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ABSTRACT: CO2 methanation is a promising carbon-neutral process to produce synthetic 

natural gas. Ni is a cost-effective catalyst, but needs improved selectivity to compete with noble 

metal catalysts. Herein, MgO-promoted Ni/SiO2 is investigated as model system and compared to 

unpromoted Ni/SiO2. The catalysts are characterized with chemisorption, transmission electron 

microscopy and in situ quick X-ray absorption spectroscopy. After reduction, MgO partly covers 

metallic Ni forming an MgO/Ni interface, which proves to be critical to the reaction through metal 

oxide-metal interaction. Combining kinetic and in situ diffuse reflectance infrared Fourier 

transform spectroscopy, formyl group hydrogenation was found to be the rate determining step for 

both catalysts. The enhanced CH4 selectivity after MgO addition is attributed to facilitated 

conversion of the key intermediates - formyl groups - due to a lower energy barrier. This work 

provides unambiguous experimental proof for the role of the MgO/Ni interface in the reactivity 

for CO2 methanation. 
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1. INTRODUCTION 

Methanation is a promising technology to catalytically convert CO2 into CH4, ideally utilizing 

renewable H2[1, 2]. The product, synthetic natural gas, can not only be injected directly into the 

gas grid, but also reduces the exploitation and usage of untapped crude fossil fuels. On the other 

hand, the intermittency of renewable energy makes it hard to directly charge solar or wind power 

electricity into electric grids, while H2 produced from electrolysis is too costly to store and 

transport. However, converting green H2 into CH4 through methanation can be applied as an 

efficient energy storage method[3-5]. In order to achieve this power conversion, understanding the 

methanation process is of the essence. Moreover, together with the reverse water gas shift reaction 

(RWGS), it constitutes an important element in many other CO2 conversion routes. 

The heart of a catalytic process is an efficient catalyst. So far, catalytic research on CO2 

methanation has focused on the use of Ni[6-9], Ru[10, 11], Rh[12, 13], Pd[14, 15] and Co[16, 17] 

as active metal. Among these, noble metals exhibit extraordinary CO2 activation ability at low 

temperature. On the other hand, to reduce the usage of noble metals and the associated cost, 

transition metal Ni with moderate performance, but much lower price is a viable option[18]. 

However, for industrial application, it is necessary to develop a Ni-based catalyst with high CO2 

conversion and CH4 selectivity.  

Methanation performance is not only influenced by the active metal, but also the support, promoter 

and preparation conditions are important to obtain a catalyst that demonstrates high selectivity and 

activity[19-22]. Typical supports for methanation catalysts are metal oxides with high surface area, 

e.g. Al2O3[23], SiO2[24], CeO2[25, 26] or TiO2[27]. These supports also influence the activity of 

the catalytic metals mentioned above, indicating that they are often not inert and their interaction 
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with the catalyst nanoparticles gives rise to new phenomena at the interface such as metal-support 

interaction (MSI)[19, 28]. Typical MSI phenomena relate to the interfacial perimeter, nanoparticle 

morphology, charge transfer, chemical composition and encapsulation, also termed strong metal-

support interaction[12, 26, 29]. A promoter added to the support or as a decoration over catalytic 

nanoparticles can further create new specific interfacial active sites or adjust the electronic state of 

the active element[30]. Either way, the type of support or presence of a promoter can critically 

alter the catalytic performance and reaction mechanism through mediation of the interface, hence, 

in order to optimize performance, strategies for controlling this type of interactions are desirable.  

Among possible Ni promoters, MgO has shown importance in different kinds of reaction, like 

reforming and methanation[31, 32]. The basicity of MgO is suitable for CO2 activation, as it shows 

a good adsorption ability for CO2[33]. In addition, due to the same face-centered cubic crystal 

structure and almost identical atomic size (Ni2+: 69 pm; Mg2+: 72 pm), MgO and NiO interact 

easily with each other, yielding e.g. small promoted Ni particles, even Ni single atoms, or solid 

solutions[34, 35]. 

While MgO has already been utilized to enhance the performance of Ni-based catalysts, the 

structure of these promoted catalysts as well as the exact reaction mechanism are not well resolved, 

even though these are critical to describe the promotion effect. Possible reaction pathways for 

methanation are shown in Scheme 1, which are classified according to whether CO serve as a 

intermediate[4, 36]. For indirect pathway, CO* is first produced through RWGS. Afterwards, CO* 

either desorb forming CO(g) or further hydrogenate proceed three different routes, *COH, HCO* 

or C*, leading to the formation of CH4. For direct pathway, methanation starts through H-assist 

transformation, producing HCOO* without going through CO*.  
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In a theoretical investigation, the H mediated pathway via HCOO* was found to be the primary 

route on Ni(111)/MgO(110). MgO contributes to the removal of OH* and H2O formation[37]. 

However, in several other density functional theory (DFT) calculations[38, 39], as well as through 

ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) investigations[6], CO formation 

via CO2 direct dissociation, followed by carbon hydrogenation, is validated to be energetically 

favorable on Ni(111). 

 

Scheme 1. Possible reaction pathways for CO2 hydrogenation. Black: indirect pathway; Blue: 

direct pathway. 

In non-model systems, the reaction mechanism is a matter of debate, especially when promoters 

are included. Park et al.[40] ascribed the promotion effect of MgO to the formation of MgOCO2. 

Several reports proposed similar viewpoints on Ni-based catalysts, in that MgO enhances the 

adsorption capacity of CO2 and its subsequent conversion[33]. On the other hand, more research 

concluded that the rate determining step is the conversion of key intermediates like CO* or 

HCOO*, other than CO2 adsorption. For instance, Hongmanorom and co-workers[41] found that 

base sites resulting from MgO addition promote the formation of monodentate formate, which is 
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more active for conversion towards CH4 than bidentate formate. In other work, the CO adsorption 

strength is considered as the main descriptor, when H2 assisted CO dissociation is claimed as the 

rate determining step[42, 43]. 

