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Abstract 

  CO2 methanation is effectively catalyzed by Ni-based catalysts, and reactivity can be 

further tuned by the addition of promoters. Deciphering the relationship between the 

promoter in Ni-based catalysts and the corresponding catalytic performance in CO2 

methanation mechanism is of great meaning for the development of highly active 

catalysts. Herein, a series of model bimetallic catalysts were prepared by sol-gel 

chemistry to address this fundamental challenge. Compared to Ni/SiO2 catalyst, the 

Mn-doped and Co-doped catalysts showed a higher methanation activity, with the 

former showing better performance below 250 °C and the latter showing better 

performance over 300 °C. On the contrary, the Cu-promoted catalyst showed a lower 

CO2 conversion with a lower CH4 selectivity in the whole temperature range. A 

comprehensive characterization study (TEM, XRD, XPS, H2-TPR, CO2-TPD, in situ 

DRIFTS, and TPSR analyses) suggests that the effect of promoters is not directly 

related to improvement of dispersion, reducibility, or basicity. Instead, we show that 

the promoters orient the reaction mechanism and favor the conversion of key 

intermediates. Mn addition has the highest promoting effect on the hydrogenation of 

formaldehyde intermediate (*OCH2) to methoxy intermediate (*OCH3), i.e. the rate 

determining step of the “RWGS+CO hydrogenation” pathway which is shown to 

predominate at low reaction temperature. Co addition facilitates the formation of 

formate species, i.e. the rate determining step of the formate pathway which is also 

active at high reaction temperature. Cu addition has a negative effect on the rate 

determining step of those two pathways, resulting a lower performance of Ni-Cu/SiO2. 
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1. Introduction 

  Anthropogenic CO2 emissions, provoked by the massive combustion of fossil fuels, 

are the cause of major climatic and environmental issues we are facing today. CO2 

capture and storage (CCS) and CO2 capture and utilization (CCU) have been 

extensively studied and proposed as relevant mitigation technologies.[1-3] Generally, 

CO2 can be catalytically converted into fuels or commodity chemicals (such as carbon 

monoxide, methane, methanol, formic acid, ethanol, etc.).[4-9] Among them, CH4 is a 

promising target as it is in great demand and amenable to cost-effective utilization via 

existing distribution and combustion systems.[10] Importantly, the hydrogen used for 

the CO2 methanation must be “green”, i.e. supplied from the water electrolysis (fed 

with renewable electricity) or photocatalysis, which provides a way to store the surplus 

of intermittent renewable energy.[11, 12]  

  As a highly exothermic reaction, CO2 methanation reaction (CO2 + 4H2 → CH4 + 

2H2O, ΔH298K = -165 kJ mol−1) is favored at low temperature. Furthermore, at high 

temperature, CO can be produced as a byproduct and catalyst deactivation process is 

accelerated.[6] On the contrary, this process is kinetically limited due to the high 

stability of CO2 and the substantial energy demand to transform C4+ of CO2 to C4− of 

CH4.[13] Therefore, the major goal in this filed is developing high activity catalysts 

that allow operating the reaction at a relatively low temperature, while maintaining high 

CH4 selectivity and stability. 

  Supported Ni-based catalysts are the most promising candidate for the CO2 

methanation reaction due to their high CH4 selectivity and low cost.[14] However, the 

activity of Ni-based catalysts at low temperature is lower than that of some noble metal 

counterparts. To improve catalytic activity, various promoters have been investigated. 

Reports from the literature are somewhat controversial, showing that promoters can 

have various effects: alter the dispersion of the active component (Ni nanoparticles), 

modify the ability to be reduced during pretreatment, enhance the surface basicity, and 

possibly modify the reaction pathways.[15-18] Wu et al. reported that Mn-doped 

Ni/Al2O3-ZrO2 catalysts exhibited the best catalytic activity in comparison to other 

additives (Fe, Co, Cr).[19] On the contrary, Xu et al. found that the Co-doped catalysts 

https://doi.org/10.26434/chemrxiv-2023-dswr8 ORCID: https://orcid.org/0000-0001-6500-2996 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-dswr8
https://orcid.org/0000-0001-6500-2996
https://creativecommons.org/licenses/by-nc-nd/4.0/


exhibited much higher activity than the Mn-, Fe-, and Cu-doped catalysts in the 

Ni/Ce0.8Zr0.2O2 system.[20] These contrasting observations may result from the use of 

different “non-innocent” supports. To decipher the actual effect of the metal dopant on 

Ni-based methanation catalyst, it appears relevant to focus on an inert support. 

