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Abstract: Ni-CeO2/SBA-15-V catalyst was prepared by the impregnation method with vacuum
thermal treatment and used for CO2 methanation reaction. Compared with Ni-CeO2/SBA-15-air
catalyst with thermal treatment in air, the reduced Ni-CeO2/SBA-15-V catalyst with vacuum thermal
treatment exhibited higher Ni dispersion and smaller Ni particle size. In CO2 methanation reaction,
the Ni-CeO2/SBA-15-V catalyst was more active and selective than the Ni-CeO2/SBA-15-air catalyst.
The good activity and selectivity of Ni-CeO2/SBA-15-V catalyst should be due to highly dispersed
Ni in contact with small CeO2 particles.
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1. Introduction

With the increasing consumption of fossil fuel, CO2 released into the atmosphere has resulted
in climate change and global warming, and the utilization of CO2 has received much attention. CO2

hydrogenation is an effective way to convert CO2 into fuels and chemicals [1,2]. CO2 methanation can
convert CO2 and renewable H2 into methane, which is a promising process for CO2 conversion and
the storage of renewable H2 [3].

CO2 methanation is an exothermic reaction, and the low reaction temperature is favorable for
the high equilibrium conversion of CO2. Therefore, various catalysts have been developed for CO2

methanation at low temperature. Noble metal-based catalysts, such as Rh [4], Ru [5], and Pd [6],
and non-noble Co [7,8] and Ni-based catalysts [9,10] are the most studied CO2 methanation catalysts.
Although noble metal-based catalysts possess good activity for low-temperature CO2 methanation,
Ni-based catalysts are preferred in industrial processes due to the low cost, and they have been applied
for CO methanation [11,12] and CO2 methanation [13]. Ni supported on various metal oxides, such as
SiO2 [13], Al2O3 [14], CeO2 [15], ZrO2 [16], and TiO2 [17], has been reported for CO2 methanation. Ni
supported on SBA-15, which is a kind of mesoporous SiO2 with high specific surface area, has been
reported for CO2 methanation [18,19]. Adding CeO2 to a Ni-based catalyst can enhance Ni dispersion
and CO2 adsorption and dissociation [20]. CeO2-promoted Ni/SBA-15 catalyst has been used for CO2

methanation reaction and exhibits excellent catalytic performance [10,19].
However, it is difficult to obtain highly dispersed Ni particles on SBA-15 support by the

conventional impregnation method, and Ni particles are mainly located on the SBA-15 outer
surface [19]. Various methods, such as two solvents [21], surfactant assistant [22], and ammonia
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evaporation [23] methods have been used to improve the dispersion of Ni on SBA-15 support. Recently,
vacuum thermal treatment was applied to synthesize highly dispersed Cu [24], Pt [25], and Pd [26]
particles on mesoporous SBA-15. In the present work, the Ni-CeO2/SBA-15 catalyst was prepared
by the impregnation method with vacuum thermal treatment and used for CO2 methanation. The
vacuum thermal treated catalyst exhibited high dispersion of Ni and CeO2 and showed high activity
and selectivity for CO2 methanation reaction.

2. Materials and Methods

2.1. Synthesis of Catalysts

SBA-15 was prepared by a hydrothermal method according to the literature [27]. First, 16.4 g of
P123 (EO20PO70EO20, Mw = 5800; Sigma Aldrich, St. Louis, MO, USA) was dissolved in 500 mL of a
2 M HCl aqueous solution. After stirring at 40 ◦C for 1 h, 34.0 g tetraethoxysilane, (TEOS, Sinopharm,
Shanghai, China) was dropped into the solution. Then it was stirred at 40 ◦C for 4 h, and aged at
100 ◦C for 48 h in sealed Teflon bottles. SBA-15 was obtained after filtration, drying at 80 ◦C overnight,
and calcination at 600 ◦C for 4 h (heating rate of 1 ◦C/min).

Then, 1 g of SBA-15 was impregnated with controlled amounts of Ni(NO3)2·6H2O and
Ce(NO3)3·6H2O using 5 mL of ethanol as solvent and kept at room temperature for 24 h, then
it was calcinated in air or vacuum at 600 ◦C for 4 h with a heating rate of 1 ◦C/min. The
resulting samples calcinated in air and vacuum are referred to as Ni-CeO2/SBA-15-air and
Ni-CeO2/SBA-15-V, respectively.

For comparison, using γ-Al2O3 (241 m2/g) as support, a Ni-CeO2/Al2O3 catalyst was prepared
by impregnation method and calcinated in air as described above.

In these catalysts, the theoretical Ni and CeO2 content was 10 wt % for both.

