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Methanation of CO2 and reverse water gas shift reactions on 

Ni/SiO2 catalysts: The influence of particle size on selectivity and 

reaction pathway  
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 c
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Catalytic CO2 hydrogenation has been studied on both 0.5 wt% and 10 wt% Ni/SiO2 catalysts with particular focus on the 

production of CO and CH4. The large difference in Ni particle size between the 0.5 wt% and 10 wt% Ni loadings strongly 

affects the kinetic parameters of CO2 hydrogenation, the formation pathways of CO and CH4, and the reaction selectivity. 

The consecutive and parallel reaction pathways show preferences for small Ni clusters and large Ni particles, respectively. 

At low Ni loading (0.5 wt%), the catalyst shows a comparatively higher catalytic activity for CO2 hydrogenation with high 

CO selectivity. With Ni loading increased to 10 wt% (ca. 9-nm particles), the selectivity is switched to favor CH4 formation. 

A formate species in a monodentate configuration is intricately involved in CO2 hydrogenation on both Ni/SiO2 catalysts, 

regardless of the Ni loading and particle size. The consecutive pathway, which is favored on small Ni particles, is attributed 

to low H2 coverage on the Ni surface, leading to dissociation of formate intermediates resulting in CO formation and high 

CO selectivity. The reaction of CO2 hydrogenation on large Ni particles may be controlled by mixed consecutive and parallel 

pathways, providing the likelihood that the formate intermediate is competitively hydrogenated to CO or CH4 as part of a 

parallel reaction pathway. The sites corresponding to kink, corner or step positions on the Ni/SiO2 surface are proposed as 

the primary active sites for CO2 hydrogenation.

1.Introduction  

Carbon dioxide, which is primarily generated from combustion, 

is the most important and abundant greenhouse gas and is the 

main contributor to the greenhouse effect. The recycling of 

CO2 as a carbon source for catalytic chemical synthesis is one 

of the most promising opportunities for CO2 utilization.1 

Currently, hydrogenation of CO2 is widely used in the 

production of organic compounds, such as formic acid, 

methanol, carbon monoxide, methane, and hydrocarbons.2-30 

However, these processes may involve the co-formation of CO 

and CH4, usually attributed to the first step of CO2 

hydrogenation on solid metal catalysts.31-37 Reports in the 

literature indicate that the heterogeneous hydrogenation of 

CO2 usually results in CO production with high efficiency via 

the reverse water gas shift (RWGS) reaction (H2+CO2→

CO+H2O). The RWGS reaction may be directly or indirectly 

relevant to several industrial catalytic technologies, such as 

methanol synthesis, methane reforming with carbon dioxide, 

ammonia synthesis, the Fischer-Tropsch reaction, and steam 

reforming of hydrocarbons.
38-45

 Alternatively, the methanation 

of CO2 (4H2+CO2→CH4+2H2O), also called the Sabatier reaction, 

has recently attracted significant attention due to interest in 

the development of renewable carbon sources and sustainable 

processes.
22,33-36

 The Sabatier reaction is thermodynamically 

favorable (∆G
o
=-130.8 kJ/mol), but the high kinetic barrier 

associated with the conversion is still problematic for industrial 

applications. Fundamental studies into increasing the activity 

and selectivity of CH4 production have been reported in the 

literature. The factors studied include the role of the support 

and methods for kinetic control of the CO/CH4 selectivity and 

the reaction mechanism.
31-35

 Several transition metals, such as 

Ni, Ru, Rh, Pd, Pt, Cu and bimetallic alloys, have been used as 

active catalysts in CO2 hydrogenation, including both RWGS 

and CO2 methanation reactions.
31-36

 The effects of the partial 

pressure of H2 and metal particle size are frequently discussed 

as factors in the control of CO/CH4 selectivity during CO2 

hydrogenation.
31-33,36

 The CO/CH4 selectivities of reactions 

with Ni, Ru and Pd catalysts have been shown to be sensitive 

to the particle size.
31,32,36

 A high H2 concentration may aid in 

the attainment of high CH4 yields.
33,36

 It is generally thought 

that small particle sizes induce a high rate of CO formation, 

while the selectivity for CH4 is enhanced on large metal 

particles.
31,32

 However, the fundamental reasons that the 

particle size promotes selectivity for CO or CH4 has attracted 

little attention. Nickel is known to be highly active in various 

catalytic hydrogenation processes. Because noble metals are a 

scarce, expensive resource, inexpensive Ni metal is an 
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attractive substitute due to its low price and current 

widespread use. In this paper, SiO2-supported Ni particles of 

different sizes were used to study CO2 hydrogenation. This 

work is devoted to the study of the mechanism, reaction 

pathway and selectivity promoted by different Ni particle sizes. 

In particular, the correlation between reaction pathway and 

selectivity are discussed in depth. 