  Herein, a series of Ni-M/SiO2 (M = Mn, Co, Cu) bimetallic catalysts was prepared 

by adapting an ethylene glycol-assisted sol-gel method that was recently shown to lead 

to finely dispersed Ni metal nanoparticles embedded in a mesoporous silica matrix.[21] 

Doping with Cu was found counter-productive, with a marked activity drop for Ni-

Cu/SiO2 compared to pristine Ni/SiO2. On the contrary, we found that Mn and Co 

addition improved the CO2 methanation activity of the Ni/SiO2 catalyst. On the one 

hand, the Mn-doped catalyst shows high activity at relatively low temperature (below 

250 °C). Co addition, on the other hand, particularly improved the CO2 methanation 

activity at relatively high temperature (over 300 °C). Using a combination of 

characterization techniques, we elucidate the doping effect on (i) the catalyst properties 

and (ii) on the CO2 methanation mechanism. 

 

2. Experimental section 

 

2.1. Catalyst preparation. 

The bimetallic Ni-M/SiO2 (M = Mn, Co, and Cu) and a monometallic Ni/SiO2 were 

both prepared by a sol-gel method (Scheme 1). Typically, anhydrous ethanol (EtOH), 

distilled H2O, and HNO3 were added to tetraethyl orthosilicate (TEOS) at a molar ratio 

of 3:1.8:0.03:1 and stirred for 1 h to obtain a clear SiO2 sol. The required amount of 

Ni(NO3)2·6H2O and transition metals (Mn, Co, and Cu) nitrates were dissolved in into 

ethylene glycol (EG) and methanol (VEG:Vmethanol = 3:2), and the solution was 

maintained at 2 M of metal salts (Ni + dopant). The solution was then added to the SiO2 

sol and stirred for another 1 h. The obtained slurry was aged at 30 °C for 12 h and dried 

at 120 °C for another 12 h to form a gel. The dried gel was calcined in air at 300 °C 

(1 °C/min) for 2 h, and then at 500 °C (1 °C/min) for an additional 2 h. The mass 

fraction of nickel loading was fixed at 20% for all the catalysts and the theoretical mass 

ratio for Ni/M (M = Mn, Co, and Cu) was fixed at 4. The calcined sample were denoted 
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as “Ni-M/SiO2”. The calcined catalyst was reduced in situ in the reactor under a H2/He 

flow (see below), and the corresponding samples were denoted “Ni-M/SiO2-r”. 

2.2. Characterization.  

N2 adsorption-desorption analyses were carried out on a Tristar 3000 (Micromeritics, 

USA) instrument. The sample was degassed at 250 °C for 3 h to remove physically 

adsorbed water and impurities on the surface before the measurement. The total pore 

volume (Vp) was calculated from the amount of nitrogen absorbed at a P/P0 of 0.98 and 

the pore size distribution of each catalyst was drawn from the desorption branch of the 

isotherm using the Barrett-Joyner-Halenda (BJH) method. 

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

(Germany) diffractometer using the Co Kα (γ = 1.78 Å) radiation at 35 kV and 40 mA. 

H2 chemisorption at 30 °C was used to measure the Ni dispersion using the ASAP 

2010C apparatus from Micrometrics. The catalyst (200 mg) was loaded into a Pyrex 

tube, and subsequently degassed at room temperature in He for 30 min. After 

evacuation, the sample was reduced in pure H2 at 500 °C for 2 h (same as in situ 

reduction for methanation, see Section 2.3) followed by purging with He for 1 h and 

adsorption of H2. Two isotherms were measured in the range of 0.13–60 kPa. The first 

accounts for reversible physisorption and irreversible chemisorption. The sample was 

evacuated at 30 °C to desorb reversibly adsorbed H2. The second isotherm was then 

measured, accounting only for the reversibly adsorbed H2. The subtraction of the linear 

part of the two isotherms gave the total amount of irreversibly chemisorbed H2. The 

amount of surface Ni atoms was calculated from the amount of chemisorbed H2 and the 

Ni loading, assuming that the chemisorption stoichiometry is H:Ni = 1 and neglecting 

any contribution of the dopant. 

Transmission electron microscopy (TEM) was performed using JEOL-2100 Plus 

(LaB6) equipped with an Oxford EDX detector. 