2.2. Characterization of Catalysts

N2 isotherms were measured using an Autosorb-iQ analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA) at−196 ◦C, and the pore size distribution was calculated from the desorption
branch by Barrett–Joyner–Halenda (BJH) method. X-ray diffraction (XRD) patterns were measured
by a DX-2700 X-ray diffractometer (Haoyuan Instrument, Dandong, China) using Cu Kα radiation.
Transmission electron microscope (TEM) images were measured on a Tecnai G2 F20 microscope (FEI
Company, Hillsboro, OR, USA). (XRD). H2-temperature programmed reduction (H2-TPR) patterns
were measured on a TP-5080 adsorption instrument under a 5% H2/Ar flow at a rate of 10 ◦C/min to
900 ◦C. Before H2-TPR measurements, the samples were purged with an argon flow at 400 ◦C for 5 min.
The outgas was monitored by a thermal conductivity detector (TCD) detector. Thermo gravimetric
(TG) was carried out using an HCT-1 TG thermal analyzer (Henven Scientific Instrument, Beijing,
China). The sample was heated from room temperature to 900 ◦C with a heating rate of 10 ◦C/min in
air (20 mL/min).

2.3. Catalytic Test

The reaction was carried out in a fixed bed quartz reactor (inner diameter (ID) = 8 mm) at
atmospheric pressure. The temperature of the reactor was controlled by a thermocouple inserted
into the catalyst bed, and the gas flow rates were controlled by mass flow controllers. For a
catalytic test, 100 mg of catalyst (60–100 mesh) diluted with 200 mg of inert SiO2 was used. The
Ni-CeO2/SBA-15 catalyst was reduced to 50 mL/min of 20% H2/Ar stream at 450 ◦C for 40 min, and.
After reduction, the reactor temperature was decreased to 200 ◦C in 20% H2/N2. Then the reactant gases
(CO2:H2:Ar = 1:4:5, 100 mL/min) were introduced into the reactor. The reaction was conducted in the
temperature range from 200 to 450 ◦C. The catalyst was kept for 1 h at each reaction temperature before
the products were analyzed. The stability tests were performed at 350 and 400 ◦C. Before stability test,
the Ni-CeO2/Al2O3 catalyst was reduced at 700 ◦C for 40 min. The exhaust and feed gas compositions



Nanomaterials 2018, 8, 759 3 of 10

were analyzed on a GC-7900 gas chromatograph (Techcomp, Kwai Chung, China) equipped with
a TDX-01 column and a TCD detector. CO2 conversion, CH4 selectivity, and carbon balance were
calculated using the following formulae:

CO2 conversion = moles of CO2 in−moles of CO2 out
moles of CO2 in

× 100%

CH4 selectivity = moles of CH4 out
moles of CO2 in−moles of CO2 out

× 100%

Carbon balance = (1− moles of CH4 out+moles of COout+moles of CO2 out
moles of CO2 in

)× 100%

In this work, carbon balance was within ±3% for all the catalytic tests, indicating negligible
carbon deposition on the catalysts.

3. Results and Discussion

3.1. Characterization of Catalysts

Figure 1 shows N2 adsorption–desorption isotherms and pore size distributions of SBA-15,
Ni-CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V. All samples showed type IV isotherm with a hysteresis
loop in the relative pressure 0.65–0.80, confirming the uniform mesoporous structure in these samples.
As shown in Figure 1b, the pore size of all samples was 6.5 nm, indicating the addition of Ni and CeO2 to
SBA-15 without changing the mesoporous structures. As listed in Table 1, the Brunauer-Emmett-Teller
(BET) surface area and pore volume decreased after the addition of NiO and CeO2 into SBA-15.
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Figure 1. (a) N2 adsorption-desorption isotherms; (b) pore size distributions of SBA-15, Ni-CeO2/SBA-
15-air, and Ni-CeO2/SBA-15-V. 

Table 1. Textural properties of SBA-15, Ni-CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V 

Samples SBET (m2/g) Pore Volume (cm3/g) Average Pore Diameter (nm) 
SBA-15 690 1.12 6.56 

Ni-CeO2/SBA-15-air 433 0.83 6.54 
Ni-CeO2/SBA-15-V 492 0.83 6.56 

Figure 2 shows the XRD patterns of the catalysts. The reduced catalysts were reduced in a 20% 
H2/Ar stream (50 mL/min) for 40 min at 450 °C. As shown in Figure 2a, all the small-angle XRD 
patterns showed three typical peaks of mesoporous SBA-15 [27]. The result demonstrates that the 
mesoporous structure of SBA-15 was maintained after loading NiO and CeO2. Figure 2b shows the 
wide-angle XRD patterns of fresh and reduced catalysts. Compared with Ni-CeO2/SBA-15-air, Ni-
CeO2/SBA-15-V exhibited obviously wider reflection peaks of NiO and CeO2, indicating that vacuum 
treatment can improve the dispersion of NiO and CeO2. After reduction, the reflection peaks of Ni in 
Ni-CeO2/SBA-15-V were also wider than those in Ni-CeO2/SBA-15-air, confirming that the Ni particle 
was smaller in the Ni-CeO2/SBA-15-V catalyst after reduction. As listed in Table 2, the crystal sizes of 
Ni and CeO2 in reduced Ni-CeO2/SBA-15-V were 8.5 and 4.2 nm, which were obviously smaller than 

Figure 1. (a) N2 adsorption-desorption isotherms; (b) pore size distributions of SBA-15,
Ni-CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V.

