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Abstract
Ni-based catalysts are the most promising catalysts for  CO2 methanation. The development of catalysts with low-temperature 
activity could bring significant energy and environmental benefits. In this work, the hydrogenation of  CO2 to methane was 
studied on Ni-M/γ-Al2O3 (M = Fe, Co, or Mn) bimetallic catalysts. The optimum reaction was obtained using Ni-Mn/γ-Al2O3 
 (CO2 conversion: 85%,  CH4 selectivity: 99%, 280 °C). In situ FTIR studies revealed the excellent performance of Ni-Mn/γ-
Al2O3, which lowers the required reaction temperature. Based on in situ FTIR studies,  CO2 methanation proceeded over 
three intermediates on the catalysts: bicarbonate → carbonate → formate → methane. The second metal (Co or Mn) promoted 
the dispersion of both Ni and itself and improved the ability of Ni to crack  H2. And introduced more oxygen vacancies to 
strengthen the basicity of surrounding  O2− on the surface of the catalysts. In effect, the number of carbonate active sites 
could be increased accordingly, thereby improving the adsorption capacity for  CO2.

Graphic Abstract
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1 Introduction

Global warming is one of the most important environ-
mental issues in the twenty-first century. Limiting exces-
sive production of  CO2 is of great practical significance 
to delay global warming.  CO2 methanation technology 
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is considered to be one of the most effective technolo-
gies for  CO2 recycling [1], and the main reaction is:  CO2 
(g) + 4H2 (g) → CH4 (g) + 2H2O (g); ∆H298K =  − 165 kJ/
mol, ΔG298K =  − 114 kJ/mol, which is known as the Saba-
tier reaction [2]. As this reaction is exothermic, a lower 
temperature is conducive for the conversion of  CO2. Most 
of the products are  CH4 and  H2O at 200–250 °C, but the 
yield and selectivity for  CH4 decrease as the temperature 
increases [3, 4]. Moreover,  CO2 is chemically stable and 
difficult to convert. Hence, the catalyst used for  CO2 meth-
anation needs to exhibit relatively high activity.

The active components of methanation catalysts are 
usually Ni, Fe, Co, Ru, and Rh [5–11]. Among which, 
Ni is widely used as a research object because of its high 
activity, selectivity for  CH4, and low cost. However, it is 
difficult for Ni catalysts to achieve high  CO2 conversion 
at low temperatures due to high thermodynamic barriers. 
Utilizing a second metal to form bimetallic catalysts is an 
effective way to lower the required reaction temperature, 
but the candidates for such metals are dominated by pre-
cious metals such as Pd, Ru, and Pt [7, 12, 13]. Therefore, 
it is necessary to investigate low-cost additives. Part of the 
previous research suggested that transition metals, such 
as Fe, Co, and Mn [14–19], may form a close interaction 
with Ni after annealing, thereby lowering the reduction 
temperature and increasing the dispersion of Ni. Density 
functional theory calculations have also suggested that 
the addition of these second metals can reduce the activa-
tion energy of  CO2 methanation [20]. The chemical state 
of highly dispersed Ni on the surface of the support may 
play a key role in  CO2 methanation, which means that 
surface species on supports must be identified for further 
understanding.

In situ Fourier transform infrared (in situ FTIR) spectros-
copy is a powerful characterisation method that can be used to 
investigate  CO2 adsorption, desorption, and reaction process 
intermediates over a catalyst surface. Although many studies 
have investigated  CO2 methanation on Ni-, Ru- and Rh-based 
catalysts by in situ FTIR [21–25], there is no unified view 
among the research on the reaction mechanism. Dreyer et al. 
[21] suggested that the first step of  CO2 methanation is the 
dissociation of  CO2.  CO2 gradually dissociates into CO, C* 
and O* in the presence of a catalyst and then forms hydrox-
ymethylene (HCOH) with the assistance of H*, finally was 
abstracted by O to form  CH4. Marwood et al. [25] proposed 
that  CO2 is first adsorbed on the support in the form of bicar-
bonate and then reacts with spilled over H* cracked by an 
active component to form formate intermediates on the metal 
surface. Finally, formate reacts with H*, which then leads 
to methanation. However, there is minimal comprehensive 
research on in situ FTIR measurements for the mechanism of 
 CO2 methanation by the addition of second metals. Moreover, 

it is still a challenge to develop low-cost catalysts with high 
activity at low temperatures (< 300 °C) [26].