X-ray photoelectron spectroscopy (XPS) experiments were carried out using an SSX 

100/206 spectrometer (Surface Science Instruments, USA) with Al Kα radiation 

operated at 10 kV and 20 mA. The binding energy scale was calibrated on the Si 2p 

peak, fixed at 103.5 eV.[22] 
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H2-temperature programmed reduction (H2-TPR) and CO2 temperature-programmed 

desorption (CO2-TPD) measurements were performed on a Hiden Autochem II 2920 

instrument with an on-line QIC20 mass spectrometer (MS). For the H2-TPR, the sample 

(50 mg) was pretreated in a high purity Ar flow (20 mL/min) at 350 °C for 0.5 h to 

remove water and other contaminants. Then the sample was cooled down to 30 °C , and 

a 5% H2/Ar flow (20 mL/min) was introduced into the system. The MS signal and 

sample temperature were recorded while the temperature was increased to 900 °C at a 

heating rate of 10 °C/min. For the CO2-TPD, 50 mg sample was reduced in-situ at 

500 °C for 2 h in a 5% H2/Ar flow (20 mL/min). After reduction, the sample was purged 

in an Ar flow (20 mL/min) for 1 h. Then the sample was cooled down to 50 °C, and a 

15% CO2/Ar flow (20 mL/min) was admitted for 1 h. The system was then purged by 

an Ar flow (20 mL/min) for 1 h at 50 °C. Finally, the catalyst was heated up to 900 °C 

at a rate of 10 °C /min in the same Ar flow. 

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

methanation was carried out on a Nicolet 6700 spectrometer. For each DRIFTS 

measurement, the catalyst was mixed with KBr (1:5 mass ratio) and 0.03 g of this mix 

was loaded into the chamber and in-situ reduced at 500 °C for 1 h by a 50% H2/50% 

He (20 mL min-1). Then, the gas was changed to He to flush the sample for 30 min at 

500 °C to remove residual H2. Afterwards, the temperature was decreased to 30 °C and 

then the background was recorded. Subsequently, a CO2/H2/He mixture gas (6.7% 

CO2/26.8% H2/66.5% He at a flow 15 mL min-1) was introduced and the temperature 

was increased in a step mode from 100 to 400 °C with an increment of 50 °C, while the 

spectra were collected at each temperature when reaching a steady state. 

Temperature programmed surface reaction of CO2 and H2 (CO2+H2 TPSR) and CO 

and H2 (CO+H2 TPSR) experiments were performed on a Hiden Autochem II 2920 

instrument with an on-line QIC20 mass spectrometer (MS). 50 mg of catalyst was 

reduced in-situ at 500 °C for 2 h under a 5% H2/Ar flow (20 mL/min) and then was 

purged in an Ar flow (20 mL/min) for 1 h. After cooling down to 50 °C under Ar (20 

ml/min), a 20 mL/min flow of 15% CO2/Ar or 20% CO/Ar was introduced to the reactor 

for 1 h and purged by Ar gas for 30 min. The TPSR profiles were recorded from 50 °C 
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to 650 °C with a 5 °C/min heating rate when 5 mL/min of 5% H2/Ar was flowed into 

the reactor. The signal of CH4, CO and CO2 was examined by MS with the m/z of 15, 

28 and 44. For the formaldehyde-temperature programmed surface reaction (HCHO-

TPSR) test, 50 mg of reduced catalyst was placed into the reactor and then the reactor 

was immersed in a HCHO solution (Sigma-Aldrich, 37 wt. % in H2O, containing 10-

15% methanol as stabilizer) for 1 h. After installing the reactor, 20 mL/min of Ar was 

introduced to the reactor for 30 min. The TPSR profiles were recorded from 30 °C to 

250 °C with a 5 °C/min heating rate when 5 mL/min of 5% H2/Ar was flowed into the 

reactor. The signal of HCHO and methanol was examined by MS with the m/z of 29 

and 31. 

 

2.3. CO2 methanation.  

Catalytic performance was measured in a continuous flow gas-phase microreactor, 

at atmospheric pressure, as described before.[21] 50 mg of catalyst was placed in the 

reactor and reduced in situ at 500 °C for 2 h in a 50% H2/50% He flow (40 mL/min) 

and then cooled down to 200 °C. Then, a mixture of 10% CO2 and 40% H2 balanced 

with He was introduced to the reactor. The total gas flow rate was 20 mL/min. The 

catalytic tests were carried out in step mode between 200 °C and 400 °C. Each 

temperature was maintained for 88 min, allowing for 4 GC analyses. The gas exiting 

the reactor was analyzed on a gas chromatograph (Varian CP3800), equipped with 

Hayesep Q, Molsieve 5A, and CP-Sil-5CB columns. The separated gases were analyzed 

with a flame ionization detector (CH4) and a thermal conductivity detector (CO and 

CO2). All transfer lines were maintained at 125 °C to avoid water condensation. 