Table 1. Textural properties of SBA-15, Ni-CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V.

Samples SBET (m2/g) Pore Volume (cm3/g) Average Pore Diameter (nm)

SBA-15 690 1.12 6.56
Ni-CeO2/SBA-15-air 433 0.83 6.54
Ni-CeO2/SBA-15-V 492 0.83 6.56

Figure 2 shows the XRD patterns of the catalysts. The reduced catalysts were reduced in a 20%
H2/Ar stream (50 mL/min) for 40 min at 450 ◦C. As shown in Figure 2a, all the small-angle XRD
patterns showed three typical peaks of mesoporous SBA-15 [27]. The result demonstrates that the
mesoporous structure of SBA-15 was maintained after loading NiO and CeO2. Figure 2b shows
the wide-angle XRD patterns of fresh and reduced catalysts. Compared with Ni-CeO2/SBA-15-air,
Ni-CeO2/SBA-15-V exhibited obviously wider reflection peaks of NiO and CeO2, indicating that
vacuum treatment can improve the dispersion of NiO and CeO2. After reduction, the reflection peaks



Nanomaterials 2018, 8, 759 4 of 10

of Ni in Ni-CeO2/SBA-15-V were also wider than those in Ni-CeO2/SBA-15-air, confirming that the Ni
particle was smaller in the Ni-CeO2/SBA-15-V catalyst after reduction. As listed in Table 2, the crystal
sizes of Ni and CeO2 in reduced Ni-CeO2/SBA-15-V were 8.5 and 4.2 nm, which were obviously
smaller than those in reduced Ni-CeO2/SBA-15-air. The XRD results indicate that vacuum thermal
treatment can improve Ni and CeO2 dispersion on SBA-15 support.
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Figure 2. (a) Small-angle and (b) wide-angle X-ray diffraction (XRD) patterns of SBA-15, Ni-
CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V catalysts. 
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Figure 2. (a) Small-angle and (b) wide-angle X-ray diffraction (XRD) patterns of SBA-15,
Ni-CeO2/SBA-15-air, and Ni-CeO2/SBA-15-V catalysts.

Table 2. Physical properties of catalysts.

Catalysts CeO2 Crystal Size
(nm) a

NiO Crystal Size
(nm) b

Ni Crystal Size
(nm) c

Ni Dispersion
(%) d

Ni-CeO2/SBA-15-air (fresh) 7.3 42.1 - -
Ni-CeO2/SBA-15-air (reduced) 7.1 - 26.1 3.7

Ni-CeO2/SBA-15-V (fresh) 4.6 10.8 - -
Ni-CeO2/SBA-15-V (reduced) 4.2 - 8.5 11.4

a Determined by Scherrer’s equation from the (111) plane of CeO2 in X-ray diffraction (XRD) patterns; b determined
by Scherrer’s equation from the (200) plane of NiO in XRD patterns; c determined by Scherrer’s equation from the
(111) plane of Ni in XRD patterns; d calculated as (97.1 nm)/(particle size of Ni(nm)).

Figure 3 shows TEM images of the catalysts. For all catalysts, a well-ordered mesoporous
structure could be observed. For fresh Ni-CeO2/SBA-15-air catalyst, most particles were 20–100 nm in
size, which were larger than the pore size of SBA-15 and dispersed on the outside surface of SBA-15
(Figure 3a), and NiO particles larger than 20 nm could be clearly observed in Figure 3b. On the contrary,
for fresh Ni-CeO2/SBA-15-V (Figure 3c), lots of particles were aligned within the mesoporous channels
of SBA-15, indicating this part of particles located in the pore channels. For fresh Ni-CeO2/SBA-15-V,
small particles were dispersed on the outside surface or in the nanochannel of SBA-15. NiO particles
smaller than 10 nm in contact with CeO2 particles were observed (Figure 3d). TEM images of reduced
Ni-CeO2/SBA-15-V catalyst are shown in Figure 3e,f. Metal Ni particles were found to be in contact
with CeO2 particles, as shown in Figure 3f.