As demonstrated by the abovementioned literature, the promotion of Ni methanation catalysts by 

MgO holds promise, yet lacks knowledge regarding the interaction between MgO and Ni. To 

advance the understanding of how MgO affects the performance of Ni during CO2 methanation, a 

set of MgO/Ni/SiO2 catalysts with 15wt.% Ni loading and varying MgO promotion (0-3wt.%) has 

been studied. SiO2, which has little interaction with Ni and MgO, is selected as support in order to 

focus on Ni itself and the Ni-MgO interaction. Controlled catalytic performance and kinetic 

parameter tests provide insight into the reaction network. By combining kinetic testing with in situ 

steady-state and transient measurements, the effect of MgO is determined at a mechanistic level. 

The reaction tests are combined with chemisorption characterization, scanning transmission 

electron microscopy (STEM), in situ quick X-ray absorption spectroscopy (QXAS), as well as in 

situ transient diffuse reflectance infrared Fourier Transform spectroscopy (DRIFTS), to identify 

the structure and surface of the catalyst under realistic conditions.  

 

2. EXPERIMENTAL 

2.1 Catalyst Synthesis 

Ni supported on SiO2 with varying Ni loadings was prepared by incipient wetness impregnation 

to obtain different particle sizes. Typically, a proper amount of Ni(NO3)2∙6H2O (99.999%, Sigma-

Aldrich) was dissolved in deionized water. The solution was added dropwise to amorphous SiO2 
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(99.5%, Sigma-Aldrich). Afterwards, the sample was dried at 120 °C overnight, ground and 

calcined at 600 °C for 2 h. The catalysts are labeled as xNiSi (x=0.5, 2, 5, 15) where x stands for 

the weight percentage of Ni (metal base, e.g. 15NiSi stands for 15 wt.% Ni supported on SiO2). 

MgO-added samples were prepared by sequential incipient wetness impregnation for one Ni 

loading. First, one batch of 15NiSi was prepared using the method mentioned above. Then, a 

proper amount of Mg(NO3)2∙6H2O (Sigma-Aldrich, ≥ 99.0%) dissolved in deionized water was 

added dropwisely. The samples were dried at 120 °C overnight, ground and calcined at 600 °C for 

2 h. These catalysts are labeled as xMg15NiSi (x=0, 0.1, 0.3, 0.5, 1, 1.5, 3) where x stands for the 

weight percentage of Mg (metal base). For comparison, 1 wt.% Mg supported on SiO2 without Ni, 

labeled as 1Mg0NiSi, was also prepared by the same method. The state after synthesis is denoted 

“as-prepared”. 

2.2 Catalyst Characterization 

N2 physisorption-desorption experiments were carried out in a Micromeritics Tristar 3000 analyzer 

at -196 °C. The specific surface area (SSA) of the samples was calculated by means of the 

Brunauer−Emmett−Teller (BET) method. 

Powder X-ray diffraction (XRD) analyses were performed on reduced samples using a Siemens 

Diffractometer Kristalloflex D5000 (Cu Kα radiation, λ = 0.154 nm). The crystallite size of Ni was 

calculated by means of the Scherrer equation. 

Temperature programmed experiments, comprising H2 reduction (H2-TPR), H2 chemisorption, CO 

dissociation (TP-CO dissociation), C hydrogenation (C-TPH), were conducted in a Micromeritics 

AutoChem II chemisorption analyzer. Typically, 100 mg of sample was used for one test.  
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For H2-TPR, the sample was pretreated in Ar (60 mL/min) at 600 °C for 30 min and cooled down 

to 50 °C. Then, the sample was heated to 600 °C with a rate of 10 °C/min, maintaining that 

temperature for 30 min, then resuming heating up to 900 °C with the same rate and again 

maintaining for 30 min in 5 vol.% H2/Ar (60 mL/min). The reduction degree was calculated as in 

equation (1).  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑔𝑟𝑒𝑒 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻2 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐻2 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
× 100% (1) 

For H2 chemisorption, the sample was first reduced at 600 °C for 30 min in 5 vol.% H2/Ar (60 

mL/min). Then, the gas was switched to pure Ar (60 mL/min) purging for 30 min in order to 

remove adsorbed H2. After cooling down to 50 °C, 5 vol.% H2/Ar was pulsed over the catalyst 

until the peak area detected at the outlet became constant. The surface area of metallic Ni was then 

calculated under the assumption that one Ni atom adsorbs one H atom. 

For TP-CO dissociation, the sample was first reduced at 600 °C for 30 min in 5 vol.% H2/Ar (60 

mL/min). The gas was then switched to pure He (60 mL/min) for 30 min purging in order to 

remove adsorbed H2. After cooling down to 50 °C, the gas was changed to 10 vol.% CO/He. 

Finally, the sample was heated to 600 °C at 10 °C/min. MS was used to detect the signal of CO2 

(m/z=44). 

For C-TPH, the sample was first reduced at 600 °C for 30 min in 5 vol.% H2/Ar (60 mL/min). 

Then, the gas was switched to pure He (60 mL/min) for 30 min to remove adsorbed H2. After 

cooling down to 350 °C, 10 vol.% CO/He (60 mL/min) was introduced into the reactor for 30 min. 

Sequentially, the sample was cooled down to 50 °C in He and purged for 1 h. Finally, the sample 
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was heated to 600 °C at a rate of 10 °C/min in 5 vol.% H2/Ar (60 mL/min), while following the 

outlet with MS. 