Conversion (XCO2) and selectivity (SCH4) were calculated according to the following 

equations: 

XCO2 =  
F𝐶𝑂2,𝑖𝑛 − F𝐶𝑂2,𝑜𝑢𝑡

F𝐶𝑂2,𝑖𝑛
 

SCH4 =  
F𝐶𝐻4,𝑜𝑢𝑡

F𝐶𝑂2,𝑖𝑛 − F𝐶𝑂2,𝑜𝑢𝑡
 

https://doi.org/10.26434/chemrxiv-2023-dswr8 ORCID: https://orcid.org/0000-0001-6500-2996 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-dswr8
https://orcid.org/0000-0001-6500-2996
https://creativecommons.org/licenses/by-nc-nd/4.0/


where F is the molar flow rate (after correcting for the volume variations due to the 

reaction). 

 

3. Results and discussion. 

 

3.1. Catalytic performance.  

The CO2 methanation performance of Ni/SiO2 and bimetallic Ni-M/SiO2 catalysts 

was evaluated in the 200-400 °C temperature range, with a GHSV of 24000 mL g-1 h-1. 

CO2 conversion and CH4 selectivity are shown in Fig. 1. In terms of CH4 selectivity, 

Ni/SiO2-r catalyst is over 90% at the reaction temperature at 250 °C and higher. Mn 

and Co addition have no obvious influence on the CH4 selectivity, but Cu addition leads 

to more CO generated over Ni-Cu/SiO2-r catalyst via the reverse water gas shift 

(RWGS) reaction (CO2 + H2 → CO + H2O), resulting in CH4 selectivity lower than 90% 

in the whole temperature range. Both Mn and Co addition improved the CO2 conversion 

(and methane yield) in the whole temperature range. Notably, Mn addition had a more 

pronounced effect at low temperature (≤ 250 °C), while Co addition had a more 

pronounced effect at high temperature (≥ 300 °C). On the contrary, Cu addition 

consistently has a negative effect on the catalytic activity. 

 

Fig. 1. CO2 methanation performance in terms of CO2 conversion and  

CH4 selectivity as a function of temperature. 

 

3.2. Catalyst characterization.  

The catalyst morphology and nanostructure were explored by TEM, and high-

resolution TEM (HRTEM). As shown in Fig. 2a-d, uniformly dispersed particles could 
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be observed for all reduced catalysts. The average particle size of Ni/SiO2-r, Ni-

Mn/SiO2-r, Ni-Co/SiO2-r, and Ni-Cu/SiO2-r is 3.3, 4.7, 3.8 and 3.5 nm, respectively 

(listed in Table 1). The clear lattice fringe distances observed on Ni/SiO2-r is 0.203 nm, 

corresponding to the Ni (111) plane.[6] On Ni-Mn/SiO2-r and Ni-Cu/SiO2-r, the Ni 

(111) plane could also be confirmed. On the contrary, on Ni-Co/SiO2-r, the interplanar 

spacing is 0.216 nm, which is assigned to the NiCo (1-11) plane and indicates the 

formation of NiCo alloy.[23] Furthermore, Mn3O4 (312) plane over Ni-Mn/SiO2-r, CoO 

(200) plane over Ni-Co/SiO2-r and Cu (111) plane over Ni-Cu/SiO2-r are confirmed by 

the observation of 0.174 nm, 0.236 nm, and 0.218 nm lattice fringe distances, 

respectively.[24-26] 

 

Fig. 2. TEM images of reduced (a, e) Ni/SiO2-r, (b, f) Ni-Mn/SiO2-r, 

(c, g) Ni-Co/SiO2-r, and (d, h) Ni-Cu/SiO2-r catalysts. 

 

The catalysts textural properties were measured by N2 physisorption. As shown in 

Fig. S1, the catalysts all exhibited type IV adsorption isotherms with a H1-type 

hysteresis loop, which is characteristic of mesoporous materials[27]. Their average 

pore diameter is always in the same range of 2.1-2.4 nm (Table 1). Specific surface area 

and total pore volume are similar for all samples, reaching as high as 510-570 m²/g and 

0.15-0.19 cm³/g respectively.  
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Table. 1. Physical Properties of the prepared catalysts. 