Results 

3.1 Characterization of Ni/SiO2 catalysts 

Figure 1 shows the XRD patterns of the 0.5 wt% and 10 wt% 

Ni/SiO2 materials. The 10 wt% Ni/SiO2 catalyst showed peaks at 

2θ=44.3°, 51.7°, 76.4°, 92.8° and 98.4° corresponding to the 

(111), (200), (220), (311) and (222) facets, respectively. The 

XRD signals of 0.5 wt% Ni/SiO2 were too weak to discriminate 

from the background. The average particle size of the reduced 

10 wt% Ni/SiO2 samples (~9 nm) was calculated from the 

Ni(111) peak according to the Scherrer equation using the full-

width at half maximum (fwhm) values, as shown in Table S1. 

The Ni surface areas of the Ni/SiO2 catalysts used in the 

experiments were measured via saturated CO chemisorption 

at room temperature, as summarized in Table S1.  

 

Fig.1 XRD spectra of the 0.5 wt% and 10 wt% Ni/SiO2 catalysts. 

HRTEM images of the Ni/SiO2 catalysts are shown in Figure 2. 

For the 0.5 wt% Ni/SiO2, tiny particles, similar to atomically 

dispersed Ni, were observed on the SiO2. This finding provided 

an explanation as to why no detectable XRD patterns could be 

found for the 0.5 wt% Ni/SiO2 material. As the Ni loading 

increased to 10 wt%, large, non-uniform Ni particles were 

observed on the SiO2.   

 

 

 

 

 
(a) 

 

(b) 
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Fig. 2 HRTEM images and EDS spectra of (a) 0.5 wt% Ni/SiO2 and (b) 10 wt% Ni/SiO2. 

The H2-TPR profiles of the samples containing Ni
2+

 

impregnated in SiO2 and calcined at 673 K for 5 h are shown in 

Figure 3. The reduction of the NiO species was observed over a 

wide temperature range (473-813 K). Consistent with previous 

reports, the peak at lower temperature (<673 K) was 

attributed to the reduction of large NiO particles, while the 

peak at higher temperatures is a result of the reduction of 

smaller NiO particles or NiO particles with strong support 

interactions.
46

 However, the reduction pretreatment 

performed at 773 K should fully reduce the Ni particles on the 

SiO2 support.  

 
Fig. 3 H2-TPR profiles of 0.5 wt and 10 wt% Ni/SiO2. 

3.2 Tests of catalytic CO2 hydrogenation on the Ni/SiO2 catalysts 

The major products detected during CO2 hydrogenation were 

CO and CH4. Figure 4 compares the dependence of the specific 

turnover frequency (TOF) on the overall conversion of CO2 

hydrogenation (panel A), production of CO (panel B) and 

production of CH4 (panel C) as a function of temperature for 

both Ni/SiO2 catalysts. The overall activity for CO2 conversion 

and the TOF value for CO formation on the 0.5 wt% Ni/SiO2 

catalyst were much higher than on the 10 wt% Ni/SiO2 catalyst 

at all temperatures. However, the 10 wt% Ni/SiO2 catalyst 

provided better catalytic activity in terms of CH4 formation 

than the 0.5 wt% Ni/SiO2 catalyst. 

 

Fig. 4 Comparison between the CO2 hydrogenation temperature-dependent turnover 

frequencies for the 0.5 wt% and 10 wt% Ni/SiO2 catalysts: (A) overall CO2 conversion; 

(B) CO formation and (C) CH4 formation. The H2/CO2 stream with 1/1 ratio at a total 

flow rate of 100 ml/min passed over 50 mg of catalysts. 

 

The relevant kinetic data for the CO2 hydrogenation on the 
Ni/SiO2 catalysts were further investigated. Arrhenius plots 
provide the apparent activation energies for CO2 
hydrogenation (Figure 5A). The apparent activation energies 
for the overall CO2 reduction between 573 and 673 K on the Ni 
catalysts were estimated from the slopes, giving 57.3 kJ/mol 
for 0.5 wt% Ni/SiO2 and 72.6 kJ/mol for 10 wt% Ni/SiO2. The 
apparent activation energies for CO and CH4 formation 
obtained from the Arrhenius plots in this study are compared 
in Figure S1. The activation energy for CO formation was ∼59 
kJ/mol, regardless of Ni loading. Interestingly, the Ea value of 
CH4 formation was 43.1 kJ/mol for 0.5 wt% Ni/SiO2 and 69.4 
kJ/mol for 10 wt% Ni/SiO2. Figures 5B and 5C show the 
dependence of the intrinsic TOF in CO2 hydrogenation versus 
the partial pressures of CO2 and H2 at 673 K on the 0.5 wt% 
and 10 wt% Ni/SiO2 catalysts. The apparent reaction order for 
CO2 and H2 on the 0.5 wt% Ni/SiO2 catalyst was determined to 
be ~0.5 for CO2 and ~0.3 for H2. This implied a possible 0.5-
order dependence on both H2 pressure and CO2 pressure. 
Interestingly, the rate law of CO2 hydrogenation on the 10 wt% 

Ni/SiO2 catalyst was determined to be
1.106.0

22 HCO
PkPr = , 

displaying a near-first-order dependence on H2 pressure and a 
zero-order dependence on CO2 pressure. 

