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Abstract

Aiming at a comprehensive understanding of support effects on Ni-based bimetallic catalyst 

for CO2 hydrogenation, spectroscopy (DRIFTS) with CO as probe molecule and 

temperature-programmed techniques to investigate the impact of different supports (MgO, 

CeO2, ZrO2) on Ni- and Ni,Fe catalysts. Kinetic parameters revealed that the higher 

selectivity to methanation for Ni and Ni,Fe supported on the reducible oxides (CeO2, ZrO2) is 

due to the inhibition of reverse water-gas shift reaction (RWGS) by hydrogen. A promoting 

effect of Fe on Ni was only observed on MgO-supported catalysts. In situ DRIFTS with CO 

adsorption showed different electronic properties of Ni sites with partially reduced oxide (i.e. 

ZrO2 and CeO2). H2-TPR and CO2-TPD confirmed the significant role of metal-support 

interaction (MSI) in CeO2-supported catalysts for CO2 activation. The MSI between Ni / 

Ni,Fe and reducible supports are crucial for catalytic performance, ultimately leading to 

higher activity and stability in CO₂ hydrogenation.
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1. Introduction

CO2 hydrogenation is a cornerstone of sustainable “power-to-gas (P2G)” concepts1-5 and 

supported Ni catalysts are considered as the most promising base metal catalyst towards 

methanation due to their outstanding catalytic performance and low cost.6-10 Despite the long 

history of research on nickel-based catalysts, there is still need for a better fundamental 

understanding and for further rational optimization of such methanation catalysts.11, 12 

One the one hand, regarding catalyst composition variation or promotion, partial substitution 

of Ni by a second metal was shown to improve the catalytic performance for CO2 

methanation.13, 14 Compared to Ni catalysts, Ni,Fe bimetallic catalysts reach a significantly 

improved catalytic activity.15-19 For example, Grunwaldt and co-workers reported that a small 

addition of Fe to Ni/Al2O3 catalysts will increase activity and stability with an optimum ratio 

of Ni: Fe = 3:1.20-22 They proposed that the redox cycle of iron species on Ni nanoparticles 

will promote the dissociation of CO2 and further improve the activity.23 Similarly, Huynh et 

al. reported a Ni:Fe ratio of 4:1 to be optimal.24 It was also reported that CO2 is hydrogenated 

to HCOO* intermediates with a lower energy barrier. Meanwhile, other reports claim that the 

Ni-FeOx interfaces are more active for RWGS reaction due to its weak binding to CO* 

intermediates.25 

On the other hand, CO2 hydrogenation over supported Ni catalysts is highly 

structure-sensitive.26-28 The size effect of Ni nanoparticles on CO adsorption has been proven 

to steer the selectivity of CO2 hydrogenation, either to methane or to CO.29, 30 In addition, the 

support also plays as an important role for Ni catalysts in CO2 methanation,31-36 including its 

impact on the size and shape of the Ni nanoparticles (i.e. dispersion and morphology),37 but 
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also on CO2 activation by the basicity and reducibility of the support.38-40 Oxygen vacancies 

can be formed in reducible oxides during CO2 hydrogenation, affecting the catalyst behavior. 

For example, in a series of Ni catalysts on different supports (Al2O3, ZrO2, CeO2), Ni 

supported on non-reducible Al2O3 shown the lowest CO2 conversion.31 Furthermore, strong 

metal-support interaction (SMSI) can affect the stability of CO2 methanation, but also the 

selectivity.41 Such effects typically are dynamic and depend on the reaction conditions and 

catalysts pre-treatments in a complicated manner. Monai et al. recently reported that such 

SMSI can generate interfacial sites on Ni/TiO2 catalysts favoring carbon-carbon coupling and 

enhance the C2+ species formation during CO2 hydrogenation.42 

So far, the effect of reducible supports on bimetallic Ni,Fe catalysts for CO2 hydrogenation 

has not been studied to the same extent as the support effect on monometallic catalysts or the 

Fe promotion effect on unreducible supports43. In this work, we first confirmed the intrinsic 

optimal Ni:Fe ratio for methanation on non-reducible, but basic MgO. Then, monometallic Ni 

and bimetallic Ni,Fe catalysts at this optimal ratio supported on MgO, ZrO2 and CeO2 have 

been compared to study if the promotional effect of Fe depends on the varying reducibility of 

the support by kinetic measurements, H2-TPR, CO2-TPD, and in situ DRIFTS measurements.

2. Experimental Section

2.1.Catalyst preparation

The catalysts were prepared by the incipient wetness impregnation method. For the support of 

MgO, 1.25 mL of an aqueous solution containing Fe(NO3)3·9H2O (99.5%, Grüssing GmbH) 

and Ni(NO3)2·6H2O (99.9%, abcr GmbH) was added dropwise to 1 g of MgO (>99%, Alfa 

Aesar). The metal salt concentration was adjusted to reach a metal total (Ni and/or Fe) 
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loading of 5 wt.% on MgO. The wet powder was further stirred and then treated by 

ultrasonication for 15 min. After drying at 80 C overnight, the collected pre-catalysts were 

directly reduced with 10 %H2/N2 at 450 C for 2 h prior to the catalytic tests. By changing the 

ratio between Fe(NO3)3·9H2O and Ni(NO3)2·6H2O in the aqueous solution, the molar ratio of 

Ni:Fe has been adjusted to 1:0, 5:1, 2:1, 1:1, 1:2, and 0:1. The reduced samples are labelled 

as Ni/MgO, Ni,Fe(83:17)/MgO, Ni,Fe(67:33)/MgO, Ni,Fe(50:50)/MgO, Ni,Fe(33:67)/MgO, 

and Fe/MgO respectively. The same procedure has been applied to the supports of ZrO2 

(99%, Alfa Aesar) and CeO2 (99.5%, Alfa Aesar), but only monometallic Ni and a Ni:Fe 

ratio of 5:1 catalysts were selected, resulting in samples labelled as Ni/ZrO2, 

Ni,Fe(83:17)/ZrO2, Ni/CeO2 and Ni,Fe(83:17)/CeO2.