Sample 
SBET 

(m2/g) 

Vp 

(cm3/g) 

Dp 

(nm) 

Ni contenta 

(%) 

Dopant contenta 

(%) 

Ni particle sizeb 

(nm) 

Dispersionc 

(%) 

Ni/SiO2-r 510 0.15 2.1 18.9 - 3.3 15.8 

Ni-Mn/SiO2-r 539 0.19 2.4 18.3 5.1 4.7 12.4 

Ni-Co/SiO2-r 564 0.16 2.2 18.2 4.7 3.8 13.4 

Ni-Cu/SiO2-r 566 0.14 2.2 18.7 4.6 3.5 14.1 

a Determined by ICP-AES measurement. 

b Obtained from the TEM results. 

c Determined by H2 chemisorption. 

The catalyst crystalline structure was determined by XRD (Fig. 3). All samples 

exhibited a broad diffraction signal centered at 2θ ~23°, which is ascribed to the 

amorphous silica matrix.[28] For the calcined samples, two weak and broad diffraction 

peaks at 37.1° and 43.2° can be assigned to the (111) and (200) planes of NiO.[6] After 

being reduced under H2, no obvious diffraction peaks are detected in the reduced 

samples, suggesting that the expectedly formed Ni particles are small. Consistently, a 

high Ni dispersion value (15.8%) was determined by H2 chemisorption measurement 

for Ni/SiO2. For metal-doped catalysts, the dispersion remained in the same range, yet 

slightly lower (listed in Table 1), which points to slightly larger particles. 

 

Fig. 3. XRD patterns of the calcined and reduced catalysts. 

 

The reduction behavior of calcined catalysts was investigated using H2-TPR 

measurements (Fig. 4a). Two H2 consumption peaks centered at 373 °C and 565 °C 
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were fitted for Ni/SiO2 catalysts, which correspond to the reduction of Ni2+ to metallic 

Ni0, with the contribution at higher temperature associated to NiO particles in stronger 

interaction with the SiO2 matrix. Mn, Co, or Cu addition was found to facilitate the 

reduction of Ni species as the corresponding reduction peaks shifted to lower 

temperatures compared to pristine Ni/SiO2 catalysts. Additional peaks are observed at 

740 °C for Ni-Co/SiO2 and at 257 °C for Ni-Cu/SiO2, assigned to the reduction of cobalt 

oxide and copper oxide, respectively.[29-31] A distinct reduction of Mn oxide was not 

observed (possibly overlapped with the reduction of Ni oxide). 

 

Fig. 4. (a) H2-TPR profiles of the calcined catalysts; (b) CO2-TPD profiles of the 

reduced catalysts. 

 

The chemical state and surface compositions of the reduced catalysts were 

determined by XPS. As shown in the high-resolution Ni 2p3/2 spectra (Fig. 5a), the peak 

at 852.6 eV observed on all reduced catalysts confirms the presence of metallic Ni.[32] 

Furthermore, the peak at 855.7 eV with a broad satellite at 861.7 eV is associated to the 

presence of NiO, which can be explained by the re-oxidation of the surface of small Ni 

nanoparticles surface, in ambient air.[33] The chemical state of the promoters (Mn, Co, 

and Cu) was also analyzed (Fig. 5b). The spectrum of Mn 2p3/2 in Ni-Mn/SiO2-r can be 

deconvoluted into three peaks with binding energies of 644.7 eV, 641.3 eV, and 639.8 

eV attributed to Mn4+, Mn3+ and Mn2+, respectively.[34, 35] In the high-resolution 

spectrum of Co 2p3/2 of Ni-Co/SiO2-r, the peak at 782.1 eV accompanied by a broad 

satellite peak at 786.8 eV are attributed to surface Co2+ species, and the weak shoulder 
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peak at around 776.9 eV can be linked to the presence of Co0 species.[36] Thus, while 

showing somewhat more reduced Mn 2p3/2 and Co 2p3/2 peaks than in the calcined 

catalysts (Ni-Mn/SiO2 and Ni-Co/SiO2, see Fig. S2), the reduced catalysts still show a 

majority of oxidized doping agents (Mn4+ and Mn3+ on the one hand and Co2+ on the 

other hand). This is consistent with the absence of a distinct reduction peak in H2-TPR. 

On the contrary, the Cu 2p3/2 spectrum from Ni-Cu/SiO2-r shows only one peak 

attributed to Cu0 species, at around 933.0 eV.[37] Thus, the partly oxidized Cu found 

in Ni-Cu/SiO2 (Fig. S2) is fully converted to metallic Cu upon reduction, which is 

consistent with the obvious additional reduction peak for the Ni-Cu/SiO2 catalyst in H2-

TPR. 

 

Fig. 5. XPS spectra of (a) Ni 2p3/2, (b) Mn 2p3/2, Co 2p3/2, and Cu 2p3/2  

over the different reduced catalysts. 

