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Abstract 

The preparation of powdery heterogeneous catalysts often involves the use of solvents, costly 

precursors, and thermal treatments in multi-step processes. Herein, we demonstrate the 

preparation of Ru nanoparticles on TiO2 via spark ablation coupled with powder aerosolization, 

offering a clean and simple route with minimal waste generation and reduced pre- and post-

synthesis processing. The as-prepared Ru/TiO2 catalyst is readily active in CO2 methanation 

reaction, achieving CH4 formation rate of 0.21 mmolgRu
−1s−1 and TOF of 0.11 s-1 at 200 C, 

outperforming the corresponding formulation prepared by wetness impregnation followed by 

calcination. The enhanced performance is attributed to a higher fraction of surface metallic Ru, 

as spark ablation under inert atmosphere typically yields metallic Ru nanoparticles. 

Additionally, Ru nanoparticles in the spark-made catalyst are well-distributed over both 

anatase and rutile TiO2, driven by Brownian motion and van der Waals adhesion. By contrast, 

Ru/TiO2-WI exhibits preferential Ru layer around rutile TiO2 due to pre-existing RuO2-rutile 

TiO2 epitaxial interactions formed during calcination. This work highlights a sustainable 

approach for designing highly active low-temperature CO2 methanation catalysts, with 

potential versatility for broader catalytic applications. 
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1. Introduction 

The atmospheric concentration of carbon dioxide (CO₂) continues to rise, primarily due to 

human activities, driving global warming and climate instability. To address this, significant 

efforts have focused on CO₂ capture and utilization (CCU) to close the anthropogenic carbon 

cycle. One promising approach is CO₂ hydrogenation with renewable hydrogen (H2) to 

produce methane (CH4), so-called CO2 methanation, offering both emission reduction and 

energy storage. In Power-to-Gas (PtG) scenario, surplus renewable electricity powers water 

electrolysis to generate green hydrogen, which reacts with captured CO₂ to form CH₄, a fuel 

compatible with existing natural gas infrastructure [1-3]. CO₂ methanation is 

thermodynamically favorable at low temperatures due to its exothermic nature. However, as it 

involves an eight-electron transfer (reducing carbon from +4 in CO₂ to -4 in CH₄), it faces 

significant kinetic barriers under mild conditions [4, 5]. Therefore, an active metal catalyst is 

essential to activate CO₂ and drive the reaction with sufficient rate and selectivity.  

Metal catalysts from groups 8 to 10, such as Ru, Rh, Pd, Ni, Co, and Fe, have been widely 

explored for CO₂ methanation. Among them, Ru supported on metal oxides are commonly 

regarded as the most active and selective catalysts for this reaction [2, 6-8]. The support also 

plays a crucial role in the catalytic performance of Ru catalysts for CO2 methanation, as it not 

only helps control and stabilize the dispersion of Ru nanoparticles but also provides sites for 

CO2 adsorption and activation [7, 9]. Titanium dioxide (TiO2) is widely used as a support for 

Ru-based CO2 methanation catalysts due to its low cost, high stability, and the ability to tune 

the catalytic performance through morphological and electronic perturbations [10-13].  

Metal and metal oxide nanoparticles can be synthesized using a variety of approaches. Wet 

chemical methods, such as chemical reduction, hydrothermal treatment, sol-gel processes, 

colloidal chemistry, and microwave-assisted techniques, are the most widely used [14-17]. 

Similarly, supported metal nanoparticles are commonly prepared via wet chemical routes, e.g., 

impregnation, chemical reduction, deposition-precipitation, and grafting [18-21]. These 

techniques can offer good control over particle size, shape, and chemical composition but 

usually require solvents, ligands, or metal precursors, resulting in considerable liquid waste, 

sometimes containing hazardous by-products. They also involve lengthy batch processes and 

multiple steps, with thermal treatments and activation (i.e. drying, calcination, reduction) 

which are particularly energy demanding. As an alternative, physical methods, such as physical 

vapor deposition, laser ablation, and spark ablation, avoid the use of solvents and chemical 

precursors altogether. While they can also be energy-intensive, they offer cleaner and more 



facile synthesis routes, producing little to no waste and simplifying pre- and post-synthesis 

steps [22-24]. 