In this study, we reported the effects of bimetallic catalysts 
Ni-M/γ-Al2O3 (M = Fe, Co, or Mn) for  CO2 methanation, and 
the results showed that the addition of second metal Mn or Co 
significantly enhanced the catalytic performance of Ni/-Al2O3. 
Various characterization methods including XRD, SEM-EDS, 
XPS,  H2-TPR and  CO2-TPD were performed to demonstrate 
the changes in physicochemical properties.  CO2 adsorption 
and methanation intermediate identification was performed 
via in situ FTIR, and the mechanism of  CO2 adsorption and 
methanation was further analysed.

2  Material and Methods

2.1  Catalysts Preparation

Bimetallic catalysts were prepared via an ultrasonic assisted 
co-impregnation method using Ni(NO3)2·6H2O and 
Fe(NO3)3·9H2O, Co(NO3)2·6H2O, or Mn(NO3)2 (50%) for 
the addition of the second metal. First, γ-Al2O3 (40–60 mesh) 
was impregnated in a mixed aqueous solution of appropriate 
concentrations of nickel nitrate and the nitrate salt of the sec-
ond metal; the solution was then sonicated for 20 min using an 
ultrasonic oscillator. Then, the samples were naturally dried at 
25 °C for 12 h and then at 120 °C for 2 h. The prepared precur-
sor was annealed under a  N2 flow (200 mL/min) at 850 °C (the 
temperature was raised from room temperature to 850 °C at a 
rate of 10 °C/min) for 4 h and reduced under a 10%  H2-N2 flow 
(200 mL/min) at 850 °C for 4 h. Finally, a bimetallic catalyst 
with a Ni load of 10wt% and a second metal load of 2.5wt% 
was obtained, denoted as Ni-M/ γ-Al2O3 (M = Fe, Co, or Mn).

2.2  Catalytic Tests

Catalytic tests were performed in a tubular fixed-bed flow 
reactor with an inner diameter of 10 mm under atmospheric 
pressure. First, 500 mg of the catalyst sample mixed with 2.5 g 
of SiC (40–60 mesh) dilution was loaded into the reactor, and 
a flow of  H2 and  CO2  (H2/CO2 = 4) mixture at 100 ml/min 
(12,000 mL/h·gcat) was passed through the catalyst bed. The 
tests were carried out at 160–380 °C in steps of 20 °C that 
were maintained for 30 min each to achieve a stable condi-
tion and measure three times to take the average. The effluent 
gases composition was monitored with a gas chromatograph 
(Agilent 8890). The  CO2 conversion and  CH4 selectivity were 
calculated using the equations below.
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The thermodynamic equilibrium calculations were 
derived from the mathematical model R-Gibbs in Aspen 
Plus software. Only  CH4 and CO were detected as carbona-
ceous products in the reactor outlet stream.

2.3  Characterization

The phases composition of all samples were determined by 
powder X-ray diffraction (XRD) on an X’Pert-ProMPD dif-
fractometer using Cu Kα radiation (λ = 1.54 Å) at an angle 
of 10°–80° at 40 kV and 30 mA, and the scanning step was 
0.02°/s.

The catalyst particles were ground to obtain powders 
needed for energy-dispersive spectroscopy (EDS) mapping 
using a scanning electron microscopy (SEM) instrument.

The temperature-programmed reduction  (H2-TPR) 
test was performed using an AutoChem II 2920 instru-
ment equipped with a TCD. A 500-mg sample was loaded 
and investigated under a 5%  H2/N2 flow (30 mL/min) at 
50–1000 °C with a temperature ramping rate of 10 °C/min.

The elemental composition and valence of all samples 
were determined by X-ray photoelectron spectra (XPS) on a 
AXI Sultra DLD Spectrometer employing a monochroma-
tized Al-Kα X-ray source (hv = 1486.6 eV), and all binding 
energies were referenced to the C 1 s at 284.8 eV.