2.2.Catalysts Characterization

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was applied to analyze 

the elemental compositions of those catalysts supported on MgO and CeO2. The pre-catalysts 

were dissolved in a mixture of nitric acid and hydrogen peroxide and measured on an Avio 

200 ICP OES equipped with a S23 Autosampler (PerkinElmer). Due to the low solubility of 

ZrO2, the metal compositions of these catalysts were determined in a scanning electron 

microscope by energy dispersive X-ray spectroscopy (SEM-EDX) using a Gemini 

Ultra55Plus (Zeiss).

The surface area was measured by N2 physisorption using the Brunauer–Emmett–Teller 

(BET) method on a BELSORP MAX (Microtrac Retsch GmbH). The samples were 

pre-treated at 100 C for 2 h in vacuum to remove adsorbed moisture and air. The isotherm 

was measured at -197 C in liquid nitrogen.
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Powder X-ray diffraction (PXRD) was used to study the crystal structure of the catalysts 

using Mo K radiation on a STADI P diffractometer (STOE). To avoid the re-oxidation of 

the reduced catalysts, the reduced samples were prepared in an Ar glovebox as sealed 

capillaries with 0.7mm diameter and later measured in the Debye-Scherrer mode.

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

catalyst analyzer (Microtrac Retsch GmbH) to study the reducibility of the catalysts. The 

measurements were conducted with 50 mg of the samples filled in a quartz glass fixed-bed 

micro-reactor. After pretreatment at 120 °C under on Ar flow for 1 h, the reactor was cooled 

down to 40 °C and then heated to 1000 °C at a rate of 6 C min-1 in a 50 sccm of 10 %H2/Ar 

flow. The reactor was later kept at 1000 °C for 15 min before cooling down and the H2 

consumption was measured with a thermal conductivity detector (TCD). The degree of the 

reduction (%) of the supported metal was estimated by the H2 consumption assuming that full 

reduction corresponds to a state with all Ni and Fe being metallic, CuO was used to calibrate 

the H2 consumption.

CO2 temperature programmed desorption (CO2-TPD) profiles were recorded with the 

home-built reaction setup equipped with TCDs on the inlet and outlet of the quartz tube 

reactor. Prior the measurement, all samples were heated to 450 C with a rate of 5 C min-1 in 

a 10 mL min-1 of 20% H2/Ar flow. After an isothermal reduction at 450 C for 2 h, samples 

were cooled down to 50 C in a flow of He to remove the residual gases from the reduction. 

CO2 adsorption was carried out at 50 C for 2 h with a flow rate of 10 mL min-1. Then a 10 

mL min-1 of He was introduced to remove physically adsorbed CO2 before the desorption. 

CO2-TPD curve was drawn at the temperature range from 50 to 600 C with the heating rate 
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of 10 C min-1. The number of surface basic sites was calculated using the integration of the 

calibrated CO2 peak below the curve. The raw data were smoothed first and then fitted 

(Figure S3, SI) into three Gaussian peaks at different temperature ranges representing the 

weak, medium and strong basic sites.

Transmission Electron Microscopy (TEM) was employed to evaluate the nanoparticle size of 

the freshly reduced samples. TEM images were taken in the bright field mode on a Tecnai 

F30 G2 S-TWIN (Thermo Fisher Scientific) equipped with a field emission gun (FEG) using 

an acceleration voltage of 300 kV and a spherical aberration coefficient of 1.2 mm. Due to 

the low metal loading and small nanoparticle size, the brightness and contrast of TEM images 

were adjusted to clearly identify metal particles.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) measurements were 

performed on the reduced catalyst following the adsorption and desorption of CO used as a 

probe molecule. The samples were heated up to 450 °C with 5 °C min-1 in an 80 mL min-1 

flow of 10%H2/He and then an isothermal reduction was performed for 2 h. Afterwards, the 

reduced catalysts were purged in pure He for 30 min and then cooled down to 10 °C. The 

analysis was performed under 80 mL min-1 of 0.5 % CO/He mixture flow for 40 minutes 

during adsorption and pure He flow for 40 minutes during desorption. The spectra were 

collected by a iS50 FTIR spectrometer (Thermo Fisher Scientific) equipped with a 

high-temperature reaction chamber (Praying Mantis, Harrick) coupled with a dome mounting 

ZnSe windows. All measurements were collected by the OMNIC software via an automatic 

series collection using a Gram-Schmidt method. The temperature was controlled by Harrick 

ATC and a Huber Ministat 125 chiller. No compensation of H2O and CO2 signal was used. 
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2.3. Kinetic measurements

