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Abstract
The Mn promoted Ni catalysts were developed and applied in CO methanation reac-
tion. The 10%Ni/SiO2 catalyst exhibits poor initial CO conversion (32.8%) and rapid 
deactivation with the highest methane selectivity during CO methanation reaction. 
In contrast, the Mn 4%Mn-10%Ni/SiO2 catalyst shows dramatically increased ini-
tial CO conversion, which is up to 94.5% with 90.0% methane selectivity. Besides, 
the apparent activation energy, Ea value, of 4%Mn-10%Ni/SiO2 was calculated to 
be 73.1 kJ/mol according to Arrhenius equation, which is much lower than that of 
10%Ni/SiO2 catalyst as 139.1  kJ/mol. Based on various characterization results, 
including in situ XPS and in situ CO-DRIFTS, it is found that the added Mn sig-
nificantly improves the dispersion of the supported nickel, suppresses the sintering 
of nickel particles and forms more adsorbed CO species of three-fold carbonyl spe-
cies, resulting in higher CO conversion and good stability during CO methanation 
reaction.
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Introduction

In recent years, the synthetic natural gas (SNG) via methanation of synthesis gas 
has attracted much attention in academia and industry, with the increased demand 
of natural gas. Meanwhile, methanation has become an important pathway for the 
development of coal chemical industry, as the syngas can be obtained via gasifi-
cation of coal [1, 2]. The various catalysts which contain different active metal 
components, such as Ni [3, 4], Ru [5] and Co [6], have been investigated for CO 
methanation.

Ni based catalyst along with porous materials support has been extensively 
applied in CO methanation, because of its high activity and low price [7–9]. 
However, Ni-based catalysts always suffer from deactivation due to the carbon 
deposition, sintering of metal particles and Ni loss during the methanation reac-
tion [10, 11]. Therefore, how to alleviate deactivation phenomena has become 
a main research field for CO methanation process. Many reports suggested that 
the activity and stability of the supported Ni catalysts are strongly influenced by 
the amount of Ni metal loading [12, 13], the size of the dispersed Ni metal par-
ticles [14, 15], metal-support interactions [16, 17], and the composition of the 
support [18]. It is believed that the Ni dispersion and its chemical state on the 
support may play a key role in its catalytic performance [19]. It has been reported 
that the optimum electronic donor intensity and the nickel particle size on the 
catalyst can prevent the disproportionation of CO and suppress carbon deposition 
[20, 21]. Especially, sintering of the supported nickel, such as on Ni/SiO2 cata-
lyst, can accelerate the carbon deposition contributing to fast deactivation [21]. 
In addition, the formation of gaseous nickel-carbonyl species, which is influenced 
by the interaction between CO and Ni particles, can also lead to catalyst deac-
tivation [11, 22, 23]. The mobile nickel-carbonyl species will cause the loss of 
active nickel species and accelerate the growth of the supported metal particles 
[24]. Moreover, the agglomeration and thermal degradation or sintering of the 
catalyst could rapidly decrease the surface area and hence, reducing the catalyst 
activity and lifetime [25, 26]. Therefore, suppressing the formation of surface 
nickel carbonyls and catalyst sintering could enhance the activity and stability for 
CO methanation over nickel based catalysts [27, 28]. Meanwhile, CeO2 is often 
used as structural and electronic promoter or support, mainly because of its abil-
ity to improve dispersion of active components and to enhance the migration and 
exchange of oxygen species [4, 19]. Furthermore, it is reported that the addition 
of Mn to the catalysts could promote the dispersion of the supported metal and 
make the catalysts less prone to deactivation [29–32]. It is believed that addition 
of suitable metal oxide would enhance the activity and stability in CO methana-
tion reaction.

Herein, the highly dispersed silica supported Ni-based catalysts were prepared 
by addition of Mn onto Ni/SiO2 catalyst. The smaller Ni particle size and the dif-
ferent properties of nickel active phase were expected to improve the CO adsorp-
tion and reduced nickel sintering, contributing to high activity and excellent sta-
bility of Mn-Ni/SiO2 catalyst in CO methanation. All obtained nickel catalysts 
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were characterized by XRD, TEM, H2-TPR, XPS and in  situ CO-DRIFTS, and 
the effects of the added Mn on the properties of nickel active phase as well as 
catalytic performance were investigated.

