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Abstract 

Understanding the role of metal promoter in CO2 methanation is essential for advancing 

catalyst design and developing efficient methanation catalysts. Herein, a series of mesoporous 

Ti-promoted silica materials with different Ti-loadings was synthesized via the aerosol-assisted 

sol-gel process. These materials possess a spherical morphology with high specific surface area 

and homogeneous distribution of dispersed Ti species, even at Ti-loading as high as 16 mol%, 

thus allowing to investigate the role of Ti as a promoter in silica-supported Ru CO2 methanation 

catalysts. Keeping the Ru loading constant, higher Ti loadings (up to 12 mol%) lead to superior 

catalytic activity in CO2 methanation. At 300 C, the CH4 formation rate of Ru/12%Ti-SiO2 

catalyst (198 molCH4gRu
−1s−1) is 2.3 times higher than that of unpromoted Ru/SiO2 catalyst (88 

molCH4gRu
−1s−1). The improved activity correlates well with the smaller crystallite size of 

RuO2 nanoparticles, which translates to higher Ru dispersion after reductive treatment with H2. 

Overall, Ti helps stabilize Ru species and impedes crystal growth. With a Ti loading of 12 

mol%, the crystallization of small anatase TiO2 is induced after RuO2 impregnation and during 

subsequent calcination, in turn forming the interfacial contact between Ru and TiO2 after H2 

reduction. In-situ DRIFTS suggests that the promotion of CO2 activation and CO adsorption at 

these interfacial sites is responsible for the enhanced catalytic activity in Ti-promoted Ru-SiO2 

methanation catalyst. 
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1. Introduction 

Anthropogenic carbon dioxide (CO2), primarily arising from fossil fuel combustion in 

automobiles and industrial plants, makes up for the vast majority of greenhouse gas emissions 

and is the largest contributor to global warming [1, 2]. Aiming to mitigate CO2 emissions into 

the atmosphere, it has been proposed to develop and implement CO2 conversion and utilization 

(CCU) as an important part of CO2 management strategies. Among the topmost CO2 catalytic 

conversion processes, the hydrogenation of CO2 to CH4, so-called CO2 methanation or Sabatier 

reaction, is particularly promising because of its favorable thermodynamics. Additionally, the 

transportation of CH4 is readily feasible through existing infrastructure of natural gas pipelines 

[3-5]. Ultimately, it can pave the way for achieving a carbon-neutral energy balance via the 

process referred to as Power-to-Gas (PtG). In this process, surplus green electricity (from wind 

or solar energy) is utilized in H2O electrolysis to generate green H2, which is then used to 

convert captured CO2 to CH4 [6, 7].  

The past decade has seen rapid advances in catalyst development for CO2 methanation. Both 

noble (e.g., Ru, Rh and Pd) and non-noble (e.g., Ni, Co and Fe) metal catalysts have been 

extensively studied [5, 8, 9]. Among these catalysts, Ru-based catalysts are known to be the 

most effective, especially at low metal loadings and low reaction temperatures [10]. Their 

activity and selectivity in methanation are typically governed by the nanoscale properties, such 

as Ru nanoparticle size and shape [11, 12], nature of the support [13-15], structural/electronic 

metal-support interactions [16-18] and promoter/doping effects [19, 20]. With respect to the 

nature of the support, a considerable amount of literature has focused on reducible oxides, 

including TiO2 and CeO2, because the presence of oxygen vacancies and the propensity of 

charge transfer from reducible support are thought to stabilize small Ru nanoparticles [21, 22]. 

Far less attention has been paid to inert oxides, SiO2 in particular. Silica, a typically high 

specific surface area support with large pore volume, is particularly suited to disperse metal 

nanoparticles. SiO2 also has good thermal stability, which can help steer clear of support 

sintering or support overgrowth on Ru sites during catalyst preparation and methanation 

reaction. Nevertheless, silica-supported methanation catalysts are generally shown to be only 

moderately active, possibly due to the absence of oxygen vacancies and basicity [13, 22]. 

However, strategies have emerged to improve methanation activity. For instance, ionic liquids 

can be employed to stabilize the dispersion of Ru nanoparticles on SiO2 [23]. 1-butyl-3-

methylimidazolium tetrafluoroborate ([BMIM]BF4) can form a protective layer that prevents 

the agglomeration and oxidation of Ru nanoparticles while also providing weak and medium 



basic sites. Highly dispersed small Ru nanoparticles and appropriate basic property thus result 

in high CO2 methanation activity at low temperature. Alternatively, the presence of passivating 

groups (–OSi(Me)2R with R = Me or Bu) at the surface of SiO2 supported Ru nanoparticles 

was shown to promote methanation activity by lowering CO adsorption affinity on Ru 

nanoparticles [24]. In addition, digestion of silica from nano-Ru/nano-SiO2 in the presence of 

Ni powder can be employed to disassemble large Ru agglomerates on SiO2 into smaller Ru 

nanoparticles on the Ni surface with an oxide passivation layer. The synthesized oxide 

passivated Ni-supported Ru nanoparticles, in which unalloyed bimetallic nano-Ru and Ni are 

formed, are highly active and stable in low-temperature CO2 methanation [25]. 

The aerosol-assisted sol-gel process has been proposed as a versatile and highly potent method 

for preparing nanostructured materials with high specific surface area, well-defined pore size 

and tuneable texture and composition. This process integrates sol-gel chemistry, aerosol spray 

drying and evaporation-induced self-assembly in one step and in a continuous mode of rapid 

nanomaterials production [26, 27]. It offers a possibility to incorporate a variety of metals 

(oxides), such as Ti , Ga , Zn, Ta, W and alloyed PdNi, into silica supports [26, 28]. These 

materials can also accommodate high loading of the promoter while maintaining homogeneous 

dispersion.  