CO2+H2 and CO+H2 temperature programmed surface reaction (CO2+H2 TPSR and CO+H2 

TPSR) experiments were carried out in a quartz fixed-bed reactor equipped with MS to detect 

products (CO2 at m/z=44, CO at m/z=28, CH4 at m/z=15, H2 at m/z=2). The sample was first 

reduced at 600 °C for 30 min in a H2/Ar mixture (90 mL/min, H2:Ar=4:5). After cooling down to 

room temperature (RT), the gas was switched to CO2:H2:Ar=1:4:5 (or CO:H2:He=0.05:4:5 for 

CO+H2 TPSR) and the sample was heated to 350 °C at a rate of 10 °C/min. 

In situ CO-DRIFTS and CO2+H2 DRIFTS were conducted with a Bruker Tensor 27 

spectrometer, equipped with a cell with gas feed connections and resistive heating and a mercury–

cadmium–telluride (MCT) detector. Typically, the sample diluted with KBr (1:20) was placed into 

the DRIFTS cell, reduced at 500 °C for 1 h in H2/He (90 mL/min, H2:He=4:5). The maximum 

temperature that the DRIFTS setup can reach is 500°C. However, from H2-TPR it follows that all 

Ni is reduced at this temperature. For CO-DRIFTS, the gas was then switched to He (50 mL/min) 

for 30 min to purge out all H2. Afterwards, the sample was cooled down to 30 °C and 1% CO/He 

was introduced into the cell for 30 min. Finally, the gas was switched back to He and purged for 1 

h. Spectra were recorded during exposure to 1% CO/He and under the He purge. For in situ 

DRIFTS, the diluted sample was reduced at 500 °C for 1 h in H2/He (90 mL/min, H2:He=4:5) and 

cooled down to 350 °C. Then, CO2 (10 mL/min) was introduced for 30 min reaction, followed by 

switching the gas feed to H2/He (90 mL/min, H2:He=4:5), which was kept for 30 min. All spectra 

were collected with a resolution of 4 cm−1. For each spectrum, 64 scans were measured. 
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High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) and 

energy dispersive X-ray (EDX) analysis were performed using a JEOL ARM200F probe-corrected 

microscope, operated at 200 kV and equipped with a cold-field emission gun and the large-angle 

SDD-EDX detector (Centurio, JEOL), to determine the elemental distribution within the reduced 

samples. TEM samples were prepared by placing a droplet of the colloidal dispersion of the sample 

in isopropanol on a holey carbon-coated copper grid. 

Bright field scanning transmission electron microscopy (STEM), conducted using a JEOL JEM-

2200FS, Cs-corrected microscope operated at 200 kV, was used to determine the particle size 

distribution of reduced samples. For each sample, a Lacey formvar/carbon film supported on a 200 

mesh copper grid was immersed in the sample powder. After several minutes of contact time with 

the powder, the grid was removed and redundant powder was blown off before loading the grid 

into the microscope specimen holder. 

QXAS measurements were performed at the ROCK beamline[44, 45] of the French synchrotron 

SOLEIL. The storage ring was operated at 2.75 GeV with a ring current of 450 mA in top-up 

mode. A Si(111) monochromator[46], oscillating at 2 Hz, scanned the Ni K-edge (8333 eV), 

covering both X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

edge structure (EXAFS) regions in one scan (energy range: 8150–8970 eV). Calibration was 

assured through the measurement of a Ni foil.  

In situ QXAS measurements were conducted for 0Mg15NiSi and 3Mg15NiSi. For this purpose, 

both materials were ground to powders and 50% diluted with boron nitride. A 5 mm long catalyst 

bed was inserted in between two quartz wool plugs into a quartz capillary with an outer diameter 

of 1.2 mm (wall thickness: 0.010 mm, length: 115 mm). The capillary was mounted in a dedicated 
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frame which was connected to gas feed lines through Swagelok fittings. This capillary reactor cell 

was positioned in a custom-built radiative heating furnace to reach desired reaction 

temperatures[44]. The inlet gas flow rates were maintained by means of calibrated Brooks mass 

flow controllers. A total flow rate of 7 mL/min was employed for all experiments.  

Spectra were collected at RT under He for the as-prepared state of both catalysts. For in situ H2-

TPR QXAS, 3.2 mL/min H2 mixed with 3.8 mL/min He was introduced into the system. The 

catalyst was then heated up to 600 °C, with 10 °C/min heating rate and a holding time of 30 min. 

After reduction, in situ CO2 methanation QXAS is conduced. The reactor was cooled down to 350 

°C. Then, CO2 was introduced with a flow switching between 0.8 and 3.2 mL/min, together with 

a constant H2 flow of 3.2 mL/min (CO2:H2 ratio of 0.25 and 1, respectively, balanced with He for 

a total flow of 7 mL/min). For the purpose of conducting in situ CO2 oxidation QXAS, 3.2 mL/min 

CO2 mixed with 3.8 mL/min He was introduced to the reduced sample at 600 °C. 

In situ QXAS spectra were averaged over 10 consecutive scans to increase the signal-to-noise 

ratio. This resulted in a net time resolution of 5 s/spectrum. In case of in situ RT and ex situ 

reference measurements, 1000 spectra were averaged to maximize the data quality for EXAFS 

modeling. All averaged data were normalized and aligned using a dedicated Python normalization 

GUI[47]. 

