
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
1:

24
:0

4 
A

M
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhanced sinteri
aShanghai Key Laboratory of Multiphase Ma

University of Science and Technology, Peopl

edu.cn
bState Key Laboratory of Chemical Engineer

China University of Science and Technology

† Electronic supplementary informa
10.1039/d0ra02168g

Cite this: RSC Adv., 2020, 10, 20852

Received 8th March 2020
Accepted 16th April 2020

DOI: 10.1039/d0ra02168g

rsc.li/rsc-advances

20852 | RSC Adv., 2020, 10, 20852–
ng resistance of bimetal/SBA-15
catalysts with promising activity under a low
temperature for CO methanation†
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According to its thermodynamic equilibrium analysis and strong exothermic characteristics, the major

challenge of syngas methanation is to develop a high-efficient low-temperature catalyst with superior

sintering resistance. In this study, bimetal-based SBA-15 catalysts were prepared via a citric acid-assisted

impregnation method and applied in CO methanation. The obtained catalysts were characterized via X-

ray diffraction, N2 adsorption–desorption, high-resolution transmission electron microscopy, X-ray

photoelectron spectroscopy, H2 temperature-programmed reduction and other techniques. Combining

the structural characterization of the fresh and used catalyst, the function of the organic additive and

metal promoters was revealed. The catalysts exhibited superior low-temperature activity and excellent

sintering resistance owing to the electron migration from the additive metal to Ni, strong interaction

between the metal and support and the confinement effect of the support. The catalyst with Mo as

a promotor exhibited the best dispersion and the largest surface concentration of nickel, which resulted

in its highest catalytic activity among the catalysts. The design and preparation of a highly effective

catalyst can provide novel insight into the preparation of other catalysts.
1 Introduction

The past several decades have witnessed a boom in the global
economy. Fast transportation, convenient electricity, and
modernmaterials with the consumption of fossil energy make it
easier and cozier for humans to live on Earth. However, society
is beginning to realize that great achievements today seem to be
at the price of destroying nature by severe environmental issues.
Recently, the adverse health impacts of air polluted with ne
particulate matter (PM2.5, particulate matter with a mean
aerodynamic diameter of 2.5 mm or less) have attracted
increasing attention around the world, which has become the
h leading cause of death in China with 900 000 premature
deaths each year since 2013. Therefore, the Air Pollution
Prevention and Control Action Plan was released by China's
Ministry of Ecology and Environment, several other central
government departments and the governments of six
provincial-level regions in March 2017 in order to improve air
quality.1 The plan embedded a large-scale “coal-to-gas” reform
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program in 28 cities. Consequently, the shortage of natural gas
supplies is growing and the gap between supply and demand
will be 200 billion m3 by 2020.2 Therefore, the development of
coal-to-SNG (substitute natural gas) can not only realize the
clean utilization of abundant coal resources in China but also
meet the rapid growth in the demand for natural gas.3,4

Although methanation reactions are thermodynamically
favorable, a catalyst is necessary to obtain an appropriate rate,
especially for the system to deal with carbon monoxide at
relatively high concentrations.5 Ni-based catalysts are one of the
most widely studied and applied catalysts in CO methanation
reactions to produce SNG due to their high performance-cost
ratio.6,7 However, although Ni catalysts are favored in the CO
methanation reaction, it is a big challenge to prepare highly
efficient catalysts to accurately control the dispersion and
structural properties of the surface Ni species.8 Besides, the
strong exothermic reaction and thermodynamic equilibrium
analysis of this process indicate that a lower reaction temper-
ature is benecial for syngas methanation.9 More importantly,
a large temperature increase (hot spots can reach 600–700 �C) in
modern SNG processes with high CO concentrations accelerates
the sintering and coking of the catalyst.10 Therefore, it is urgent
to develop high-efficient low-temperature catalysts for syngas
methanation with excellent high-temperature stability via
a simple method.