In the present study, we have leveraged the aerosol-assisted sol-gel process to prepare 

hierarchical mesoporous Ti-promoted silica supports for Ru-based methanation catalysts. Ti is 

chosen as the promoter considering that the combination between Ru and Ti is one of the most 

promising catalyst formulations for CO2 methanation [5, 8]. In addition, this method enables 

us to unravel the effects of Ti promoter on the catalytic performance of silica supported Ru 

catalysts in CO2 methanation. 

2. Experimental 

2.1. Preparation of mesoporous Ti-SiO2 support materials 

A series of mesoporous Ti-SiO2 support materials was synthesized via the aerosol-assisted sol-

gel process following similar procedure reported by Smeets et al. [29] and varying Ti loading. 

First, titanium butoxide (TiBuO, Fluka, 99%) was added dropwise into aqueous 

tetrapropylammonium hydroxide (TPAOH, Merck, 40% w/w) and stirred for 10 min, followed 

by addition of distilled water. After stirring for another 10 min, tetraethyl orthosilicate (TEOS, 

Sigma, 98%) was added into the solution and thoroughly mixed overnight to hydrolyze the 

precursors. The precursor solution was subsequently aged at 70 C for 15 h. Pluronic F127 



surfactant was then added and vigorously stirred at room temperature until complete 

dissolution. The molar ratio of the components was 1 SiO2: X TiO2: Y TPAOH: 0.005 F127: 

17 H2O with different Ti loadings (mol Ti / (mol Ti + mol Si) x 100% = 0, 4, 8, 12 and 16%) 

and a constant TPAOH to (Si + Ti) ratio of 0.15. The exact masses of reagents are summarized 

in Table S1. The clear yellowish solution was sprayed by a Büchi Mini Spray Dryer B-290 

under 4-bar air pressure, and the aerosol was carried by air to pass through a drying chamber 

heated at 150 C. The dried powder was further aged at 70 C overnight before calcination in 

air at 550 C for 5 h with a heating rate of 5 C/min. The obtained supports are denoted as 

x%Ti-SiO2, where x means mol% Ti loading. 

2.2. Preparation of Ru/Ti-SiO2 catalysts 

The Ru-based catalysts (2 wt% Ru nominal loading) were prepared by wet impregnation of 

aerosol supports with RuO2 nanoparticles. The RuO2 colloidal suspension was pre-synthesized 

as described elsewhere [30]. First, 0.81 mmol of RuCl3 was dissolved in 40 mL of distilled 

water under stirring. Next, 23 mL of aqueous hydrogen peroxide (14%) was added dropwise 

and mixed for 5 min. The solution was then incubated in an oven at 95 C for 2 h to obtain a 

black RuO2 colloidal suspension. After cooling to room temperature, 4 g of aerosol-made 

support was added into the entire batch of RuO2 colloidal suspension and stirred while heating 

at 50 C for 16 h. The solution was evaporated by a rotavapor set at 50 C under vacuum, and 

the obtained powder was finally calcined in static air at 450 C for 16 h with a ramping rate of 

5 C/min. These catalysts are denoted as Ru/x%Ti-SiO2 (x is mol% of Ti loading). 

2.3. Characterization 

Fourier transform infrared (FTIR) spectra were recorded using a Bruker EQUINOX 55 

spectrometer. The mixture of sample and KBr (0.5 wt% sample in KBr) was finely ground and 

pelletized. 100 scans were measured between 400 and 4000 cm-1 with a spectral resolution of 

2 cm−1. 

Diffuse reflectance UV-visible (DRUV-vis) spectra were collected by a Shimadzu UV-3600 

Plus spectrophotometer. Spectralon pellet was used as a reference material to correct the 

background. The sample powder was then loaded into the holder and scanned in the range of 

200-400 nm. The obtained data were displayed in Kubelka Munk function. 

X-ray photoelectron spectroscopy (XPS) experiment was carried out by an SSX 100/206 

spectrometer from Surface Science Instruments, USA equipped with Al-Kα radiation operated 



at 10 kV and 20 mA. The binding energy was calibrated by the position of Si 2p peak fixed at 

103.5 eV, and data treatment and processing were done with CasaXPS software. 

The weight percentages of Ti and Ru were measured by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) on an iCAP 6500 instrument (Thermo Scientific 

Instrument). Prior to the measurement, the sample was dissolved by sodium peroxide fusion. 

Textural properties of supports and fresh catalysts were evaluated from N2 physisorption 

isotherms at -196 C using a Tristar 3000 instrument (Micromeritics). The sample was 

degassed under vacuum at 170 C overnight before the measurement so as to remove 

physisorbed water and other volatile contaminants. The specific surface area was determined 

by the 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 [29]. The total pore 

volume was estimated from the adsorption branch at P/P0 ~ 0.98, while the pore size 

distribution was obtained from the adsorption branch using the Barrett-Joyner-Halenda (BJH) 

method. 

Transmission electron microscopy (TEM) measurement was performed using a JEOL-JEM 

2100 system equipped with an EDX detector. To prepare a TEM sample, the sample powder 

was put into ethanol and sonicated to obtain the suspension, which was subsequently dropped 

onto the copper grid. STEM-EDS measurements were carried out on a Thermo Fisher Scientific 

Talos F200C instrument equipped with Bruker Xflash 6T-30 EDS detector, High angle angular 

dark field detector (HAADF) for STEM imaging and a Thermo Fisher Scientific Ceta 16-

megapixel CMOS camera. Powders were dispersed in cyclohexane, and 4 μL was deposited 

on a gold grid covered by QuantiFoil® holey carbon, filtered and then dried in air. 

X-ray diffraction (XRD) measurement was performed using a Bruker AXS-D8 Advance 

diffractometer using Cu Kα ( = 0.15418 nm) radiation at 30 kV and 40 mA. The 2θ 

diffractograms were recorded between 10 and 60° with a step size of 0.025° and a step time of 

20 s·step-1. 