EXAFS data analysis of RT XAS data was performed using the Athena and Artemis software 

packages[48]. Model structures of zero-valent Ni and Ni oxides were used to fit the Fourier 

transformed EXAFS (FT-EXAFS) data in R-space to derive quantitative structural parameters, 

namely: bond distance (R), coordination number (CN), Debye-Waller factor (DWF), amplitude 

reduction factor (S0
2) and energy shift (ΔE0).  
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All EXAFS data were fitted in the range R = 1–3.2 Å and k = 3–12.7 Å-1. The value for S0
2, as 

determined by fitting a Ni foil reference, was set to 0.90 for all EXAFS analyses. A common value 

for ΔE0 was used for all scattering paths in a specific EXAFS dataset. Scattering paths for Ni-O 

and Ni-Ni were obtained from reference models of metallic Ni and NiO. The goodness of fit to the 

FT-EXAFS data in R-space was evaluated through the residual “R-factor” and the reduced chi 

square value (χν
2)[48].  

To quantify the Ni reduction kinetics during H2-TPR, multivariate curve resolution-alternating 

least squares (MCR-ALS) was performed considering 2 components. For this MCR-ALS analysis, 

the MATLAB® toolbox developed by Jaumot et al.[49] was applied, making use of the full 

recorded XAS energy range. Constraints for positivity of the concentrations and spectra were 

imposed, as well as equating the sum of all concentrations to 1. Initial estimates of the spectral 

type were provided via the toolbox’s built-in PURE estimation method[50], with a 10% allowance 

of noise contribution. The quality of the MCR-ALS analysis was assessed via three goodness of 

fit parameters, as defined in literature[49, 50]: the percentage lack of fit relative to the experimental 

data (LOF), the percentage of explained data variance (R2) and the standard deviation of residuals 

with respect to the experimental data (σ). 

2.3 Catalytic Performance Test 

Catalytic performance tests were carried out in a quartz fixed-bed reactor (7 mm inner diameter). 

For each experiment, 100 mg catalyst (100-200 μm) diluted with α-Al2O3 (catalyst:α-Al2O3 = 1:5) 

was loaded into the reactor. A K-type thermocouple was used to monitor the temperature of the 

catalyst bed. The sample was first heated in H2/Ar (H2:Ar = 4:5, total flow = 180 mL/min) to 600 

°C (10 °C/min), maintained  for 30 min, then cooled down to 350 °C. Subsequently, the gas was 
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switched to CO2:H2:Ar (CO2:H2:Ar = 1:4:5, total flow = 200 mL/min) for reaction. Products were 

analyzed with an online Gas Chromatograph (GC, ThermoFisher Scientific, Trace 1310), equipped 

with a thermal conductivity detector (TCD) and a Molsieve 5A column and Hayesep-N column, 

using He as carrier gas. The conversion of CO2 and selectivity to CH4 and CO are calculated as 

follows: 

𝐶𝑂2 Conversion =  
𝐹𝐶𝑂2,𝑖𝑛 − 𝐹𝐶𝑂2,𝑜𝑢𝑡

𝐹𝐶𝑂2,𝑖𝑛
× 100% (2) 

𝐶𝐻4 Selectivity =
𝐹𝐶𝐻4,𝑜𝑢𝑡

𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂,𝑜𝑢𝑡
× 100% (3) 

𝐶𝑂 Selectivity =
𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂,𝑜𝑢𝑡
× 100% (4) 

 

The carbon balance is calculated as follows: 

Carbon balance =
𝐹𝐶𝑂2,𝑜𝑢𝑡 + 𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂2,𝑖𝑛
× 100% (5) 

 

where Fi, in stands for the inlet flow rate of gas i and Fi, out stands for the outlet flow rate of gas i. 

During the reaction, the carbon balance results were always higher than 99.5 %. 

The reaction order measurements were conducted at 350 °C with the conversion kept at 10 %. The 

gas mixture contained 15-25 mL/min CO2, 70-90 mL/min H2 in Ar balance, at a total flow rate of 

200 mL/min. 
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The turnover frequency (TOF) is determined on the basis of exposed Ni, which is calculated from 

the result of H2-chemisorption.  

TOF =
𝐶𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑁𝑖 𝑒𝑥𝑝𝑜𝑠𝑒𝑑
 (6) 

  

3. RESULTS AND DISCUSSION 

3.1 Catalyst Structure 

The series of 15NiSi catalysts with different Mg loading were characterized via N2 isothermal 

sorption experiments to determine the BET surface area. As illustrated in Table 1, no significant 

difference in BET area was discovered with increasing Mg loading.  

To evaluate the reduction degree of the different catalysts, H2-TPR was conducted (Figure S1(a)). 

As MgO and SiO2 are not reducible in the considered temperature range, all the peaks detected 

were ascribed to the reduction of NiO. The main reduction peak slightly shifted to higher 

temperature upon MgO addition. For all catalysts, NiO could be completely converted into metallic 

Ni below 600 °C. No further reduction was detected, even when the temperature was raised to 900 

°C. Therefore, 600 °C was selected as pretreatment condition for the catalysts before the activity 

experiments. 

After reduction in H2/Ar at 600 °C for 30 min, the samples were characterized by XRD in order to 

detect the crystallite phase and size. As indicated in Figure S1(b), only characteristic peaks 

corresponding to metallic Ni could be detected (PDF: 00-004-0850) with no trace of MgO or Mg 
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diffractions. The Scherrer equation was used to calculate the Ni crystallite size, which decreased 

with increasing Mg loading (Table 1), an observation in line with others[51, 52].  

Table 1. Physicochemical properties of the MgO/Ni/SiO2 catalysts 

sample BET surface 

area 

 (m2/g) 

Metallic surface 

area  

(x 10-6 mol 

Ni/g)a 

Ni crystallite 

size  

(nm)b 

Ni particle size  

(nm)c 

0Mg15NiSi 153.5 12.0 32 35 

0.5Mg15NiSi 153.6 8.9 30 - 

1Mg15NiSi 160.1 6.9 29 24 

1.5Mg15NiSi 159.6 6.4 28 - 

3Mg15NiSi 150.2 5.9 21 21 

a Determined by H2-chemisorption 

b Calculated from XRD patterns 

c Determined by TEM 

TEM was carried out to determine the particle size distribution for reduced catalysts without and 

with Mg (Figure S2). In both, the metallic Ni particles vary in size from 5 to 60 nm. However, in 

analogy with XRD (Table 1), the average particle size is smaller for 3Mg15NiSi (21 nm) and 

1Mg15NiSi (24 nm) than on 0Mg15NiSi (35 nm). The latter can result from the interaction 

between MgO and NiO[22, 51].  