 

Fig. 5 (A) Arrhenius plots for the TOF of CO2 hydrogenation on Ni/SiO2 catalysts; (B) and 

(C) dependence of the ln(TOF) versus ln(PH2) and ln(PCO2) for the 0.5 wt% and 10 wt% 

Ni/SiO2 catalysts. 

One possible explanation for the significant differences in the 

reaction orders of reactants and activation energies observed 

with the Ni catalysts might revolve around the dramatically 

different Ni particle sizes resulting from the different Ni 

loadings. The large difference in particle size might cause 

fundamental changes in the selectivity and reaction pathway. 

Figure 6 compares the selectivity of products on both Ni/SiO2 

catalysts at 623 K. The total conversions in the CO2 reduction 

reactions, for the purposes of this comparison, were controlled 

at ~10%. The large Ni particles present at 10 wt% loading 

effectively enhanced the CH4 selectivity. 
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Fig. 6 Comparison of the reaction selectivity on 0.5 wt% and 10 wt% Ni/SiO2 catalysts at 

623 K. In this comparison, all CO2 conversions were controlled at ca ~10%. 

Figure 7 shows the CH4 selectivity versus CO2 conversion on 

the reduced Ni/SiO2 catalysts. The conversion of CO2 was 

controlled by varying the flow rate of the reactants (100-300 

mL/min) and the amount of catalyst used in the reactions (3-

20 mg). The selectivity of CH4 decreased with decreasing 

conversion on the 0.5 wt% Ni/SiO2 catalyst, with values 

approaching zero at zero conversion. Interestingly, the CH4 

selectivity at low conversion, when extrapolated to zero 

conversion, was a non-zero value at the increased 10 wt% Ni 

loading. For the 0.5 wt% Ni/SiO2 catalyst, the CH4 selectivity 

approached approximately zero at very low conversion, 

indicative of a typical stepwise reaction in which CO was an 

intermediate in the process of CH4 formation.47 In contrast, 

CH4 formation on the 10 wt% Ni/SiO2 catalyst showed 23% 

selectivity, even as the reaction approached zero conversion, 

suggesting that CO may not function as an intermediate in CH4 

production. The formation of CO and CH4 on the 10 wt% 

Ni/SiO2 catalyst might depend on a parallel reaction pathway 

where formation of CH4 occurs via direct hydrogenation of 

CO2.47 

 

Fig. 7 Comparison of the CH4 selectivity versus reaction conversion on the 0.5 wt% and 

10 wt% Ni/SiO2 catalysts at 623 K.  

3.3 IR spectra of H2 and CO2 co-adsorbed on Ni/SiO2  

  Figure 8 displays the IR spectra of H2 and CO2 co-adsorbed on 

the 10 wt% Ni/SiO2 catalyst at increasing temperatures. All 

experiments were performed by passing a pure CO2 stream (20 

mL/min) over the catalysts for 20 min at 298 K, followed by 

purging with a He stream (20 mL/min). The IR spectra were 

recorded to monitor the adsorbed CO2 on the Ni/SiO2 surface 

under a H2 stream at elevated temperatures. An intense IR 

peak at 2338 cm
-1

 was observed at 298 K. The IR band at 2338 

cm
-1

, which corresponds to adsorbed CO2, rapidly diminished 

with increasing temperature. The peak at 2338 cm
-1

 was 

assigned to the asymmetric stretching (νas) mode of linearly 

adsorbed CO2. The characteristic bands of a formate species 

positioned at 1297, 1625, 2850 and 2956 cm
-1

 were present at 

298 K. The absorption at 1297 and 1625 cm
-1

 can be assigned 

to the νs(OCO) and νas(OCO) modes, respectively.
48-52

 The peak 

at 2850 cm
-1

 is attributed to the ν(CH) of the formate 

species.
48-52

 The band at 2956 cm
-1

 may be associated with a 

combined band representing the coupling of δ(CH) and 

νs(OCO).
52

 When the temperature was elevated to 473 K, the 

appearance of adsorbed CO at ~2059 cm
-1

 was observed, 

accompanying the disappearance of the characteristic formate 

peaks. In general, the three possible configurations for 

adsorbed formate have been reported: monodentate, 

bidentate and bridging.
51

 The frequency difference (Δν) 

between νas(OCO) and νs(OCO) was used to discriminate 

between the configurations. A monodentate configuration 

likely has a Δν value larger than 220 cm
-1

.
51

 The configuration 

can be assigned as either bidentate or bridging when Δν is 

close to, or less than, 220 cm
-1

. This Δν of 328 cm
-1

 suggested 

that the formate intermediate prefers the monodentate 

configuration. The generation of a CO stretch at ~2059 cm
-1

 

may be associated with the disappearance of the 

monodentate formate. Similar results were observed in 

experiments involving the co-adsorption of H2 and CO2 on 0.5 

wt% Ni/SiO2 (Figure S2). The same IR experiment was also 

performed on pure SiO2 (Figure S3), which could see weak CO2 

adsorption but no observable formate species was present as 

H2 and CO2 coadsobed on SiO2.  