Figure 4 shows H2-TPR profiles of the catalysts. For Ni-CeO2/SBA-15-air, the sharp peak located
at around 420 ◦C was attributed to the reduction of large bulk NiO species with no or very little
interaction with SiO2 support [19]. For Ni-CeO2/SBA-15-V, a reduction peak between 300 ◦C and
600 ◦C was observed. A reduction peak beyond 500 ◦C corresponds to the reduction of small NiO
particles strongly interacting with SiO2 support [28–33]. The result indicates that there is a strong
interaction between Ni and SiO2 in Ni-CeO2/SBA-15-V catalyst.
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3.2. Catalytic Performance

The CO2 conversion and CH4 selectivity of the catalysts for CO2 methanation reaction are
shown in Figure 5. Compared with the Ni-CeO2/SBA-15-air catalyst, the Ni-CeO2/SBA-15-V catalyst
exhibited obviously higher CO2 conversion and CH4 selectivity. For the Ni-CeO2/SBA-15-V catalyst,
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CO2 conversion and CH4 selectivity at 400 ◦C were 68.8% and 99.0%, respectively. CH4 selectivity
of the Ni-CeO2/SBA-15-V catalyst decreased to 97.1% at 450 ◦C. This is because reverse water
gas shift reaction (CO2 + H2 → CO + H2O) is an endothermic reaction, and high temperatures
are more conducive to producing CO and decreasing CH4 selectivity. The result shows that the
Ni-CeO2/SBA-15-V catalyst was active and selective for the CO2 methanation reaction. It should be
noted that the Ni-CeO2/SBA-15-air catalyst produced a large amount of CO even at low temperature.
This may be due to that the large Ni particle in the Ni-CeO2/SBA-15-air catalyst was active for both
CO2 methanation and reverse water–gas shift reaction, while small Ni particle in contact with CeO2 in
Ni-CeO2/SBA-15-V catalyst was more selective for CO2 methanation.
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Figure 6. Stability of the Ni-CeO2/SBA-15-V catalyst in methanation reaction at (a) 350 °C and (b) 400 
°C. 

Among Ni-based methanation catalysts, Ni/Al2O3 catalyst is the most widely investigated and 
used due to its low costs and availability. Table 3 shows the CO2 conversion and selectivity of 
reported Ni/Al2O3 catalyst at 250 and 300 °C. Compared with the Ni/Al2O3 catalyst, the CO2 
conversion of Ni-CeO2/SBA-15-V was obviously higher. 
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Figure 6 shows the stability test of Ni-CeO2/SBA-15-V catalyst at 350 ◦C and 400 ◦C. The
equilibrium conversions are also shown in Figure 6. The CO2 conversions of Ni-CeO2/SBA-15-V
catalyst had a little decrease in initial 10 h on stream, then the catalyst exhibited stable catalytic
performance for 50 h at 350 ◦C and 400 ◦C. After reaction for 60 h, the CO2 conversion at 350 ◦C and
400 ◦C stayed at around 49.5% and 62.5%, respectively. It is worth noticing that, during the stability test
at 400 ◦C, CH4 selectivity achieved over the Ni-CeO2/SBA-15-air catalyst remained almost constant
after 10 h on stream approaching values higher than 97%.
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(b) 400 ◦C.

Among Ni-based methanation catalysts, Ni/Al2O3 catalyst is the most widely investigated and
used due to its low costs and availability. Table 3 shows the CO2 conversion and selectivity of reported
Ni/Al2O3 catalyst at 250 and 300 ◦C. Compared with the Ni/Al2O3 catalyst, the CO2 conversion of
Ni-CeO2/SBA-15-V was obviously higher.
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Table 3. CO2 conversion and CH4 selectivity of Ni-CeO2/SBA-15-V and reported Ni/Al2O3 catalyst.

Catalysts Ni Content
(wt %) T (◦C) CO2 Conversion (%) CH4

Selectivity (%) Ref.

Ni-CeO2/SBA-15-V 10% 250 10.2 100 This work a

300 35.4 99.3 This work a

Ni/Al2O3 14% 250 1 100 [34] b

300 6 100 [34] b

a Weight hourly space velocity(WHSV) = 60,000 mL g−1 h−1, CO2/H2/Ar = 1/4/5; b Gas hourly space velocity
(GHSV) = 52,300 h−1, CO2/H2 = 1/5.

For comparison with Ni-CeO2/SBA-15-V catalyst, the stability of Ni-CeO2/Al2O3 catalyst
prepared with a conventional impregnation method was tested at 350 ◦C. As shown in Figure 7,
the CO2 conversion and CH4 selectivity of Ni-CeO2/Al2O3 catalyst were obviously lower than that of
Ni-CeO2/SBA-15-V catalyst.

Nanomaterials 2018, 10, x 7 of 10 

 

Table 3. CO2 conversion and CH4 selectivity of Ni-CeO2/SBA-15-V and reported Ni/Al2O3 catalyst 

Catalysts Ni Content (wt %) T (°C) CO2 Conversion (%) CH4 Selectivity (%) Ref. 
Ni-CeO2/SBA-15-V  10% 250 10.2 100 This work a 

  300 35.4 99.3 This work a 
Ni/Al2O3 14% 250 1 100 [34] b 

  300 6 100 [34] b 
a Weight hourly space velocity(WHSV) = 60,000 mL g−1 h−1, CO2/H2/Ar = 1/4/5; b Gas hourly space 
velocity (GHSV) = 52,300 h−1, CO2/H2 = 1/5. 