 16 

HAADF-STEM with EDX-mapping was conducted on 1.5Mg15NiSi to locate Mg (Figure 1). 

MgO was found distributed not only on SiO2, but also on metallic Ni. From the overlay of the Ni 

and Mg elemental maps (Figure 1(f)), MgO seems to surround the Ni particles as a shell. The 

sample with 3 wt.% Mg loading exhibits an analogous element distribution (Figure S3). 

 

Figure 1. (a) HAADF-STEM and (b-f) EDX elemental mapping of reduced 1.5Mg15NiSi. (g) 

Catalyst models of NiSi and MgNiSi with increasing MgO loading, leading to smaller Ni 

particle size. 
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To further verify the structure, H2-chemisorption was applied to determine the amount of exposed 

Ni. The metallic surface area decreased with increasing Mg loading, almost by half upon going 

from 0 to 3MgO (Table 1). Although the addition of MgO leads to smaller Ni crystallites as 

indicated by XRD and TEM, it does, in contrast, not lead to higher exposed metallic surfaces. 

Hence, it is concluded that MgO reduces the exposed surface of the Ni particles. Based on these 

characterization results, a catalyst model can be proposed, where MgO is dispersed on the surface 

of metallic Ni (Figure 1(g)). 

In situ Ni K edge QXAS was carried out to detail the local electronic and structural properties of 

Ni in as-prepared and reduced 0Mg15NiSi and 3Mg15NiSi as representative catalysts (Figure S4(a 

and b)). For as-prepared samples, the Ni state corresponds to NiO. After reduction, the XAS 

spectrum bears strong resemblance with Ni foil, suggesting that NiO is fully reduced, even in the 

presence of MgO. EXAFS modelling of the aforementioned spectra (Figure S5, fitting parameters 

in Table S1 and Table S2) further identifies NiO in the initial state, while at the end of TPR, only 

contributions related to metallic Ni are resolved.  

Following H2-TPR, CO2 methanation was carried out, with simultaneous collection of Ni K edge 

spectra. As shown in Figure S4, no significant difference in white line appears between Ni foil, 

the sample after reduction and after methanation. This indicates no oxidation by CO2 occurs during 

the methanation reaction and Ni remains in metallic state for the catalysts with and without MgO. 

It must be noted that the differences in FT-EXAFS intensities between the states after reduction 

and after methanation (Figure S4C-D) are a temperature effect[41]. Since the reduced sample and 

sample after methanation were measured at 600 °C and 350 °C, respectively, this results in a higher 

Debye-Waller effect in the former case, yielding lower intensities within the corresponding FT-
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EXAFS results. The fitting result (Figure S6 and Table S3) further proves no Ni-O bonds are 

detected after in situ methanation.  

Figure 2. In situ QXANES spectra as a function of time/temperature during H2-TPR of (a) 

0Mg15NiSi and (b) 3Mg15NiSi at the Ni K edge. Color bar: legend for normalized 

absorbance. 

Although the final state of samples with and without MgO are the same, MgO does have a 

considerable influence upon the Ni reduction. Figure 2 shows 2D intensity plots of the XANES 

region of the spectra at the Ni K edge for both catalysts during H2-TPR. With increasing 

temperature, reduction of NiO takes place, occurring at higher reduction temperature for 

3Mg15NiSi than for 0Mg15NiSi, ~350 vs. ~300 °C. MCR-ALS analysis for the catalysts under 

H2-TPR (Figure S7) and EXAFS analysis (Figure S8) extracts two components from the in situ 

QXAS data. EXAFS fitting of these components shows they correspond to NiO (Component 1) 

and metallic Ni (Component 2). The contribution of the two components as a function of time 

(temperature) is displayed in Figure S7. 100 % of NiO is reduced into metallic Ni for both catalysts.  

From the first derivative of the MCR-ALS profiles (Figure S8(c and f)), the reduction of 

0Mg15NiSi sets in at 252 °C and ends at 368 °C, while for 3Mg15NiSi it starts at 320 °C and is 
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finished at 422 °C. This agrees well with the reduction peaks in conventional TPR, shifting to 

higher temperature when MgO is present (Figure S1(a)) and the evolution of the whiteline in in 

situ XANES (Figures 2(a and b)). According to literature, NiO can interact strongly with MgO, 

forming mixed oxide phases, which can induce a delay in the reduction of NiO[32, 34, 53, 54]. 

The upward shift of the reduction temperature indicates there is indeed interaction between NiO 

and MgO, which leads to delayed reduction of NiO in 3Mg15NiSi compared to 0Mg15NiSi. 