Catalytic tests were performed in a U-shaped micro-reactor where the catalyst bed was fixed 

by quartz wool plugs. A thermocouple was inserted directly into the catalyst bed to measure 

the temperature. After isothermal reduction at 450 °C for 2 h, the reactor was cooled down to 

350 °C and 50 sccm of a reaction gas mixture was injected into the reactor to start the CO2 

hydrogenation test at atmospheric pressure, consisting of 9.6% CO2/N2, 38.4% H2 and 

balanced N2. The inlet gas flow was controlled by mass flow controllers (Bronkhorst) and the 

gas composition at the exhaust was evaluated by a micro-GC (INFICON). In a typical 

catalytic test, 30 mg of MgO-supported catalysts were used while 10 and 3 mg of the ZrO2 

and CeO2-supported catalysts were sufficient to reach a similar CO2 conversion of less than 

25% to ensure the measured selectivity for methanation can be compared at similar 

conversion levels. The catalyst sieve fraction of 200~300 m was diluted with 350~460 m 

SiC (Thermal Scientific) to give a total weight of 200 mg to avoid heat and mass transfer 

issues. 

The activation energies (Ea) of selected catalysts were measured at temperatures ranging from 

315 to 355 C and reaction orders for H2 and CO2 were tested in the same reactor at 350 °C 

by changing the respective partial pressures. All the kinetic measurements were conducted 

under low CO2 conversion of less than 25%.

As shown in eq. (1), the reaction rates of CO2 hydrogenation were defined as the CH4 

production rate (rCH4) for methanation and the CO production rate (rCO) for the RWGS 

normalized to the weight of active metals. The conversion of CO2 and the selectivity for 
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CH4/CO were calculated as eq. (2) and (3).

𝑟𝐶𝐻4/𝐶𝑂 =  
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 × 𝑐𝑜𝑛𝑐.𝐶𝐻4/𝐶𝑂

𝑔𝑐𝑎𝑡. × 𝑤𝑡.%           𝑒𝑞.(1)

𝐶𝑜𝑛𝑣.𝐶𝐻4/𝐶𝑂  =  1 ―  
𝑐𝑜𝑛𝑐.𝐶𝑂2,𝑜𝑢𝑡

𝑐𝑜𝑛𝑐.𝐶𝑂2,𝑖𝑛
          𝑒𝑞. (2)

𝑆𝑒𝑙𝑒𝑐.𝐶𝐻4/𝐶𝑂 =  
𝑐𝑜𝑛𝑐.𝐶𝐻4/𝐶𝑂

𝑐𝑜𝑛𝑐.𝐶𝐻4/𝐶𝑂 + 𝑐𝑜𝑛𝑐.𝐶𝑂/𝐶𝐻4
          𝑒𝑞. (3)

3. Results 

The metal loading of the as-synthesized samples was checked by ICP-OES and SEM-EDX, 

which confirmed the total metal loading are approximately 5wt.% for all the samples (Table 

S1-2, Supporting Information (SI)). For the bimetallic catalysts, also the measured Ni:Fe 

ratios are in reasonable agreements with the nominal values (Table S1-2, SI). The BET 

surface areas of the commercial supports are approximately 15 (MgO), 26 (ZrO2), and 64 

(CeO2) m2g-1 (Table S3, SI). The reducibility of the Ni,(Fe)/MgO catalysts was studied by 

H2-TPR (Figure 1a). With increasing Fe content, the reduction peaks gradually shift to higher 

temperatures. Such trend is consistent with previous reports and can be explained by the less 

noble nature of iron compared to nickel.44, 45 A single TPR peak was observed for the 

reduction into the metallic state indicating presence of uniform metal species.46, 47 Only a 

weak shoulder is observed at the lower temperature side of the TPR profile (around 400 C) 

with increasing Fe content, which can be assigned to the intermediate reduction of Fe3+ to 

Fe2+.47-49 There is no significant reduction at temperatures higher than 500 C for all the 

MgO-supported catalysts confirming the unreducible nature of the support at these 

conditions. Thus, an isothermal reduction at 450 C for 2 h was chosen to reach a full 

reduction of both Ni and Fe. The XRD patterns of the freshly reduced samples are shown in 

Figure 1b. The major crystalline phase in all catalysts is MgO while there are no obvious 
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reflections of Ni or Fe metal detected, which can be explained with the low loading of active 

metal and the small crystallite size.

Figure 1. a H2-TPR profile for Ni,Fe monometallic and bimetallic catalysts supported on MgO and b their 
PXRD patterns after isothermal reduction of 450 C.

The catalytic performance of the reduced Ni,Fe/MgO catalysts for CO2 hydrogenation was 

evaluated at 350 C for 16 h after the above-described reduction step. Both of the 

monometallic Ni and Fe catalysts showed stable activity in methanation and RWGS (Figure 

2) and, as expected, Ni had a higher activity and selectivity to methane. Note that it was 

reported that the addition of low amounts of Fe to Ni catalysts can prohibit the deactivation of 

monometallic Ni catalyst,22, 50 but no such deactivation was present for the MgO-supported 

monometallic Ni in our experiment. However, the bimetallic Ni,Fe catalysts showed high 