Experimental

Catalyst preparation

The Ni/SiO2 catalyst was prepared by the incipient wetness impregnation method 
using commercial silica gel (SiO2) as support (99.2%, Qingdao Haiyang Chemi-
cal Co., China; Specific surface area 455 m2 g−1, pore volume 1.06 cm3 g−1, aver-
age diameter of pore 9.6  nm). The metal loading of Ni was 10 wt%. Before the 
impregnation of SiO2 with Ni precursors, the SiO2 was pre-calcined at 400 °C for 
2 h in the atmosphere of air. Then the aqueous solution (3.2 ml) of nickel nitrate 
(Ni(NO3)2⋅6H2O, 1.65 g) was impregnated onto the pre-calcined SiO2 support (3 g) 
by incipient-wetness impregnation method. After drying in air at 120 °C for 12 h, 
the sample was calcined at 400 °C for 2 h in the atmosphere of air. The obtained 
sample was denoted as 10%Ni/SiO2.

The Mn-promoted Ni-based catalyst was prepared as described above by incipient 
wetness impregnations of aqueous solutions of nickel nitrate and Mn(NO3)2·4H2O 
on silica gel supports. And the Mn loadings were set as 2, 4, 6, 8 wt%. The prepara-
tion procedure was as described for the unpromoted catalysts synthesized with the 
impregnation technique. The catalysts were marked as x%Mn-10%Ni/SiO2, where 
x% is loading of Mn.

Catalyst characterization

X-ray diffraction (XRD) patterns of the passivated and used catalysts were recorded 
on D/max2500VB2 + /PC X-ray diffractometer using graphite monochromatized Cu 
Kα radiation (λ = 0.15406 nm) in the 2θ range from 10 to 90° with a scanning rate 
of 5° min−1. The morphologies and sizes of the passivated and used samples were 
observed by transmission electron microscope (TEM, JEOL 2100F). The specimen 
was prepared by ultrasonically suspending the catalyst powder in ethanol. A drop 
of the suspension was deposited on a carbon-enhanced copper grid and dried in air.

H2-Temperature programmed reduction (H2-TPR) experiments were carried out 
in a quartz tube reactor using 0.1 g calcined catalysts. The reducing gas, a mixture of 
10% H2 diluted by Ar, was fed via a mass flow controller at 30 ml/min and the tem-
perature was increased from 50 °C until 700 °C at a rate of 5 °C/min. The effluent of 
reactor passed through a 5 A molecular sieve trap to remove produced water, before 
reaching TCD.

The in-situ X-ray photoelectron spectroscopy (XPS) analysis was performed 
using a SHIMADZU AXIS Supra X-ray photoelectron spectrometer with an Al 
Kα X-ray resource. The peaks were fitted by Gaussian–Lorentzian curves after 
Shirley or Tougaard background subtraction. All of the binding energies were 
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calibrated by the C1s peak at 284.8  eV. Prior to experiment, the pre-reduced 
samples were re-reduced in situ in a H2 stream at 400 °C for 1 h in the catalytic 
chamber. After reduction, the sample was cooled down to room temperature 
under an N2 atmosphere and transferred to the analysis chamber under vacuum 
conditions for measurements. After methanation reaction, the spent sample was 
also cooled down to room temperature under an N2 atmosphere and transferred 
to the analysis chamber under vacuum conditions for measurements.

The in situ diffuse reflectance infrared Fourier transform spectra (in situ CO-
DRIFTS) experiments were carried out on a NICOLET 6700 spectrometer. The 
pre-reduced sample (15 mg) was placed in an infrared cell with a ZnSe window 
and reduced in situ for 1 h in a H2 gas flow at 400 °C and atmospheric pressure. 
Subsequently, the system was cooled to room temperature. After introduction of 
carbon monoxide at room temperature for 0.5  h, the catalysts were flushed by 
a N2 stream for 1 h. All spectra were collected with a resolution of 4 cm−1 and 
accumulation of 32 scans.

Thermogravimetric (TG) analysis was conducted on a differential thermal 
analyzer (DTG-60, Shimadzu) and the experimental results were recorded and 
analyzed on a TA-60WS thermal analysis workstation. The sample of 5–10 mg 
was placed in a crucible. The temperature was increased from 25 °C to 800 °C 
with a heating rate of 10 °C/min, and the air flow rate was set to 50 ml/min.

