 

Further details are provided in the experimental section. 

2.2. Preparation of RuO2 catalysts 

After the synthesis of support materials, 2 wt.% Ru-loaded catalysts were prepared by deposition 

of pre-synthesized RuO2 nanoparticles onto silica supports. First, the RuO2 colloidal suspension 

was prepared by dissolving 0.81 mmol of RuCl3 into 40 mL of distilled water and subsequently 

adding 23 mL of aqueous hydrogen peroxide (14%) dropwise into the solution. After 5 min of 

stirring, the solution was incubated in an oven at 95 C for 2 h. The obtained black RuO2 colloidal 

suspension was cooled down to room temperature prior to mixing with 4 g of aerosol support under 

stirring at 50 C for 16 h. Water was then evaporated by a rotavapor under vacuum at 50 C. Finally, 

calcination was carried out at 450 C (5 C/min) for 16 h to obtain the catalyst denoted as Ru/x%M-

SiO2 (where M = Ti, Zr, V or Nb, and x is mol% of M loading). 

2.3. Characterization  

The details of the equipment, methods and procedures used for catalyst characterization (DRUV-

vis, XRD, N2-physisorption, ICP, TEM, H2-TPR, CO2-TPD, H2 pulse chemisorption, XPS, XAS, 

DRIFTS) are provided in the Supporting Information. 

2.4. Catalytic activity measurement 

The catalytic activity measurement was performed in a continuous flow fixed-bed reactor. 100 mg 

catalyst was introduced in a 6 mm internal diameter Stainless steel tube and in-situ reduced at 200 

°C for 1 h in a H2 flow of 30 mL/min, followed by a 1 h purge with Ar flow of 10 mL/min. 

Afterward, a gas mixture containing 10% CO2 and 40% H2, diluted in Ar (total flow rate of 20 

mL/min), was introduced. The reaction was evaluated at atmospheric pressure, using a stepwise 

temperature increase from 200 °C to 300 °C in 25 °C intervals. For each temperature, steady-state 

was ensured with at least four gas chromatography injections. The outlet gases were analyzed using 

a gas chromatograph (SCION 456-GC) equipped with Hayesep Q, Molsieve 5A, Porapak R and 

SCION-1 columns, a thermal conductivity detector (TCD for CO and CO2) and a flame ionization 



detector (FID for CH4). All gas lines were maintained at 110 °C to prevent 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
(mmolCH4

gRu
−1s−1) =  

FCH4,out

mRu
    (3) 

where F is the molar flow rate, and mRu is the mass of Ru measured by ICP-AES. 

3. Results and discussion 

3.1. Effect of metal promoter 

3.1.1. Characterization of metal oxide-promoted (4%) silica supports and corresponding Ru 

catalysts 

The metal (Ti, Zr, V or Nb)-promoted mesoporous SiO2 supports were prepared by the AASG 

process with the promoter loading set at 4 mol%. The textural properties were evaluated by N2 

physisorption analyses. All samples exhibit type IV isotherm, which is the characteristic of 

mesoporous materials (Fig. 2a). The N2 uptake at low relative pressure (P/P0) is indicative of the 

presence of micropores. Pore size distributions of all samples, except 4%V-SiO2, show the presence 

of mesopores in the range of ca. 10-30 nm (Fig. 2b). This is larger than the expected size of 

surfactant micelles (ca. 5-6 nm), and is attributed to the swelling effect of TPA+ incorporation into 

the organic phase during the synthesis [32]. In the case of 4%V-SiO2, the hysteresis loop appears 

at lower P/P0, corresponding to smaller mesopores. The BET surface area (SBET), total pore volume 

(Vp) and micropore volume (Vµ) are listed in Table 1. Interestingly, promoter-containing materials 

have higher SBET and Vµ in comparison to pristine SiO2. This could be due to the rearrangement of 

the silica network, forming crosslinks with the metal promoter, which has a larger ionic radius than 

Si4+ [33]. Additionally, irregularities in the pore structure could be formed as a result of differences 

in the polycondensation rates of Si and the metal promoter around micelles during the AASG 

synthesis. Consistently, the micropore volume is slightly higher for the metal-doped samples. After 

deposition of RuO2 nanoparticles and subsequent calcination, the catalysts exhibit the same shape 

of type IV isotherms (Fig. S1(a)) and pore size distributions (Fig. S1(b)) with a slight decrease in 



SBET, Vp and Vµ (Table 1). Metal promoter and Ru contents measured from ICP-AES are 

consistently close to the nominal loadings (Table 2).  

Table 1 Textural properties of mesoporous metal oxide-promoted silica materials and Ru catalysts. 