In recent years, spark ablation has gained attention as an emerging nanotechnology for 

producing high-purity metals and metal oxides, semiconductor nanoparticles, and 

nanocomposites, owing to its operational simplicity, scalability, and environmental 

friendliness [25-27]. The process involves electrical discharges between two electrodes 

composed of the target material in an inert gas flow, causing rapid vaporization of the electrode 

material. Controlling the concentration of the evaporated material during the initial stage of 

particle formation allows tuning the final product from atomic clusters to nanoparticulate 

agglomerates, enabling good control over nanoparticle sizes [28, 29]. To date, literature has 

primarily reported the well-controlled deposition of spark-generated nanoparticles on flat 

surfaces, such as filter media, membranes, and sensor chips [23, 30, 31]. We have recently 

developed a method for directly depositing metal nanoparticles onto powdery materials by 

coupling a spark nanoparticle generator with a powder aerosol disperser, enabling the 

preparation of Ni catalyst deposited on TiO2 powder [32]. This method is considered a 

compelling alternative to traditional wetness impregnation because spark ablation provides a 

solvent-free and precursor-free synthesis route, thereby eliminating drying and calcination 

steps. Moreover, the rapid nucleation and quenching inherent to spark discharge enable the 

formation of ultrafine metal nanoparticles (with relatively narrow size distribution) that can be 

directly deposited onto the support powder. In the present study, we have extended the 

approach to powdery Ru/TiO2 catalysts and investigated the catalyst properties and catalytic 

performance in CO2 methanation reaction. 

 

2. Results and Discussion 

A Ru/TiO2 catalyst was prepared by depositing spark-ablated Ru nanoparticles onto 

aerosolized TiO2 powder (Scheme 1), without further thermal treatment required. It is denoted 

as “Ru/TiO2-Spark”. For comparison, a Ru/TiO2 with the same Ru loading as Ru/TiO2-Spark 

(0.8wt% measured by ICP-OES, Table 2) was prepared by conventional wetness impregnation, 

followed by calcination in air at 450 °C to remove residual chlorine (denoted “Ru/TiO2-WI”). 



 

Scheme 1 Schematic representation of the setup coupling spark ablation with powder 

aerosolization. 

 

2.1. Characterization of Fresh Catalysts 

Table 1 Textural properties of TiO2 support and Ru/TiO2 catalysts. 

Samples 
BET surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

Pristine TiO2 50.0 0.20 16 

Aerosolized TiO2 50.5 0.21 16 

Ru/TiO2-WI 48.8 0.49 40 

Ru/TiO2-Spark 50.4 0.19 15 

 

The textural properties of the TiO2 support and Ru/TiO2 catalysts were analyzed by N2 

physisorption (Figure 1(a) and (b) and Table 1). All N2 physisorption isotherms correspond to 

type IV with an H3 hysteresis loop, attributed to interparticle voids between aggregates of non-

porous TiO2 crystallites [33, 34]. The pristine TiO2 refers to commercial non-porous P25 TiO2 

powder, which typically has a BET surface area of 50 m2/g and total pore volume of 0.20 cm3/g 

(corresponding to inter-crystallites voids). To determine whether powder aerosolization by the 

4-jet vortex 3D tube, followed by deagglomeration in the venturi tube, could influence the 

textural properties (e.g., if smaller TiO2 particles were preferentially selected during 

aerosolization), commercial P25 TiO2 powder was aerosolized using the powder aerosol 

disperser without spark ablation. The BET surface area, total pore volume, and average pore 

diameter of the aerosolized TiO2 are nearly unchanged after aerosolization and 

deagglomeration. These properties of Ru/TiO2-Spark also remain similar after deposition of 

low-loading Ru onto TiO2 by spark ablation. Given the low Ru loading and the predominantly 

surface deposition of Ru nanoparticles, the aggregate structure of non-porous TiO2 powder is 

preserved, resulting in negligible changes in the textural properties. In contrast, Ru/TiO2-WI 



shows a slight decrease in BET surface area but significant increases in total pore volume and 

average pore diameter. The pore volume of small pores (2-10 nm) decreases, accompanied by 

a considerable increase in the pore volume of larger pores located at ca. 40 nm (Figure 1(b)). 

The impregnation-drying-calcination process may induce changes in interparticle packing or 

aggregation. 

 

 

Figure 1 (a) N2 physisorption isotherms and (b) pore size distribution obtained via the BJH 

method for pristine TiO2, aerosolized TiO2, freshly calcined Ru/TiO2-WI, and as-prepared 

Ru/TiO2-Spark. (c) XRD patterns of pristine TiO2, freshly calcined Ru/TiO2-WI, and as-

prepared Ru/TiO2-Spark. Peaks are assigned to anatase TiO2 (●) and rutile TiO2 (▲). An 

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

 

The XRD patterns of pristine TiO2, freshly calcined Ru/TiO2-WI and as-prepared Ru/TiO2-

Spark catalysts are presented in Figure 1(c). The commercial P25 TiO2 support exhibits 

diffraction peaks corresponding to anatase (2 = 25.4°, 37.0°, 37.8°, 38.6°, 48.1°, 53.9°, and 