 

Fig. 8 IR spectra of H2 and CO2 co-adsorbed on the 10 wt% Ni/SiO2 catalyst at various 

temperatures: (a) a pure CO2 stream (20 mL/min) over the catalysts for 20 min at 298 K, 

followed by purging the CO2 with a He stream (20 mL/min) and  the adsorbed CO2 on 

Ni/SiO2 under a H2 stream at (b) 298 K; (c) 373 K and (d) 473 K.  

3.4 Measurement of temperature-programmed desorption (TPD) 
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Figure 9 compares the TPD profiles of CO2 desorbed from both 

Ni/SiO2 catalysts. CO2 desorbed at ~360 and 400 K from the 0.5 

wt% Ni/SiO2 catalyst. As the Ni loading increased to 10 wt%, a 

new peak that is associated with CO2 desorption appeared at 

475 K, while the low temperature CO2 desorption occurred 

with a similar intensity as found with the 0.5 wt% Ni/SiO2 

catalyst. The H2-TPD results are shown in Figure 10 and reveal 

that H2 desorbed from 10 wt% Ni/SiO2 in the range of 400-540 

K with a center at 445 K. However, the desorption intensity of 

H2 was too weak to detect in the mass spectrometer when the 

same experiment was performed on the 0.5 wt% Ni/SiO2.  

 

Fig. 9 TPD spectra of CO2 desorbed from the 0.5 wt% and 10 wt% Ni/SiO2 catalysts in a 

He stream at a 10 K/min heating rate. CO2 adsorption was performed in a pure 100 

mL/min CO2 stream at atmospheric pressure and 298 K for 40 min. 

 

Fig. 10 TPD spectra of H2 desorbed from the 0.5 wt% and 10 wt% Ni/SiO2 catalysts in a 

He stream at a 10 K/min heating rate. The H2 adsorption was performed in a pure 100 

mL/min H2 stream at atmospheric pressure and 298 K for 40 min. 

As shown in Figure 8, the IR spectra of co-adsorbed CO2 and H2 

on Ni/SiO2 indicated that a formate species in the 

monodentate configuration might be the predominant 

intermediate during CO2 hydrogenation. Thus, we used TPD to 

further investigate the correlation between the formation of 

the products (CO and CH4) and the formate species. The post-

reaction TPD profiles of CO2, CH4 and CO desorbed from the 10 

wt% and 0.5 wt% Ni/SiO2 materials are shown in Figures 11A 

and 11B, respectively. All of the Ni catalysts were treated with 

a mixture of CO2 and H2 for 5 h at 723 K and cooled to room 

temperature under CO2/H2 stream, and then the residual gas 

in the system was purged with a He stream. Simultaneous 

desorption of CO2, CH4 and CO from the 10 wt% Ni/SiO2 at 

~525 K was observed. However, when the experiment was 

performed on the 0.5 wt% Ni/SiO2 catalyst, the major 

desorbed products were CO2 and CO. No detectable CH4 could 

be observed in this course of this experiment with the 0.5 wt% 

Ni/SiO2. The TPD profiles in Figure 11 may correlate to the 

selectivity differences between the two Ni/SiO2 catalysts, 

indicating that the formation of CH4 in CO2 hydrogenation may 

be enhanced by larger Ni particles. No signal of H2 desorbed 

from both Ni/SiO2 catalysts can be observed in Figure 11.  

 

Fig. 11 TPD spectra of CO2, CO and CH4 in a He stream after the H2/CO2 (1/1) mixture 

was exposed to the (A) 10 wt% and (B) 0.5 wt% Ni/SiO2 catalysts at 723 K for 5 h. 

As shown in Figure 11, the temperature of CO2 desorption was 

higher than that of pure CO2 desorbed from Ni/SiO2 (Figure 9), 

implying that CO2 formation results from the dissociation of 

intermediates from the Ni surface. Figure S4 depicts the TPD 

profiles of the materials formed by formic acid (HCOOH) 

adsorption on 10 wt% and 0.5 wt% Ni/SiO2. The profiles show 

that CO2, CO, CH4, H2 and HCOOH were simultaneously 

desorbed at ~510 K. The formation of CO2, CO, CH4 and H2 

likely arise from the decomposition of a formate species 

present because of the adsorption of formic acid. However, 

the relative intensities of CH4 and CO in both the TPD profiles 

showed a ratio of 0.56 for 10 wt% Ni/SiO2 and 0.06 for 0.5 wt% 

Ni/SiO2, implying that the transformation of adsorbed formic 

acid to CH4 is extremely small on the small Ni particles.  