Support 
SBET 

(m2/g) a 

Vp 

(cm3/g) b 

V 

(cm3/g) c 
Catalyst 

SBET 

(m2/g) a 

Vp 

(cm3/g) b 

V 

(cm3/g) c 

SiO2 620 0.82 0.05 Ru/SiO2 490 0.60 0.03 

4%Ti-SiO2 660 0.80 0.08 Ru/4%Ti-SiO2 590 0.73 0.07 

4%Zr-SiO2 750 0.80 0.12 Ru/4%Zr-SiO2 670 0.75 0.10 

4%Nb-SiO2 680 0.78 0.09 Ru/4%Nb-SiO2 620 0.72 0.08 

4%V-SiO2 690 0.76 0.12 Ru/4%V-SiO2 610 0.71 0.07 

8%V-SiO2 550 0.56 0.14 Ru/8%V-SiO2 500 0.54 0.13 

12%V-SiO2 43 0.42 − Ru/12%V-SiO2 42 0.41 − 

16%V-SiO2 37 0.41 − Ru/16%V-SiO2 34 0.41 − 

a The specific surface area (SBET) was evaluated by Brunauer-Emmett-Teller (BET) method applied in a low range of 

relative pressure (P/P0) from 0.01 to 0.1, taking the presence of micropores into account. b The total pore volume (Vp) 

was measured at P/P0 ~ 0.98. c The micropore volume (V) was estimated from the t-plot. 

 

Fig. 2 (a) N2 physisorption isotherms, (b) BJH pore-size distributions and (c) DRUV-visible spectra (Kubelka-Munk 

Function) of metal oxide-promoted SiO2 supports. 

 



The coordination geometry of metal promoter in silica material is investigated by DRUV-vis 

spectroscopy with pure silica as the reference. In Fig. 2(c), the DRUV-vis spectrum of 4%Ti-SiO2 

support displays a ligand-to-metal charge transfer (LMCT) band centered at about 220 nm, 

corresponding to tetrahedral TiO4 species. In the 250-300 nm range, there is a small contribution 

from Ti in higher coordination (e.g., water-coordinated Ti species, one-dimensional polymerized 

TiO4 and two-dimensional polymerized TiO5) [31, 34]. No characteristic absorption band of 

octahedral TiO6 at around 330 nm can be observed, indicating the absence of bulk TiO2 

nanocrystals [34, 35]. 4%Zr-SiO2 support exhibits a strong absorption band at 205-215 nm, which 

can be assigned to the charge-transfer transition between O2- and Zr4+ ions in tetrahedral 

coordination [36]. Relatively weak bands with the maximum at about 225 and 280 nm are also 

observable, suggesting the presence of multi-coordinated Zr4+ species (e.g., oligomers) and small 

ZrO2 crystallites [37, 38]. In the case of 4%V-SiO2 support, two main LMCT bands covering 200-

300 nm and 300-410 nm are found. The former corresponds to isolated VOx species and low-

polymerized VOx species in tetrahedral coordination, while the latter can be ascribed to highly 

polymerized VOx species in tetrahedral and octahedral coordination [39, 40]. Besides, a very weak 

band (410-500 nm) attributed to octahedral vanadium species as in bulk-like V2O5 can be discerned 

[40, 41]. For 4%Nb-SiO2 support, there are two main bands at 210 and 235 nm related to the 

presence of isolated NbO4 and polymerized NbO6 species, respectively, without the formation of 

bulk-type Nb2O5 located at 320 nm [42-44]. XRD analyses further reveal the amorphous feature of 

all aerosol 4%M-SiO2 supports. The absence of crystalline phases in their XRD patterns (Fig. 

S1(c)) also suggests that crystalline clusters of metal promoter species are either absent or smaller 

than 3 nm. Taking DRUV-vis and XRD results together, metal promoters are thought to be mainly 

incorporated into the SiO2 matrix and highly dispersed in the form of oligomeric/polymeric species. 

Homogeneous distribution of metal promoters over silica materials could also be observed by 

HAADF-STEM-EDS elemental mapping in Fig. S2. 

 

 

 

 

 



Table 2 RuO2 and Ru crystallite sizes, metal promoter (M) and Ru loadings, CH4 formation rate at 250 °C of Ru 

catalysts supported on metal oxide-promoted silica and proportion of metallic Ru species after the reaction. 

a The RuO2 crystallite size was obtained from the average between (110) and (101) planes of RuO2 in the XRD patterns 

of freshly calcined catalysts using Scherrer equation. 

b The Ru crystallite size was obtained from the average between (100) and (101) planes of Ru in the XRD patterns of 

spent catalysts using Scherrer equation. 

 

In Fig. 3(a), the diffraction peaks of RuO2 crystallites appear at 2 = 27.9° (110), 34.9° (101), 39.9° 

(200) and 54.0 (211) (JCPDS No. 43-1027), whereas the crystalline phase of the metal promoters 

are invisible in the XRD patterns. The RuO2 crystallite sizes (calculated using the Scherrer 

equation) of Ru/4%Ti-SiO2 (11.6 nm) and Ru/4%Nb-SiO2 (11.4 nm) catalysts are smaller than 

those of Ru/SiO2 catalyst without promoter (13.1 nm) (Table 2). In contrast, Ru/4%Zr-SiO2 (29.9 

nm) and Ru/4%V-SiO2 (16.0 nm) catalysts contain much larger RuO2 crystallites. However, 

HAADF-STEM-EDS mapping images (Fig. S2) reveal that Ru crystallites are non-uniformly 

distributed and aggregated on the Ru/SiO2 catalyst surface. The presence of metal promoters 

appears to mitigate Ru aggregation to some extent, resulting in more homogenous dispersion of Ru 

nanoparticles in Ru/4%M-SiO2 catalysts. This discrepancy may be due to XRD detecting 

diffracting crystallite planes rather than entire particles [45]. Ru dispersion was also measured 

using H2 pulse chemisorption (Table S1); however, the values are low, particularly for Ru/SiO2 