3.2 Catalytic Performance in CO2 Methanation 

Catalytic performance tests for CO2 methanation were executed at 350 °C under 1.2 bar. Only CO 

and CH4 were detected as products. Figure 3(a) shows a notable increase of the production rate of 

CH4 and a decrease of CO production for 1Mg15NiSi compared to 0Mg15NiSi. 1Mg0NiSi, used 

as a control experiment, shows a negligible level of conversion. The influence of MgO loading on 

CH4 selectivity was further tested on a series of xMg15NiSi with varying Mg loading, which shows 

MgO addition helps to increase the CH4 selectivity, but lowers the CO2 conversion. Nevertheless, 

the production rate of the desired product CH4 was enhanced with only 0.5wt.% MgO, reaching a 

maximum when the loading is 1wt.% (Figure S9(a)). A further increase in Mg loading continues 

to increase the CH4 selectivity, while reducing the productivity. The intrinsic activity of the 

catalysts is reflected by their TOF. As shown in Figure S9(b), MgO addition has little impact on 

the TOF of CO2, while slightly increasing the TOF of CH4 and decreasing the one of CO. The 

decreased CO2 conversion with MgO addition (Figure S9(a)) is caused by the coverage of Ni by 

MgO, which reduces the number of  exposed Ni sites. The trend of the CH4 TOF indicates the 

intrinsic activity of Ni is strongly influenced by MgO up to a loading of 1.5% (Figure S9(b)). 

Moreover, both catalysts present good stability in a 300 min test (Figure S9(c)), an important 

requirement for Ni-based catalysts used in CO2 methanation[21, 55, 56]. 
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Previous work has proven that CH4 selectivity is CO2 conversion-dependent[24, 57]. For both Ni 

catalysts, 0Mg15NiSi and 1Mg0NiSi, the CH4 selectivity rises with CO2 conversion (Figure 3(b)). 

Comparing both catalysts at the same conversion, however, shows much higher selectivity for the 

MgO-modified sample.  

 

Figure 3. (a) Rate of CH4 and CO production over 0Mg15NiSi, 1Mg15NiSi and 1Mg0NiSi 

under the same reaction conditions. Total flow rate: 200 mL/min; CO2:H2:Ar = 1:4:5, 350 

°C; 0.1 g catalyst. (b) CH4 selectivity versus CO2 conversion plot for 0Mg15NiSi and 

1Mg15NiSi. CO2:H2:Ar = 1:4:5, 350 °C; Conversion was adjusted by changing space velocity. 

To verify a possible particle size effect, a series of NiSi samples with different Ni loadings were 

synthesized and tested. The particle size of Ni (Figure S10(a)) decreases with decreasing Ni 

loading. For 0.5NiSi, no Ni diffractions are discerned, meaning that either the Ni loading is too 

low for detection, or the crystallite size is below 3nm or Ni is amorphous. Still, the variation of 

CH4 selectivity at the same CO2 conversion, induced by these different particle sizes, is quite small 

(~5%) (Figure S10(b)). Therefore, the pronounced improvement of CH4 selectivity for the MgO-



 21 

added samples is considered associated with the interaction between MgO and Ni, rather than with 

the Ni particle size.  

XRD and TEM measurements imply that MgO decreases the average particle size of Ni, which 

doesn’t exclude the presence of smaller sized Ni particles or NiMgO solid solution. To verify the 

latter presence, the position of the main NiO(200) diffraction in as prepared catalysts was 

considered (Figure S10 (c-d)). With increasing MgO loading, the NiO diffraction was found to 

shift slightly towards lower angle, where an MgO diffraction is situated, indicative of NiMgO solid 

solution being formed at the NiO-MgO interface[9, 24, 58], The latter can also be deduced from 

the EDX elemental mapping of reduced 1.5Mg15NiSi in Figure 1(f), showing mixed Ni-Mg 

regions surrounding the Ni particles. The reduction process can further lead to segregation of 

nanosized Ni from the NiMgO solid solution and this ‘Ni leaching’ process, induced by the strong 

interaction between NiO and MgO, is held responsible for the smaller Ni particle size upon MgO 

addition[32, 41].  

However, the variation of CH4 selectivity at the same CO2 conversion, induced by a difference in 

particle size from <3 to 32 nm, is quite small (5%) (Figure S10(b)). Therefore, the pronounced 

improvement of CH4 selectivity for the MgO-added samples is considered associated with the 

interaction between MgO and Ni, rather than with Ni particle size. 

3.3 Reaction pathway identification 

As indicated in Scheme 1, CO2 methanation might proceed through two pathways: indirect and 

direct. In the indirect pathway, CH4 is produced by the hydrogenation of CO, which is also the 

byproduct produced through RWGS reaction. On the contrary, CH4 is formed without going 

through the intermediate CO*. 
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Since CO is the main byproduct when using NiSi as catalyst, there is no doubt that a considerable 

amount of CO2 is converted to CO* through RWGS, which constitutes the initial part of the 

indirect methanation pathway. However, as displayed in Figure 3(b), the CH4 selectivity 

approaches zero, when the CO2 conversion is extrapolated to zero. The latter is a representative 

feature of sequential reactions, indicating that CH4 is a consecutive product produced from CO[24, 

59, 60]. 

In situ DRIFTS experiments were performed to monitor the reaction intermediates and thereby 

identify the reaction pathway. During methanation, bands for the formyl group (HCO*), located 

at 1743 cm-1 and some carbonates (1550-1510 cm-1) are detected on both catalysts. HCO* appears 

as reaction intermediate in both the direct and one indirect pathway (Scheme 1). The carbonate 

species on the other hand, formed upon adsorption of CO2, are only active in the direct pathway[7]. 

However, as it has been proved that the reaction follows an indirect pathway, carbonate species 

mostly act as spectators. A recent study regarding a Ni catalyst confirms that carbonate does not 

participate in the reaction[61]. Infrared features for adsorbed CO* (located between 2000 – 1900 

cm-1) are not observed in DRIFTS during the reaction. Probably, they readily desorb, forming 

CO(g), or further hydrogenate into HCO*, causing the concentration of CO* to remain under a 

detectable coverage. Similarly, no C-H band was observed during methanation, e.g. at 3003 cm-1 

representing the stretching vibration of CH4. This can be related to the very low selectivity to CH4, 

caused by the low conversion under DRIFTS conditions. Overall, the DRIFTS spectra of the 

catalysts with and without MgO are quite similar, which indicates MgO addition does not actually 

change the reaction pathway, but instead changes the rate of certain steps in a specific pathway.  