3. Discussion 

The TOF of CO2 hydrogenation on the small Ni clusters on the 

0.5 wt% Ni/SiO2 was much higher than on the 10 wt% Ni/SiO2 

catalysts containing larger (9 nm) Ni particles. Recently, Pt 

catalysts composed of sub-nanosized particles or single atoms 
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showed extremely high activities for toluene oxidation, CO 

oxidation and PROX reactions.
53,54

 The investigation of 

benzene steam reforming on Rh catalysts indicated that small 

Rh clusters caused benzene decomposition on the material 

surface, enhancing the catalytic reactivity.
55

 In all, this 

literature suggests that very small and/or single-atom metal 

catalysts may positively enhance catalytic efficiencies. Our 

previous paper has reported that the sub-nanosized Pt cluster 

can enhance the efficiency of catalytic toluene oxidation.
56

 

The dramatic change in the Ni particle size caused by the Ni 

concentration strongly affects the reaction selectivity of the 

CO2 hydrogenation. Literature reports on the effect of the 

metal particle size with Ni, Ru and Pd catalysts for CO2 

hydrogenation indicate that CO formation was favored on 

small particles and/or single atoms and that large catalyst 

particles led to a significant enhancement of CH4.
31-33

 The 

reaction pathways for the formation of CO and CH4 have been 

studied on different metal catalysts. On Ru/Al2O3 catalysts, the 

RWGS and methanation reactions were assumed to follow 

different routes, regardless of the Ru particle size.
31

 The CO2 

hydrogenation reported on Pd- and Ni-based catalysts is 

proposed to follow a consecutive pathway, where CO is the 

key intermediate in CO2 methanation.
32,33

 The intermediate 

associated with CH4 formation on Pd and Ni is still a subject of 

speculation. One possible suggestion is that the formation of 

CH4 may strongly depend on C-O bond breaking.
57

 The active 

carbon species generated by dissociation of CO were 

hydrogenated stepwise to generate CH4, implicating a CHx 

species as the reaction intermediate.
33

 An alternative 

suggestion postulates that a formyl (HCO) species derived from 

the association of hydrogen and CO is the intermediate in CO 

methanation.  

 In this study, the product selectivity was found to be strongly 

dependent upon the size of the Ni particles. The dependence 

of the product selectivity versus reaction conversion (Figure 7) 

clearly shows that the consecutive and parallel reaction 

pathways may occur on small Ni clusters and large Ni particles, 

respectively. This suggests that different reaction pathways 

may result in selectivity differences and in different kinetic 

parameters for CO2 hydrogenation. The possible reaction 

network of CO2 hydrogenation can be described: 

(1) H2+CO2→CO+H2O 

(2) 3H2+CO→CH4+H2O 

(3) 4H2+CO2→CH4+2H2O 

The dependences of CH4 selectivity and conversion (Figure 7) 
under a kinetic regime were processed to obtain simplified 
equations of the consecutive and parallel reaction pathways 
(Appendix in ESI) that obtained SCH4=k3/(k1+k3) for a parallel 
pathway and SCH4=(k2/k1)XCO2 for a consecutive pathway. The 
XCO2 implies CO2 conversion. According to the equation, 
SCH4=(k2/K1)XCO2, the selectivity of CH4 for XCO2→0 should 

approach zero value, when the reaction follows a consecutive 
pathway. On the other hand, we can obtain the dependence 
between rate constant and both activation energies with 

)/RTEexp(E
k

k
21

1

2
−∞ in the reaction in consecutive pathway 

( CBA
kk
→→ 21 ).

58
 The production of C, the final product, 

would increase with increasing reaction temperature if E1>E2. 
The rate of CH4 formation on 0.5 wt% Ni/SiO2 catalyst 
increased with temperature (Figure 4), and the activity 
energies were obtained to have 58.5 kJ/mol for CO formation 
and 43.1 kJ/mol for CH4 formation (Figure S1). The reaction 
occurred on the 0.5 wt% Ni/SiO2 catalyst can explain 
satisfactorily following the consecutive mechanism. The 
reactions on small Ni clusters may tend to follow the 
consecutive pathway where CH4 formation is mainly derived 
from CO hydrogenation and dependent on H2 and CO2 
concentration to the one-half power. 

On the 10 wt% Ni/SiO2 catalyst, activation energies of CO 

formation was less than that of CH4 formation, suggesting that 

CO2 hydrogenation may be not completely controlled by the 

consecutive pathway. In Figure 7, the selectivity of CH4 

decreased with conversion decreased, but it extrapolated to 

make non-zero selectivity at zero conversion. However, 

SCH4=k3/(k1+k3) has been given for a parallel reaction, implying 

that the selectivity of CH4 should be remain constant, 

regardless of conversion. Therefore, it was suggested that the 

reaction of CO2 hydrogenation on 10 wt% Ni/SiO2 catalyst may 

be dominated by mixed consecutive and parallel pathways.The 

mixed consecutive and parallel pathways on large Ni particles 

led to a reaction rate insensitive to CO2 concentration, with a 

near first-order dependence on H2 pressure. The reaction 

pathways of CO2 hydrogenation on both Ni/SiO2 were 

developed, as shown in Figure 12.   

 

Figure 12 Propose mechanism for CO2 hydrogenation on 

Ni/SiO2. 