Catalyst 

RuO2 

crystallite 

size (nm) a 

Ru 

crystallite 

size (nm) b 

ICP-AES 
CH4 formation rate 

(mmolCH4
gRu

−1s−1) 

XPS (Spent) 

Ru0/Rutot M (at.%) Ru (wt.%) 

Ru/SiO2 13.1 11.5 0.0 1.6 0.02 0.55 

Ru/4%Ti-SiO2 11.6 8.7 3.7 1.8 0.03 0.57 

Ru/4%Zr-SiO2 29.9 20.8 3.6 1.7 0.03 0.64 

Ru/4%Nb-SiO2 11.4 9.0 3.7 1.8 0.03 0.57 

Ru/4%V-SiO2 16.0 12.2 3.9 1.8 0.06 0.45 

Ru/8%V-SiO2 16.4 13.0 7.9 1.6 0.05 0.35 

Ru/12%V-SiO2 − − 11.8 1.6 0.15 0.18 

Ru/16%V-SiO2 − − 16.0 1.6 0.17 0.16 



catalyst. Such underestimation has been previously reported in other studies, attributed to weak or 

slow kinetics of H2 chemisorption [46, 47]. The reduction behavior of Ru catalysts was investigated 

using H2-TPR technique (Fig. 3(b)). All catalysts, except Ru/4%V-SiO2, exhibit one main TPR 

peak centered around 180-200 °C, corresponding to the reduction of oxidic Ru4+ to metallic Ru0. 

Based on this observation, the reduction temperature at 200 °C was chosen and applied to all 

catalysts to ensure a fair comparison. An additional shoulder-like peak at 220 °C in the H2-TPR 

profile of Ru/4%V-SiO2 is likely associated with the reduction of V oxide facilitated by H2 spillover 

from nearby Ru [48]. 

 

Fig. 3 (a) XRD patterns of freshly calcined Ru catalysts, (b) H2-TPR profiles of Ru catalysts and (c) CO2 conversion 

as a function of temperature (200-300 °C). 

3.1.2. Catalytic performance of Ru catalysts supported on metal oxide-promoted (4%) silica 

materials 

CO2 methanation was evaluated from 200 to 300 °C. The reaction conditions were selected to 

obtain CO2 conversion well below the thermodynamic limit, ensuring that the reported rates reflect 

the intrinsic activity. Under the given conditions, the selectivity to CH4 remained at 100% across 

the entire temperature range for all catalysts. However, the level of activity is significantly 

influenced by the metal promoter (Fig. 3(c)). CO2 conversion follows the trend: Ru/SiO2 < 

Ru/4%Nb-SiO2 ≈ Ru/4%Zr-SiO2 < Ru/4%Ti-SiO2 < Ru/4%V-SiO2. The CH4 formation rate at 

250 °C, normalized by the Ru mass determined from ICP-AES, is shown in Table 2. Unpromoted, 

Ti-, Zr- and Nb-promoted catalysts exhibit comparable CH4 formation rates in the 0.02-0.03 

mmolCH4
gRu

−1s−1 range, while V-promoted catalyst stands out with a higher rate of 0.06 

mmolCH4
gRu

−1s−1. Additionally, the apparent activation energies (Ea) derived from the Arrhenius 

plot (Fig. S3) are similar for Ru/SiO2 (71.6 kJ/mol), Ru/4%Ti-SiO2 (71.7 kJ/mol), Ru/4%Zr-SiO2 

(71.3 kJ/mol) and Ru/4%Nb-SiO2 (72.5 kJ/mol), but clearly lower for Ru/4%V-SiO2 (60.7 kJ/mol). 



This decrease in Ea suggests that the nature of the active sites on Ru/4%V-SiO2 may differ from 

those on the other catalysts, which may affect the CO adsorption energy or even the reaction 

mechanism (vide infra in the section 3.3.). 

3.1.3. Characterization of spent Ru catalysts supported on metal oxide-promoted (4%) silica 

materials 

After H2 reduction and methanation reaction, the crystalline phases of metal promoters are still 

invisible in the XRD patterns (Fig. S4, top-left), indicating their good dispersion in the SiO2 matrix. 

The diffraction peaks corresponding to RuO2 crystallites disappear from the XRD patterns, 

replaced by emerging diffraction peaks of metallic Ru at 38.8° (100), 42.0° (002) and 43.8° (101) 

(JCPDS No. 06-0663). The Ru crystallite sizes estimated using the Scherrer equation (Table 2) are 

smaller than the corresponding RuO2 crystallite sizes due to the shrinkage that occurs during the 

reduction from RuO2 to metallic Ru.  