 

CO2-TPD experiments were performed to characterize the surface basicity (Fig. 4b). 

CO2 desorption events – characterized by their intensity and temperature – can reveal 

the amount and strength of different CO2 adsorption sites. The peak appearing at around 

100 °C is attributed to physisorbed CO2.[38, 39] Furthermore, three distinct desorption 

events can be observed at higher temperature (ca. 150 °C, ca. 205 °C, and over 550 °C), 

corresponding to three kinds of adsorbed CO2 species over the weak, medium and 

strong basic site, which exist in the form of bicarbonate, monodentate carbonate and 

bidentate carbonate species.[6] A series of works indicated that the catalytic activity 

can be promoted by increasing the number of weak and medium basic sites but is not 
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correlated with the strong basic sites (which are thought to suppress further 

hydrogenation).[40, 41] The amount of CO2 adsorption at weak and medium basic sites 

is listed in Table 2. It can be seen that Ni-Cu/SiO2-r possesses higher weak and medium 

basicity than Ni/SiO2-r, while Ni-Mn/SiO2-r and Ni-Co/SiO2-r possess much lower 

weak and medium basicity than Ni/SiO2-r. 

Table 2. The CO2-TPD analyses of the reduced catalysts. 

 Weak basicity Medium basicity 

Ni/SiO2-r 3.29 0.55 

Ni-Mn/SiO2-r 0.45 0.35 

Ni-Co/SiO2-r 1.45 0.54 

Ni-Cu/SiO2-r 5.97 0.82 

 

  Dispersion, reducibility, and basicity are the key factors usually proposed to govern 

catalytic performance.[42] Herein, the addition of Cu (compared with pristine Ni/SiO2) 

was shown to lead to (i) similar dispersion (H2 chemisorption) , (ii) increased 

reducibility (H2-TPR), and (iii) increased basicity (CO2-TPD). All three factors should 

be favorable, and should point to even or higher catalytic performance. Yet, Ni-Cu/SiO2 

exhibited the lowest activity. The addition of Mn and Co resulted in similar dispersion 

and increased reducibility (compared with pristine Ni/SiO2) but decreased basicity. 

These last effects could have been expected to detrimental to catalytic performance. 

However, a higher catalytic performance was obtained for the Ni-Mn/SiO2 and Ni-

Co/SiO2. Overall, in this catalyst system, there must be another factor playing a key 

role on the methanation activity. To understand this apparent discrepancy, we propose 

to investigate the mechanism of the CO2 methanation reaction, as it occurs on the 

various catalysts.  

 

3.3. Investigation of the CO2 Methanation Mechanism by In Situ DRIFTS and 

TPSR Experiments.  

In general, the possible CO2 methanation reaction pathways can be divided into three 

categories: the formate pathway, the RWGS+CO-hydrogenation pathway and the direct 

C−O bond cleavage pathway.[42] In this study, in-situ DRIFTS and TPSR experiments 

were carried out in a reacting mixture of CO2/H2, in an attempt to identify the surface 
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species that form during reaction and thereby enhance our understanding of the possible 

CO2 methanation pathways over the studied catalysts. 

  Fig. 6 shows the DRIFT spectra recorded in CO2 methanation conditions over the 

four catalysts, from 100 °C to 400 °C. For Ni/SiO2-r (Fig. 6a), two main species are 

visible at 100 °C, namely carbonate and carbonyl species. In detail, monodentate 

carbonate (1512 cm-1), bidentate carbonate (1462 cm-1) and bicarbonate (1388 cm-1) 

can be observed.[43] The presence of these carbonates as the CO2-derived surface 

species is consistent with CO2-TPD results. As the temperature increases, the bands of 

those carbonate species become less intense, and the peak attributed to bicarbonate 

disappears totally at 250 °C. Meanwhile, the vibration modes of monodentate formates 

(1330 cm-1) and bidentate formates (1369 cm-1)[6] appear with high intensity at 150 °C 

and 250 °C respectively. It has been reported that monodentate formates and bidentate 

formates can be derived from the hydrogenation of monodentate carbonates and 

bidentate carbonates.[41] In addition to carbonate and formate species, the bands for 2-

fold carbonyl species (1947 cm-1) and 3-fold carbonyl species (1833 cm-1)[6] can be 

clearly seen from 100 °C. These carbonyl species adsorbed on Ni sites are thought to 

originate from the dissociative adsorption of CO2.[44] It seems possible that the 

adsorbed carbonyl species can further react with the adsorbed H atoms on Ni sites to 

produce formyl (*HCO) species, as indicated by the band at 1747 cm-1[45], and the 

formyl species can be subsequently hydrogenated towards CH4. Furthermore, 

formaldehyde species (1123 cm-1) and methoxy species (1044 cm-1) also appear as 

intermediate.[45, 46] 
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Fig. 6. CO2 methanation DRIFTS experiments on Ni/SiO2-r, Ni-Mn/SiO2-r, Ni-

Co/SiO2-r, and Ni-Cu/SiO2-r catalysts. 