H2-temperature programmed reduction (H2-TPR) and CO2-temperature programmed reduction 

(CO2-TPD) experiments were conducted on a Hiden instrument equipped with an online QGA 

mass spectrometer (MS). In H2-TPR measurement, about 30 mg of catalyst was first outgassed 

under Ar flow of 20 mL/min at 100 C to eliminate physisorbed water and impurities. After 

that, the MS signals were recorded as a function of temperature from 100 C to 450 C with a 

heating rate of 10 C/min under 40 mL/min of 2.5% (v/v) H2 diluted in inert gases 



[2.5:82.5:15% (v/v) H2/He/Ar]. In CO2-TPD measurement, about 50 mg of catalyst was in-situ 

reduced at 200 C under 20 mL/min of 5%H2/Ar for 1 h, followed by purging under 20 mL/min 

of Ar for 1 h and then cooling down to 50 C. At this temperature, CO2 adsorption (15% 

CO2/Ar) was done for 1 h. Physically adsorbed CO2 was subsequently removed under 20 

mL/min of Ar for 1 h. Finally, the MS signals were recorded as a function of temperature from 

50 C to 800 C (10 C/min) under 20 mL/min of Ar. 

H2 pulse chemisorption measurement was carried out on a BELCAT II analyzer (Microtrac). 

Before the pulse chemisorption, about 150 mg of catalyst was reduced at 200 C for 2 h under 

30 mL/min of 5% H2/Ar and purged for 1 h under 30 mL/min of Ar. After cooling down to 100 

C, the H2 pulses were injected with a loop volume of 0.989 mL. The chemisorption 

stoichiometry of H/Ru = 1 was used for calculating the Ru dispersion [13]. 

In-situ CO2 methanation diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

experiment was carried out using a Bruker INVENIO-S spectrometer. The catalyst was in-situ 

reduced in a Harrick Praying Mantis chamber at 200 C under H2 for 1 h and flushed under He 

for 30 min. A background spectrum was then taken in He atmosphere for each reaction 

temperature. For background subtraction, the spectra were scaled such that the Si−O 

vibrational frequency at 1865 cm-1 was absent [24, 31]. During CO2 methanation DRIFTS 

experiment, a gas mixture comprising 8 mol% CO2, 32 mol% H2 and He balance was flowed 

into the chamber, which was set to the desired temperature from 50 °C to 300 °C. The spectra 

were collected after a steady state was attained at each temperature. 

2.4. Catalytic activity evaluation 

The CO2 methanation performance was evaluated in a continuous flow fixed-bed reactor. A 

total of 100 mg of catalyst (pressed and sieved in the 100-315 m range) was in-situ reduced 

in the reactor at 200 °C for 1 h under 30 mL/min of H2 and purged at the same temperature for 

1 h under 10 mL/min of Ar. A reaction mixture of 10% CO2 and 40% H2 diluted in Ar (total 

flow rate of 20 mL/min) was then introduced into the reactor. The reaction was performed at 

atmospheric pressure in the step mode from 200 °C to 300 °C with 25 °C intervals, and at least 

four gas chromatography injections were done for each temperature after reaching a steady 

state. The outlet gases were quantified by a gas chromatograph (SCION 456-GC) equipped 

with Hayesep Q, Molsieve 5A, Porapak R and SCION-1 columns. The separated CO and CO2 

were analyzed by a thermal conductivity detector, while CH4 was detected with a flame 

ionization detector. During the reaction, all gas transfer lines were maintained at 110 °C so that 



the condensation of water by-product was prevented. 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
(μmolCH4

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. Preparation and characterization of mesoporous x%Ti-SiO2 supports and Ru/x%Ti-

SiO2 catalysts 

3.1.1. Mesoporous x%Ti-SiO2 supports 

Table 1 Textural properties of SiO2 and Ti-SiO2 supports and freshly calcined Ru/SiO2 and 

Ru/Ti-SiO2 catalysts. 

 a The Brunauer-Emmett-Teller (BET) method was 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 

was measured at P/P0 ~ 0.98. The micropore volume estimated from the t-plot is shown in 

parentheses. 

The mesoporous x%Ti-SiO2 supports were prepared by the aerosol-assisted sol-gel process 

[29], with different Ti loadings (x = 0, 4, 8, 12 and 16%). N2 physisorption isotherms and BJH 

pore size distributions are displayed in Fig. 1 (a) and (b), and their textural properties are 

summarized in Table 1. All isotherms correspond to Type IV isotherms, consistent with 

mesoporous solids. Pore size distributions of all aerosol silica are centered in the same range 

ca. 12-15 nm. This pore size is larger than the expected size of F127 micelles (ca. 5-6 nm) due 

Support 
BET surface 

area (m2/g) a 

Pore volume 

(cm3/g) b 
Catalyst 

BET surface 

area (m2/g) a 

Pore volume 

(cm3/g) b 

SiO2 631 0.74 (0.07) Ru/SiO2 527 0.63 (0.04) 

4%Ti-SiO2 616 0.69 (0.08) Ru/4%Ti-SiO2 543 0.65 (0.06) 

8%Ti-SiO2 618 0.71 (0.08) Ru/8%Ti-SiO2 550 0.66 (0.06) 

12%Ti-SiO2 528 0.62 (0.06) Ru/12%Ti-SiO2 456 0.54 (0.06) 

16%Ti-SiO2 491 0.60 (0.06) Ru/16%Ti-SiO2 421 0.49 (0.06) 



to the swelling effect from the incorporation of TPA+ cations during the synthesis [29]. 

Notably, the BET surface area (SBET) and total pore volume (Vp) decrease with increasing Ti 

loadings across the sample series.  