The Ru chemical state and surface composition after the reaction was also investigated by XPS 

(Fig. S4, with details of the XPS spectra treatment and processing). Three deconvoluted 

components (metallic Ru, oxidized Ru4+ and C 1s) are tabulated in Fig. S4. A doublet at 279.8  

0.1 eV with an asymmetric shape is associated to Ru in metallic state, whereas a main doublet at 

280.6  0.1 eV accompanied by a satellite doublet at 282.5  0.1 eV is attributed to the oxidized 

Ru4+ species [49]. The ratio of surface metallic Ru is comparable among Ru/SiO2, Ru/4%Ti-SiO2 

and Ru/4%Nb-SiO2, with relatively higher proportions on Ru/4%Zr-SiO2 and lower proportions on 

Ru/4%V-SiO2 (Table 2). This trend aligns with the reducibility of the RuO2 phase, as shown in H2-

TPR profiles (Fig. 3(b)). 

3.2. Effect of V loading 

Building on the finding that V was the most promising promoter, we further investigated the effect 

of V loading (4, 8, 12 and 16%) on the catalyst properties and catalytic performance of Ru/V-SiO2 

catalysts. 

3.2.1. Characterization of V-promoted silica supports and corresponding Ru catalysts 

The textural properties change significantly with increasing V loading (Fig. 4(a)). The inflection 

point in the isotherms shifts to a lower relative pressure as V loading increases to 8%, 

corresponding to smaller mesopore diameter (Fig. 4(b)). Further increasing V loading to 12% and 



16% leads to substantial reduction in SBET and Vp (Table 1). Additionally, micropores disappear 

replaced by the formation of macropores (Fig. 4(b)). Likewise, the morphology modifications with 

increasing V loading are visible in TEM images of Ru/V-SiO2 catalysts (Fig. 5(a-d)). Catalysts 

containing 4% and 8%V exhibit a spherical morphology with mesopores, while those with 12% 

and 16%V display an irregular shape with macropores. After deposition of RuO2 nanoparticles and 

subsequent calcination, isotherms (Fig. S5(a)) and pore size distributions (Fig. S5(b)) remain 

similar for all catalysts, with slight decrease in SBET, Vp and Vµ observed for Ru/4%V-SiO2 and 

Ru/8%V-SiO2 catalysts (Table 1). The significant changes in textural properties with increasing V 

loading can be attributed to the formation of V2O5 crystallites, as revealed by the DRUV-vis and 

XRD results discussed below. 

 

Fig. 4 (a) N2 physisorption isotherms, (b) BJH pore-size distributions, (c) DRUV-visible spectra (Kubelka-Munk 

function) of V-promoted SiO2 supports with different V loadings and (d) Band gap energy (Eg) for metal oxide-

promoted SiO2 supports from the optical absorption edges. F(R) and hν are the Kubelka-Munk function and the 

incident photon energy, respectively. 



 

Fig. 5 TEM images of reduced (a) Ru/4%V-SiO2, (b) Ru/8%V-SiO2, (c) Ru/12%V-SiO2 and (d) Ru/16%V-SiO2 

catalysts. (e) HAADF-STEM-EDS mapping images of reduced Ru/16%V-SiO2 catalyst. 

 

The coordination environment of vanadium in V-SiO2 supports with varying V loadings is 

identified from Fig. 4(c), using V2O5 (obtained from calcination of ammonium metavanadate, 

NH4VO3, at 550 °C) as a reference. When V loading is higher than 4%, the band above 410 nm, 

ascribed to octahedrally coordinated bulk-like VOx species, becomes more prominent. The 

absorption edge energy (Eg) is further determined from the Kubelka-Munk function to evaluate the 

polymerization degree of VOx species. As reported, sodium meta-vanadate (NaVO3, V5+), a 

standard for linearly polymerized tetrahedral units, has the Eg value of 3.16 eV [50]. From Fig. 

4(d), the estimated Eg values of V-SiO2 supports lie between those of NaVO3 and V2O5 (2.35 eV) 

and decrease with increasing V loading, reflecting a higher ratio of octahedrally coordinated bulk-

like VOx species and high-polymerized VOx species to low-polymerized and isolated VOx species. 

XRD analysis (Fig. 6(a)) corroborates that at high V loadings (12% and 16%), orthorhombic 

crystalline phases of V2O5 appear (JCPDS No. 41-1426). Elemental mapping of Ru/16%V-SiO2 

catalyst in Fig. 5(e) reveals V-rich regions, which can also be observed for Ru/12%V-SiO2 catalyst 

(Fig. S6). Despite the presence of these V-rich regions, no separated V2O5 phases are detected that 

are not in contact with the silica support. 

After the addition of RuO2 nanoparticles, diffraction peaks of RuO2 at 2 = 27.9, 34.9, 39.9 and 

54.0 (JCPDS No. 43-1027) are observed, with no V2O5 crystalline phases detected for Ru/4%V-

SiO2 and Ru/8%V-SiO2 catalysts (Fig. 6(b)). Much broader RuO2 peaks, overlapping with V2O5 

peaks, are evident for Ru/12%V-SiO2 and Ru/16%V-SiO2 catalysts, indicating smaller RuO2 



crystallites (< 5 nm) in the presence of V2O5 crystal structure. This observation aligns with the 

increased Ru dispersion determined for Ru/12%V-SiO2 (5.9%) and Ru/16%V-SiO2 (8.3%) 

catalysts (Table S1), despite the underestimation of Ru dispersion by H2 pule chemisorption. The 

reduction behavior of Ru/V-SiO2 catalysts is also clearly influenced by V loading, as shown in Fig. 