The temperature-programmed desorption (TPD) of CO2 
was also performed using an AutoChem II 2920 instrument 
equipped with a TCD. Before TPD measurements, the cata-
lyst was pre-treated under He flow at 450 °C for 90 min and 
cooled to 50 °C. A flow of 20%  CO2/He mixture at 30 mL/
min pass through the sample for 1 h and the weakened 

(2)S
CH4

=
C
CH4,out

C
CH4,out

+ C
CO2,out

× 100%
physical adsorption of  CO2 was removed by a He flow at 
30 mL/min for 1 h. Finally, the temperature is increasing to 
700 °C at a rate of 10 °C /min.

2.4  In Situ FTIR Measurements

In situ FTIR measurements were performed using a Thermo 
Nicolet iS50 spectrometer equipped with a reaction cell with 
 CaF2 windows. Four scans were averaged for each spectrum, 
which were recorded at a resolution of 4 cm−1. After the 
powders were pressed, 30 mg of the catalyst powder was 
loaded into the cell for vacuum pre-treatment at 450 °C for 
90 min. For  CO2 adsorption measurements, an amount of 
 CO2 was fed into the in situ FTIR cell at 60 °C, with scan-
ning every 30 s. For  CO2 methanation intermediate meas-
urements, a flow of  H2 and  CO2  (H2/CO2 = 4) mixture with 
a total flow rate of 50 mL/min was fed into the in situ FTIR 
cell. The reaction was performed at 60–300 °C (ramping rate 
of 10 °C/min) with scanning every 2 min.

3  Results and Discussion

3.1  Catalytic Test

Figure 1 shows the  CO2 methanation performance of Ni/γ-
Al2O3 and Ni-M/γ-Al2O3 catalysts. As shown in Fig. 1a, the 
 T50 values, corresponding to the temperature at 50% conver-
sion, are 269, 275, 220, and 232 °C for Ni/γ-Al2O3, Ni-Fe/γ-
Al2O3, Ni-Mn/γ-Al2O3, and Ni-Co/γ-Al2O3 respectively. In 
addition, in the presence of Ni-Mn/γ-Al2O3, the highest  CO2 
conversion of 85% was measured at 280 °C; similarly, the 
corresponding value for Ni-Co/γ-Al2O3 of 84% was meas-
ured at 300 °C. This result clearly indicates a significantly 
enhanced low-temperature activity for  CO2 methanation 

Fig. 1  Catalytic active tests. a  CO2 conversion and b  CH4 selectivity
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compared with that of Ni/γ-Al2O3, which yielded its high-
est conversion rate of 83% at 340 °C. Because Ni-Fe/γ-
Al2O3 yielded its highest conversion rate of 84% at 340 °C, 
this catalyst did not exhibit a significant improvement in 
conversion rate and low-temperature activity compared to 
Ni/γ-Al2O3. For temperatures higher than 380 ℃ the reac-
tion is close to thermodynamic equilibrium for all catalysts, 
and the approach to equilibrium at conversions higher than 
80% slows down while the thermodynamic equilibrium of 
the reverse water gas reaction is very low, therefore, it is 
mainly that the product gas, especially  H2O, inhibits the 
conversion of  CO2 to approach thermodynamic equilibrium 
[27]. Figure 1b shows the  CH4 selectivity as a function of 
reaction temperature. The Ni catalyst alone exhibited high 
 CH4 selectivity, with  CH4 selectivity of over 96% at reac-
tion temperatures below 400 °C. The addition of the second 
metal did not significantly improve the  CH4 selectivity at the 
same reaction temperatures. However, due to the reduction 
of the optimum reaction temperature when using Ni-Mn/γ-
Al2O3 and Ni-Co/γ-Al2O3 catalysts, the corresponding  CH4 
selectivity was also slightly improved.