55.1°) and rutile (2 = 27.5°, 36.1°, 41.3°, 44.1°, 54.3°, and 56.7°) TiO2 phases, marketed with 

75-85% of anatase and 15-25% of rutile [35]. These diffraction peaks in the XRD patterns of 



both Ru/TiO2 catalysts show no change in intensity, width, or position compared to pristine 

TiO2. This indicates that the crystallinity of P25 TiO2 does not evolve during catalyst 

preparation (either Spark or WI), consistent with the findings of Kim et al. [12], who reported 

no change in P25 crystallinity upon annealing Ru/P25-TiO2 catalyst at 450 C. Furthermore, 

no diffraction peaks corresponding to crystalline RuO2 (2 = 27.7° and 34.9°) are observed in 

the enlarged 27-37° region for either Ru/TiO2 catalyst, likely due to the low Ru loading. The 

absence of these peaks also suggests that the RuO2 crystallites are smaller than 5 nm.  

 

 

Figure 2 (a) HAADF-STEM image of freshly calcined Ru/TiO2-WI. (b) HAADF-STEM-EDS 

elemental (O, Ti, and Ru) mapping data of the selected area (red box) in (a). (c) HAADF-

STEM image of as-prepared Ru/TiO2-Spark. (d) HAADF-STEM-EDS elemental (O, Ti, and 

Ru) mapping data of the selected area (red box) in (d). 

 

The morphology of freshly calcined Ru/TiO2-WI and as-prepared Ru/TiO2-Spark catalysts, as 

well as the dispersion of Ru species on the TiO2 surface, are shown in TEM and HAADF-

STEM images (Figure 2 and Figure S5). In TEM, it is challenging to distinguish RuO2 

nanoparticles in Ru/TiO2-WI due to the weak contrast between RuO2 and TiO2 (Figure S5(a)). 

Additionally, HAADF-STEM-EDS images show that only trace amounts of Ru are detected 

on most TiO2 particles (Figure S5(c)), while some TiO2 particles are covered by a thin RuO2 

layer (Figure 2(b)). This observation is in line with previous reports on the redistribution of 

RuO2 on P25 TiO2 upon thermal treatment [12, 36, 37], in which RuO2 preferentially forms 

epitaxial layers on the surface of rutile TiO2 (20% of the P25 support) due to their lattice-

matched interfacial structure, whereas anatase TiO2 phase (80% of the P25 support) remains 

mostly free of Ru. In contrast, on Ru/TiO2-Spark, agglomerates of ultrafine (~2 nm) Ru 



nanoparticles distributed are clearly visible in TEM and HAADF-STEM images all over the 

TiO2 support (highlighted by white dashed ellipses in Figure S5(b) and Figure 2(c)). This is 

because metal nanoparticles generated via spark ablation of metal electrodes under inert 

conditions are mainly in the metallic state [28, 38] and deposit indistinctly on TiO2 anatase and 

rutile. Since metallic Ru has a higher electron density than RuO2, the contrast between Ru and 

TiO2 is more pronounced than that between RuO2 and TiO2. HAADF-STEM-EDS elemental 

mapping (Figure 2(d)) further confirms the presence of Ru dispersed on the surface of TiO2 

support. 

 

Table 2 Ru loading, Ru dispersion, Ru particle size, CH4 formation rate, and TOF at 200 C 

of Ru/TiO2 catalysts. 

Catalysts 

Ru 

loading 

(wt%)a 

Ru 

dispersion 

(%)b 

Ru particle 

size (nm)b 

CH4 formation rate 

(mmolgRu
−1s−1) 

TOF (s-1)c 

Ru/TiO2-WI 0.84 31.6 4.1 0.18 0.06 

Ru/TiO2-Spark 0.79 19.1 6.8 0.21 0.11 

a Ru loading was determined by ICP-OES. b Ru dispersion was obtained from H2 pulse 

chemisorption measurement, and the corresponding Ru particle size was calculated as 

described elsewhere [37, 39]. c Turnover frequency (TOF) was calculated from the respective 

CH4 formation rate normalized per mole of surface Ru. 



 

Figure 3 (a) H2-TPR profiles of freshly calcined Ru/TiO2-WI and as-prepared Ru/TiO2-Spark 

catalysts. (b) CO2-TPD profiles of Ru/TiO2-WI and Ru/TiO2-Spark catalysts pre-reduced at 

200 °C. (c) XPS spectra of C 1s and Ru 3d regions of freshly calcined Ru/TiO2-WI and as-

prepared Ru/TiO2-Spark catalysts. 