The TPD profiles and IR spectra have unambiguously indicated 

that the m-HCOO intermediate is intricately involved in CO2 

hydrogenation over both the 0.5 wt% and 10 wt% Ni/SiO2 

catalysts, following the consecutive and parallel reaction 

pathways, respectively. On the 9-nm Ni particles (10 wt% 

Ni/SiO2), in situ FT-IR studies revealed that the m-HCOO 

intermediate may form from co-adsorbed H2 and CO2 (Figure 

8). The m-HCOO intermediate may directly convert to CO at 

increased temperatures. It was typically difficult to identify the 

formation of CH4 by IR spectroscopy, but the TPD profiles of 

the 10 wt% Ni/SiO2 catalysts post-reaction provided several 

clues regarding the particular formate intermediate associated 
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with CH4 formation. The TPD results for the dissociation of 

residual species from the surfaces of large Ni particles 

detected simultaneous desorption of CH4 and CO at 525 K 

(Figure 11), implying that CO and CH4 are generated from the 

decomposition of residual species. The residual species on Ni 

surface was reasonably deduced to be the m-HCOO 

intermediate, based on assignment of the IR spectra. Thus, it is 

likely that CH4 formation resulting from CO2 hydrogenation is 

closely related to the m-HCOO intermediate. In fact, the TPD 

spectra of formic acid desorbed from the 10 wt% Ni/SiO2 

catalyst (Figure S4) also exhibited evidence for the direct 

conversion of adsorbed formic acid to CO and CH4 at the same 

temperature. Thus, the parallel reactions at work in CO2 

hydrogenation on large Ni particles might involve the initial 

formation of the m-HCOO intermediate and subsequent 

competitively hydrogenation to CO or CH4.  

When the Ni loading was decreased to 0.5 wt%, CO2 

hydrogenation on the small Ni particles was attributed a 

consecutive reaction pathway where CO was the major 

intermediate in CH4 formation. The IR spectra of H2 and CO2 

co-adsorbed on the 0.5 wt% Ni/SiO2 catalyst at different 

temperatures presented similar results to the those recorded 

in the experiments on the 10 wt% Ni/SiO2 catalyst, indicating 

the formation of a m-HCOO species that was converted to CO. 

This result suggested that the m-HCOO species might be the 

key intermediate for CO2 hydrogenation on small Ni particles. 

Interestingly, this consecutive pathway was closely related to 

the results of the TPD experiments on the post-hydrogenation 

materials, i.e., no CH4 was observed from formate 

decomposition. A similar phenomenon, which was in 

agreement with the TPD spectra of formic acid on the 0.5 wt% 

Ni/SiO2 catalyst, was the weak intensity of the CH4 desorption 

peak. However, no obvious evidence for carbon deposition 

was observed on the 0.5 wt% and 10 wt% Ni/SiO2 catalysts in 

our experiments. The carbon balance was higher than 95% of 

the carbon input. No Raman signals indicative of carbon 

deposition were found on the Ni/SiO2 catalysts after 

undergoing long-term tests at 673 K for 48 h. This result 

suggested that the CH4 formation did not follow a mechanism 

involving CO dissociation to a carbon species, followed by 

hydrogenation to CH4.  

The experimental results in this study indicate that the 

formation of a m-HCOO intermediate in an essential step in 

the co-adsorption of H2 and CO2 on both the 0.5 wt% or 10 

wt% Ni/SiO2 surfaces. The m-HCOO intermediate may be 

converted into CO via a dissociation process or be directly 

hydrogenated to CH4 on the 10 wt% Ni/SiO2 catalyst. Notably, 

the decomposition of the m-HCOO intermediate to CO might 

be the major reaction pathway on the 0.5 wt% Ni/SiO2 

catalyst. This would allow for only a small likelihood of direct 

hydrogenation of a m-HCOO intermediate to CH4 on the small 

Ni particles. The difference between the reaction pathways on 

the two Ni/SiO2 catalysts is likely dependent on the large 

difference between the Ni surface areas. Comparing the 

intrinsic reaction rate for CO2 hydrogenation on the Ni/SiO2 

catalysts, the turnover rate of CO formation is always 

significantly higher for CH4 formation. The TPD of formic acid 

from the 0.5 wt% and 10 wt% Ni/SiO2 surfaces indicated the 

possibility that the amount of CH4 generated from the formate 

species was much lower than the CO formed. Therefore, the 

reaction of the m-HCOO intermediate on both Ni/SiO2 

catalysts prefers the formation of CO through a dissociation 

process rather than hydrogenation to CH4.  

The 10 wt% Ni/SiO2 catalyst featured more active sites for CO2 

adsorption than the 0.5 wt% Ni/SiO2 material, as confirmed by 

the CO2-TPD profiles in Figure 9, where the ratio of the 

intensities of CO2 desorption from 0.5 wt% to 10 wt% was 

~0.37. It was noteworthy that the 0.5 wt% Ni/SiO2 likely 

contained minimal H2 adsorbed on the Ni surface, leading to 

the nearly unobservable desorption band in Figure 10. The 

reaction rate for the hydrogenation of the m-HCOO 

intermediate to CH4 likely depends on the H2 coverage of the 

Ni surface. The m-HCOO intermediate adsorbed on a small Ni 

particle may tend toward rapid formation of CO due to low H2 

surface coverage, showing a preference for the consecutive 

pathway and selectivity for CO formation. The 10 wt% Ni/SiO2 

material may provide stronger H2 adsorption, leading to 

enhancements in H2 coverage and in the likelihood of 

hydrogenation of the m-HCOO intermediate to CH4. Such 

reasoning offers a justification for the possibility for the 

parallel pathway on large Ni particles.  