3.2  Catalyst Characterization

Figure 2 shows the results of XRD measurements. From 
Fig. 1a, for the annealed catalyst precursor, the diffraction 
peaks are assigned to  NiAl2O4 (JCPDS 73-0239) phases 
with shoulders that are attributed to γ-Al2O3 (JCPDS 
10-04025) species. No obvious diffraction peaks for NiO 
specie can be detected, suggesting that the NiO is highly 
dispersed, incorporated into the structure of γ-Al2O3 sup-
port at high annealing temperatures. After reduction, the 
peaks of  NiAl2O4 specie could hardly be observed, suggest-
ing that  NiAl2O4 has been completely reduced, and a series 

diffraction peaks of Ni were observed. Figure 2b exhibit the 
XRD patterns of Ni-M/γ-Al2O3 after reduction. The reflec-
tions of Ni at 2θ = 44.5° (1 1 1), 51.85° (2 0 0) and 75.38° 
(2 2 0) that were slightly broader and weaker in intensity 
compared with them of Ni/γ-Al2O3, suggesting a reduction 
in Ni particle size upon adding Mn, Fe, or Co. Burger et al. 
[28–30] suggested that the reduction of Fe or Co interacts 
with metallic Ni phase, leading to Ni lattice distortion by the 
formation of a Ni–Fe alloy. The formation of Ni–Fe alloy 
would shift the peak at 44.5°, 51.85° and 75.38° of metallic 
Ni phase towards a low angle, although this change was not 
obvious. Mn species might be incorporated into the former 
NiO-rich matrix or that the Mn species are modified under 
reduction conditions, leading to a change of the lattice con-
stant of the former mixed oxide phase, and it appears in the 
XRD pattern as peaks at 2θ = 36.4° and 65.0° shift to lower 
diffraction angles [28]. We calculated the crystal size of Ni 
using the Scherer formula, the average particle size of Ni in 
Ni/γ-Al2O3 is 14.3 nm, while in Ni-Mn/γ-Al2O3, Ni-Co/γ-
Al2O3 and Ni-Fe/γ-Al2O3 are 11.3 nm, 11.8 nm, 12.0 nm, 
respectively. Combining with the conversions results, the 
introduction of Co or Mn could reduce the crystal size of 
Ni, which is beneficial to  CO2 methanation, but Fe has little 
effect. Therefore, we suggest that the size and dispersion of 
Ni are not the main reasons that affect  CO2 methanation in 
bimetallic catalysts. The absence of reflections assigned to 
Mn, Fe, and Co is likely due to they were well dispersed or 
the amounts of them are under the detection limit of XRD 
analysis.

To further verify that Mn, Fe, and Co were successfully 
loaded onto the surface of Ni/γ-Al2O3, we ground the cata-
lyst samples into powders. Figure 3 shows the SEM-EDS 
mapping to obtain images of the elemental distribution 
on the surfaces of the Ni-M/γ-Al2O3 (M = Mn, Fe, or Co) 

Fig. 2  XRD patterns of the Ni/γ-Al2O3 catalysts annealed at 850 °C and reduced at 850 °C (a) and Ni-M/γ-Al2O3 catalysts reduced at 850 °C (b)
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catalysts. The results indicate that Mn, Fe, and Co were 
uniformly incorporated and well dispersed on the supports 
with Ni, which is consistent with the XRD results.

In order to distinguish the states of the  Ni2+ species 
and investigate the interactions between Ni/γ-Al2O3 and 
Ni-M/γ-Al2O3 before reduction,  H2-TPR characterisation 
was carried out, and the results are shown in Fig. 4. No 
other peaks were detected at 100–600 °C, indicating that 
no NiO species was generated. The strong peaks located at 
800–1000 °C can be attributed to the presence of  NiAl2O4 
spinel.  NiAl2O4 spinel was extremely difficult to reduce, 

but Ni was more evenly dispersed after reduction because 
of the strong interaction between Ni and γ-Al2O3.