 

Fig. 1 N2 physisorption analyses of (a) and (b) SiO2 and Ti-SiO2 supports and (c) and (d) freshly 

calcined Ru/SiO2 and Ru/Ti-SiO2 catalysts. (a) and (c) are N2 physisorption isotherms. (b) and 

(d) are BJH pore-size distributions. 

The high dispersion of Ti across the supports was confirmed by DRUV-vis (Fig. 2) and XRD 

analyses. In Fig. 2(a), the band centered at ca. 215-245 nm is associated with ligand-to-metal 

charge transfer (LMCT) bands, that correspond to isolated tetrahedral TiO4 coordination, while 

the band in the 250-300 nm range can be attributed to the presence of Ti in higher coordination, 

such as water-coordinated Ti species, oligomeric Ti species or polymerized TiO4 and TiO5 

species [32, 33]. With an increase of Ti loading from 4% to 16%, the maximum absorption 

band shifts from 215 nm to 255 nm, suggesting larger amounts of Ti in higher coordination 

number than tetrahedral due to higher Ti polymerization. However, the characteristic band of 

octahedral TiO6 as in bulk TiO2 nanocrystals (i.e., anatase) at around 330 nm is never observed 

[34]. Analysis of the band gap (Eg) also demonstrates that Ti atoms are mostly highly dispersed 

in the SiO2 matrix, even if a growing but minor fraction is present in the forms of oligomeric 

or small nanodomains of TiOx species when the Ti loading increases (see Supporting 

Information, Fig. S1). Consistent with the DR UV-vis results, the XRD patterns of all Ti-SiO2 



materials (Fig. S2) solely exhibit amorphous features without any TiO2 crystalline phase, albeit 

high Ti loading up to 16% [29].  

 

Fig. 2 (a) DRUV-visible spectra (Kubelka-Munk Function), (b) FTIR-ATR spectra and (c) 

Experimental Ti% measured by ICP-AES and XPS against nominal Ti% as shown in Table 2 

of Ti-SiO2 supports. 

In Fig. 2(b), FTIR spectroscopy provides information on the formation of Si−O−Ti bonds at 

~960 cm-1 band [35, 36]. This band becomes stronger with increased Ti loadings, indicating 

more substitution of Si4+ ions by tetrahedral Ti4+ ions in the matrix of Ti-SiO2 materials. The 

pristine SiO2 (without Ti) exhibits only the main bands at ~1080 and 800 cm-1 ascribed to the 

asymmetric and symmetric Si−O−Si vibration, respectively, and a weak band at ~975 cm-1 

related to the symmetric stretching of silanol Si−O−H groups [37].  

Table 2 The band gap energy (Eg) and bulk and surface composition of Ti species in Ti-SiO2 

supports. 

Support Eg (eV) a 
Nominal 

Ti (%) 

ICP-AES 

Bulk Ti (%) 

XPS 

Total Surface 

Ti (%) 

Surface 

Ti-O-Si (%) 

4%Ti-SiO2 4.88 4 3.9 3.3 2.8 

8%Ti-SiO2 4.50 8 8 6.2 5.3 

12%Ti-SiO2 4.41 12 12 9.2 7.8 

16%Ti-SiO2 4.28 16 15.9 11.8 10.6 

a The band gap energy was obtained from the optical absorption edges in the DR UV-visible 

spectra of Ti-SiO2 supports (Fig. S1). 

The surface composition and dispersion of Ti species were further determined by XPS. Two 

fractions of Ti species detected at the surface can be distinguished from Ti 2p3/2 peak 

deconvolution (Fig. S3). Considering that the binding energy (BE) values of ca. 460.0 eV and 



458.5 eV are assigned to the fractions of Ti incorporated in the SiO2 matrix (Ti−O−Si) and Ti 

present as the nanodomains (Ti−O−Ti), respectively [29, 38], the percentages of total Ti and 

silica-incorporated Ti species at the surface can be quantified (Table 2). Notably, the measured 

surface Ti % and Ti−O−Si % contents (XPS) vs. the nominal Ti loadings show a linear 

relationship up to 16% Ti loading (Fig. 2(c)). Similarly, a linear relationship with a slope of 1 

can be found between the bulk Ti% measured from ICP-AES and the nominal Ti%, 

demonstrating an excellent quantitative control of the bulk composition in Ti-SiO2 materials 

prepared by aerosol method. Besides, the surface Ti concentration is close to the bulk content, 

showing homogeneous spatial distribution of Ti species in bulk and surface.  

3.1.2 Ru/x%-SiO2 catalysts 

The silica-supported Ru catalysts were prepared by wetness impregnation of silica supports 

with a stable monodispersed RuO2 colloidal suspension (~2 nm), pre-synthesized from the 

reaction between RuCl3 and H2O2 according to a reported method [30].The introduction of 

RuO2 followed by calcination slightly reduces SBET and Vp (Table 1), while the shape of the 

Type IV isotherms (Fig. 1(c)) and the pore size distributions (Fig. 1(d)) remain essentially the 

same for all catalysts. These results suggest that there is no significant modification of the 

mesoscopic order after the impregnation of Ru species into aerosol silica.  

 

Fig. 3 TEM images of freshly calcined (a) Ru/SiO2 and (b) Ru/12%Ti-SiO2. (c) High 

magnification TEM image of white dashed ellipse in (b), showing the (101) crystal planes of 

anatase TiO2. (d) HAADF-STEM-EDS mapping images of reduced Ru/12%Ti-SiO2 catalyst. 



 

Fig. 4 (a) XRD patterns and (b) H2-TPR profiles of freshly calcined Ru/SiO2 and Ru/Ti-SiO2 

catalysts. 