A transient DRIFTS test was also performed, while removing CO2 from the feed, leaving only H2. 

After switching off the CO2 stream, a C-H band started to appear around 3003 cm-1, while the 
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HCO* and carbonate bands disappeared. This result of transient DRIFTS indicates that HCO* is 

actively being removed by reaction with H2 producing CH4, hence HCO* is no spectator species. 

 

Figure 4. In situ DRIFTS spectra of 0Mg15NiSi (a) (c) and 1Mg15NiSi (b) (d) at 350 °C, 

under CO2+H2 and after removing CO2 from the feed. 1743 cm-1: formyl group. 1550-1510 

cm-1: carbonate species. (e) Proposed reaction pathway for NiSi and MgNiSi. Light dash 

lines: less probable pathways. Solid lines: confirmed pathways. 

As indicated in Scheme 1, the indirect pathway consist of three different directions with different 

representative intermediate: C, *COH and HCO*. The transformation from HCO* to CH4 has been 

validated by in situ and transient DRIFTS. In addition, we tend to believe the reaction routes going 

through *COH to CH4 are less probable as the associated intermediates are not observed.  
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Still, carbon hydrogenation cannot be excluded, because carbon is not detectable by DRIFTS. In 

order to examine the likelihood of the carbon hydrogenation pathway, a series of temperature 

programmed reactions were conducted. The pathway from CO to CH4 going through carbon can 

be divided into two steps, CO dissociation and carbon hydrogenation (Scheme 1). Thus, the overall 

surface reaction CO+H2 TPRS as well as the two steps TP-CO dissociation and C-TPH are tested 

separately (Figure S12). The CO dissociation reaction is so fast that CO2 and C start to form as 

soon as CO is introduced at 50 °C (Figure S12(b)). Then again, the carbon hydrogenation reaction 

is faster over 0Mg15NiSi (Figure S12(c), which is in contrast with the fact that 1Mg15NiSi is more 

active for CO methanation (Figure S12(a)). Thus, methanation over MgO promoted Ni is unlikely 

to follow the carbon hydrogenation pathway. Therefore, the methanation reaction is believed to 

proceed from CO2 over HCO* to CH4 on Ni/SiO2 and MgO/Ni/SiO2 (Figure 4(e)). 

3.4 Effect of MgO addition on the reaction pathway  

The kinetic experiments were performed to reveal the nature of methanation on Ni/SiO2 as well as 

understanding the effect of MgO. Before starting the actual tests, the absence of external and 

internal mass transfer limitations was verified using the Carberry number and Weisz-Prater 

criterion. Table 2 shows the dependence of the CH4 and CO formation rate on the partial pressure 

of CO2 and H2, determined at 350 °C (fittings displayed in Figure S11).  

For the RWGS reaction, which produces CO, the reaction orders with respect to CO2 partial 

pressure are negative, varying between -0.45 ~ -0.22. These negative values suggest a high 

coverage of CO2-derived intermediates, which is likely to inhibit the formation of CO. The reaction 

orders of H2 are ~0 for CO formation, suggesting either adsorbed hydrogen is not involved in the 
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rate determining step (RDS) of RWGS, or the coverage of H* is abundant enough for CO 

formation, and hence not a limiting factor for CO formation.  

For the methanation process, the reaction orders with respect to CO2 partial pressure are about -

0.9. The negative number again shows the coverage with CO2-derived intermediates is so high that 

it inhibits reaction. In addition, the reaction orders of H2 for CH4 formation are positive, pointing 

to a relatively low coverage of adsorbed hydrogen. As a result, increasing the partial pressure of 

H2 has a promotional effect on CH4 formation. Based on the negative values of reaction order of 

CO2, it is suggested that CO2-derived intermediates strongly adsorb on the catalyst surface, thereby 

blocking free sites for H2 adsorption, which inhibits the formation of CH4.   

Based on the results of reaction order, it is rational to postulate that the removal of CO2-derived 

intermediates with the help of H2 constitutes the RDS. In situ and transient DRIFTS study has 

proved that HCO* intermediate accumulated on the surface during the reaction. Removal of CO2 

from the reactants lead to a consumption of HCO*, accompanied by the increase of CH4.  Thus, it 

is proposed that HCO* as intermediate is so stable that the high surface coverage of HCO* blocks 

free sites and prevents the dissociation of H2, which impedes the subsequent hydrogenation to 

produce CH4. When CO2 is removed from the feed (Figure 4(a-d)), HCO* is gradually consumed, 

freeing sites for H2 dissociation. As a consequence, the RDS is the HCO* hydrogenation (Figure 

4(e)). 

Table 2. Reaction order for CH4 and CO formation over 0Mg15NiSi, 1Mg15NiSi and 

3Mg15NiSi. 

 Order for CH4 formation Order for CO formation 
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 CO2 H2 CO2 H2 

0Mg15NiSi -0.93 0.50 -0.45 -0.04 

1Mg15NiSi -0.89 0.44 -0.28 -0.06 

3Mg15NiSi -0.73 0.11 -0.05 0.11 

 

In addition, the reaction order give us some insight into the effect of MgO for CH4 formation. As 

the MgO loading increases from 0 to 3wt.%, the reaction order respect to CO2 increase from -0.93 

to -0.73. At the same time, the reaction order for  H2 for CH4 formation decreases from 0.50 to 

0.11. The increased negative value of CO2 reaction order implies a lower coverage of CO2-derived 

intermediate, probably to be HCO*, which results in a mitigated poisoning effect after MgO 

addition. The lower value of reaction order of H2 implies a higher hydrogen coverage is present 

on MgO promoted catalysts[62] as a consequence of decrease HCO* coverage.   