Catalyst tests

Catalytic activity evaluation was carried out in a continuous-flow 9  mm I.D. 
fixed-bed quartz tubular reactor at ambient pressure. About 0.5  g catalysts 
diluted by 1.0  g quartz sand (20–40 mesh) were packed in reactor. Before the 
reaction, the catalysts were reduced at 400 °C for 10 h by pure H2. The feed gas 
(H2: 71.3%; CO: 23.7%; Ar: 5.0%) was introduced to start the reaction at 280 °C, 
0.1 MPa, with GHSV = 16,000 h−1. The effluent gas was on line analyzed using 
a gas chromatograph (GC-2014C, Shimadzu) equipped with a thermal conduc-
tivity detector (TCD) and flame ionization detector (FID).

The CO conversion (XCO), CO2, CH4 and C2+ selectivity (SCxHy) were esti-
mated by the following equations:

NCxHy indicated the molar number toward a product with x carbon atoms.

XCO =
{(

COinlet − COoutlet

)

∕COinlet

}

× 100%

SCO2 =
{

(NCO2)∕
∑

(

x ∗ NCxHy

)

+ NCO2

}

× 100%

SCxHy =
{

(

x ∗ NCxHy

)

∕
∑

(

x ∗ NCxHy

)

+ NCO2

}

× 100%
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Results and discussion

Reaction performance

The catalytic test results of all obtained catalysts are shown in Fig. 1 and Table 1. 

Fig. 1   Reaction performance of various catalysts. a 10%Ni/SiO2, b 2%Mn-10%Ni/SiO2, c 4%Mn-10%Ni/
SiO2, d 6%Mn-10%Ni/SiO2, e 8%Mn-10%Ni/SiO2. Reaction conditions: T = 280  °C, P = 0.1  MPa, 
GHSV = 16,000 h −1, H2:CO = 3:1

Table 1   Reaction performance and characterization results for various catalystsa

a Reaction conditions: T = 280 °C, P = 0.1 MPa, GHSV = 16,000 h −1, H2:CO = 3:1
b The CO conversion of the last hour
c Calculated by TCD and FID results
d Determined by TEM images
e Calculated by XPS results

Catalysts CO Conver-
sion (%)b

Selectivity (%)c Ni particle size
(nm)d

Ni0/Ni2+e

CO2 CH4 C2 +  Reduced Used Reduced Used

10%Ni/SiO2 19.9 1.2 92.2 6.6 15.2 21.6 0.83 1.56
2%Mn-10%Ni/SiO2 28.3 2.5 89.6 7.9 10.4 16.8 0.77 2.81
4%Mn-10%Ni/SiO2 85.4 2.9 90.0 7.1 3.6 4.1 0.76 4.36
6%Mn-10%Ni/SiO2 87.4 4.7 80.1 15.2 3.4 3.8 0.69 3.42
8%Mn-10%Ni/SiO2 35.8 4.9 73.2 21.9 3.7 3.5 0.70 3.85
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The 10%Ni/SiO2 catalyst exhibits poor initial CO conversion (32.8%) and rapid 
deactivation (19.9% CO conversion at last hour) with the highest methane selectivity 
(92.2%) during CO methanation reaction. In contrast, the Mn promoted 10%Ni/SiO2 
catalyst show dramatically increased initial CO conversion, which is up to 94.5% 
for 4%Mn-10%Ni/SiO2 catalyst, as illustrated in Fig.  1. Meanwhile, the stabil-
ity of 4%Mn-10%Ni/SiO2 catalyst is significantly improved, whose CO conversion 
becomes steady from the 7th hour and is kept at 85.4% at the last hour as compared 
in Table 1. Furthermore, the 6%Mn-10%Ni/SiO2 catalyst shows the highest CO con-
version as 96.8% and the improved stability during the 12 h reaction, where the CO 
conversion of the last hour is kept at 87.4% as shown in Fig. 1. In contrast, further 
increasing Mn loading to 8% destroys the stability of the 8%Mn-10%Ni/SiO2 cata-
lyst. However, it is found that the methane selectivity decreases with the increased 
Mn loading as compared in Table 1. The lower CH4 selectivity with the enhanced 
C2 + selectivity is obtained on the Mn promoted Ni/SiO2 catalysts, especially for 
6%Mn-10%Ni/SiO2 and 8%Mn-10%Ni/SiO2 catalysts, whose methane selectivity is 
as low as 80.1% and 73.2% respectively. It is reported that the CO inside the catalyst 
will form the nickel-carbonyl species on the active Ni particles, causing the sinter-
ing of the supported Ni particles [11, 24]. Meanwhile, the added Mn could suppress 
the formation of methane, promote the dispersion of the supported metal and make 
the catalysts less prone to deactivation [29–32]. Furthermore, as a promoter, Mn has 
demonstrated an increase in the selectivity toward longer chained hydrocarbons, 
inducing a characteristic increase in C5 + selectivity during Fischer–Tropsch synthe-
sis (FTS) reaction [31, 32]. It is believed the added Mn could modify the properties 
of nickel active phase, resulting in significantly different reaction performance in 
CO methanation reaction.