CO2 conversions at the beginning, but suffer from gradual deactivation over 16 h time on 

stream (TOS). In this process, methanation deactivated stronger than RWGS leading to a 

decrease of CH4 selectivity (Figure 2b~d). Sintering and carbon deposition are the most 

probable reasons for such initial deactivation.51-53 Under methanation reaction conditions, it 
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has been reported that small Ni nanoparticles may coalesce to form bigger particles, followed 

by the Ostwald ripening.54, 55 The particle size growth can also be associated to the formation 

of metal carbonyls due to the enhanced mobility of Ni(CO)x species.55-57 The particle size 

increase will result in the loss of surface area and active sites, eventually resulting in the 

deactivation of catalysts. After 16 h TOS, both the methanation and RWGS rates have 

approached to a steady-state for each catalyst, revealing a volcano-shaped trend with the Fe 

loading (Figure 3). The optimal Ni:Fe ratio for the CO2 hydrogenation was identified as 5:1, 

i.e. Ni,Fe(83:17)/MgO, with the highest activity in both methanation (0.035 mmolCH4 g-1
metal 

s-1) and RWGS (0.302 mmolCO g-1
metal s-1). It was proposed that iron oxide species can be 

formed from the oxidation of iron by CO2 and H2O in the gas stream. These can be dispersed 

on the Ni particles, and the redox cycle of oxidized Fe species can promote the CO2 

hydrogenation.20-23 A similar dynamic promotion effect in Co,Fe bimetallic catalysts in CO2 

hydrogenation was interpreted as a result of alloy formation after reduction of bimetallic 

catalysts.58 In both scenarios, a too strong increase in Fe loading will cause either blocking or 

substitution of active Ni sites at the surface, which explains the decreased activity with higher 

Fe loading, which is not uncommon for promoter species. Besides, our Ni,Fe bimetallic 

catalysts also suffer from deactivation, which might be associated with the gradual and 

dynamic formation of such oxidized Fe “islands”.

The Ni,Fe(83:17)/MgO catalyst reached the highest reaction rate of both methanation and 

RWGS reactions with the highest CH4 selectivity in this series of catalysts (~10.2 %) (Figure 

2b-d). This ratio of 5:1 for Ni:Fe has been employed in the study of the other two supports, 

i.e. ZrO2 and CeO2, to investigate the support effect on the Ni,Fe bimetallic catalysts for CO2 
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hydrogenation.

Figure 2. a CO2 conversion, b selectivity towards CH4, c methanation rate and d RWGS rate as a function of 
TOS for MgO-supported catalysts with various Ni:Fe ratios at 350 °C.

Figure 3. Reaction rates of both methanation and RWGS after 16 h test for different Fe loadings in 
Ni,(Fe)/MgO catalysts.

The reducibility of these two series catalysts was studied first. The H2-TPR profiles of ZrO2 

and CeO2 supported catalysts exhibit two reduction peaks below 400 C, which could result 
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from weakly and strongly bound Ni2+ and Fe3+ species59, 60 (Figure 4a), indicating the 

reduction of the metal completes before 450 C. Besides, the reduction degree (%) of the 

supported metal estimated by the H2 consumption assuming that all Ni and Fe can be fully 

reduced were compared among these mono- and bimetallic supported catalysts, following the 

order CeO2-  ZrO2-  MgO-supported catalysts (Figure 4c). The higher reduction degree of 

CeO2- and ZrO2-supported catalysts agree with the reducibility of these oxides. For the 

CeO2-supported catalysts, reduction degree even higher than 100 % clearly indicate that 

support species have been reduced together with the metal oxide species at low temperature 

(< 300 C), agreeing well with the previous report of co-reduction of highly dispersed metal 

and support-CeO2,61-63 which was explained by metal-support interaction (MSI) and / or 

hydrogen spillover effects.64-68

Figure 4. a H2-TPR profile for Ni monometallic and Ni,Fe bimetallic catalysts supported on ZrO2, CeO2; b the 
PXRD patterns of the samples reduced isothermally at 450 C and c the estimated degree of reduction, where 
valued beyond 100% refer to co-reduction of support species.

The XRD patterns of these reduced samples show broad reflections for Ni and Fe at around 

20 2θ, which might be due to the small metal particle size or low metal loading (Figure 4b). 
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The broad XRD peak profiles agree well with the TEM images showing that most metal 

nanoparticles have a size around 5~10 nm (Figure 5). Similar nanoparticle sizes were found 

for all six catalysts, which indicates that the comparison here is not strongly affected by 

possible size effects on CO2 hydrogenation.69

Figure 5. TEM images for Ni-Fe monometallic and bimetallic catalysts supported on a&d MgO, b&e ZrO2 and 
c&f CeO2.

All supported Ni and Ni,Fe(83:17) catalysts were studied in the CO2 hydrogenation reaction 

at 350 C for 16 hrs. The CO2 conversion is similar for monometallic Ni and bimetallic 

Ni,Fe(83:17) catalysts on both supports ZrO2 and CeO2, suggesting in contrast to 

MgO-supported catalysts, no clear promotion effect of Fe on the CO2 conversion for these 

reducible supports (Figure S2, SI). Monometallic Ni even showed a higher CO2 methanation 

rate than bimetallic Ni,Fe(83:17) if supported on ZrO2 or CeO2 (Figure 6) showing a negative 

effect of Fe addition on the methane selectivity. Actually, Winter et al. already found that the 
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introduction of Fe to Ni catalysts supported on CeO2 will increase the selectivity towards 

RWGS.70 They proposed that the formation of oxidized Fe will weaken the CO binding 

strength, resulting in desorption. Since the adsorbed CO is one of the potential intermediates 

for methanation, this can explain the lower selectivity to CH4 in favor or RWGS.71 However, 

this is very different to MgO-supported catalysts where the addition of Fe enhances both CO2 

conversion and methane selectivity, though on a lower level of around 10%. The absolute 

selectivity to methane for Ni/CeO2 and Ni/ZrO2 were much higher than on MgO and reached 

82.3 % and even 94.4%, indicating that the methanation reaction is greatly promoted by the 

reducible nature of the oxide support with a much stronger effect than the presence or 

absence of Fe. 