In our previous work, SBA-15 worked as good support to
improve the Ni dispersion and catalytic performance.11
This journal is © The Royal Society of Chemistry 2020
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However, the nickel particles easily agglomerated under oper-
ation at high temperature due to the weak interaction between
the metal and support, which has a negative effect on the
catalytic performance. Recently, bimetal catalysts exhibited
good catalytic ability owing to the enhancement of the metal-
support interaction and electronic effect. Studies have shown
that noble metals (Ru12 and Pt), transition metals (Mo and Fe13)
and rare earth metals (La14 and Ce15) can improve the perfor-
mance of Ni-based catalysts via electronic or structural effects.
Ryuji Kikuchi et al.16 prepared Ru–M/TiO2 catalysts doped with
different metals (M ¼ Ni, Co, Fe, La and K) and they found that
the introduction of Co and La improved both the CO and CO2

methanation activity. Our previous study found17 that the
introduction of molybdenum could enhance the interaction
between Ni and the support, resulting in an improvement of the
heat resistance of Ni-based methanation catalysts. In addition,
the introduction of lanthanum18 can improve the nickel
dispersion and performance of Ni-based catalysts, thereby
effectively enhancing their activity and anti-coking ability. The
Ni–Fe–Al xerogel exhibited better catalytic performance than
that of the Ni–Al xerogel for CO2 methanation at a low reaction
temperature in the study by Hwang et al.19 The promoting effect
of the additive metal depends not only on its own electronic
structure but also on its distribution on the surface of the
support. Although many efforts have been dedicated to the
synthesis of bimetallic composites, most of the synthetic
processes are expensive and complicated. Therefore, there is
still a need to develop simple methods to obtain highly
dispersed bimetallic oxides in the channels of mesoporous
silica with high activity at low temperature.

In this work, we used mesoporous silica SBA-15 as the
support to improve the nickel dispersion, metals (Mo, La and
Fe) as promoters to change the physicochemical properties of
the active sites and a citric acid-assisted impregnation method
to induce the metals to enter the channels of SBA-15. The
physicochemical properties of the bimetal catalysts were
determined by X-ray diffraction (XRD), N2 adsorption–desorp-
tion, high-resolution transmission electron microscopy
(HRTEM), X-ray photoelectron spectroscopy (XPS), H2

temperature-programmed reduction (H2-TPR), H2 pulse chem-
isorption, CO temperature-programmed desorption (CO-TPD),
thermogravimetry (TG) and elemental analysis. Then, CO
methanation was employed as a probe reaction to evaluate the
catalytic activities of the samples. Combining the structural
characterization of the fresh and used catalysts with their
catalytic performances, the effects of citric acid and the metal
promoters were studied.

2 Experimental
2.1 Catalyst preparation

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(-
ethylene glycol) (P123) of molecular weight 5800 was obtained
from Sigma-Aldrich Corporation, USA. Tetraethyl orthosilicate
(TEOS), hydrochloric acid with a concentration of 36–38% and
citric acid were purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd, China. Ni(NO3)2$6H2O, La(NO3)3$nH2O,
This journal is © The Royal Society of Chemistry 2020
Fe(NO3)3$9H2O and ammonium molybdate (analytical grade)
were provided by Sinopharm Chemical Reagent Co., Ltd, China.
All reagents were utilized directly without further purication.