 

H2-TPR provides insights into the reducibility of Ru-based catalysts and the interaction 

between RuO2 and TiO2 (Figure 3(a)). The total H2 consumption (Table 3) of Ru/TiO2-Spark 

(0.052 mmol/gcat) is lower than that of Ru/TiO2-WI (0.083 mmol/gcat). These results could be 

attributed to Ru species in the spark-prepared catalyst already being in the metallic state, even 

if partial surface oxidation of metallic Ru inevitably occurs upon exposure to air during sample 

transfer and storage. Both Ru/TiO2-WI and Ru/TiO2-Spark catalysts exhibit complex reduction 

profiles, likely due to the presence of Ru species with different sizes and different degrees of 

interaction with TiO2 support [12, 40]. The peaks between 100-250 C correspond to the 

reduction of surface RuO2 to metallic Ru, while those between 300-500 C are associated with 

the reduction of interfacial RuOx species interacting with TiO2 support [10, 41]. Within the 

100-250 C, multiple distinct reduction peaks are observed, arising from the distribution of 



different RuO2 particle sizes [40, 41]. When comparing two catalysts, the high-temperature 

peaks (300-500 C) are similar, whereas the low-temperature peaks (100-250 C) are shifted 

to lower temperatures for Ru/TiO2-Spark, indicating enhanced reducibility. 

 

Table 3 H2 consumption from H2-TPR profiles and proportion of metallic Ru and Ru/Ti ratio 

measured by XPS before and after CO2 methanation for Ru/TiO2 catalysts. 

Catalysts 

H2 

consumption 

(mmol/gcat) 

XPS (Fresh) XPS (Spent) 

Ru0/Rutotal Ru/Ti Ru0/Rutotal Ru/Ti 

Ru/TiO2-WI 0.083 0.23 0.02 0.38 0.01 

Ru/TiO2-Spark 0.052 0.34 0.05 0.60 0.03 

 

CO2-TPD experiments were performed to evaluate the surface basicity of Ru/TiO2 catalysts. 

CO2-TPD profiles (Figure 3(b)) of both Ru/TiO2-WI and Ru/TiO2-Spark catalysts display three 

desorption regions at 50-200 C, 200-400 C, and above 400 C, corresponding to weak, 

medium, and strong basic sites, respectively [42, 43]. Their relative intensities and desorption 

temperatures do not differ much, indicating that the surface basicity is not significantly affected 

by these two different preparation methods. 

XPS measurements on freshly calcined Ru/TiO2-WI and as-prepared Ru/TiO2-Spark catalysts 

provide details of their surface composition and the oxidation state of Ru species. 

Deconvolution of the Ru 3d and C 1s spectra identifies three components: metallic Ru⁰, 

oxidized Ru⁴⁺, and the C 1s peak (Figure 3(c)). The Ru 3d envelope contains three doublets: 

an asymmetric feature at 279.5 eV assigned to metallic Ru⁰, and a main doublet at 280.3 eV 

together with a satellite at 282.2 eV, both associated with Ru⁴⁺ species [10, 44]. The Ru0/Rutotal 

and Ru/Ti ratios obtained from XPS are summarized in Table 3. The Ru0/Rutotal ratio is higher 

for the as-prepared Ru/TiO2-Spark than for the freshly calcined Ru/TiO2-WI, indicating a 

greater fraction of surface metallic Ru and consistent with its lower H2 consumption in the H2-

TPR profile. In addition, the as-prepared Ru/TiO2-Spark exhibits higher Ru/Ti ratio than the 

freshly calcined Ru/TiO2-WI, in agreement with TEM and HAADF-STEM observations 

showing that RuO2 accumulates on rutile TiO2 in the latter, while Ru nanoparticles are well-

distributed across TiO2 surface in the former. 

 

 



2.2. Catalytic performance in CO2 methanation 

 

Figure 4 (a) CO2 conversion at 200-300 °C with pre-reduction at 200 °C. (b) Arrhenius plot of 

CH4 formation rate over Ru/TiO2-WI and Ru/TiO2-Spark catalysts. (c) CO2 conversion at 150-

225 °C without pre-reduction. (d) CH4 formation rate at 200 °C for 50 h over Ru/TiO2-Spark 

catalyst with pre-reduction at 200 °C. 