 

  For bimetallic Ni-M/SiO2-r catalysts (Fig. 6b-6d), carbonate and carbonyl species 

can be observed with higher intensity (Ni-Mn/SiO2-r, Ni-Co/SiO2-r) or lower intensity 

(Ni-Cu/SiO2-r) as compared to those over Ni/SiO2-r. Furthermore, the peak intensity of 

formate species (ca. 1312 cm-1 and 1355 cm-1) and formaldehyde species (ca. 1123 cm-

1) shows clear difference for those four catalysts. Specifically, the peak intensity of the 

formate intermediate increases following the sequence of Ni-Cu/SiO2-r < Ni/SiO2-r < 

Ni-Mn/SiO2-r < Ni-Co/SiO2-r (Fig. 7a), while the peak intensity of formaldehyde 

intermediate increases following the sequence of Ni-Mn/SiO2-r < Ni-Co/SiO2-r < 

Ni/SiO2-r < Ni-Cu/SiO2-r (Fig. 7b). 

 

Fig. 7. Comparison of peak intensity of (a) formate intermediate and (b) 

formaldehyde intermediate. 
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As shown in our previous work[21], monodentate carbonate species can be 

hydrogenated to CH4 via the formate pathway, in which the formate formation is the 

rate determining step. Carbonyl species derived from the dissociation of CO2 on the 

catalyst surface is hydrogenated to CH4 via the RWGS+CO hydrogenation pathway, in 

which the rate determining step is the formation of methoxy from formaldehyde.[21] 

In this context, DRIFTS results suggest that the formation of formate could be 

facilitated by Mn and Co addition, as indicated by the higher peak intensity of formate 

over Ni-Co/SiO2-r and Ni-Mn/SiO2-r compared with Ni/SiO2-r (Ni-Co/SiO2-r > Ni-

Mn/SiO2-r > Ni/SiO2-r). That is, Mn and Co addition could enhance the formate 

pathway, and Co addition exhibits a more positive effect on this pathway. 

Mn and Co addition appear to facilitate the formation of methoxy from formaldehyde 

as suggested by the lower peak intensity of formaldehyde over Ni-Mn/SiO2-r and Ni-

Co/SiO2-r compared with Ni/SiO2-r (Ni-Mn/SiO2-r < Ni-Co/SiO2-r < Ni/SiO2-r). 

Correspondingly, Mn and Co addition enhance the RWGS+CO hydrogenation pathway, 

with the former showing stronger enhancement effect. To confirm the effect of dopants 

on the transformation of formaldehyde, we performed HCHO-TPSR experiments. In 

Fig. 8a, the curve of m/z = 29 represents the desorption of formaldehyde, and the curve 

of m/z = 31 represents the desorption of methanol (methanol is present as stabilizer in 

the HCHO solution). Each of these curves only have one desorption peak. The curve of 

m/z = 15, however, shows two distinct desorption peaks. m/z = 15 could represent both 

methanol and methane. Considering the same trend between the first peak of the m/z = 

15 curve and the m/z = 31 curve (methanol), the first peak of the m/z = 15 curve is 

attributed to the desorption of methanol. Thus, the formation of CH4 is revealed by the 

second peak of the m/z = 15 curve. Similar curves are observed for the three bimetallic 

catalysts (Fig. S3), and the curves of m/z = 15 of the four catalysts are shown in Fig. 

8b. The Ni/SiO2-r, Ni-Mn/SiO2-r, Ni-Co/SiO2-r, and Ni-Cu/SiO2-r catalysts exhibit 

CH4 formation breakthroughs at 167 °C, 160 °C, 162 °C, and 181 °C respectively and 

reach maximum at 206 °C, 197 °C, 201 °C, and 240 °C respectively. The breakthrough 

and maximum of CH4 production at lower temperatures demonstrate that Ni-Mn/SiO2-
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r and Ni-Co/SiO2-r are intrinsically more active than Ni/SiO2-r for the hydrogenation 

of formaldehyde to CH4, and Mn addition show a better effect than Co addition. On the 

contrary, Cu addition appears to inhibit the hydrogenation of formaldehyde to CH4. 