6(c). The high-temperature peak above 600 °C, ascribed to the reduction of polymeric V5+ species, 

gradually shifts to higher temperature with increasing V loading. Similarly, the low-temperature 

peak corresponding to Ru4+-to-Ru0 reduction at 200 °C shifts progressively to higher temperatures. 

For Ru/4%V-SiO2 and Ru/8%V-SiO2 catalysts, two overlapping low-temperature peaks are 

observed, likely caused by interactions between RuO2 and V promoter. In contrast, for Ru/12%V-

SiO2 and Ru/16%V-SiO2 catalysts, the overlap vanishes and is accompanied by the emergence of 

shoulder peaks between 300-600 °C, which are absent in the H2-TPR profile of the bare 16%V-

SiO2 support (Fig. S7 and the corresponding discussion). These broad reduction profiles suggest 

the strong interaction between Ru and VOx species, where some Ru nanoparticles preferentially 

interact with V-enriched regions (indicated by white dashed ellipses in Fig. 5(e)). Hydrogen 

spillover from Ru could therefore facilitate the reduction of nearby VOx from V5+ to V4+ and/or 

V3+
 [48]. 

 



Fig. 6 XRD patterns of (a) V-promoted SiO2 supports and (b) freshly calcined Ru/V-SiO2 catalysts with V2O5 as a 

reference. (c) H2-TPR profiles of Ru/SiO2 and Ru/V-SiO2 catalysts and (d) CO2 conversion as a function of 

temperature (200-300 °C). 

3.2.2. Catalytic performance of Ru catalysts supported on V-promoted silica materials 

Increasing V loading from 4% to 8%, the catalytic activity was essentially maintained (slight 

decrease, possibly attributed to slightly lower Ru dispersion, see Table S1). Although further 

increasing V loading to 12% and 16% results in substantial decrease in specific surface area and 

the formation of macropores due to V2O5 crystallite buildup, the catalytic activity over Ru/12%V-

SiO2 and Ru/16%V-SiO2 catalysts is strikingly improved, while maintaining 100% CH4 selectivity 

across the entire temperature range (Fig. 6(d)). The CH4 formation rate at 250 C of Ru/16%V-

SiO2 (0.17 mmolCH4
gRu

−1s−1) catalyst is ca. 8-fold higher than that of Ru/SiO2 (Table 2), showing 

that high surface area is not the key factor for these catalysts. Rather, V2O5 helps stabilizing Ru 

nanoparticles and prevents their aggregation, thereby leading to higher Ru dispersion. To validate 

that Ru is the active metal and V acts solely as a promoter, the catalytic test was also performed 

over 16%V-SiO2 support. Only a trace amount of CH4 detected at 300 C (as expected, owing to 

the poor ability of VOx to dissociate H2 in the 200-300 C range), confirming that the enhanced 

activity of Ru/16%V-SiO2 catalyst arises from Ru-V interactions rather than from an additive 

effect of Ru and VOx species.  

The CH4 formation rate of Ru/16%V-SiO2 is also compared with that of other catalysts reported in 

the literature (Table S2). Ru/16%V-SiO2 outperforms other Ru-based catalysts supported on silica 

materials and exhibits CH4 formation rate comparable to that of Ru-based catalysts supported on 

metal-oxides. Additionally, the apparent activation energy (Ea) derived from the Arrhenius plot 

(Fig. S8(a)) increases from 60.7 kJ/mol for Ru/4%V-SiO2 to 70.5 kJ/mol, 99.2 kJ/mol and 94.7 

kJ/mol for Ru/8%V-SiO2, Ru/12%V-SiO2 and Ru/16%V-SiO2, respectively. The higher Ea values 

for Ru/12%V-SiO2 and Ru/16%V-SiO2 coincide with the lower reducibility of RuO2, as indicated 

by H2-TPR results ((Fig. 6(c)). When pre-reduced at 300 C instead of 200 C, a larger fraction of 

RuO2 in Ru/16%V-SiO2 is converted to metallic Ru. As a result, CO2 conversion of Ru/16%V-

SiO2 at low temperatures increases significantly. Correspondingly, the Ea value of Ru/16%V-SiO2 

pre-reduced at 300 C (57.9 kJ/mol) becomes comparable to that of Ru/4%V-SiO2 (55.7 kJ/mol) 

(Fig. S8(b)). This suggests a similar nature of active sites and reaction mechanism over these two 



catalysts (vide infra in the section 3.3.). The Ru/16%V-SiO2 catalyst underwent a stability test at 

300 C for 40 h. The CH4 selectivity remained at 100%, with a decrease in CO2 conversion of less 

than 5% over the 40-hour runtime (Fig. S9(a)).  

We attempted to further increase the V loading beyond 16% using the AASG process; however, 

gel quickly formed during the precursor solution preparation, hindering the aerosol spray drying. 

We also prepared Ru catalyst supported on 16%V-SiO2 via two-step impregnation, referred to as 

Ru/16%V-SiO2 IM (Fig. S9(b), with preparation details provided). The Ru/16%V-SiO2 catalyst 

synthesized via the AASG method followed by Ru deposition outperforms the Ru/16%V-SiO2 IM 

catalyst, highlighting the effectiveness of the AASG process in preparing metal oxide-promoted 

silica supports for Ru catalysts. Furthermore, Ru catalyst supported on V2O5 was prepared (Fig. 