For comparison with Ni-CeO2/SBA-15-V catalyst, the stability of Ni-CeO2/Al2O3 catalyst 
prepared with a conventional impregnation method was tested at 350 °C. As shown in Figure 7, the 
CO2 conversion and CH4 selectivity of Ni-CeO2/Al2O3 catalyst were obviously lower than that of Ni-
CeO2/SBA-15-V catalyst. 

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

80

90

100

Time on stream (h)

C
O

2
 c

o
n

ve
rs

io
n

 (
%

)

80

82

84

86

88

90

92

94

96

98

100

C
H

4 
se

le
ct

iv
it

y 
(%

)

 
Figure 7. Stability of Ni-CeO2/Al2O3 catalysts in methanation reaction at 350 °C. 
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size. 
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Carbon deposition and sintering of metal particle are the main reasons for the catalyst deactivation
during CO2 methanation [10,35,36]. The spent Ni-CeO2/SBA-15-V catalyst after stability test at 400 ◦C
was characterized by TG, XRD, and TEM. TG curve was shown in Figure 8a. There was a weight
decrease below 100 ◦C and a weight increase in the temperature region of 180–400 ◦C. The weight
decrease should be due to the desorption of adsorbed water and the weight increase due to the
oxidation metal Ni to NiO. There was no obvious weight loss above 100 ◦C, indicating no obviously
carbon deposition was formed on the spent Ni-CeO2/SBA-15-V catalyst. XRD patterns of reduced
and spent Ni-CeO2/SBA-15-V catalysts were shown in Figure 8b. Determined by Scherrer’s equation
from the (111) plane of Ni in XRD patterns, Ni crystal sizes were 8.5 and 9.1 nm for reduced and spent
Ni-CeO2/SBA-15-V catalysts, respectively. XRD results indicate that the Ni particle size was slightly
increased during the stability test. As shown in Figure 8c, TEM image also showed that no obviously
sintering of Ni particle occurred. The TG, XRD, and TEM results indicate the slight decrease of activity
and selectivity during stability test was due to the slight increase of Ni particle size.

The present work clearly demonstrates that the Ni-CeO2/SBA-15-V catalyst possessed superior
activity and selectivity and exhibited excellent stability during the CO2 methanation reaction. The
XRD and TEM results prove that the vacuum-thermal treated Ni-CeO2/SBA-15-V catalyst had higher
Ni dispersion and smaller Ni particle size than the Ni-CeO2/SBA-15-air catalyst thermal treated in air.
Based on the characterization and catalyst performance results, it can be concluded that good activity
and selectivity of Ni-CeO2/SBA-15-V catalyst can be attributed to the small Ni particle size in contact
with CeO2.



Nanomaterials 2018, 8, 759 8 of 10
Nanomaterials 2018, 10, x 8 of 10 

 

0 200 400 600 800
80

85

90

95

100

105
W

ei
g

h
t 

(%
)

Temperature (oC)

(a)

 
20 30 40 50 60 70 80

•

•

•

•

•

•

°°

∇∇∇

∇

∇

∇

∇

∇

∇

Reduced Ni-CeO2/SBA-15-V

Spent Ni-CeO2/SBA-15-V

S
ig

n
al

 (
A

. 
U

.)

2θ (o)

(b)
•

CeO2

Ni

   

Figure 8. (a) Thermo gravimetric (TG) curve, (b) XRD pattern, and (c) TEM image of the spent Ni-
CeO2/SBA-15-V catalyst after stability test at 400 °C. 

The present work clearly demonstrates that the Ni-CeO2/SBA-15-V catalyst possessed superior 
activity and selectivity and exhibited excellent stability during the CO2 methanation reaction. The 
XRD and TEM results prove that the vacuum-thermal treated Ni-CeO2/SBA-15-V catalyst had higher 
Ni dispersion and smaller Ni particle size than the Ni-CeO2/SBA-15-air catalyst thermal treated in air. 
Based on the characterization and catalyst performance results, it can be concluded that good activity 
and selectivity of Ni-CeO2/SBA-15-V catalyst can be attributed to the small Ni particle size in contact 
with CeO2. 