We used CO as a probe molecule to identify the active phase 

on the reduced Ni/SiO2 catalysts due to its characteristic 

vibrational signal, which can provide information related to the 

surface sites of an adsorbed species and the chemical 

environment of a Ni surface through vibrational spectroscopy. 

Figure S5 compares the IR spectra of CO adsorbed on the 0.5 

wt% and 10 wt% Ni/SiO2 catalysts at room temperature. The IR 

bands at frequencies greater than 2000 cm
-1

 were assigned to 

the adsorption of linear CO on the Ni surfaces. Monitoring the 

CO adsorbed on the 0.5 wt% or 10 wt% Ni/SiO2 catalysts 

revealed broadened IR bands primarily centered at ~2060 cm
-

1
. The vibrational spectra of CO adsorbed on Ni(111) and 

Ni(100) surfaces have been reported in the literature, showing 

the occurrence of the stretching vibration of terminally 

bonded CO on low-index Ni surfaces in the range of 2017-2024 

cm
-1

.
59-63

 The vibrational frequency might be expected at 

higher wavenumbers (~2057 cm
-1

) on rough Ni-surfaces 

because of the numerous step-sites.
64

 However, the 

observation of a vibrational frequency for linear CO adsorbed 

on Ni/SiO2 is normally thought to fall in the range of 2040-

2070 cm
-1

.
65,66

 In this study, the band at 2060 cm
-1

 was 

assigned to CO preferentially bound to low coordinate Ni 

atoms located at kink, corner or step positions.
66,67

 The IR 

peaks of CO observed after H2 and CO2 co-adsorption on the 

10 wt% and 0.5 wt% Ni/SiO2 catalysts at 473 K were also 

observed at ~2060 cm
-1

 (Figures 8 and S1). Thus, it is 

reasonable that the adsorbed CO IR peak at 2060 cm
-1

 may 

directly result from the hydrogenation of CO2 adsorbed on low 

coordinate Ni sites. These results implied that the metals 

situated at kink, corner or step positions were the primary 

active sites for CO2 hydrogenation.  
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4. Experimental 

4.1 Catalyst preparation  

The Ni/SiO2 catalysts were prepared by impregnating 1 g 

samples of SiO2 (Sigma-Aldrich, 300 m
2
/g) with 20 mL of 

8.5×10
-2

 M and 4.3×10
-3

 M aqueous Ni(NO3)2 to prepare 10 

wt% and 0.5 wt% Ni catalysts, respectively. All of the Ni 

catalysts were calcined in air and reduced under H2 at 773 K 

for 5 h before use.  

4.2 Measurement of the FT-IR spectra  

The in situ DRIFT analyses of materials after H2 and CO2 co-

adsorption were performed using a Nicolet 5700 FTIR 

spectrometer equipped with a mercury cadmium telluride 

(MCT) detector with a 1 cm−1
 resolution for 256 scans. The 

DRIFT cell (Harrick) was equipped with ZnSe windows and a 

heating cartridge that allowed for heating of the sample to 773 

K. The IR spectra of the Ni/SiO2 catalysts after H2 and CO2 

adsorption were obtained after passing CO2 through the 

Ni/SiO2 samples for 30 min at room temperature. Residual 

gaseous CO2 was purged for 60 min using a He stream, 

followed by a H2 stream for reaction with the Ni/SiO2 samples 

containing adsorbed CO2. The IR spectra were recorded in a H2 

stream at elevated temperature. The IR spectra of the Ni/SiO2 

catalysts with adsorbed CO were obtained by passing a stream 

of CO through the Ni/SiO2 samples for 30 min at room 

temperature. The residual gaseous CO was purged for 60 min 

using a He stream. 

4.3 Measurement of the nickel surface area 

The Ni surface areas of the Ni/SiO2 catalysts were measured 

via saturated CO chemisorption at room temperature in a glass 

vacuum system. The gas pressure is measured by a Granville 

Phillips 375 Convectron Vacuum Gauge. All Ni catalysts were 

calcined in air and reduced under H2 at 773 K for 5 h prior to 

CO chemisorption. The Ni sample disk was composed of 0.2 g 

of catalyst pressed at 260 atm, which was repeatedly reduced 

in 760 Torr of H2 at 773 K for 2 h and evacuated at 773 K and 

4×10
-5

 Torr in the glass vacuum system for 30 min. The catalyst 

was treated with 20 Torr of CO at room temperature for 10 

min to ensure uptake saturation. The surface area of the Ni 

catalyst was calculated assuming a CO/Ni stoichiometric ratio 

of 1. The average surface density of the Ni metal was 

1.54×10
19

 Ni atoms/m
2
.  

4.4 X-Ray diffraction (XRD) measurements 

The XRD measurements for all of the Ni/SiO2 samples were 

performed at the high-energy beamline 01C2 at the National 

Synchrotron Radiation Research Center (NSRRC), Hsinchu. The 

beamline was operated at 25 keV, and the XRD spectra were 

recorded at a wavelength of λ = 0.1549 nm. The samples were 

loaded into a capillary cell that could be heated to 773 K under 

a flow of H2 gas while the XRD patterns were recorded. 