The addition of Mn, Co, and Fe to Ni/γ-Al2O3 led to dif-
ferent hydrogen consumption features, such as the peaks cor-
responding to the reduction of  MnO2 to  Mn3O4 at 408 °C 
and the subsequent reduction to MnO at 480 °C; such peaks 
appear approximately 30 °C higher than those of bulk Mn on 
γ-Al2O3 [31]. The signals at 646 °C and 752 °C can be attrib-
uted to CoO and FeO, respectively, and it can be observed 
that the addition of different second metals lowers the reduc-
tion temperature of  NiAl2O4 to different degrees. This result, 
in combination with the results of the XRD characterisation, 
indicates that the second metal oxide interacts with  NiAl2O4 
in ways that are beneficial to the dispersion of Ni.

To further understand the surface composition and val-
ance state of these catalysts, X-ray photoelectron spectros-
copy (XPS) were performed over Ni-M/γ-Al2O3 catalysts 
(Fig. 5). Peaks at 852–854 eV (Fig. 5a) can be assigned as 
Ni  2p3/2 XPS spectra corresponding to  Ni0 and  Ni2+ [32], 
respectively, indicating that Ni species existed as metal-
lic Ni and nickel oxide/hydroxide [33, 34]. The ratio of 
 Ni0 to  NiT  (NiT = Ni0 + Ni2+) in Ni  2p3/2 calculated by the 
area integrals was shown in Table 2. The ratio of  Ni0 was 
increased with adding the second metal compared with 
Ni/γ-Al2O3, indicating that it could be easier for the oxi-
dation state of the element Ni reducing to Ni due to the 
existence of Fe, Co or Mn, which was also consistent with 
the results obtained by  H2-TPR. The peak of  Ni0 in  2p3/2 
shifted from 851.7 to 850.9 eV on Ni-Mn/γ-Al2O3 catalyst 
can be attributed to the electronegative of Mn (1.55) is 
lower than it of Ni (1.91), and the electrons can be trans-
ferred easier from Mn to Ni, and the electronegative of 
Fe(1.80) or Co(1.88) is similar to it of Ni, so the peak 

Fig. 3  SEM image of Ni-M/γ-Al2O3, M = Mn (a), M = Fe (b), M = Co (c), and EDS mapping images of each catalyst (d–i)

Fig. 4  H2-TPR profiles of as-prepared Ni/γ-Al2O3 and Ni-M/γ-Al2O3 
(M = Co, Fe, or Mn)
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position of  Ni0 in  2p3/2 on Ni-Fe/γ-Al2O3 or Ni-Co/γ-Al2O3 
did not change much compared with it on Ni//γ-Al2O3.

The O 1s spectra region for Ni/γ-Al2O3 and Ni-M/γ-
Al2O3 were shown at Fig. 5b. The peaks at 529.6–530.3 eV 
can be attributed to the lattice oxygen  (OL) of the γ-Al2O3 
support, while the signals at 531.0–531.2  eV can be 
assigned to the adsorbed oxygen surface or hydroxyl 
groups  (OA) [35, 36]. The calculation results of the ratio 
of  OL to  OT  (OT = OL + OA) was shown in Table 1. The per-
centage of lattice oxygen on Ni-Mn/γ-Al2O3 and Ni-Mn/γ-
Al2O3 is approximately 13.4% and 7.9% decreased of that 
for Ni /γ-Al2O3 respectively, and the peak position of  OL 
shifted lower binding energy from 530.2 to 529.8 eV in 
comparison to the Ni /γ-Al2O3. However, the peak position 
of  OL and the ratio of  OL to  OT on Fe-Ni /γ-Al2O3 did not 
change much compared with Ni/γ-Al2O3. We suggested 
that the addition of the second metal of Mn and Co may 
have an interaction with Ni/γ-Al2O3 after annealing mak-
ing it easier to deprive the  OL of the supports surface dur-
ing  H2 reduction increase, which providing more oxygen 
vacancy. Because of the existence of oxygen vacancies, 
it will attract the surrounding lattice oxygen, resulting in 
a decrease in the binding energy of lattice oxygen. The 
addition of Fe to Ni/γ-Al2O3 did not result in more oxygen 
vacancies due to its high reduction temperature and strong 

interaction with γ-Al2O3, thus the catalytic performance of 
 CO2 methanation did not improve.