While the selectivity remains quite stable during the 16 hours TOS (Figure 6), the 

conversions show an interesting trend (Figure S2, SI). The CeO2-supported catalysts show a 

slight deactivation, which is much less pronounced compared to Ni,Fe(83:17)/MgO, but for 

the ZrO2 supports, a clear activation phase in both of methanation and RWGS reactions was 

observed. A similar behavior was found before in Ru/ZrO2 in COx methanation,39, 72 which 

was explained by the slow reduction of ZrO2 leading to increasing metal-support interaction 

during the hydrogenation reaction. 

The reaction pathways on Ni/ZrO2 and Ni/CeO2 catalysts discussed in the literature indeed 

assume a strong involvement of the support. CO2 is first adsorbed on a hydroxyl group of the 

ZrO2 / CeO2 support. There, it can be hydrogenated to formate by dissociated hydrogen from 

metallic Ni under desorption of H2O.73-77 The formate intermediate can either decompose and 

then transfer onto the surface of the metallic Ni nanoparticle or directly be converted on the 
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ZrO2 / CeO2 surface to CH4 by combing with more dissociated hydrogen spilled over from 

Ni.73, 75-77 Both reaction pathways require a strong participation of ZrO2 / CeO2 in the CO2 

activation steps. The latter pathway even avoids adsorption of any carbon- or oxygen-bound 

intermediates on the surface of Ni, which could help to keep the metallic Ni particles free 

from deactivating species. Contrarily, for the catalysts supported on MgO, CO2 and its CO* 

or HCOO* intermediates may absorb mainly on the Ni surface, which increases the 

probability of strong deactivation by oxidation or coking.7

Comparing the steady-state activity (after 16 h TOS) among these Ni and Ni,Fe catalysts 

supported on three different oxides, the CeO2 supported catalysts show the highest activity. 

Ni/CeO2 has the highest methanation rate of 3.0 mmolCH4 gmetal
-1 s-1 and Ni,Fe(83:17)/CeO2 

has the highest RWGS rate of 1.3 mmolCO gmetal
-1 s-1 (Figure 7). The steady-state activity of 

the methanation reaction followed the order of MgO-supported < ZrO2-supported < 

CeO2-supported, which agrees well with the reducibility order: MgO < ZrO2 < CeO2 and 

underlines to role of a SMSI or electronic metal-support interaction (EMSI) effect.18, 33, 39, 78 

The basicity of the Ni-based monometallic catalysts and their bare support were investigated 

through CO2-TPD experiments (Figure 8, Table 1). CO2-TPD profiles revealed three 

Gaussian peaks representing the weak (100-170 C), medium (222-302 C), and strong 

(396-501 C) basic sites. The low-temperature peak corresponds to the CO2 desorption from 

weak Brønsted sites.79-82 The medium-temperature peak originates from bidentate carbonates 

on metal–oxygen pairs such as Mg-O.79-82 The high-temperature peak is correlated to the 

desorption of unidentate carbonates on low-coordination O2- anions.79-83 Based on the 

quantitative analysis of CO2-TPD profiles, Ni/CeO2 catalysts have the highest content of 
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weak basic sites (29 μmolCO2/gcat) among these three supported Ni catalysts, which indicates 

that the CeO2 support can facilitate the CO2 adsorption, contributing to its high activity. 84-86 

Furthermore, compared to the bare support, our results suggest that CeO2-supported catalysts 

have a higher total density of basic sites (85 μmolCO2/gcat for Ni/CeO2 vs. 54 μmolCO2/gcat for 

CeO2), whereas a lower total basic sites density was observed for the MgO-supported (111 

μmolCO2/gcat for Ni/MgO vs. 167 μmolCO2/gcat for MgO) and ZrO2-supported (26 μmolCO2/gcat 

for Ni/ZrO2 vs. 85 μmolCO2/gcat for ZrO2) samples. Notably, experimental results have 

revealed that MgO and its catalysts release significantly more CO₂ during the TPD 

experiments. This increased CO₂ release is likely related to the presence of bulk carbonates 

formed during CO₂ adsorption87, 88 and is not necessarily indicative of surface basicity. 

Nevertheless, these results clearly demonstrate that the SMSI in Ni/CeO2 catalyst results in 

interfacial sites more favorable for CO2 activation / conversion. As Ni/CeO2 contains a higher 

density of basic sites than the bare support CeO2, and given than the density of basic sites can 

be correlated to the oxygen vacancy density, this is consistent with the results of the H2-TPR 

analysis. 89, 90 
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Figure 6. Methanation and RWGS rates and selectivity towards CH4 as a function of TOS for a CeO2 and b 
ZrO2-supported monometallic and bimetallic catalysts for 16 h TOS at 350 °C.