 

Fig. 8. (a) The curves of m/z = 15, 29, and 31 in HCHO-TPSR over Ni/SiO2-r. (b) 

The curve of m/z = 15 in HCHO-TPSR over the reduced catalysts. 

 

The rate determine step of RWGS+CO hydrogenation pathway has a lower energy 

barrier compared with that of formate pathway.[21] The stronger promotion effect of 

Mn on the hydrogenation of formaldehyde to CH4 (the rate determine step of 

RWGS+CO hydrogenation pathway) is revealed by the highest activity of Ni-Mn/SiO2-

r at low temperature (≤ 250 °C). When the reaction temperature is higher than 300 °C, 

Ni-Co/SiO2-r catalyst has the highest activity because Co promotes the formation of 

formate species (the rate determine step of formate pathway) to the utmost extent. On 

the contrary, Cu addition inhibits the formation of formate and the transformation of 

formaldehyde to methoxy, and thus the performance of Ni-Cu/SiO2-r catalyst decreases 

compared to Ni/SiO2-r catalyst. 

  CO2+H2 TPSR tests were also carried out to explore how CO2 molecules 

dynamically interact with the catalysts surface during CH4 production. Specifically, 

CO2 was firstly adsorbed and then maintained under a H2 atmosphere while increasing 

the temperature. As shown in Fig. 9, the total amount of CH4 formed over the prepared 

catalysts decreases in the order of Ni-Cu/SiO2-r > Ni /SiO2-r > Ni-Co/SiO2-r > Ni-

Mn/SiO2-r, which is consistent with the amount of adsorbed CO2 measured in CO2-
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TPD experiments (i.e. with total basicity). After deconvoluting the profiles, three CH4 

formation peaks can be identified for all the prepared catalysts. Based on a previous 

mechanistic study[21], we propose to assign peaks α, β, and γ (see Fig. 9) to the CH4 

formed via the RWGS+CO hydrogenation pathway, formate pathway, and C-O 

cleavage pathway, respectively. For Ni-Mn/SiO2, the α peak shifts to lower temperature, 

indicating again that Mn addition facilitates the CH4 formation via the RWGS+CO 

hydrogenation pathway. For Ni-Co/SiO2, the α peak is unaffected but the β peak shifts 

to lower temperature, suggesting that Co addition facilitates the CH4 formation via the 

formate pathway. On the contrary, both the α and the β peaks shift to higher 

temperatures for Ni-Cu/SiO2, indicating the Cu addition inhibits the CH4 formation via 

the RWGS+CO hydrogenation and formate pathway. 

 

Fig. 9. TPSR over reduced catalysts. 

 

  Based on the results of in-situ DRIFTS and TPSR, the promotion effect of Mn and 

Co addition can be visualized. RWGS+CO hydrogenation pathway is dominant at low 

temperature. Mn addition facilitates the RWGS+CO hydrogenation pathway to the 

greatest extent, which leads to the highest activity of Ni-Mn/SiO2 at lower temperature. 

The formate pathway can proceed in parallel but is more important at higher 

temperature. Co addition has the highest promotion effect on the formate pathway, 

which leads to the highest activity of Ni-Co/SiO2 at higher temperature. 

 

4. Conclusion 
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  In summary, a series of bimetallic Ni-M/SiO2 mesoporous catalysts (M = Mn, Co, 

and Cu) were synthesized by sol-gel method and used for the CO2 methanation reaction. 

Ni-Mn/SiO2 and Ni-Co/SiO2 shows higher activity, while Ni-Cu/SiO2 shows lower 

activity than the pristine, unpromoted, Ni/SiO2-r catalyst. The effect of doping on 

dispersion, reducibility and basicity do not seem to explain the activity trends. Instead, 

doping appears to affect the methanation mechanism, and this is shown to play the most 

critical role to determining the catalytic performance. Both the RWGS+CO 

hydrogenation pathway and the formate pathway are identified as active CO2 

methanation mechanisms, with the former being dominant at lower temperature (below 

250 °C). Cu addition inhibits those two pathways and results in a lower catalytic activity 

of Ni-Cu/SiO2 compared with Ni/SiO2. RWGS+CO hydrogenation pathway was 

promoted to the greatest extent by the Mn addition, and formate pathway could be 

enhanced to the greatest extent by the Co addition. Correspondingly, Ni-Mn/SiO2 and 

Ni-Co/SiO2 shows the highest performance at lower and higher temperature, 

respectively. 
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