S9(b) with preparation details provided), and Ru/V2O5 achieved CO2 conversion comparable to 

Ru/16%V-SiO2 catalyst. Notably, V2O5 is an unconventional support for CO2 methanation, but our 

finding confirms that V2O5 can serve as a good support for Ru-based CO2 methanation catalysts.   

3.2.3 Characterization of spent Ru catalysts supported on V-promoted silica materials 

After exposure to H2/Ar at 200 °C and CO2/H2/Ar at 200-300 °C, the diffraction peaks related to 

V2O5 in Ru/12%V-SiO2 and Ru/16%V-SiO2 catalysts disappear, while broad peaks at 36° and 54° 

emerge, corresponding to corundum V2O3 (Fig. S10, top-left, JCPDS No. 34-0187) [51, 52]. It is 

likely that hydrogen spillover from Ru during H2 reduction and CO2 hydrogenation facilitates the 

reduction of V2O5, transforming crystalline V2O5 into VO2 and further into corundum V2O3 through 

phases that are nearly X-ray amorphous [52]. This phase transformation is confirmed by in-situ 

DRUV-vis and in-situ XANES measurements (vide infra). Despite the structural transformation, 

vanadium species could still stabilize Ru nanoparticles and prevent their aggregation, inferred from 

much broader metallic Ru peaks at 38.8°, 42.0° and 43.8° in the XRD patterns of Ru/12%V-SiO2 

and Ru/16%V-SiO2 compared to the other three catalysts.  

The surface Ru composition of the spent catalysts investigated by XPS is shown in Fig. S10 and 

Table 2. It is evident that the ratio of surface metallic Ru decreases with increasing V loading. This 

trend is clearly associated with the reducibility of Ru catalysts, as presented in H2-TPR profiles 

(Fig. 6(c)), where Ru/12%V-SiO2 and Ru/16%V-SiO2, in particular, are reducible at higher 

temperatures. Fig. S10 also displays XPS spectra of the O 1s and V 2p binding energies for the 

spent catalysts. In the O 1s region, the peak at 532.7 eV attributed to hydroxyl groups and 



oxygenated carbon species is dominant for all samples, while the peak at 530.3 eV related to lattice 

oxygen of V2O5 is noticeable for spent Ru/12%V-SiO2 and Ru/16%V-SiO2 [16, 53]. 

Correspondingly, in the V 2p region, the V 2p3/2 peak is blue-shifted with increasing V loading: 

Ru/4%V-SiO2 (516.5 eV) < Ru/8%V-SiO2 (516.8 eV) < Ru/12%V-SiO2 (517.3 eV) < Ru/16%V-

SiO2 (517.5 eV), as binding energies of ca. 516.5 and 517.5 eV are characteristic for V4+(VO2) and 

V5+(V2O5), respectively [54, 55]. However, XPS measurements were carried out ex-situ. The spent 

catalysts were inevitably exposed to air for a short period, leading to the re-oxidation of V species. 

More information on the formation of V4+/V3+ and oxygen vacancies could be obtained from the 

in-situ experiments below. 

3.3. In-situ DRUV-Vis, XANES, and DRIFTS experiments to elucidate the promoting effect 

of V 

Among Ti, Zr, Nb, and V, V is identified as the most promising promoter. The superior promoting 

effect of V in Ru-based catalysts may tentatively be attributed to its intrinsic redox properties: V 

can exist in multiple oxidation states (V2+, V3+, V4+, and V5+), enabling dynamic redox interactions 

with Ru [56, 57]. The reduction of V species can be facilitated through hydrogen spillover from 

adjacent Ru sites, which in turn promotes the formation of surface oxygen vacancies. 

In this section, in-situ experiments were conducted primarily on Ru/16%V-SiO2 catalyst (with 

some also performed on Ru/SiO2 and Ru/4%V-SiO2 catalysts for comparison) to investigate the 

presence of V4+/V3+ and oxygen vacancies, as well as their role in the significant enhancement of 

activity during CO2 methanation. 



 

Fig. 7 (a) In-situ DRUV-Vis spectra (inset highlighting the 500-700 nm range with an intensity scale) of Ru/16%V-

SiO2 catalyst during H2 reduction at 200 °C and CO2 methanation at 200-300 °C. (b) In-situ V K-edge XANES 

spectra of vanadium standards (V2O5, VO2 and V2O3) and Ru/16%V-SiO2 catalyst during H2 reduction at 200 °C and 

CO2 methanation at 200-300 °C. (c) Relative fractions of the V5+, V4+, and V3+ components obtained from linear 

combination fitting of in-situ V K-edge XANES spectra in (b). (d) In-situ DRIFTS spectra during CO2 methanation 

at 250 °C after 30 mins over Ru/SiO2, Ru/4%V-SiO2, and Ru/16%V-SiO2 catalysts. (e) In-situ DRIFTS spectra 

recorded at steady-state during CO2 methanation from 50 °C to 300 °C over Ru/16%V-SiO2 catalyst. 