TEM images (Fig. 3 and Fig. S4) illustrate the morphology and structure of Ru-based catalysts 

as well as how Ru/RuO2 nanoparticles are dispersed over aerosol materials. All Ru/x%Ti-SiO2 

catalysts possess a spherical morphology with microsphere sizes ranging between 0.2 and 1 

m, as the spherical shape is the most stable form during the drying of liquid droplets. Hollow 

structure can be formed when drying happens rapidly at the droplet surface, quickly creating a 

solid layer [26]. A regular porous structure with mesopores is also visible, which is consistent 

with the N2 physisorption results. In Fig. 3(a), large RuO2 crystallites are clearly visible when 

no Ti is present. RuO2 nanoparticles are mainly located inside the spheres, stemming from the 

introduction of RuO2 aqueous suspension through the mesoporous network during 

impregnation. RuO2 aggregates can also be noticed on the surface. These large RuO2 

crystallites correspondingly appear in the XRD pattern (Fig. 4(a)) as sharp diffraction peaks at 

2 = 27.9 (110), 34.9 (101), 39.9 (200) and 54.0 (211) (JCPDS No. 43-1027). Compared with 

Ru/SiO2, Ru/12%Ti-SiO2 visually features much smaller RuO2 nanoparticles (Fig. 3(b)), while 

HAADF-STEM-EDS mapping in Fig. 3(d) displays homogeneous distribution of Ti and Ru 

species over reduced Ru/12%Ti-SiO2 catalyst. Interestingly, crystal lattices corresponding to 

the (101) plane of anatase TiO2 (0.35 nm) are apparent in high magnification TEM image (Fig. 

3(c)), which agrees well with the XRD result. The crystalline phase of anatase TiO2 (JCPDS 

No. 21-1272) becomes distinct in the XRD pattern of Ru/12%Ti-SiO2 catalyst in Fig. 4(a) upon 

calcination at 450 °C (lower than the calcination temperature applied for bare x%Ti-SiO2 

supports, 550 °C) after RuO2 impregnation. These findings suggest that RuO2 nanoparticles 

promote the crystallization of amorphous TiO2, and point to the generation of RuO2-TiO2 

interface. The anatase TiO2 phase has an average crystallite size of 7.2 nm in both Ru/12%Ti-

SiO2 and Ru/16%Ti-SiO2 catalysts, as determined by the Scherrer equation from the width of 

the (101) peak at 25.4°. Although TiO2 crystalline phases are only visible in the XRD patterns 



of Ru/12%Ti-SiO2 and Ru/16%Ti-SiO2 catalysts, the TiO2 crystallization induced by wetness 

impregnation with RuO2 colloidal suspension occurs for all catalysts, as indicated by a decrease 

in their Eg values (Fig. S5 and Table S2). The HAADF-STEM-EDS mapping images of 

reduced Ru/SiO2, Ru/4%Ti-SiO2, Ru/8%Ti-SiO2 and Ru/16%Ti-SiO2 catalysts are also shown 

in Fig. S4. It is evident that Ru nanoparticles in Ti-promoted catalysts are less agglomerated as 

compared to those in Ru/SiO2. It is noted that Ru/RuO2 particle sizes cannot be univocally 

estimated from TEM images owing to their aggregation in the case of Ru/SiO2 catalyst and 

unclear distinction between Ru and Ti species in the case of Ti-containing catalysts. 

Table 3 RuO2 crystallite size, Ru dispersion, surface and bulk composition of Ti and Ru species 

in freshly calcined and spent catalysts. 

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

in the XRD patterns using Scherrer equation.  

b Ru dispersion was determined from H2 pulse chemisorption measurement. 

For comparison, the crystallite sizes of RuO2 are calculated via the Scherrer equation. As listed 

in Table 3, the higher the Ti loading up to 12%, the smaller the RuO2 crystallite size in calcined 

catalysts. H2 pulse chemisorption was also performed to quantitatively estimate the dispersion 

of Ru (Table 3). The Ru dispersion on Ru/SiO2 is extremely poor, 0.1±0.04% (acknowledging 

the non-uniform distribution and agglomeration of Ru nanoparticles), but the Ru dispersion 

increases with the increase in Ti-content, reaching the highest at 12 mol% (2.5%, 3.7%, 7.4% 

and 5.3% for Ru/4%Ti-SiO2, Ru/8%Ti-SiO2, Ru/12%Ti-SiO2 and Ru/16%Ti-SiO2, 

respectively). All in all, the presence of Ti has a beneficial role in stabilizing Ru/RuO2 

nanoparticles, thus impeding their growth and aggregation during the calcination and 

reduction. One may notice discrepancies between the sizes of Ru nanoparticles estimated from 

Catalyst 

RuO2 

crystallite 

size (nm) a 

Ru dispersion 

(%) b 

XPS (Freshly calcined) XPS (Spent) 

ICP-AES 

Ru (wt%) 

Total 

surface Ti 

(%) 

Ru/(Si+Ti) 

Total 

surface Ti 

(%) 

Ru/(Si+Ti) 

Ru/SiO2 13.5 0.1±0.04 0 0.030 0 0.028 1.5 

Ru/4%Ti-SiO2 12.1 2.5 2.5 0.026 2.9 0.029 1.9 

Ru/8%Ti-SiO2 11.4 3.7 6.6 0.027 7.6 0.028 1.7 

Ru/12%Ti-SiO2 9.1 7.4 11.5 0.015 11.2 0.018 1.8 

Ru/16%Ti-SiO2 12.0 5.3 14.3 0.024 15.1 0.025 1.8 



XRD and H2 pulse chemisorption. From XRD analysis, assuming that RuO2 particles shrink 

by around 24% during the reduction due to the difference in mass density between RuO2 and 

Ru [39], Ru crystallite sizes are expected to be 9.2 nm, 8.7 nm, 6.9 nm and 9.1 nm for Ru/4%Ti-

SiO2, Ru/8%Ti-SiO2, Ru/12%Ti-SiO2 and Ru/16%Ti-SiO2, respectively. From H2 pulse 

chemisorption (details on the calculation found elsewhere [13]), Ru particle sizes are 37.3 nm, 

25.4 nm, 12.8 nm and 17.9 nm for the same samples. The differences may arise, as XRD 

measures diffracting crystallites planes rather than entire particles [40]. Additionally, weak or 

slow kinetics of H2 chemisorption may lead to underestimation of Ru dispersion measured by 

H2 pulse chemisorption, as reported in previous studies [41, 42]. 