 

Figure 7. Comparison of the reaction rates of the different supported mono- or bimetallic catalysts for both 
methanation and RWGS after 16 h TOS.

Figure 8. CO2-TPD profiles at 10 °C min-1 for a MgO, b ZrO2, c CeO2 supports, and their corresponding Ni 
loaded catalysts where grey dots represent the smoothed raw profiles and the solid color lines indicate the fitting 
results for week, medium and strong basic sites at different temperatures

Table 1. Calculated basic site density based on the results from CO2-TPD of the bare supports and the reduced 
catalysts

Weak 
[μmol/g]

Medium 
[μmol/g]

Strong 
[μmol/g]

Total 
[μmol/g]

MgO 15 87 65 167
Ni/MgO 17 72 21 111

ZrO2 11 52 22 85
Ni/ZrO2 12 7 7 26

CeO2 27 8 19 54
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Ni/CeO2 29 19 37 85

Further kinetic experiments were conducted for Ni and Ni,Fe catalysts to determine the 

apparent activation energy (Ea) and reaction order of CO2 and H2 with respect to methanation 

and RWGS for a deeper investigation of the support effect. From the Arrhenius plot shown 

(Figure 9a-c), the apparent activation energy Ea for MgO and CeO2 supported catalysts are 

very similar between 71 and 79 kJ mol-1 in both methanation and RWGS reactions. However, 

the intercepts in the Arrhenius plot for the MgO-supported catalysts are much lower than for 

the CeO2-supported catalysts, suggesting more actives sites from the latter catalysts. This 

interpretation agrees with the previous hypothesis that the metal-support interaction provides 

additional abundant active sites at the ceria-metal interfaces. Besides, the high reducibility of 

CeO2 results into more oxygen vacancies introducing the so-called electronic 

metal-support-interaction (EMSI) effect, which can activate CO2 at lower temperatures.18 For 

ZrO2-supported catalysts, the Arrhenius plots suggest a different activation energy compared 

to MgO- and CeO2-supported catalysts. Here, the Ea of methanation is 94.4 kJ mol-1, which is 

almost half of that of RWGS (196.6 kJ mol-1), implying that the relative barrier energy for 

RWGS is very high on this type of catalyst. The big difference in activation energy for these 

two reactions on Ni/ZrO2 can account for the highest methane selectivity for ZrO2-supported 

catalysts. 
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Figure 9. Arrhenius plots with calculated Ea for Ni catalysts supported on a MgO, b CeO2, c ZrO2 and d 
comparison of their Eas for RWGS and methanation.

The reaction orders of CO2 and H2 for monometallic Ni and bimetallic Ni,Fe catalysts were 

studied for understanding of the limiting factors of reactants activation (Figure 10-11). For 

the three monometallic Ni catalysts, an increasing in CO2 partial pressure affected the RWGS 

more than methanation, suggesting that the RWGS is limited by the activation of CO2, 

especially for Ni/CeO2 with the highest CO2 reaction order of 1.08 in RWGS (Figure 10a-c). 

At the same time, the H2 partial pressure variation affected the methanation rate stronger and 

positively showing that the methanation is rather limited by the activation of H2. The RWGS 

was even affected negatively by an increase in the H2 partial pressure for the two catalysts on 

the reducible supports, CeO2 and ZrO2, especially for ZrO2-supported catalysts with a value 

of -0.86 (Figure 10d-f). The high selectivity towards CH4 for the ZrO2-supported catalysts 

can therefore also be explained by the hydrogen-rich condition (H2:CO2 = 4:1), which also 

agrees well with the previous results of activation energy. In addition, as the calculated 

reduction degree of CeO2 supported catalysts exceeds 100 %, indicating that not only Ni and 

Fe were activated to the metallic state, but CeO2 was also partially reduced to CeO2-x, 

forming surface oxygen vacancies.91, 92 The oxygen vacancies donate electrons which could 
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participate in the adsorption and activation of CO2, explaining the reason that the CeO2 

supported catalysts with relatively rich oxygen vacancies have a higher CO2 reaction order in 

both methanation and RWGS (Figure 10). Furthermore, the H2-spillover effect is supported 

by the H2-TPR result where the reduction of surface CeO2 occurs at around 280 C, 

significantly lower than the surface reduction temperature of pure CeO2, which is normally 

around 450 C.62, 93, 94 This indicates that the dissociated H migrate from the metal to the 

metal-support interface and can hydrogenate the activated CO2.
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Figure 10. The reaction order of CO2 () and H2 () at 350 C for Ni monometallic catalysts supported on a&d 
MgO, b&e ZrO2 and c&f CeO2 and g their comparison.

The reaction orders of CO2 and H2 for the bimetallic Ni,Fe catalysts are shown in Figure 11. 

Compared to the monometallic catalysts, there was a more significant increase in both 

reaction orders of CO2 and H2 for methanation compared to RWGS reaction on the 
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MgO-supported catalyst, corresponding to the higher methanation selectivity on the 

bimetallic catalysts (Figure 2). For the ZrO2-supported catalyst Ni,Fe(83:17)/ZrO2, the H2 

reaction order of -0.21 in RWGS was still negative but has increased strongly from -0.86 

observed in Ni/ZrO2. This less negative H2 reaction order showed that the H2-inhibition of 

RWGS was mitigated compared to the monometallic Ni catalyst, consistent with a lower 

RWGS selectivity on this bimetallic catalyst (Figure 6b). Notably, introducing Fe to Ni/CeO2 

minorly modified the reaction order of CO2 or H2 in both methanation and RWGS.