4. Conclusions 

The effects of vacuum thermal treatment on Ni-CeO2/SBA-15 catalysts were investigated in this 
paper. Compared with thermal treatment in air, vacuum thermal treatment can improve the 
dispersion of Ni and CeO2 in the Ni-CeO2/SBA-15 catalyst. The Ni-CeO2/SBA-15-V catalyst with 
vacuum thermal treatment exhibited better activity and selectivity than the Ni-CeO2/SBA-15-air 
catalyst thermal treated in air. The excellent catalytic performance of the Ni-CeO2/SBA-15-V catalyst 
was mainly attributed to higher Ni and CeO2 dispersion. 
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4. Conclusions

The effects of vacuum thermal treatment on Ni-CeO2/SBA-15 catalysts were investigated in
this paper. Compared with thermal treatment in air, vacuum thermal treatment can improve the
dispersion of Ni and CeO2 in the Ni-CeO2/SBA-15 catalyst. The Ni-CeO2/SBA-15-V catalyst with
vacuum thermal treatment exhibited better activity and selectivity than the Ni-CeO2/SBA-15-air
catalyst thermal treated in air. The excellent catalytic performance of the Ni-CeO2/SBA-15-V catalyst
was mainly attributed to higher Ni and CeO2 dispersion.

Author Contributions: Conceptualization, L.W. and H.L.; Formal analysis, R.H. and S.Y.; Investigation, H.Y., G.T.,
K.L., and Y.Y.; Writing—original draft, L.W.; Writing—review & editing, H.L.

Funding: This research was funded by the Natural Science Foundation of China (grant number 21406206) and the
national students’ innovation and entrepreneurship training program (grant number 201710340016).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Centi, G.; Perathoner, S. Opportunities and prospects in the chemical recycling of carbon dioxide to fuels.
Catal. Today 2009, 148, 191–205. [CrossRef]

2. Wang, W.; Wang, S.; Ma, X.; Gong, J. Recent advances in catalytic hydrogenation of carbon dioxide.
Chem. Soc. Rev. 2011, 40, 3703–3727. [CrossRef] [PubMed]

3. Kirchner, J.; Anolleck, J.K.; Lösch, H.; Kureti, S. Methanation of CO2 on iron based catalysts. Appl. Catal. B
2018, 223, 47–59. [CrossRef]

4. Karelovic, A.; Ruiz, P. Mechanistic study of low temperature CO2 methanation over Rh/TiO2 catalysts.
J. Catal. 2013, 301, 141–153. [CrossRef]

5. Kim, A.; Debecker, D.P.; Devred, F.; Dubois, V.; Sanchez, C.; Sassoye, C. CO2 methanation on Ru/TiO2

catalysts: On the effect of mixing anatase and rutile TiO2 supports. Appl. Catal. B 2018, 220, 615–625.
[CrossRef]

6. Park, J.-N.; McFarland, E.W. A highly dispersed Pd–Mg/SiO2 catalyst active for methanation of CO2. J. Catal.
2009, 266, 92–97. [CrossRef]

7. Li, W.; Nie, X.; Jiang, X.; Zhang, A.; Ding, F.; Liu, M.; Liu, Z.; Guo, X.; Song, C. ZrO2 support imparts superior
activity and stability of Co catalysts for CO2 methanation. Appl. Catal. B 2018, 220, 397–408. [CrossRef]

8. Liu, H.; Xu, S.; Zhou, G.; Huang, G.; Huang, S.; Xiong, K. CO2 hydrogenation to methane over Co/KIT-6
catalyst: Effect of reduction temperature. Chem. Eng. J. 2018, 351, 65–73. [CrossRef]

9. Ashok, J.; Ang, M.L.; Kawi, S. Enhanced activity of CO2 methanation over Ni/CeO2-ZrO2 catalysts: Influence
of preparation methods. Catal. Today 2017, 281, 304–311. [CrossRef]

10. Bian, L.; Zhang, L.; Zhu, Z.; Li, Z. Methanation of carbon oxides on Ni/Ce/SBA-15 pretreated with dielectric
barrier discharge plasma. Mol. Catal. 2018, 446, 131–139. [CrossRef]

11. Gong, D.; Li, S.; Guo, S.; Tang, H.; Wang, H.; Liu, Y. Lanthanum and cerium co-modified Ni/SiO2 catalyst
for CO methanation from syngas. Appl. Surf. Sci. 2018, 434, 351–364. [CrossRef]

http://dx.doi.org/10.1016/j.cattod.2009.07.075
http://dx.doi.org/10.1039/c1cs15008a
http://www.ncbi.nlm.nih.gov/pubmed/21505692
http://dx.doi.org/10.1016/j.apcatb.2017.06.025
http://dx.doi.org/10.1016/j.jcat.2013.02.009
http://dx.doi.org/10.1016/j.apcatb.2017.08.058
http://dx.doi.org/10.1016/j.jcat.2009.05.018
http://dx.doi.org/10.1016/j.apcatb.2017.08.048
http://dx.doi.org/10.1016/j.cej.2018.06.087
http://dx.doi.org/10.1016/j.cattod.2016.07.020
http://dx.doi.org/10.1016/j.mcat.2017.12.027
http://dx.doi.org/10.1016/j.apsusc.2017.10.179


Nanomaterials 2018, 8, 759 9 of 10

12. Li, S.; Gong, D.; Tang, H.; Ma, Z.; Liu, Z.-T.; Liu, Y. Preparation of bimetallic Ni@Ru nanoparticles supported
on SiO2 and their catalytic performance for CO methanation. Chem. Eng. J. 2018, 334, 2167–2178. [CrossRef]