The SBA-15 support was synthesized using the general
approach rst described by Stucky and co-workers.20 P123 was
the template and TEOS was the Si precursor. The bimetal-based
SBA-15 catalysts were prepared via a citric acid (CA)-assisted
impregnation method. 1.0 g SBA-15 powder was dispersed in
an aqueous solution containing the required amount of
Ni(NO3)2$6H2O and additive metal precursors. The mixture was
put in an ultrasonic cleaner for 30 min, dried at 50 �C under
vacuum for 12 h, and nally calcined at 500 �C for 5 h
(1 �Cmin�1 heating rate). The obtained catalysts were labeled as
M-Ni/S15-CA, where M represents the additive metal. On the
contrary, Ni/S15 prepared by the traditional impregnation
method without citric acid and Ni/S15-CA prepared without
additive metal were used as the control.
2.2 Characterization

The surface area, pore volume and average pore size of the
catalysts were measured using N2 adsorption–desorption with
a Micromeritics ASAP 2000M analyzer, USA. Prior to the test, the
samples were degassed at 300 �C for 4 h. The surface area (SBET)
was calculated according to the Brunauer–Emmett–Teller (BET)
method in the relative pressure (p/p0) range of 0.05–0.35. The
pore size distribution was calculated using the Barret–Joyner–
Halenda (BJH) method using the desorption branch, which was
based on capillary condensation. The pore volume (V) refers to
the volume of nitrogen adsorbed when P/P0 is 0.995.

X-ray diffraction (XRD) was used to investigate the structure
of SBA-15 and the crystalline phases of the metal particles on
the catalysts. The XRD patterns were obtained with a Bruker D8
Advance X-ray diffractometer (Germany) using Ni-ltered Cu
radiation at 40 kV. The sizes of the crystalline metal particles
were determined using the Scherrer equation.

The H2-temperature-programmed reduction (H2-TPR), H2

pulse chemisorption, and temperature-programmed desorption
(TPD) of CO were measured using a Micromeritics AutoChem II
2920 adsorption instrument, USA. TPR: 20 mg sample was
initially purged with high purity Ar at a ow rate of 30 mLmin�1

at 200 �C for 2 h to remove the moisture and impurities. A
stream of 10% H2/Ar was then switched to the catalyst while the
temperature was increased at a rate of 10 �C min�1 to 700 �C.
The hydrogen consumption was detected by a thermal
conductivity detector. H2 pulse chemisorption: the catalyst was
rst reduced at 500 �C in a hydrogen atmosphere (50 mLmin�1)
for 2 h and then pretreated in He for 1 h at 200 �C. Aer cooling
to room temperature in Ar, 10% H2/Ar pulse adsorption was
performed at 40 �C 10 times. TPD: the catalyst sample was
pretreated in He for 1 h at 200 �C. Aer cooling to room
temperature in Ar, 10% CO/Ar was introduced at 40 �C for 1 h.
The catalysts were then purged with 30 mL min�1 He for 1 h to
remove the physically adsorbed CO. The desorption curve was
obtained by increasing the temperature from 50 �C to 500 �C
under a pure Ar ow.
RSC Adv., 2020, 10, 20852–20861 | 20853
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High-resolution transmission electron microscopy (HRTEM)
was a simple way to analyze the structure of the catalysts and
their metal distribution. The images were obtained with a JEM-
2100F eld emission electron microscope, Japan. Prior to
observation, the samples were directly suspended in ethanol
under ultrasonication. A copper grid was dipped into the
resulting suspension and dried at room temperature.

The X-ray photoelectron spectroscopy (XPS, PerkinElmer, PHI
5000C ECSA, USA) with monochromatic Al Ka radiation (1486.6
eV) was used to measure the electron state of the metal on the
surface of the catalysts. The C 1s peak at 284.8 eV was taken as
a reference for binding energy (BE) calibration and the Shirley
model was selected as the background subtraction method.

The contents of nickel andmetal promoters in the catalysts were
tested by inductively coupled plasma spectroscopy (Vanan 710,
USA). The samples were dissolved in KOH and hydrouoric acid.