To further investigate the role of MgO addition, CO2+H2 TPSR experiments were conducted over 

0Mg15NiSi and 1Mg15NiSi. As indicated in Figure 5(a) and (b), the onset temperature of CO 

evolution lies at 150 °C for both catalysts, which indicates CO2 starts to be activated around 150 

°C through RWGS. In contrast, the CH4 onset temperature is 172 °C over 0Mg15NiSi and 150 °C 

over 1Mg15NiSi. Thus, the higher onset temperature of CH4 implies that the production of CH4 

on 0Mg15NiSi has to overcome a higher energy barrier than over 1Mg15NiSi. Apparent activation 

energies were also calculated based on the results of the CO2+H2 TPSR (Table S4). In line with 

the onset temperature, the activation energies of CO formation are similar for both catalysts, which 

indicates the same reaction mechanism applies over catalysts with and without MgO (~80 kJ/mol). 

However, the activation energy for CH4 formation over 0Mg15NiSi is with 90.0 kJ/mol 
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considerably higher than that over 1Mg15NiSi (76.3 kJ/mol). The change in apparent activation 

energy may refer to a change in pathway and/or energy barrier. However, in this specific case, the 

reaction pathway is not affected by the addition of MgO, remaining the same as unmodified 

Ni/SiO2. As the energy barrier is closely related to the RDS, which is identified as HCO* 

hydrogenation, it is rational to conclude that the addition of MgO helps to reduce the energy barrier 

of HCO* hydrogenation. 

 

Figure 5. CO2+H2 TPSR profiles of 0Mg15NiSi and 1Mg15NiSi. (a) CO MS signal and (b) 

CH4 MS signal. Conditions were 0.1 g catalyst, CO2: H2: Ar= 1: 4: 5, total flow rate = 200 

mL/min, i.e. exactly the same as for the reactivity test, ensuring a conversion below 10%. 

 

Based on the characterization in Figure 1 and Table 1, the addition of MgO leads to the formation 

of an explicit metal oxide-metal interface and its extent can easily be tuned by means of the MgO 

loading. The chemical property changes induced by the MgO/Ni interface were investigated 
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through in situ QXAS during CO2 oxidation of a reduced sample (Figure 6). On 3Mg15NiSi, a 

partial oxidation of metallic Ni was observed, while nothing changed for 0Mg15NiSi.  

A similar phenomenon was observed in an investigation of Ni supported on MgAl2O4[63], where 

the creation of an interface entailed metal-support interaction, which strongly influenced the 

oxidation of Ni by CO2. The effect of the Ni/MgAl2O4 interface not only depended on the Ni 

particle size, i.e. the interface extent, but it also provided a diffusion channel for particle oxidation. 

In the present work, the result of in situ QXAS implies that the construction of a MgO/Ni interface 

induces a similar interaction, now between Ni metal and MgO as oxide promoter. The latter 

provides new sites with high activity and decreases the energy barrier of methanation, which makes 

it chemically different from unpromoted Ni. 

 

Figure 6. In situ QXANES spectra for (a) 0Mg15NiSi and (b) 1Mg15NiSi after H2-TPR and 

after CO2 oxidation at 600°C. 

Based on the above results, a possible reaction scheme for CO2 methanation is proposed (Scheme 

2). Without MgO, the energy barrier for the RDS, the hydrogenation process of HCO* on the Ni 

surface, is high, thus the formation rate of CH4 is slow. In addition, stable HCO* species cover the 
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Ni surface, which prevents H2 dissociation. The resulting low coverage of hydrogen only suffices 

for CO2 hydrogenation forming CO, but remains insufficient for CH4 formation, which requires 4 

molecular H2. 

After MgO addition, a MgO/Ni interface forms which has specific chemical properties, different 

from a regular Ni surface. The associated metal oxide-metal interaction will likely involve a charge 

transfer,  as shown by the shift in reduction temperature (Figure 2), and the creation of new active 

sites[37, 64, 65]. As indicated in Figure 6b, the energy barrier of RDS is lower for MgO-modified 

Ni catalysts, promoting CH4 formation. The faster consumption of HCO* leaves more sites for H2 

adsorption and dissociation and hence higher H2 coverage, as evidenced by the reaction order. The 

latter also contributes to an enhanced formation of CH4. 

 

Scheme 2. Proposed reaction mechanism for CO2 methanation over Ni/SiO2 and 

MgO/Ni/SiO2 catalysts. 

 

4. CONCLUSION 
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Through tuning of metal oxide-metal interaction by means of MgO decoration, the catalytic 

performance of Ni/SiO2 in CO2 methanation has a considerable enhancement. The performance of 

the modified catalysts was benchmarked against a non-promoted catalyst investigated under the 

same reaction conditions. 

A mechanistic understanding of the enhanced CH4 selectivity in CO2 methanation over MgO-

promoted Ni/SiO2 catalysts has been acquired. Based on combined high-resolution STEM-EDX, 

in situ QXAS and a series of temperature programmed experiments, a catalyst model is built, where 

MgO partially covers the surface of metallic Ni. The so formed MgO/Ni interface exhibits metal 

oxide-metal interaction. Through a kinetic study and in situ DRIFTS, HCO* is found to be the key 

intermediate, hindering the subsequent hydrogenation process, hence hydrogenation of HCO* is 

determined as the RDS. The formation of the MgO/Ni interface however helps to decrease the 

RDS energy barrier, which will enhance the conversion of the reaction intermediate HCO*, 

resulting in a higher CH4 selectivity. As such, this work illustrates the key correlation between the 

metal oxide-metal interface and CH4 selectivity, which serves as example on the importance of the 

interplay between Ni metal and MgO. 
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