CO2-TPD results for catalyst Ni-M/γ-Al2O3 are depicted 
in Fig. 6. Different basic sites correspond to different  CO2 
desorption temperatures, so we divide the temperature of 
 CO2 desorption into three zones,  CO2 desorption between 
50 and 150 °C exhibits weak basic sites, whereas desorption 
between 150 and 450 °C exhibits medium basic sites, and 
peaks signals between 450 and 550 °C is observed, origi-
nating from  CO2 desorbing from strong basic sites. In addi-
tion, we can find that Ni/γ-Al2O3 has almost no medium 
basic sites, but with the introduction of the second metal, the 
amount of medium basic sites on the catalyst increased sig-
nificantly, especially the introduction of Mn, and the amount 
of strong basic sites also increased slightly. This indicates 

Fig. 5  Binding energy for elements of O 1s (a), Ni 2p (b) on Ni//γ-Al2O3 and Ni-M/γ-Al2O3 catalysts

Table 1  Summary of the XPS data for different catalysts

Catalyst Ni0/NiT/% OL/OT/%

Ni/γ-Al2O3 7.3 39.1
Ni-Fe/γ-Al2O3 12.4 37.1
Ni-Mn/γ-Al2O3 28.1 25.7
Ni-Co/γ-Al2O3 18.2 31.2

Fig. 6  CO2 profiles of the Ni/γ-Al2O3 and Ni-M/γ-Al2O3 catalysts
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that with adding the second metal, weakly basic sites may 
form medium basic or strong basic sites. Combining the con-
version results, the introduction of Mn and Co increased the 
amounts of strong basic sites on the catalyst surface, thereby 
improving the activity of the catalyst, while the introduction 
of Fe causing opposite effect. The amounts of intermediate 
basic sites seemed also to affect the activity of the catalyst, 
otherwise, the conversion rate of  CO2 on Ni-Fe/γ-Al2O3 may 
be lower compared with it on /γ-Al2O3.

3.3  In Situ FTIR  CO2 Adsorption Measurements

To further understand the  CO2 adsorption species and reac-
tion pathways, in situ FTIR  CO2 adsorption measurements 
were performed, and Table 2 presents a summary of the 
most commonly detected intermediates during  CO2 adsorp-
tion. The  CO2 adsorbed on γ-Al2O3 was mainly in the forms 
of bicarbonate and small amounts of monodentate and 
bidentate carbonate (Fig. 7a). The peaks at 1648, 1440, and 
1228 cm−1 were attributed to bicarbonate; the weak peaks at 
1554 and 1378 cm−1 were attributed to monodentate carbon-
ate; the weak peaks at 1634 and 1350 cm−1 were assigned 
to bidentate carbonates [29]. The first step of  CO2 capture 
(Fig. 12, step 1) by –OH on γ-Al2O3 to form bicarbonate has 
already been described by other authors [39].

When Ni was loaded onto γ-Al2O3 for in situ FTIR  CO2 
adsorption measurements (Fig. 7b), we observed that the 
peak for C–OH stretching of bicarbonate (1228  cm−1) 
gradually weakened and the peak at 1648 cm−1 shifted to 
1634 cm−1 with increasing adsorption time. Simultaneously, 
the O–C–O stretching signals of monodentate (1378 cm−1) 
and bidentate carbonate (1350 cm−1) slightly increased. 
Combined with the result of  CO2-TPD, bicarbonate, biden-
tate carbonate and monodentate carbonate can be considered 
as weakly basic sites, medium basic sites, and strong basic 
sites as described in  CO2-TPD results. It can thus be inferred 
that bicarbonate was transformed into carbonate. The assign-
ment is in agreement with results of Ewald et al. [40].