13. Aziz, M.A.A.; Jalil, A.A.; Triwahyono, S.; Mukti, R.R.; Taufiq-Yap, Y.H.; Sazegar, M.R. Highly active
Ni-promoted mesostructured silica nanoparticles for CO2 methanation. Appl. Catal. B 2014, 147, 359–368.
[CrossRef]

14. He, L.; Lin, Q.; Liu, Y.; Huang, Y. Unique catalysis of Ni-Al hydrotalcite derived catalyst in CO2 methanation:
Cooperative effect between Ni nanoparticles and a basic support. J. Energy Chem. 2014, 23, 587–592.
[CrossRef]

15. Zhou, G.; Liu, H.; Cui, K.; Jia, A.; Hu, G.; Jiao, Z.; Liu, Y.; Zhang, X. Role of surface Ni and Ce species of
Ni/CeO2 catalyst in CO2 methanation. Appl. Surf. Sci. 2016, 383, 248–252. [CrossRef]

16. Zhao, K.; Wang, W.; Li, Z. Highly efficient Ni/ZrO2 catalysts prepared via combustion method for CO2

methanation. J. CO2 Util. 2016, 16, 236–244. [CrossRef]
17. Liu, J.; Li, C.; Wang, F.; He, S.; Chen, H.; Zhao, Y.; Wei, M.; Evans, D.G.; Duan, X. Enhanced low-temperature

activity of CO2 methanation over highly-dispersed Ni/TiO2 catalyst. Catal. Sci. Technol. 2013, 3, 2627–2633.
[CrossRef]

18. Lu, B.; Ju, Y.; Abe, T.; Kawamoto, K. Grafting Ni particles onto SBA-15, and their enhanced performance for
CO2 methanation. RSC Adv. 2015, 5, 56444–56454. [CrossRef]

19. Bacariza, M.C.; Graça, I.; Bebiano, S.S.; Lopes, J.M.; Henriques, C. Micro- and mesoporous supports for CO2

methanation catalysts: A comparison between SBA-15, MCM-41 and USY zeolite. Chem. Eng. Sci. 2018, 175,
72–83. [CrossRef]

20. Wang, W.; Chu, W.; Wang, N.; Yang, W.; Jiang, C. Mesoporous nickel catalyst supported on multi-walled
carbon nanotubes for carbon dioxide methanation. Int. J. Hydrogen Energy 2016, 41, 967–975. [CrossRef]

21. Kaydouh, M.N.; El Hassan, N.; Davidson, A.; Casale, S.; El Zakhem, H.; Massiani, P. Highly active
and stable Ni/SBA-15 catalysts prepared by a “two solvents” method for dry reforming of methane.
Microporous Mesoporous Mater. 2016, 220, 99–109. [CrossRef]

22. Yang, W.; Liu, H.; Li, Y.; Wu, H.; He, D. CO2 reforming of methane to syngas over highly-stable Ni/SBA-15
catalysts prepared by P123-assisted method. Int. J. Hydrogen Energy 2016, 41, 1513–1523. [CrossRef]

23. Zhang, Q.; Wang, M.; Zhang, T.; Wang, Y.; Tang, X.; Ning, P. A stable Ni/SBA-15 catalyst prepared by the
ammonia evaporation method for dry reforming of methane. RSC Adv. 2015, 5, 94016–94024. [CrossRef]

24. Liu, C.-H.; Lai, N.-C.; Lee, J.-F.; Chen, C.-S.; Yang, C.-M. SBA-15-supported highly dispersed copper catalysts:
Vacuum–thermal preparation and catalytic studies in propylene partial oxidation to acrolein. J. Catal. 2014,
316, 231–239. [CrossRef]

25. Wu, H.-C.; Chen, T.-C.; Lai, N.-C.; Yang, C.-M.; Wu, J.-H.; Chen, Y.-C.; Lee, J.-F.; Chen, C.-S. Synthesis of
sub-nanosized Pt particles on mesoporous SBA-15 material and its application to the CO oxidation reaction.
Nanoscale 2015, 7, 16848–16859. [CrossRef] [PubMed]

26. Liu, C.-H.; Lin, C.-Y.; Chen, J.-L.; Lu, K.-T.; Lee, J.-F.; Chen, J.-M. SBA-15-supported Pd catalysts: The effect
of pretreatment conditions on particle size and its application to benzyl alcohol oxidation. J. Catal. 2017, 350,
21–29. [CrossRef]

27. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G.H.; Chmelka, B.F.; Stucky, G.D. Triblock copolymer
syntheses of mesoporous silica with periodic 50 to 300 angstrom pores. Science 1998, 279, 548–552. [CrossRef]
[PubMed]