 

The in-situ DRUV-vis spectra of Ru/16%V-SiO2 during H2 reduction at 200 °C and CO2 

methanation at 200-300 °C are presented in Fig. 7(a). The intensity of the LMCT bands in the 300-

500 nm region, corresponding to high-polymerized VOx species and bulk-like V2O5, decreases 

upon exposure to H2/He at 200 °C. Simultaneously, a broad and weak band emerges in the 500-

700 nm region, attributed to the d-d transition of V4+ and/or V3+ species, indicating the reduction 

of V5+ to V4+ or V3+ [58, 59]. According to the literature, the reduction of bulk V2O5 (via V4O9 and 

V6O13) to a mixture of VO2 and V2O3 begins at approximately 500 °C under hydrogen [52, 60]. 

With Ru present in Ru/16%V-SiO2 catalyst, this reduction can occur at a significantly lower 

temperature due to hydrogen spillover from Ru nanoparticles. When exposed to CO2/H2/He at 200 

and 250 °C, the band at 500-700 nm slightly decreases. At higher temperature (300 °C), the band 



at 300-500 nm noticeably decreases accompanied by an increase of the band at 500-700 nm. The 

more pronounced reduction at 300 °C corresponds to the first main peak observed in H2-TPR 

profile of Ru/16%V-SiO2 catalyst (Fig. 6(c)). The intensity of the LMCT band in the 200-300 nm 

region, corresponding to isolated and low-polymerized VOx species, remains unchanged. It has 

been reported that V2O5 and polyvanadate species are more easily reduced than monovanadate 

species [59].  

In-situ XANES provides deeper insight into changes in the oxidation states of vanadium. Fig. 7(b) 

shows in-situ V K-edge XANES spectra of vanadium standards (V2O5, VO2 and V2O3, representing 

V5+, V4+ and V3+, respectively) and Ru/16%V-SiO2 catalyst during reductive pretreatment and CO2 

hydrogenation. Linear combination fitting (LCF; fit range 5606–5706 eV; E0 not allowed to float; 

fit forced to get the sum of one) was used to determine the relative fractions of V5+, V4+ and V3+, 

as shown in Fig. 7(c). The LCF result is fit within R factor < 0.05. It should be noted that crystalline 

standards were used, while Ru/16%V-SiO2 consists of VOx species dispersed on SiO2. To account 

for this uncertainty in vanadium speciation, error bars corresponding to the square root of the 

reduced chi-square calculated by Athena were also included. Under H2/He at 200 °C, V5+ and V4+ 

are partly reduced to V3+. With the introduction of CO2 (CO2/H2/He) between 200 and 250 °C, a 

portion of V4+ is oxidized back to V5+. Further reduction of V5+ to V4+ and V3+ continues above 

250 °C. After 20 min at 300 °C, V2O5 is largely transformed to V4+, with some fraction further 

reduced to V3+. For Ru/4%V-SiO2 (Fig. S11 (a) and (b)), V5+ is mainly reduced to V4+ under H2/He 

at 200 °C, while the presence of V3+ becomes noticeable at higher temperature above 250 °C. The 

ratio of 
(V3++ V4+)

(V3+ + V4+ + V5+)
 derived from Fig. 7(c) and Fig. S11 (b) is also presented in Fig. S11 (c). 

The temperature-dependent evolution of vanadium oxidation states demonstrates that vanadium 

species in Ru/16%V-SiO2 undergo greater and deeper reduction than those in Ru/4%V-SiO2, 

suggesting a higher concentration of oxygen vacancy formation. 

In-situ DRIFTS experiments under CO2/H2/He mixture were performed to probe the formation of 

surface intermediate species and to further understand the role of vanadium and oxygen vacancies. 

Fig. 7(d) displays in-situ DRIFTS spectra during CO2 methanation at 250 °C after 30 mins over 

Ru/SiO2, Ru/4%V-SiO2, and Ru/16%V-SiO2 catalysts. The band at 3017 cm-1 corresponds to 

gaseous CH4. Consistent with catalytic activity, this band is significantly more intense for 

Ru/16%V-SiO2 than for Ru/4%V-SiO2 and Ru/SiO2. Additionally, a marked difference is observed 



in the carbonyl band region (2150-1850 cm-1) between Ru/SiO2 and Ru/V-SiO2 catalysts. For 

Ru/SiO2, only the band ascribed to CO linearly adsorbed on Ru sites (Ru-CO at 1995 cm-1) is 

present, whereas three additional bands appear for Ru/V-SiO2 catalysts. The bands at 2055 cm-1 

and 1971 cm-1 can be attributed to linearly bonded CO on Ru sites (Ru-CO) and bridged CO at the 

metal-support interface (Ruif-CO), respectively [15]. The higher wavenumber of the Ru-CO band 

could be indicative of higher CO coverage [61]. Additionally, the formation of oxygen vacancies 

in Ru/V-SiO2 may enhance electron transfer from the associated oxygen vacancies to adjacent Ru 

sites at the interface, leading to an increased electron density at the Ru-support interface [21]. This 

shift in electron distribution could modify CO adsorption from linear CO adsorption on Ru sites 

toward bridged CO adsorption at interfacial sites [20, 62]. An alternative explanation for the 

emergence of bridged CO could be the improved Ru dispersion observed in Ru/V-SiO2 catalysts, 

as smaller Ru particles expose a larger fraction of interfacial sites. Nevertheless, comparison of in-

situ DRIFTS spectra of Ru/4%V-SiO2 and Ru/4%Ti-SiO2 (Fig. S12), which possess comparable 