The reducibility of Ru/x%Ti-SiO2 catalysts was investigated using H2-TPR. The shape of H2-

TPR profile is similar among all catalysts in Fig. 4(b). One main peak can be observed and 

ascribed to the reduction of oxidic Ru species. This reduction peak is centered at around 200 

°C for Ru/SiO2 and shifted toward lower temperatures with higher Ti loading up to 12%, 

followed by a shift toward higher temperature for 16% Ti loading. Enhanced reducibility with 

increased Ti loading is possibly related to the stabilization of smaller RuO2 nanoparticles by 

Ti species. Notably, it has been reported that smaller RuO2 nanoparticles have lower activation 

energy for hydrogen dissociation [43]. 

 

Fig. 5 XPS spectra of C 1s and Ru 3d regions of freshly calcined Ru/SiO2 and Ru/Ti-SiO2 

catalysts. 

The chemical state and surface compositions after RuO2 deposition and calcination were also 

determined by XPS (Fig. 5 and Fig. S6). Table 3 shows the percentage of Ti species at the 



Ru/x%Ti-SiO2 surface, which can be compared to that at the x%Ti-SiO2 surface in Table 2. 

Slightly higher surface Ti concentration of Ru/12%Ti-SiO2 and Ru/16%Ti-SiO2 corroborates 

the finding that TiO2 crystals form on the catalyst surface. Fig. 5 presents the spectra of Ru 3d 

and C 1s of freshly calcined Ru/x%Ti-SiO2 catalysts. The spectra can be deconvoluted into 

three components, including metallic Ru, oxidized Ru4+ and C 1s components, as tabulated in 

Fig. 5. A doublet with an asymmetric shape at 279.9 eV belongs to metallic Ru, whereas a main 

doublet at 280.7 eV along with a satellite doublet at 282.6 eV represents oxidized Ru4+ state. 

These signals are fitted using two symmetric Gaussian−Lorentzian functions with separated 

binding energy (B.E.) of 4.17 eV and area ratio of 3:2. The satellite and the main doublet are 

separated by about 1.9 eV with close to 50% ratio. It is noted that C 1s components overlap 

with Ru 3d3/2 components; thus, the signals are fitted using Gaussian−Lorentzian functions, 

in which full width at half-maximum (fwhm) and binding-energy constraints are kept 

consistent across all spectra [44]. The surface Ru/(Si+Ti) atomic ratio obtained from XPS 

analysis and Ru content measured from ICP-AES are shown in Table 3. Ru/SiO2 has a surface 

Ru/(Si+Ti) ratio of 0.03, while other Ti-containing catalysts, especially Ru/12%Ti-SiO2, 

exhibit lower surface Ru/(Si+Ti) ratio. This finding indicates that Ru species are highly 

dispersed in the pores rather than being aggregated on the surface of Ti-containing catalyst 

microspheres.  

3.2. Catalytic performance 

Fig. 6 (a) CO2 conversion as a function of temperature from 200 °C to 300 °C, (b) Arrhenius 

plot of CH4 formation rate over Ru/SiO2 and Ru/Ti-SiO2 catalysts in the temperature range of 

200-300 °C and (c) Apparent activation energy (from Fig. 6(b)) as a function of Ti loading. 

Catalytic CO2 methanation was performed in the temperature range between 200 and 300 °C. 

The reaction conditions were chosen such that CO2 conversion remained far below the 

thermodynamic limit at all temperatures, ensuring the measurement of intrinsic activity (kinetic 

regime; see Fig. S7 in the Supporting Information). In Fig. 6(a), CO2 conversion obtained with 



catalysts with different Ti loadings follows the trend of Ru/SiO2 < Ru/4%Ti-SiO2 < Ru/8%Ti-

SiO2 < Ru/16%Ti-SiO2 < Ru/12%Ti-SiO2. All Ru/x%Ti-SiO2 catalysts exhibit 100% 

selectivity toward CH4 over the whole temperature range, whereas the level of activity is shown 

to be greatly affected by the Ti loading. The corresponding CH4 formation rate at 300 C 

normalized by the Ru mass measured from ICP-AES is provided in Table S3. It should be 

acknowledged that these rates are lower than the rates typically reported for benchmark 

Ru/TiO2 [15]. Yet, focusing on the doping effect of Ti in the Ru/SiO2 system, it is striking to 

observe that the CH4 formation rate of Ru/12%Ti-SiO2 is 2.3 times higher than that of the non-

promoted Ru/SiO2. Furthermore, a good correlation can be found between Ru dispersion and 

catalytic performance in CO2 methanation, i.e., the higher the Ru dispersion, the superior the 

CH4 formation rate.  

In an attempt to better understand the decisive role of Ti promoter, the apparent activation 

energies (Ea) for CO2 methanation are also calculated. They are based on the reaction rates in 

the temperature range from 200 °C to 300 °C as presented in the Arrhenius plot (Fig. 6(b)) and 

then plotted as a function of Ti loading in Fig. 6(c). The obtained Ea values are between 53 and 

73 kJ/mol, falling within the range typically reported for Ru-based catalysts [15, 20, 45]. The 

apparent activation energies for the catalysts with 0% and 4% are about the same but decrease 

significantly as the Ti loading increases to 8% and 12%, then the value remains similar for 

16%. The drop in the apparent activation energy suggests that the nature of the active sites is 

modified. This modification could affect the CO adsorption energy or even the reaction 

mechanism (vide infra in the section 3.4.). A change in the reaction mechanism is however 

rather unlikely, considering a single linear compensation line in the Constable plot in Fig. S8 

(In (A) vs. Ea, where A represents the preexponential factor in the Arrhenius equation derived 

from plots in Fig. 6(b)) [46]. 