 

CO2 methanation was evaluated between 200 °C and 300 °C to access catalytic activity and 

selectivity. The reaction conditions were selected to ensure that CO2 conversion stayed far 

below the thermodynamic equilibrium limit. Under these conditions, both Ru/TiO2-WI and 

Ru/TiO2-Spark catalysts exhibit complete selectivity toward CH4 across the entire temperature 

range. Their CO2 conversion is comparable between 200 °C and 275 °C, with Ru/TiO2-WI 

being slightly more active at 300 °C (Figure 4(a)). The slightly lower CO2 conversion of 

Ru/TiO2-Spark at 300 °C may be attributed to partial growth of Ru nanoparticles under high 

reaction temperature (vide infra, Section 2.3.). The CH4 formation rate and turnover frequency 

(TOF) at 200°C are summarized in Table 2. Ru/TiO2-Spark achieves CH4 formation rate of 

0.21 mmolgRu
-1s-1 and TOF of 0.11 s-1, both higher than those of Ru/TiO2-WI catalyst (0.18 

mmolgRu
-1s-1 and 0.06 s-1, respectively). The apparent activation energies (Ea), derived from 



the Arrhenius plot (Figure 4(b)), are 53.0 kJ/mol for Ru/TiO2-WI and 48.5 kJ/mol for Ru/TiO2-

Spark, both within the range typically reported for Ru/TiO2 catalysts in CO2 methanation [10-

12, 37, 45]. The similar Ea values suggest that the reaction mechanism in Ru/TiO2-Spark is the 

same as that in Ru/TiO2-WI [11, 12]. Table 4 shows that the spark-made Ru/TiO2 catalyst 

exhibits a comparable or even superior CH4 formation rate compared with reported Ru-based 

CO2 methanation catalysts. Since Ru nanoparticles formed during spark ablation are already in 

the metallic state (even if surface passivation occurs afterwards) and the reactant mixture 

contains H2, the reaction was also conducted without pre-reduction under H2, bypassing the 

activation step often required for conventional methanation catalysts. CO2 methanation activity 

can be observed as low as 150 °C (Figure 4(c)), with Ru/TiO2-Spark showing higher 

conversion at lower temperatures (150-200 °C). Above 200 °C, CO2 conversion of both 

catalysts noticeably increases, reaching comparable levels at 225 °C. The diminished activity 

gap at elevated temperature may be attributed to an increase in the fraction of surface metallic 

Ru in the non-pre-reduced Ru/TiO2-WI catalyst. These results demonstrate that the spark-made 

Ru/TiO2 catalyst is readily active and more efficient for low-temperature CO2 methanation. To 

evaluate the long-term stability of the spark-made Ru/TiO2 catalyst, a 50 h time-on-stream test 

was performed at 200 °C with pre-reduction at 200 °C (Figure 4(d)). The CH4 formation rate 

exhibits only a slight decrease from 0.21 to 0.19 mmolgRu
-1s-1 over 50 h, indicating that the 

Ru/TiO2-Spark catalyst is resistant to sintering or structural changes after extended period 

under the tested low-temperature reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4 Comparison of CH4 formation rates with reported Ru-based CO2 methanation 

catalysts. 

 

 

2.3. Characterization of Spent Catalysts 

 

Figure 5 (a) XRD patterns of spent Ru/TiO2-WI and Ru/TiO2-Spark catalysts. Peaks are 

assigned to TiO2 anatase (●) and TiO2 rutile (▲). An enlarged view of the diffraction region 

from 40-45° is also shown. (b) XPS spectra of C 1s and Ru 3d regions of spent Ru/TiO2-WI 

and Ru/TiO2-Spark catalysts after methanation reaction at 150-225 °C without pre-reduction. 

 

Catalyst Preparation method T (C) 
CH4 formation rate 

(mmolgRu
−1s−1) 

Reference 

0.8%Ru/TiO2-WI Wetness impregnation 200 0.18 This work 

0.8%Ru/TiO2-Spark Spark ablation 200 0.21 This work 

2.4%Ru/TiO2 Wetness impregnation 200 0.11 [12] 

2.2%Ru/TiO2 
Incipient wetness 

impregnation 
210 0.10 [39] 

2.2%Ru/TiO2 Wetness impregnation 200 0.09 [46] 

0.4%Ru/ZrO2-MgO Wetness impregnation 220 0.26 [47] 

2.9%Ru/Ti0.8Mn0.2O2 Wetness impregnation 200 0.25 [48] 

2.3%Ru-0.1%Li+/SiO2 Co-impregnation 200 0.16 [49] 

2.1%Ru/ZrO2 
Incipient wetness 

impregnation 
190 0.14 [50] 

2.3%Ru/γ-Al2O3 
Incipient wetness 

impregnation 
190 0.04 [51] 



After the methanation reaction at 150-225 °C, the spent catalysts were characterized by XRD, 

XPS, and HAADF-STEM. The XRD diffractograms of the spent catalysts (Fig. 5(a)) show that 

the crystallinity of anatase and rutile TiO2 phases remains unchanged. A very small and broad 

peak at 42.1°, attributed to metallic Ru, is discernible in the enlarged 40-45° region, while the 

main Ru peak at 44.0° overlaps with the rutile TiO2 peak, preventing reliable estimation of Ru 

crystallite size by the Scherrer equation. XPS analysis (Figure 5(b) and Table 3) reveals an 

increased proportion of surface metallic Ru, indicating reduction of oxidized Ru into Ru0 

during CO2 hydrogenation. The Ru/Ti ratio slightly decreases for both catalysts, suggesting 

mild agglomeration of Ru nanoparticles. Nevertheless, as in the fresh catalysts, Ru/TiO2-Spark 

retains higher Ru/Ti ratio after the reaction, indicating a greater surface Ru concentration. 