Characterization of catalysts

XRD

XRD was used to investigate the bulk crystalline structure of all Ni-based catalysts. 
The XRD patterns of various passivated samples are shown in Fig.  2a. All sam-
ples exhibit a broad diffraction peak in the range between 10º and 30º which can be 
ascribed to the amorphous SiO2. The peaks located at 44.5º, 51.7º, and 76.3º were 
the characteristic peaks of metallic Ni with a face-centered cubic structure (JCPDS# 
87–0712). As shown in Fig. 2a, the unpromoted Ni/SiO2 catalyst exhibits sharp and 
strong nickel peaks, and only metallic Ni is observed as the Ni species in all sam-
ples. In contrast, the nickel peaks of the Mn promoted Ni/SiO2 catalyst becomes 
broader and weaker with the increased Mn loading. When the Mn loading is higher 
than 4%, the peaks of metallic nickel become too weak to calculate the crystalline 
size. This result suggests that the highly dispersed Ni catalysts were obtained due 
to the addition of Mn promoter [32], resulting in smaller crystalline size of the sup-
ported nickel, which would realize more active sites in the CO methanation reaction.

As shown in Fig. 2b., the XRD patterns of the spent catalysts illustrate that the 
sintering of the supported Ni only can be found on the unpromoted Ni/SiO2 and the 
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2%Mn-10%Ni/SiO2 catalysts after CO methanation reaction. The others still keep 
broad and weak nickel peaks after reaction, indicating the added Mn suppressed the 
sintering of the nickel particles contributing to the stability of the Mn promoted Ni/
SiO2 catalysts.

TEM and STEM

The TEM images of the reduced catalysts are shown in Fig. 3. It can be clearly seen 
that the supported nickel on the Ni/SiO2 catalyst is clustered as 40–60 nm clusters 
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Fig. 2   XRD patterns of various Ni/SiO2 with Mn promoter. a the reduced catalysts, b the used catalysts. 
Operating conditions: 2θ range from 10 to 90° with a scanning rate of 5 min−1
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a b

c d

e

Fig. 3   TEM images of various reduced catalysts. a 10%Ni/SiO2; b2%Mn + 10%Ni/SiO2; c 
4%Mn + 10%Ni/SiO2; d 6%Mn + 10%Ni/SiO2; e 8%Mn + 10%Ni/SiO2. Operating Conditions: carbon-
enhanced copper grid and dried in air
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(Fig.  3a), which contain many nickel particles of around 15  nm as compared in 
Table 1. In contrast, as shown in Fig. 3b ~ e for the Mn promoted Ni/SiO2 catalyst, it 
is hard to find the clusters of the supported nickel particles, and the nickel particles 
are present separately and homogeneously distributed in the range of 3–10 nm on 
different Mn promoted catalysts (Table  1). These findings indicate that the added 
Mn significantly improved dispersion of the supported Ni on the Mn promoted Ni/
SiO2 catalysts, especially when Mn loading is higher than 4%.