Both Ru/SiO2 and Ru/12%Ti-SiO2 underwent further testing at 300 °C for 50 h to assess their 

stability. As shown in Fig. S9, their selectivity to CH4 remains at 100% throughout 50 h 

runtime. Surprisingly, Ru/12%Ti-SiO2 exhibits a gradual increase in CO2 conversion from 24% 

to 39% within the first 10 h and stabilizes thereafter. The observation of induction period 

suggests that more active sites may be formed during the introduction of CO2/H2 at 300 °C 

(higher than the reduction temperature of 200 °C). This could be due to a more pronounced 

interface formation between Ru and TiO2 under the reaction gas mixtures at high temperature 

[17]. In contrast, Ru/SiO2 exhibits continuous activity loss from 8% to 4% during 50 h on 

stream, likely due to the sintering of Ru nanoparticles. 



 

 

3.3. Characterization of spent Ru/Ti-SiO2 catalysts 

 

Fig. 7 TEM images of spent Ru/SiO2 (a and b) and Ru/12%Ti-SiO2 (c and d). (e) High 

magnification TEM image of white dashed ellipse in (d), showing the (101) crystal planes of 

anatase TiO2 and Ru determined from Fast Fourier Transform (FFT) patterns in the insets. 

After the methanation reaction, spent Ru/x%Ti-SiO2 catalysts were subjected to TEM, XRD 

and XPS analyses. TEM images of spent catalysts in Fig. 7 illustrate that the sphere-like 

morphology with mesoporous structure is maintained. Visibly, extensive aggregation of Ru 

nanoparticles can be found on the surface of Ru/SiO2 catalyst (Fig. 7(a) and (b)). It is likely 

that Ru species already existing on the microsphere surface after the calcination are involved 

in the aggregation and formation of larger agglomerates. Compared with Ru/SiO2, Ru/12%Ti-

SiO2 shows substantially less Ru aggregation in Fig. 7(c) and (d). Furthermore, high 

magnification TEM images along with Fast Fourier Transform (FFT) patterns (Fig. 7(e)) reveal 

the close contact between (101) plane of anatase TiO2 (d-spacing of 0.35 nm) and (101) plane 

of metallic Ru (d-spacing of 0.22 nm). This finding is in line with the XRD pattern of 

Ru/12%Ti-SiO2 (Fig. 8, top-left), in which small diffraction peaks of metallic Ru are 

observable at 42.0 and 43.8° (JCPDS No. 06-0663), accompanied by the presence of anatase 

TiO2 (JCPDS No. 21-1272). The crystallinity of the latter does not markedly evolve after the 

reaction. TiO2 crystallite sizes in Ru/12%Ti-SiO2 before and after the reaction are 7.2 and 7.6 

nm, respectively. For Ru/16%Ti-SiO2, TiO2 crystallite sizes before and after the reaction are 

7.2 and 7.4 nm, respectively. Regarding the size of Ru, it is difficult to evaluate by XRD due 



to peak broadening and overlapping. Additionally, it cannot be estimated from TEM images 

owing to severe Ru aggregation in case of Ru/SiO2 catalyst and unclear contrast between Ru 

and Ti species in case of Ru/12%Ti-SiO2 catalyst. The XPS spectra of Ru 3d and C 1s regions 

and Ti 2p region for spent catalysts are also presented in Fig. 8 and Fig. S10. As expected, the 

proportion of surface metallic Ru increases after the reduction and methanation comparing with 

the freshly calcined samples (Fig. 5). The surface Ru/(Si+Ti) ratio on all spent catalysts remains 

similar to the values obtained before the reaction (Table 3). Likewise, the Ti concentrations on 

the surface of spent catalysts closely match those of freshly calcined catalysts.  

 

Fig. 8 XRD patterns (top-left) and XPS spectra of C 1s and Ru 3d regions of spent Ru/SiO2 

and Ru/Ti-SiO2 catalysts. 

3.4. Decisive factors governing CO2 methanation activity 

After impregnation of RuO2 colloidal suspension onto the silica support, the sample was 

vacuum-dried using the rotavapor and subsequently calcined at 450 °C to remove residual 

chlorine. This dehydration and thermal treatment can induce the growth of RuO2 crystallites. 

Fig. 9(a) demonstrates how the evolution of Ti species during catalyst preparation influences 

the dispersion of RuO2 and final Ru nanoparticles. In Ti-SiO2 materials, Ti is mainly present 

as isolated and polymerized species, with the latter becoming more dominant at higher Ti 

loadings, without forming crystalline TiO2. Upon RuO2 impregnation and calcination, the 

degree of Ti polymerization increases (as indicated by a decrease in Eg), and in high Ti-loading 

samples (≥ 12%), more concentrated polymerized Ti species are crystallized into small anatase 

TiO2. The presence of isolated and polymerized Ti species helps suppress aggregation of RuO2 



and Ru nanoparticles on SiO2 to some extent, while small anatase TiO2 provides interaction 

and stabilization of RuO2 and final Ru nanoparticles, forming Ru-TiO2 interface (as shown in 

Fig. 7(d) and (e)). Additional discussion can be found below Fig. S11 in the Supporting 

Information. 

 

Fig. 9 (a) Schematic illustration of the evolution of Ti and Ru species in Ru/Ti-SiO2 catalysts 

with different Ti loadings during wetness impregnation, calcination, H2 reduction and CO2 

methanation reaction. DRIFT spectra recorded at steady-state during CO2 methanation from 

50 °C to 300 °C on (b) Ru/SiO2 and (c) Ru/12%Ti-SiO2 catalysts. 