These findings are consistent with HAADF-STEM observations (Figure 6). In the spent 

Ru/TiO2-WI, smaller Ru nanoparticles (~ 2-4 nm) preferentially concentrate around rutile TiO2 

particles due to pre-existing RuO2-rutile TiO2 epitaxial interactions (Figure 6(a)). By contrast, 

larger Ru nanoparticles (~ 2-10 nm) in the spent Ru/TiO2-Spark are well-distributed over both 

anatase and rutile TiO2 particles (Figure 6(b) and Figure S6). Ru dispersion and Ru particle 

sizes were also determined by H2 pulse chemisorption (Table 2). The estimated Ru particle 

sizes in Ru/TiO2-WI (4.1 nm) and Ru/TiO2-Spark (6.8 nm) catalysts are in line with those 

observed from HAADF-STEM images. It is noted that when the Ru/TiO2-Spark catalyst 

underwent methanation reaction at 200-300 °C with pre-reduction at 200 °C, Ru nanoparticles 

larger than 10 nm are observable in HAADF-STEM image (Figure S7), indicating Ru particle 

growth under high reaction temperature. 

 



 

Figure 6 HAADF-STEM-EDS elemental (O, Ti, and Ru) mapping data of the spent (a) 

Ru/TiO2-WI and (b) Ru/TiO2-Spark catalysts after methanation reaction at 150-225 °C without 

pre-reduction. 

 

2.4. Decisive factors dictating the methanation activity 

The Ru/TiO2 catalysts prepared by wetness impregnation and by spark ablation coupled with 

powder aerosolization both exhibit the same 100% selectivity toward CH4 but distinctive level 

of low-temperature CO2 methanation activity. At 200 C, Ru/TiO2-Spark shows higher CH4 

formation rate despite its lower Ru dispersion. When normalized to the number of exposed Ru 

sites, its turnover frequency (TOF) is also higher, indicating that spark-ablated Ru 

nanoparticles deposited on TiO2 provide greater intrinsic activity per active site than Ru 

nanoparticles supported on TiO2 prepared by wetness impregnation.  

Methanation is considered a structure-sensitive reaction. XPS and HAADF-STEM analyses 

reveal distinct structural modifications between Ru/TiO2-WI and Ru/TiO2-Spark during 

catalyst preparation and under methanation conditions (Figure 7). For the catalyst prepared by 

wetness impregnation, calcination in air at 450 °C is necessary to remove residual chlorine. 

This step induces the formation and redistribution of RuO2 nanoparticles, which preferentially 

grow as epitaxial layers around rutile TiO2 due to their lattice matching, leaving anatase TiO2 

largely RuO2-free. Upon CO2 hydrogenation, these RuO2 epitaxial layers are reduced, but Ru 

remains localized as small nanoparticles over rutile TiO2 particles. For the catalyst prepared by 

spark ablation, Ru nanoparticles are generated via spark discharges between Ru electrodes. The 



resulting Ru vapor cloud is rapidly quenched by an inert gas flow and condensed into clusters 

and small nanoparticles through particle-particle collisions and coalescence. The Ru 

nanoparticles stream then encounters the aerosolized TiO2 powder stream in the mixing zone, 

where Ru nanoparticles undergo Brownian motion, collide with TiO2, and adhere via van der 

Waals interactions [38, 52]. This process enables Ru nanoparticles to deposit on both anatase 

and rutile TiO2. Although some agglomeration occurs during CO2 hydrogenation, Ru 

nanoparticles remain well-distributed across TiO2 support. Notably, no epitaxial layer growth 

of Ru over rutile TiO2 is observed in Ru/TiO2-Spark, likely due to the lack of lattice matching 

between metallic Ru and rutile TiO2. This observation aligns with literature reports that RuO2-

rutile TiO2 epitaxial interactions arise specifically during calcination. Indeed, direct reduction 

of Ru/TiO2 without prior calcination suppresses such epitaxial lattice matching [10]. 

Considering these structural modifications, higher TOF of Ru/TiO2-Spark suggests that Ru 

nanoparticles produced by spark ablation possess more intrinsically active surface Ru sites. 