Page 23 of 36 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
8 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

08
/1

5 
20

:2
9:

49
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR02025A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02025a


24

Figure 11. The reaction order of CO2 () and H2 () at 350 C for Ni,Fe bimetallic catalysts supported on a&d 
MgO, b&e ZrO2 and c&f CeO2 and g their comparison.

Additionally, in situ DRIFTS combined with CO as a probe were performed on the Ni 

monometallic catalysts to study the impact of the support on the surface properties of Ni. The 

formed surface species during CO adsorption can be divided in two main regions: one with 

spectral features above 1800 cm-1 and the other with features below 1800 cm-1. For Ni/MgO, 
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the spectra region above 1800 cm-1 is characterized by adsorbed CO (COad) species i.e. the 

metal carbonyl, in particular the linear Ni0-CO species (2056 and 2029 cm-1) and the bridged 

(Ni0)x-CO species (1945 and 1919 cm-1).95-97 At features below 1800 cm-1, several bands can 

be identified as carbonate, bicarbonate, and formate species.96, 98-100 The intensity of 

carbonaceous / carbonate-like species and COad species increased as a function of the CO 

adsorption time (Figure 12a). In the desorption period (Figure S4, SI), COad species gradually 

diminished and left a bit amount of COad adsorbed on the Ni surface while carbonate, 

bicarbonate, formate species region remained after 40 min of desorption.

Figure 12. In situ DRIFTS spectra of a Ni/MgO, b Ni/ZrO2 and c Ni/CeO2 catalysts collected during CO 
adsorption, inset images in b representing the zoom-in spectra at features above 2100 cm-1. Illustration d of the 
structural properties changes in three different supported Ni Catalysts.
 

For Ni/ZrO2, CO adsorption resulted in the formation of a very intense peak at 2086 cm-1, 

with a shoulder at 2040 cm-1, which was ascribed to linear Ni0-CO (Figure 12b). At higher 

frequency, two tiny peaks were identified and ascribed to linear Ni2+-CO (2199-2194 cm-1) 
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and Ni+-CO (2136 cm-1).97 Besides, the two bands at 1957 and 1914 cm-1 were ascribed to 

bridged (Ni0)X-CO species. In the lower frequency region below 1800 cm-1, several bands 

were observed and identified as carbonate and bicarbonate species, similar to Ni/MgO. 

During the CO adsorption, the intensity of all COad bands increased to a maximum after 

about 6 minutes and then started to decrease. Meanwhile, a continuous increase in the range 

of the carbonaceous / carbonate-like species bands was observed. This change of the intensity 

was interpreted as Boudouard reaction (2 CO  CO2 + C) on the active sites of Ni.101 

The disproportionation of CO to carbon would result in the partial encapsulation of some Ni 

sites and a lower intensity for COad species. Meanwhile, the produced CO2 can be adsorbed 

and formed the carbonate species on the adjacent ZrO2. Note that one cannot exclude a direct 

CO adsorption contributing to the formation of carbonaceous / carbonate-like species as 

described for Ni/MgO. In the desorption process, except for the bands of ionic Nin+-CO 

species, almost all the bands are stable and still present during purging in He (Figure S5, SI). 

Only the linear Ni0-CO species lost more than half of its intensity, suggesting the presence of 

less stable Ni0-CO species. 

Regarding the Ni/CeO2 catalyst, CO adsorption led to the formation of the similar species 

observed for Ni/MgO: linear Ni0-CO (2079 and 2055 cm-1) and bridged (Ni0)x-CO (1979, 

1957, 1917 and 1896 cm-1) species.97 Various carbonate-like species bands were observed 

and were ascribed to the CeO2 support in the frequency region lower than 1800 cm-1. In the 

CO adsorption process, similarly to the Ni/ZrO2 sample, a change of the COad species 

intensity was observed. This behaviour becomes even more remarkable on Ni/CeO2 than 

Ni/ZrO2, with a major intensity reduction that drastically reduces the intensity of all COad 
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species. Such behaviour could be related to the stronger reducibility of CeO2 than ZrO2, 

which was also proved by the H2-TPR results (Figure 4). Compared to Ni/ZrO2, more oxygen 

vacancies of Ni/CeO2 formed during reduction pre-treatment (proved by H2-TPR) drove a 

more pronounced charge transfer between Ni and reduced CeO2 (EMSI effect), resulting in a 

higher electron density on Ni sites in Ni/CeO2 catalyst, which leads to a more active CO 

disproportionation (Figure 12d). Such concept that charge transfer from oxygen vacancies to 

adjacent metal sites through EMSI effect has been also demonstrated on Ru/ZrO2 catalysts 

both in experimental and theoretical aspects.72 Moreover, the formation of carbon layer on 

the top of Ni0 sites during disproportionation would inhibit the further adsorption of CO 

molecules. Such hypothesis is consistent with the observation that the intensity of COad 

species were much lower than the carbonate bands on Ni/CeO2 catalyst (Figure 12c). During 

the desorption process, almost all COad species disappeared (Figure S6, SI), suggesting a very 

labile nature of these species and influenced by a stronger electron density transferred from 

the reduced CeO2 support. At the same time, the carbonaceous /carbonate-like species 

slightly increased in intensity, indicating that some CO molecules could have been 

re-adsorbed to form carbonaceous /carbonate-like species after being desorbed from Ni0 sites.