In-situ DRIFTS experiments under CO2/H2 mixture were performed to probe the surface 

intermediate species on the reduced catalysts and possibly obtain information about the active 

sites, comparing Ru/SiO2 and Ru/12%Ti-SiO2. A detailed discussion together with CO2-TPD 

analysis (Fig. S13) can be found below Fig. S12 in the Supporting Information. Focusing on 

the region of carbonyl bands at 2045-1960 cm-1 in Fig. 9(b) and (c), we perceive that carbonyl 

species are formed at the temperature as low as 100 C for Ru/12%Ti-SiO2. The bands at 2000-

1993 cm-1 and 2045 cm-1 in the spectra of Ru/SiO2 and Ru/12%Ti-SiO2, respectively, can be 

ascribed to CO linearly adsorbed on Ru sites (Ru-CO). It has been proposed that the 

wavenumber of this linearly-bonded CO is coverage-dependent. A shift to higher wavenumber 

is indicative of a larger CO coverage [47]. There is also a marked difference in band intensities 

at 1975-1960 cm-1 between the two catalysts. These bands can be assigned to bridged-bonded 

CO at the metal-support interface (Ruif-CO) [19, 48, 49]. This indicates that for Ru/12%Ti-

SiO2, CO adsorption could be facilitated at interfacial sites between Ru and TiO2. Several 



studies discuss that interfacial adsorbed carbonyl species are more active intermediates than 

linear carbonyl and multi-carbonyl species in CO/CO2 methanation reactions either via direct 

or H-assisted dissociation of adsorbed CO [12, 19, 45]. It is noted that no signal of unreactive 

multi-carbonyl species at 2130 and 2075 cm-1 is detectable in the spectra of either catalyst, as 

these species are more prevalent on low-coordinated Ru sites of subnanometer-sized metal 

atoms/clusters [45, 50], which is not the case in the present study. With stepwise increasing 

temperatures above 200 C, the Ruif-CO band in the Ru/12%Ti-SiO2 spectra starts diminishing. 

Simultaneously, the band corresponding to gaseous CH4 at 3017 cm-1 appears. Additionally, 

this CH4 band is more intense for Ru/12%Ti-SiO2 than for the undoped catalyst. Taken 

together, these results suggest that higher concentration of interfacial adsorbed CO could be 

primarily responsible for higher catalytic activity of the Ti-doped catalyst. 

Turning to the possible CO2 methanation mechanism, direct dissociation and H-assisted 

dissociation of CO2 are two pathways commonly proposed for Ru-based catalysts. The former 

entails the dissociative CO2 adsorption into adsorbed CO and O, followed by CO 

hydrogenation to produce CH4 [12, 51, 52]. The alternative involves the reaction of adsorbed 

CO2 and H to form formate species, which can be further hydrogenated into adsorbed CO and 

eventually into CH4 [45, 53, 54]. The absence of formate species for Ru/SiO2 is consistent with 

a direct CO2 dissociation. The current findings also support the direct CO2 dissociation pathway 

for Ru/12%Ti-SiO2. Although formate species formed at the metal-support interface are known 

to potentially serve as the source of carbonyl species through their reaction with adsorbed 

hydrogen [45, 55], the change in formate bands does not correlate with the evolution of CO 

and CH4 bands, indicating that formates might act only as spectator species. Moreover, it is 

clear that Ti promoter, existing in the form of anatase, modifies the CO adsorption with the 

provision of interfacial sites between Ru and TiO2. In the CO2 dissociative pathway, the further 

dissociation of adsorbed CO or hydrogenation of adsorbed CO is generally recognized as the 

rate-determining step over Ru-based catalysts [56, 57]. Importantly, this step is more favorable 

at the interfacial sites with lower energy barrier [19, 54, 58]. The remarkable enhancement of 

CO adsorption at the interfacial sites over Ru/12%Ti-SiO2 catalyst thus could be the reason for 

the marked catalytic activity improvement. 

4. Conclusions 

Hierarchically mesoporous Ti-promoted silica materials with high specific surface area and 

large pores were successfully synthesized via the aerosol-assisted sol-gel process. These 

materials are able to accommodate homogeneous dispersion of Ti species, up to 16 mol%. 



Notably, Ti atoms are highly dispersed in the SiO2 matrix even if a minor fraction of oligomeric 

or small nanodomains of Ti species are also formed at high loadings. TiO2 nanocrystals are not 

yet formed at this stage even after calcination at 550°C. This work has shown that Ti species 

play a marked beneficial role in stabilizing RuO2 nanoparticles, impeding their crystal growth 

during the calcination. Especially in Ru/12%Ti-SiO2 and Ru/16%Ti-SiO2 catalysts, the 

impregnation of RuO2 nanoparticles and subsequent calcination induce the crystallization of 

small anatase TiO2 domains, in turn forming interfacial contact between RuO2 and TiO2. This 

turned out to strongly affect the methanation activity obtained after in-situ pre-reduction. As a 

general trend, CH4 formation rate increases with an increase in Ru dispersion. At 300 C, CH4 

formation rate of Ru/12%Ti-SiO2 is 2.3 times higher than that of Ru/SiO2. Our finding that the 

apparent activation energy is modified upon Ti promotion further suggests that the nature of 

the active sites is modified by Ti loading. As evidenced by in-situ DRIFTS experiments, CO2 

dissociation over Ru/12%Ti-SiO2 catalyst occurs at a temperature as low as 100 C. 

Importantly, Ti promoter existing in the form of anatase TiO2 crystallites promotes the 

adsorption of CO at the metal-support interface, which could be held responsible for the 

catalytic activity improvement. The present study has helped clarify the promotional effect of 

Ti on Ru/SiO2 catalysts for CO2 methanation. More broadly, the versatile and highly potent 

synthesis method presented herein offers the possibility to explore other metal promoters in 

CO2 methanation. 
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