This likely arises from the distribution of Ru nanoparticles across both anatase and rutile TiO2, 

which may create more favorable metal-support interface, compared to Ru/TiO2-WI where Ru 

nanoparticles are predominantly located on rutile phase. 

 

 

Figure 7 Graphical illustration of the evolution of Ru species in (a) Ru/TiO2-WI catalyst after 

wetness impregnation, calcination, and CO2 methanation reaction and (b) Ru/TiO2-Spark 



catalyst after spark ablation coupled with powder aerosolization, metal nanoparticle deposition 

via Brownian motion and van der Waals force, and CO2 methanation reaction. 

 

In several studies, methanation activity has been shown to increase with Ru particle size. For 

instance, Szanyi et al. investigated a series of Ru/Al2O3 catalysts with different subnanometer-

sized metal atoms and clusters, controlled by varying Ru content between 0.1 and 5 wt%. They 

found that larger Ru clusters on 5%Ru/Al2O3 were more active and selective than smaller Ru 

clusters on 0.5%Ru/Al2O3 [53]. Similarly, Panagiotopoulou et al. reported that TOF of CO2 

during CO/CO2 co-methanation was significantly improved with increasing Ru crystallite size 

on Ru/TiO2 from 2.1 nm (0.5 wt% Ru) to 4.5 nm (5 wt% Ru) [54]. The superior methanation 

performance has been attributed to less formation of unreactive COad on low-coordinated Ru 

sites and higher concentration of reactive linear carbonyl species [55, 56]. Further exploration 

of this aspect will be necessary in future studies.  

 

3. Conclusions 

Ru nanoparticles supported on TiO2 were prepared using the spark-ablation nanoparticle 

generator coupled with the powder aerosol disperser. This precursor-free and solvent-free 

approach minimizes waste generation. Moreover, energy-demanding calcination and reduction 

steps are unnecessary, as metallic Ru nanoparticles are readily produced via spark ablation 

under an inert atmosphere. The as-prepared Ru/TiO2-Spark catalyst is readily active in low-

temperature CO2 methanation. It achieves higher CH4 formation rate and TOF compared to the 

catalyst prepared by conventional wetness impregnation, which could be dictated by chemical 

and structural properties. This study provides an insight into distinct structural modifications 

between these two catalysts during catalyst preparation and under methanation conditions. In 

Ru/TiO2-Spark, Ru nanoparticles are well-distributed across both anatase and rutile TiO2. In 

contrast, Ru/TiO2-WI shows preferential deposition of Ru on rutile TiO2, arising from RuO2-

rutile TiO2 epitaxial interactions established during calcination. Overall, spark ablation coupled 

with powder aerosolization offers a sustainable synthesis strategy, with potential to be extended 

to other metals and metal oxide supports for a wide range of catalytic applications. 

 

 

 

 

 



4. Experimental Section 

4.1. Preparation of Catalysts 

Titanium dioxide, P25 TiO2 (Degussa), was used as a support material after being freshly 

calcined in air at 500 C (5 C/min) for 5 h. Ru electrodes (3mm diameter; 99.99% purity) were 

used as a source for generating Ru nanoparticles. The preparation of spark-ablated Ru/TiO2 

catalyst is illustrated in Scheme 1, with detailed descriptions provided in the Supporting 

Information (Figure S1-S4). The TiO2 powder in the reservoir is first dispensed and aerosolized 

using a 4-jet vortex with N2 and then gas-transported through a Venturi nozzle for 

deagglomeration before being injected into the spark ablation generator. Within the generator, 

spark discharges between Ru electrodes produce Ru clusters that aggregate into nanoparticles, 

which are subsequently deposited onto injected TiO2 particles in the mixing zone. The resulting 

Ru/TiO2-Spark catalyst is finally collected on a membrane filter (Durapore®, PVDF with 0.45 

µm pore size). 

For comparison, Ru/TiO2 was prepared by a conventional wetness impregnation. First, 0.042 

g of RuCl3H2O was dissolved in 10 mL of distilled water. After stirring until complete 

dissolution, 1 g of commercial P25 TiO2 was added into the solution and stirred for 16 h at 50 

C. The solution was then dried in a rotavapor at 50 C before calcination in air at 450 C (5 

C/min) for 5 h, yielding Ru/TiO2-WI catalyst. 

 

4.2. Characterization of Catalysts 

Nitrogen physisorption measurements were performed at -196 C using a Micromeritics Tristar 

3000 analyzer to access the textural properties. Prior to analysis, 100 mg of sample was 

degassed under vacuum at 200 °C overnight to remove physisorbed water and volatile 

compounds. The specific surface area was calculated using the Brunauer–Emmett–Teller 

(BET) method within a relative pressure (P/P₀) range of 0.05–0.3. Total pore volume was 

determined from the adsorption data at P/P₀ ≈ 0.98, while the average pore diameter was 

derived using the Barrett–Joyner–Halenda (BJH) method from the adsorption branch of the 

isotherm. 