28. He, S.; He, S.; Zhang, L.; Li, X.; Wang, J.; He, D.; Lu, J.; Luo, Y. Hydrogen production by ethanol steam
reforming over Ni/SBA-15 mesoporous catalysts: Effect of Au addition. Catal. Today 2015, 258 Pt 1, 162–168.
[CrossRef]

29. Tao, M.; Xin, Z.; Meng, X.; Lv, Y.; Bian, Z. Impact of double-solvent impregnation on the Ni dispersion
of Ni/SBA-15 catalysts and catalytic performance for the syngas methanation reaction. RSC Adv. 2016, 6,
35875–35883. [CrossRef]

30. Zhang, Q.; Zhang, T.; Shi, Y.; Zhao, B.; Wang, M.; Liu, Q.; Wang, J.; Long, K.; Duan, Y.; Ning, P. A sintering
and carbon-resistant Ni-SBA-15 catalyst prepared by solid-state grinding method for dry reforming of
methane. J. CO2 Util. 2017, 17, 10–19. [CrossRef]

31. Zhang, Q.; Long, K.; Wang, J.; Zhang, T.; Song, Z.; Lin, Q. A novel promoting effect of chelating ligand on
the dispersion of Ni species over Ni/SBA-15 catalyst for dry reforming of methane. Int. J. Hydrogen Energy
2017, 42, 14103–14114. [CrossRef]

http://dx.doi.org/10.1016/j.cej.2017.11.124
http://dx.doi.org/10.1016/j.apcatb.2013.09.015
http://dx.doi.org/10.1016/S2095-4956(14)60144-3
http://dx.doi.org/10.1016/j.apsusc.2016.04.180
http://dx.doi.org/10.1016/j.jcou.2016.07.010
http://dx.doi.org/10.1039/c3cy00355h
http://dx.doi.org/10.1039/C5RA07461D
http://dx.doi.org/10.1016/j.ces.2017.09.027
http://dx.doi.org/10.1016/j.ijhydene.2015.11.133
http://dx.doi.org/10.1016/j.micromeso.2015.08.034
http://dx.doi.org/10.1016/j.ijhydene.2015.11.044
http://dx.doi.org/10.1039/C5RA18845H
http://dx.doi.org/10.1016/j.jcat.2014.05.013
http://dx.doi.org/10.1039/C5NR04943A
http://www.ncbi.nlm.nih.gov/pubmed/26403094
http://dx.doi.org/10.1016/j.jcat.2017.01.019
http://dx.doi.org/10.1126/science.279.5350.548
http://www.ncbi.nlm.nih.gov/pubmed/9438845
http://dx.doi.org/10.1016/j.cattod.2015.04.031
http://dx.doi.org/10.1039/C6RA04490E
http://dx.doi.org/10.1016/j.jcou.2016.11.002
http://dx.doi.org/10.1016/j.ijhydene.2017.04.090


Nanomaterials 2018, 8, 759 10 of 10

32. Wang, M.; Zhang, Q.; Zhang, T.; Wang, Y.; Wang, J.; Long, K.; Song, Z.; Liu, X.; Ning, P. Facile one-pot
synthesis of highly dispersed Ni nanoparticles embedded in HMS for dry reforming of methane. Chem. Eng. J.
2017, 313, 1370–1381. [CrossRef]

33. Carrero, A.; Calles, J.; García-Moreno, L.; Vizcaíno, A. Production of renewable hydrogen from glycerol
steam reforming over bimetallic Ni-(Cu,Co,Cr) catalysts supported on SBA-15 silica. Catalysts 2017, 7, 55.
[CrossRef]

34. Garbarino, G.; Riani, P.; Magistri, L.; Busca, G. A study of the methanation of carbon dioxide on Ni/Al2O3

catalysts at atmospheric pressure. Int. J. Hydrogen Energy 2014, 39, 11557–11565. [CrossRef]
35. Guo, M.; Lu, G. The effect of impregnation strategy on structural characters and CO2 methanation properties

over MgO modified Ni/SiO2 catalysts. Catal. Commun. 2014, 54, 55–60. [CrossRef]
36. Lu, X.; Gu, F.; Liu, Q.; Gao, J.; Liu, Y.; Li, H.; Jia, L.; Xu, G.; Zhong, Z.; Su, F. VOx promoted Ni catalysts

supported on the modified bentonite for CO and CO2 methanation. Fuel Process. Technol. 2015, 135, 34–46.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cej.2016.11.055
http://dx.doi.org/10.3390/catal7020055
http://dx.doi.org/10.1016/j.ijhydene.2014.05.111
http://dx.doi.org/10.1016/j.catcom.2014.05.022
http://dx.doi.org/10.1016/j.fuproc.2014.10.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis of Catalysts 
	Characterization of Catalysts 
	Catalytic Test 

	Results and Discussion 
	Characterization of Catalysts 
	Catalytic Performance 

	Conclusions 
	References