4. Discussion

The support effect on the Ni,Fe bimetallic catalysts as well as Ni monometallic catalysts in 

CO2 hydrogenation (methanation and RWGS) studied here can be summarized and 

interpreted as follows:

1. On a series of Ni-based (Ni,Fe) catalysts supported on non-reducible MgO, the optimum 

molar metal composition Ni:Fe for CO2 methanation was established to be 5:1. In 
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accordance with previous reports on the promoting role of Fe for methanation, an 

increase in activity and CH4 selectivity was observed, however, the selectivity around 

10% at 350 °C was still low and the activity was not stable. An increased reaction order 

of H2 and CO2 in methanation with the addition of Fe further confirmed the promoting 

effect, which was not observed for the RWGS reaction.

2. The optimal ratio of Ni:Fe = 5:1 was further introduced to bimetallic Ni,Fe catalysts 

supported on CeO2 and ZrO2 and compared to monometallic counterparts to investigate 

the combined role of promoter and support effects for these two reducible oxides. CeO2 

was the most active support for both methanation and RWGS reactions, followed by 

ZrO2, while MgO-supported bimetallic catalyst showed the lowest catalytic performance. 

This order corresponds to the reducibility of the supports suggesting metal-support 

interaction as origin of this effect. On these reducible supports, the presence of Fe even 

resulted in a bit lower methanation activity while the RWGS reaction was slightly 

promoted on both CeO2 and ZrO2 supported Ni,Fe catalysts. Therefore, different from 

the non-reducible MgO-supported catalysts, no promoting effect of Fe for methanation 

was observed on reducible oxides. This can be explained following the explanation of 

the promoting effect by Grundwaldt et al., who proposed that the redox cycle of Fe at the 

surface of the Ni particles helps the CO2 activation. In case of reducible oxides such as 

ZrO2 or CeO2 such activation of CO2 can happen on oxygen vacancies of the support, 

and thus no promotion on the metal surface might be required. It was shown previously 

that oxygen vacancies and metal-zirconia interfacial sites can promote the activation of 

CO2.5, 34, 38 Such synergistic interplay of reduced oxide sites for CO2 activation and metal 
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sites for H2 activation can also explain the superior stability of the catalysts supported on 

reducible oxides as no or less carbon species or oxygen-containing coupled products are 

present on the metal surface leading to deactivation by coking or oxidation. 

3. ZrO2-supported catalysts exhibited the highest CH4 selectivity (94.4% on Ni/ZrO2 at 350 

C). Instead of deactivation, they also showed a long activation period (~10 h) during 

reaction, consistent with the slow formation of oxygen vacancies due to the moderate 

reducibility. Also, the kinetic parameters were standing out from the other catalysts with 

regard to a very high activation energy and a strongly negative reaction order of H2 for 

RWGS. In the context of our interpretation, this suggests that CO2 competes with H2 for 

the adsorption sites on the metallic Ni surface. Due to the hydrogen-rich feed 

stoichiometry, RWGS is inhibited by hydrogen and only little carbonaceous 

intermediates might be present on the Ni particles. The preferred CO2 activation on the 

reduced support sites on the other hand does not lead to CO pathway on the metal sites 

likely proceeds via formate pathway on support sites with adjacent oxygen vacancies to 

form methane.41, 78 

4. The in situ DRIFTS results demonstrate that MgO, ZrO2 and CeO2 have a strong 

influence on Ni active sites. More specifically, there is a clear difference in the COad 

species formed. The intensity ratio between carbonaceous / carbonates-like species and 

COad bands on each sample after steady-state CO adsorption increased with increasing of 

the support reducibility (Figure 12d), which can be interpreted as the Boudouard reaction 

is more promoted by the presence of oxygen vacancies. Such disproportionation will 

result carbon layer covered on Ni and prevent the formation of COad. The other 
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disproportionation product CO2 will then be adsorbed on the support, which is consistent 

with our kinetic analysis. All these findings highlight MSI in reducible oxide-supported 

Ni-based catalysts, which can be addressed for the difference in their catalytic 

performance. 

5. Conclusion

In conclusion, this study has shown that the well-established promotion effect of Fe on 

Ni-based catalysts with similar metal loading and metal particle size is present if 

non-reducible MgO is used as support, which according to literature report can be traced back 

to facilitated CO2 activation involving Fe redox cycles. If reducible supports such as ZrO2 

and CeO2 are involved, no such effect is evident. In situ DRIFTS with CO as probe and 

H2-TPR as well as CO2-TPD have demonstrated that the importance of MSI effect in these 

two supports, resulting into a new mechanism of CO2 activation on the supports and 

rendering a promotion on the metal surface by Fe redundant. This hypothesis is consistent 

with the kinetic parameters reported here, which are most pronounced on Ni/ZrO2, i.e. a large 

activation energy and a negative reaction order for H2 in RWGS, while the pre-factor for 

methanation was still large. For these reasons, Ni/ZrO2 reached the highest CH4 selectivity of 

94% at 350 °C, which is accompanied by an interesting activation behavior due to the 

dynamic nature of the under-lying MSI. The catalysts supported on the most reducible oxide 

CeO2 with the richest oxygen vacancies showed the highest CO2 methanation activity. 
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