X-ray diffraction (XRD) analysis was conducted using a Bruker AXS-D8 Advance 

diffractometer equipped with Cu Kα radiation (γ = 1.78 Å), operated at 35 kV and 40 mA. Data 

were collected over a 2 range of 20-60°, with a step size of 0.025° and a step time of 20 

seconds per step. 



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

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

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

electron microscope. VELOX software was used for data acquisition and analysis. 

The ruthenium content in the catalyst was quantified by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) using a Perkin Elmer Avio220 max instrument. Prior to 

analysis, the samples were digested with bleach for 30 min, treated with HCl, and subsequently 

solubilized in HBF4 and HNO3 to ensure complete dissolution of Ru and TiO2. 

H2-temperature programmed reduction (H2-TPR) was performed on a BELCAT II instrument 

(Microtrac). Around 50 mg of the catalyst was first pre-treated in a 50 mL/min argon stream 

at 200 °C to eliminate adsorbed moisture and surface contaminants. After cooling to 100 °C, 

the reduction profile was recorded while heating the sample from 100 °C to 600 °C at a rate 

of 10 °C/min in a flow of 1% H₂ in Ar (50 mL/min). 

CO2-temperature programmed desorption (CO2-TPD) was performed on a BELCAT II 

instrument (Microtrac). Around 80 mg of the catalyst was first purged under Ar (30 mL/min), 

followed by reduction at 200 °C in 5%H2/Ar (30 mL/min) for 1 h. The sample was then purged 

under Ar (30 mL/min) to remove residual H2 and cooled to 50 °C. Subsequently, it was exposed 

to 16.7% CO2/Ar gas stream for 1 h, after which physically adsorbed CO2 was removed by 

purging under Ar (30 mL/min). The desorption profile was recorded by monitoring the MS 

signal (m/z = 44) while heating the sample to 800 °C at a rate of 10 °C/min. 

H2 pulse chemisorption measurement was carried out using a BELCAT II system (Microtrac). 

Approximately 70 mg of catalyst was packed into a quartz reactor and pre-treated at 200 °C for 

2 hours under a 30 mL/min flow of 5% H₂ in Ar. This was followed by an argon purge at the 

same temperature and flow rate for 1 h. After cooling the sample to 100 °C, H₂ was introduced 

in pulses using a 0.989 mL loop until saturation was reached. Ru dispersion was determined 

assuming a H/Ru stoichiometric ratio of 1. 

X-ray photoelectron spectroscopy (XPS) was performed on a Surface Science Instruments SSX 

100/206 system using Al-Kα radiation (10 kV, 20 mA). The C 1s peak at 284.8 eV was used 

for binding energy calibration. Data treatment and peak fitting were carried out using CasaXPS 

software. 

 

 

 



4.3. Catalytic Tests 

Catalytic performance was assessed using a continuous-flow fixed-bed reactor (a 6 mm internal 

diameter Stainless steel tube). Initially, 80 mg of catalyst was pre-reduced at 200 °C under H2 

flow (20 mL/min) for 1 h. Subsequently, a reactant gas mixture consisting of 10% CO2 and 

40% H2 in Ar (total flow rate of 20 mL/min) was introduced. Reaction was carried out at 

atmospheric pressure across a temperature range of 200 °C to 300 °C in 25 °C increments. The 

catalytic test was also performed from 150 °C to 225 °C without pre-reduction At each 

temperature step, steady-state conditions were confirmed by conducting a minimum of four 

gas chromatograph (GC) analyses. Product gases were analyzed with a SCION 456 GC 

equipped with Hayesep Q, Molsieve 5A, Porapak R, and SCION-1 columns, using a TCD for 

CO and CO₂ and an FID for CH₄ detection and quantification. All gas transfer lines were kept 

at 125 °C to avoid condensation of water vapor. The CO2 conversion (XCO2
), CH4 selectivity 

(SCH4
), CH4 formation rate (rCH4

), and turnover frequency (TOF) 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
 (mmolCO2

gRu
−1s−1) =  

FCH4,out

mRu 
      (3) 

TOF (s−1) =  
rCH4× MRu

DRu
      (4) 

where F is the molar flow rate, mRu is the mass of Ru measured by ICP-OES, MRu is the molar 

mass of Ru (101.07 g/mol), and DRu is the Ru dispersion determined by H2 pulse chemisorption. 
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