Figure 7c–e display the in  situ FTIR spectra of  CO2 
adsorption on Ni-M/γ-Al2O3 (M = Mn, Fe, or Co). The sig-
nals indicating the conversion of bicarbonate to carbonate 

were also observed. More interestingly, when the adsorption 
reached saturation (Fig. 6f), the addition of Mn, Fe or Co 
could provide more basic sites of monodentate and bidentate 
carbonate. In the case of Ni-Mn/γ-Al2O3 and Ni-Co/γ-Al2O3 
in particular, the peak corresponding to O–C–O stretching of 
carbonate became sufficiently intense to almost completely 
overlap with the O–C–O stretching peak of bicarbonate and 
the signals of –OH of bicarbonate appear to have almost 
disappeared [27]. These results are almost the same as the 
results of  CO2-TPD, which are represented by the decrease 
in the amount of weakly basic sites and the increased in 
the amount of medium or strong basic sites. The catalyst 
reduced by  NiAl2O4 spinel contained more oxygen vacan-
cies compared reducing by NiO [41, 42], and we suggest 
that the oxygen vacancy on the subsurface trapped electrons 
from the surrounding Ni, Co, Fe or Mn atoms in the form of 
electron pairs [43, 44]. The electrons at the oxygen vacancies 
had a pulling effect on the electrons of the surrounding  O2−, 
which made  O2− strongly basic. Hence, bicarbonate could be 
converted to monodentate or bidentate carbonate, and its H 
would be abstracted by the strongly basic  O2− (Fig. 12, step 
2). Combining these results with those from the  H2-TPR and 
XPS characterisations, the addition of second metal of Mn or 
Co might provide more oxygen vacancies, which strengthen 
the surrounding surface  O2− to form more strongly basic 
sites. When almost all of the  CO2 captured by –OH was 
converted to monodentate and bidentate carbonate through 
the abundant  O2− alkaline sites around –OH on the surface 
of the supports, the infrared signals of bicarbonate were dif-
ficult to observe. The addition Fe to Ni/γ-Al2O3 also yielded 
more strongly alkaline  O2− sites around the –OH groups on 
the surface of the support, but the amount was not as much 
as the addition of Mn and Co.

3.4  In Situ FTIR  CO2 Methanation Measurements

To further investigate the species formed on the catalyst sur-
face during  CO2 methanation, as well as the reaction mecha-
nism, we performed in situ FTIR  CO2 methanation measure-
ments for each catalyst with temperature programming.

Table 2  Summary of 
experimentally detected IR 
bands during  CO2 adsorption 
[37, 38]

Bicarbonate Monodentate carbonate Bidentate carbonate Bridged carbonate

O–H 3610 ~ 3620
vs(O–C–O) 1440 ~ 1450 1350 ~ 1420 1260 ~ 1350 1800 ~ 1870
vas(O–C–O) 1645 ~ 1670 1490 ~ 1560 1620 ~ 1680 1130 ~ 1280
δ(C–OH) 1220 ~ 1280
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From 60 to 180 °C, it could be observed that the inten-
sity of the peaks of bicarbonate and carbonate species 
adsorbed on the surface of Ni/γ-Al2O3 decreased as the 

temperature rose (Fig. 8). The peaks at 3700–3600 cm−1 
could be attributed to  CO2 overtones [48], and the peaks 
at 3740–3640 cm−1 could be assigned to –OH groups of 

Fig. 7  In situ FTIR spectra of  CO2 adsorption on γ-Al2O3 (a), Ni/γ-
Al2O3 (b), Ni-Mn/γ-Al2O3 (c), 10Ni-Co/γ-Al2O3 (d), and Ni-Fe/γ-
Al2O3 (e) and saturated adsorption of each catalyst sample (f) (filled 

triangle bicarbonate, filled circle bidentate carbonate, filled square 
monodentate carbonate)
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bicarbonates [21, 49]; the intensities of such peaks also 
weakened with  CO2 desorption. Starting at 180  °C, as 
the carbonate species became unstable with increasing 
temperature, the H cracked on the surface of Ni would 
be attracted by the carbon atoms on carbonates and then 
transferred to formate (Fig. 12, step 3). The peaks at 1590, 
1370 (Δv = 220 cm−1), and 1390 cm−1, as well as the C–H 
peaks, could be attributed to monodentate and bridged 
formate (Table 3). When the temperature reached 260 °C, 
the appearance of C–H bands of formate at 2900 cm−1 was 
observed [50], and bands corresponding to C–H stretching 
of  CH4 appeared at 3016 cm−1 upon increasing the tem-
perature by 20 °C. We suggest that the H* cracked by Ni 
spilled over onto the C atom and became unstable, which 
allowed us to observe peaks for the stretching vibration of 
C–H of monodentate and bridged formate. Subsequently, the 

H atom bonded with the O atom to form  H2O, and hydro-
dehydration followed by methanation occurred over several 
cycles (Fig. 12, step 4). During the whole process, we did 
not find the peak of Nickel carbonyl hydride at 1917 cm−1 or 
lineart CO on Ni at 2019 cm−1 so the formate did not transfer 
to the surface of metal Ni and the hydrogenation step may 
most occurred on the surface of the support. 