Ru dispersions, shows that the differences in CO adsorption modes persist. Although the influence 

of Ru dispersion on CO adsorption cannot be entirely ruled out, this comparison suggests that the 

formation of oxygen vacancies associated with V5+ reduction predominantly accounts for the 

appearance of bridged CO. The assignment of the shoulder-like band at 2074 cm-1 remains 

uncertain in the literature. It has been attributed either to linear/multi-carbonyl species adsorbed on 

partially oxidized Ru sites (Ruδ+-(CO)n, n = 1-3), typically accompanied by the band at 2140-2100 

cm-1) [15, 63], or to linear CO adsorbed on Ru sites of monolayer Ru islands on the support [25, 

64]. Due to the absence of high-frequency bands at 2140-2100 cm-1, we infer that the primary 

contributor is CO linearly adsorbed on monolayer Ru sites. The carbonate region also differs 

between Ru/SiO2 and Ru/V-SiO2 catalysts. Besides the bands associated with bidentate bicarbonate 

(b-HCO3
−) at 1627 and 1425 cm-1, the band related to bidentate carbonate (b-CO3

2−) at 1340 cm-1 is 

more prominent for Ru/V-SiO2 catalysts [21, 65]. The formation of bidentate carbonate could result 

from CO2 adsorption on strong basic sites of V-promoted catalysts, whose presence was evidenced 

by CO2-TPD analysis (Fig. S13 with a detailed description in the Supporting Information). In-situ 

DRIFTS spectra during CO2 methanation over Ru/16%V-SiO2 (Fig. 7(e)) show an increase in b-

HCO3
− and b-CO3

2− band intensities with increasing temperature from 50 °C to 300 °C. No formate 

species are observed, indicating that bicarbonate/carbonate species are not further hydrogenated 

toward CH4 formation via the formate route. Instead, the adsorbed CO2 is converted into carbonyl 



species through the decomposition of b-HCO3
− or the direct dissociation of CO2. These CO2 

adsorption and activation steps could be promoted by a high concentration of oxygen vacancies. 

Carbonyl species and gaseous CH4 begin to form at 200 °C and significantly increase between 250-

300 °C, correlating with a higher concentration of oxygen vacancies, as indicated by 

(V3++ V4+)

(V3+ + V4+ + V5+)
 ratio in Fig. S11(c). Overall, the current findings are consistent with CO2 

methanation on Ru/SiO2 and Ru/V-SiO2 catalysts proceeding via the CO pathway. During H2 

reduction and CO2 hydrogenation, dissociated H atoms could spill over from Ru sites to nearby V 

species, synchronously generating V4+/V3+ and surface oxygen vacancies. These surface oxygen 

vacancies could facilitate electron transfer to interfacial Ru sites and subsequent electron back-

donation from interfacial Ru sites to the adsorbed CO, thereby weakening the C-O bond for further 

hydrogenation toward CH4 formation [20, 21, 66].  

4. Conclusions 

Mesoporous metal oxide-promoted silica materials (4%M-SiO2, where M = Ti, Zr, Nb or V) with 

high specific surface area and large pores were successfully synthesized using the aerosol-assisted 

sol-gel process. XRD, DRUV-Vis and HAADF-STEM-EDS analyses confirm the homogenous 

distribution of Ti, Zr, Nb and V species in these supports. Ru-based catalysts were then prepared 

by deposition of preformed RuO2 nanoparticles onto the metallosilicate supports. Compared to the 

unpromoted Ru catalyst (Ru/SiO2), 4%metal oxide-promoted Ru catalysts exhibit higher CH4 

formation rate, as the metal promoters help mitigate Ru aggregation to some extent. More 

importantly, the interaction between Ru and V species provides a distinct promotional effect, 

making Ru/4%V-SiO2 catalyst standing out among the 4%metal oxide-promoted Ru catalysts in 

terms of CH4 formation rate. Further increasing V loading up to 16% results in substantial reduction 

in specific surface area and the formation of macropores, attributed to V2O5 crystallite buildup. 

Despite these changes, Ru/16%V-SiO2 exhibits a dramatically enhanced catalytic activity, with its 

CH4 formation rate at 250 C being ca. 8-fold higher than that of pristine Ru/SiO2. In-situ DRUV-

Vis and in-situ XANES measurements reveal that hydrogen spillover from Ru sites facilitates the 

reduction of nearby V species from V5+ to V4+ and V3+, synchronously generating surface oxygen 

vacancies. As evidenced by in-situ DRIFTS, these vacancies alter the nature of Ru carbonyls from 

linear CO adsorption on Ru sites (as in Ru/SiO2) to bridged CO adsorption at interfacial sites (as 

in Ru/V-SiO2), thereby enhancing CO2 methanation activity via the CO pathway. This study 



highlights the versatility and effectiveness of the aerosol-assisted sol-gel process while uncovering 

a unique promotional effect of V in Ru-based catalysts for enhanced CO2 methanation 

performance. 
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