For the used catalysts as shown in Fig. S1 and Fig. S2 (STEM images), the Ni/
SiO2 catalyst maintains the nickel cluster structure (Fig. S1a and Fig. S2a), as well 
as much larger nickel particles than fresh one, as shown in Table 1. And the 2%Mn-
10%Ni/SiO2 catalyst (Fig. S1b and Fig. S2b) also exhibits the enlarged nickel par-
ticles indicating the significant sintering of the supported nickel during the reac-
tion. Therefore, it is considered this should be the reason of deactivation during CO 
methanation over Ni/SiO2 and 2%Mn-10%Ni/SiO2 catalysts. However, from 4%Mn-
10%Ni/SiO2 catalyst, the nickel particles of these three catalysts well suppress sin-
tering and keep homogeneous distribution, as compared in Table 1. It is believed 
that the addition of Mn obviously promoted the dispersion of the supported Ni, con-
tributing to the stability during CO methanation.

H2‑TPR and in situ XPS

The H2-TPR profiles of the obtained catalysts are illustrated in Fig. S3. For the 
unpromoted Ni/SiO2, there are two main reduction peaks in the H2-TPR profile. The 
broad peak located at the low temperature region (240–350 °C) are assigned to the 
free NiO species on the surface of catalysts or easily reducible species, and the peak 
around 400 °C suggests the existence of NiO particles that strongly interact with the 
support on this 10%Ni/SiO2 sample [33]. As the manganese oxide would be reduced 
below 400 °C [29], the first nickel reduction peak overlaps the reduction peaks of 
MnOx for the Mn promoted catalysts. However, the second nickel reduction peak 
clearly illustrate the reduction behavior of different Mn promoted catalysts. It can 
be seen that the second reduction peaks of the supported nickel are moved to higher 
temperature by the increased Mn loading. Therefore, it suggests that the addition 
of Mn onto Ni/SiO2 catalyst enhances the interaction between the supported nickel 
and silica support, resulting in more smaller nickel particles as proved by TEM and 
XRD.

To clarify the nickel active phase, in situ XPS was applied to probe the chemical 
states of surface Ni species in all catalysts. As shown in Fig. 4a, for 10%Ni/SiO2 
catalyst, the binding energy at 871.0 and 853.9 are assigned to Ni02p1/2 and Ni02p3/2, 
while the binding energy at 875.2 and 856.8 are Ni2+

2p1/2 and Ni2+
2p3/2, respectively. 

And all peaks with orange line are satellite peaks of Ni [11, 34]. For the Mn pro-
moted catalysts, the nickel species have similar BE values to that of 10%Ni/SiO2 
catalyst which has the largest Ni particle size, suggesting that the Mn species donate 
electrons to nickel species and decrease the BE values of nickel species [29, 34, 35]. 
Furthermore, as compared in Fig. 4a and Table 1, for the Mn promoted catalyst, the 
Ni0/Ni2+ ratio decreases with the increased Mn loading, suggesting that the reduc-
tion of the supported Ni is prevented by the added Mn as proved by H2-TPR.
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The XPS profile of various spent catalysts are shown in Fig. 4b. For 10%Ni/
SiO2 catalyst, the peak of Ni0

2p3/2 shift to lower BE values than that of the 
reduced catalyst, indicating high electron density of large nickel particles induced 
by sintering during reaction [29, 34], as proved by XRD and TEM. On the other 
hand, the NiCx species [36] can be found on the 6%Mn-10%Ni/SiO2 and 8%Mn-
10%Ni/SiO2 catalysts. It is considered that the higher loading of Mn improved 
the formation of NiCx resulting in deactivation during CO methanation reac-
tion. Meanwhile, as compared in Table 1, the Ni0/Ni2+ ratio of the spent catalysts 
is higher than that of the reduced one, implying the reduction of the supported 
nickel during reaction as previously reported [37]. Therefore, it is believed that 
the dynamic reduction process during methanation reaction could influence the 
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Fig. 4   Ni 2p XPS spectra of Ni/SiO2 with different Mn loading. a reduced catalysts, b used catalysts. 
Operating Conditions: Al Kα X-ray resource



597

1 3

Reaction Kinetics, Mechanisms and Catalysis (2023) 136:587–601	

properties of nickel species and induce sintering or carbonization of the sup-
ported nickel, resulting in deactivation of Ni based catalysts.