Figures 9, 10 and 11 show in situ FTIR  CO2 methana-
tion measurements of bimetallic catalysts Ni-M/γ-Al2O3 
(M = Fe, Co, or Mn). The temperature at which point 
carbonate could be converted into formate was lowered 
to 100, 100, and 140 °C using Ni-Mn/γ-Al2O3, Ni-Co/γ-
Al2O3, and Ni-Fe/γ-Al2O3, respectively. With the in situ 
FTIR  CO2 adsorption measurements, it was also suggested 
that a conversion relationship between carbonate and for-
mate, as well as the introduction of the second metal, 

Fig. 8  In situ FTIR spectra of  CO2 methanation on Ni/γ-Al2O3 with a programmed temperature rise from 60 to 300 °C (filled diamond bidentate 
formate or bridged formate, filled star methane)

Table 3  Summary of experimentally detected IR bands during  CO2 methanation [45–47]

Monodentate formate Bidentate formate or bridged formate Lineart CO on Ni Nickel carbonyl 
hydride

Methane

Δv = (vas(O–C–O)-
vs(O–C–O))

Larger than 220 cm−1 close or less than 220 cm−1

V(C–O) 2019 1917

V(C–H) 2898 3016
δ(C–H) 1350 1372 1308
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made the active sites of carbonate more strongly basic 
(Fig. 12). As the temperature continued to rise, the peak 
corresponding to C–H stretching of formate was detected 
at 180 °C for Ni-Mn/γ-Al2O3 and at 220 °C for Ni-Fe/γ-
Al2O3. The peaks corresponding to C–H stretching of 
 CH4 were observed at 200, 200, and 260 °C for Ni-Mn/γ-
Al2O3, Ni-Co/γ-Al2O3, and Ni-Fe/γ-Al2O3, respectively. 
We presumed that the second metal interacts with Ni and 

promotes its dispersion, which improves the ability of Ni 
to crack H* and cause it to overflow, thereby accelerat-
ing the process of H* spilling over from Ni to attack the 
C atom of formate. This process thereby improves the 
activity for  CO2 methanation. We also determined that 
the introduction of metal components enhances the activ-
ity in this order: Mn ≈ Co > Fe. It is also consistent with 
the catalyst activity test result wherein the addition of the 

Fig. 9  In situ FTIR spectra of  CO2 methanation on Ni-Mn/γ-Al2O3 with a programmed temperature rise from 60 to 300 °C

Fig. 10  In situ FTIR spectra of  CO2 methanation on Ni-Fe/γ-Al2O3 with a programmed temperature rise from 60 to 300 °C
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second metal (Fe, Co, or Mn) to Ni/γ-Al2O3 lowered the 
optimal reaction temperature of  CO2 methanation to vary-
ing degrees.

4  Conclusion

In summary, we successfully synthesised Ni-M/γ-Al2O3 
(M = Co, Mn, or Fe) catalysts by an ultrasonic-assisted co-
impregnation method. According to the in situ FTIR and 

XPS measurements, the introduction of the second metal 
could increase the number of oxygen vacancies to strengthen 
the basicity of the  O2− sites, which is more conducive to the 
conversion of bicarbonate to carbonate. In addition, Mn and 
Co could significantly strengthen the hydrogenation abil-
ity of Ni to carbonate and formate, thereby lowering the 
methanation reaction activity temperature. In general, the 
mechanism and catalyst preparation strategy provide a fea-
sible means to develop catalysts for  CO2 methanation at low 
temperatures.
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