4.5 Catalytic CO2 hydrogenation tests 

All CO2 hydrogenation reactions were performed in a fixed-bed 

reactor (0.95 cm inner diameter) at atmospheric pressure. A 

thermocouple connected to a PID temperature controller was 

placed on top of the catalyst bed. Catalyst samples (50 mg) 

were used in all of the CO2 hydrogenation reactions, which 

were conducted by treating the catalyst with a stream of 

H2/CO2. The conversion rate of the reaction was maintained at 

less than 10% to ensure that the conditions were similar to 

differential conditions. All products were analyzed via gas 

chromatography (GC) through a 12-ft Porapak-Q column. The 

gas chromatograph was equipped with a thermal conductivity 

detector (TCD). The turnover frequency (TOF) was calculated 

using the following formula: TOF=[conversion×CO2 flow rate 

(mL/s)×6.02 ×10
23

 (molecules/mol)]/[24400 (mL/mol)×Ni 

sites]. Carbon balance data were measured from the peak 

areas corresponding to CH4 and CO in the chromatograms 

throughout the experiment over the temperature range, which 

were good at approximately 95-100%.  

4.6 Temperature-programmed desorption (TPD) 

 The H2- and CO2-TPD experiments were performed using a 

100 mL/min stream of He at atmospheric pressure in a fixed-

bed flow system. The H2 and CO2 streams (100 mL/min) were 

fed over the catalysts for 1 h at room temperature to achieve 

saturation. The temperature was increased from 300 to 800 K 

at a rate of 10 K/min over the course of the TPD process. The 

signals corresponding to H2 (m/z 2 amu) and CO2 (m/z 44 amu) 

were measured with a VG Smart IQ+ 200D mass spectrometer. 

The temperature was measured with a K-type thermocouple 

inserted into the catalyst bed, and the desorbed products were 

carried to the vacuum chamber through a leak valve using He 

as the carrier gas. The operating pressure in the chamber was 

approximately 3×10
-7

 mbar, and the base pressure in the 

chamber was approximately 5×10
-10

 mbar. Formic acid was 

added to all of the catalysts by injection with a 10-μL Hamilton 

7001 syringe through a port located upstream of the quartz 

reactor. The injection port, similar to that used in gas 

chromatography, was heated to 373 K to prevent the 

condensation of liquid. 

4.7 Transmission electron microscopy (TEM)  

High-resolution TEM analyses were performed on a JeJEOL-

JEM3000F instrument located at the High Valued Instrument 

Center of the National Tsing Hua University, Taiwan. The 

instrument was operated at 300 keV. After the pre-treatment 

of the catalyst samples, they were dispersed in methanol and 

ultrasonically mixed at room temperature. A portion of this 

solution was dropped onto a Cu grid for TEM imaging. 

4.8 H2 temperature-programmed reduction (H2-TPR)  

H2-TPR of the catalysts was performed at atmospheric 

pressure in a conventional flow system. The Ni/SiO2 catalyst 

was placed in a tube reactor and heated at a rate of 10 K/min 

in a 10% H2/N2 mixed gas stream flowing at 30 mL/min. The 

TCD current was 80 mA and the detector temperature was 373 

K. A cold trap containing a gel formed by the addition of liquid 

nitrogen to isopropanol in a thermos flask was used to prevent 

water from entering the TCD. 

5. Conclusion 

In this paper, the kinetic parameters, reaction pathways, 

reaction intermediates and selectivity for catalytic CO2 
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hydrogenation were investigated on Ni/SiO2 catalysts with 

dramatically different Ni loadings. We have clearly shown that 

CO2 hydrogenation proceeds via different reaction pathways 

depending on the Ni particle size. The m-HCOO intermediate is 

intricately involved in CO2 hydrogenation with both Ni/SiO2 

catalysts, regardless of the Ni loading and particle size. At low 

Ni loading (0.5 wt%), the catalyst provided higher catalytic 

activity for CO2 hydrogenation than the 10 wt% Ni/SiO2 

catalyst. CO2 hydrogenation likely follows a consecutive 

pathway on the 0.5 wt% Ni/SiO2 catalyst, forming CO and CH4. 

However, the low H2 coverage on small Ni particles leads to 

the quick formation of CO from the m-HCOO intermediate. 

This process led to high selectivity for CO formation on the 0.5 

wt% Ni/SiO2 catalyst. When the Ni loading was increased to 10 

wt% (ca. 9-nm particles), the selectivity switched to favor CH4 

formation, and the reaction proceeds through the mixed 

consecutive and parallel pathways. The parallel reaction 

pathway may involve competitive dissociation to CO or 

hydrogenation to CH4 of the m-HCOO intermediate. The 10 

wt% Ni/SiO2 material has more active sites for H2 adsorption 

than the 0.5 wt% Ni/SiO2 catalyst, resulting in higher H2 

coverage on the Ni surface, further enabling the parallel 

pathway. The sites corresponding to kink, corner or step 

positions are proposed as the primary active sites for CO2 

hydrogenation on both Ni/SiO2 catalysts. 
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