CO‑DRIFTS and TGA​

As reported, different adsorbed CO species on the catalysts would determine the 
activity of the catalysts in methanation reaction [11, 29, 37, 38]. In order to further 
investigate the adsorbed CO species on the different catalysts, in  situ CO-DRIFT 
were performed on all catalysts, and the results are shown in Fig. 5.

As reported, the adsorbed CO bands on nickel-based catalyst are in the range 
of 2100–1750  cm−1, in which the bridge-bound CO (1950–1750  cm−1) is associ-
ated to CO adsorption on the close-packed Ni sites, whereas linear-bound CO 
(2100–1950  cm−1) refers to CO connected on Ni defect sites [11, 34, 39]. As 
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shown in Fig. 5, for 10%Ni/SiO2 catalyst, the broad CO bands from 1965 cm−1 to 
2064 cm−1 can be attributed to Ni(CO)x, which is linearly/terminally adsorbed CO 
atop a single nickel atom [11, 24, 39]. In addition, the adsorbed CO band located at 
1931 cm−1 should be attributed to the bridge-band CO on the close-packed Ni sites 
[11, 34]. And the CO band at 1857 cm−1 can be attributed to the three-fold carbonyl 
species, i.e. CO species bound to three neighbouring Ni atoms, which are advanta-
geous to the CO hydrogenation [11, 39].

However, for the Mn promoted catalysts, the CO band of three-fold carbonyl spe-
cies (1857  cm−1) is significantly improved as illustrated in Fig.  5, contributing to 
higher initial CO conversion as shown in Fig. 1. Meanwhile, it is believed that the 
higher amount of three-fold carbonyl species on the Mn promoted catalysts would 
improve the selectivity of C2 + hydrocarbon as compared in Table 1. Besides, it is 
considered that the lower ratio of Ni(CO)x species of the Mn promoted Ni catalyst 
leads to suppressing sintering of nickel particles [11, 24], as proved by XRD and 
TEM, contributing to the good stability during CO methanation.

The kinetic study on CO methanation (Fig. S4) was performed to explore the 
apparent activation energy (Ea) of 10%Ni/SiO2 and 4%Mn-10%Ni/SiO2 catalysts in 
the range of 270 °C − 280 °C. The Ea value of 4%Mn-10%Ni/SiO2 was calculated 
to be 73.1 kJ/mol according to Arrhenius equation, much lower than that of 10%Ni/
SiO2 catalyst as 139.1 kJ/mol. Therefore, the addition of Mn onto Ni/SiO2 catalyst 
dramatically enhances the activity of the obtained catalyst for CO methanation reac-
tion, as proved by in-situ CO-DRIFTS.

The spent catalysts were characterized by TGA to analyze the carbon deposi-
tion of various catalyst. As shown in Fig. 6. The weight loss of 10%Ni/SiO2 catalyst 
is the lowest due to its lowest CO conversion. For the Mn promoted catalysts, the 
weight loss increases with the increased Mn loading, indicating that the added Mn 
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Fig. 5   In situ CO-DRIFT spectra of various Mn promoted Ni/SiO2 catalysts. Operating Conditions: 
4 cm−1 and 32 scans
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might accelerate the carbon deposition during the methanation reaction because the 
NiCx species were found on the spent 8%Mn-10%Ni/SiO2 catalysts as illustrated by 
XPS in Fig. 4b. Therefore, the 8%Mn-10%Ni/SiO2 catalyst exhibited relatively bad 
stability than 4%Mn-10%Ni/SiO2 catalyst, as shown in Fig. 1.

Conclusions

The Mn promoted Ni catalysts were developed and applied in CO methanation reac-
tion. The added Mn significantly improves the dispersion of the supported nickel, 
suppresses the sintering of nickel particles and forms more adsorbed CO species 
of three-fold carbonyl species, resulting in higher CO conversion and good stabil-
ity during CO methanation reaction. Meanwhile, the higher amount adsorbed CO 
species of three-fold carbonyl species on the Mn promoted catalysts would improve 
the selectivity of C2 + hydrocarbon. Besides, the lower ratio of Ni(CO)x species of 
the Mn promoted Ni catalyst leads to suppressing sintering of nickel particles. Base 
an the TGA and XPS results of the spent catalysts, the higher amount of added Mn 
would form NiCx species leading to deactivation.
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