Thermogravimetric (TG) and elemental analysis were used to
measure the carbon amount on the catalysts. TG was performed
with an SDT Q-600 instrument (USA) under an air ow from
50 �C to 800 �C at a heating rate of 10 �C min�1. A Vario EL III
elemental analyzer from Elementar (Germany) was used.
2.3 Catalytic activity evaluation

The catalytic performance evaluation was carried out in a xed-
bed stainless steel reactor. In each experiment, 0.4 g of catalyst
(sieve fraction 100mesh) and 3 g quartz sand (50–80mesh) were
added to the reactor. N2 (99.999%) was introduced in the reactor
at a ow rate of 20 mL min�1 for 30 min to remove the air and
the reactor was heated at a rate of 10 �C min�1 from room
temperature to 500 �C. Before the reaction, the catalyst was
reduced by H2 (99.999%) with 50 mL min�1 for 2 h and then
cooled to 250 �C in an N2 atmosphere. Subsequently, the syngas
of H2 (60 mL min�1) and CO (99.95%, 20 mL min�1) was
switched as the feed gas to synthesize methane at 0.1 MPa with
the weight hourly space velocity of 15 000 mL g�1 h�1. The
products from the reactor went through a gas–liquid separator,
and the outlet gas was quantitatively analyzed by an on-line gas
chromatograph (Techcomp, GC7890T, China), which was
equipped with a thermal conductivity detector (TCD) and ame
ionization detector (FID), using Ar as the carrier gas. The
equations used for calculating the CO conversion and CH4

selectivity are as follows:

CO conversionð%Þ ¼ FðCOinÞ � FðCOoutÞ
FðCOinÞ � 100%

CH4 selectivityð%Þ ¼ FðCH4;outÞ
FðCOinÞ � FðCOoutÞ � 100%

where F represents the ow of CO and CH4 (mL min�1, STP).
3 Results and discussion
3.1 Metal dispersion enhancement in the catalysts

Generally, the N2 adsorption–desorption curve of the meso-
porous material SBA-15 is a type IV isotherm (according to the
20854 | RSC Adv., 2020, 10, 20852–20861
IUPAC classication). Capillary condensation in the mesopores
causes a sharp increase in the adsorption isotherm under the
corresponding pressure. Thus, a dramatic increase in the
adsorption isotherm reects the regularity of the pore size. The
N2 adsorption–desorption isotherms and pore size distribution
of all the catalysts are presented in Fig. S1.† It is obvious that all
the samples exhibited the typical type IV isotherms with an H1
hysteresis loop, which reects the uniform distribution of the
cylindrical pores with two open ends. In the low-pressure
section, N2 molecules are adsorbed on the inner surface of
the mesopores frommonolayer to multilayer, resulting in a slow
increase in the adsorption capacity. In addition, all samples
have a similar increasing trend in the relative pressure range of
0.6 to 0.9, indicating that the incorporation of active compo-
nents and organic additives had little impact on the ordered
structure of the support. The pore size distribution curves in
Fig. S1(B)† show narrow peaks at about 8.6 nm and 1.6 nm,
suggesting a certain amount of micropores besides mesoporous
in the catalyst. The detailed textural parameters of the catalysts
are listed in Table S1.† SBA-15 has a pore volume of 1.21 cm3 g�1

with a BET surface area of 838m2 g�1 and its micropores surface
area and volume are 118 m2 g�1 and 0.04 cm3 g�1, respectively.
Aer loading Ni element, the BET surface area, microporous
surface area, pore volume and average pore diameter of the
catalysts decreased signicantly to 689 m2 g�1, 96 m2 g�1, 1.00
cm3 g�1, and 0.03 cm3 g�1, respectively. Moreover, these
parameters further decreased with the incorporation of other
metal elements (Mo, La, and Fe) and citric acid (CA). For
instance, the BET surface area of Mo–Ni/S15-CA decreased from
838 to 659 m2 g�1 and the pore volume declined from 1.21 to
0.96 cm3 g�1. The occupation of these active species in the pores
should be the reason for the reduction in the textural parame-
ters of the catalysts, which was further conrmed by high-
resolution transmission electron microscopy (HRTEM), as
shown in Fig. 1. The NiO particles can be observed as black
spots in Fig. 1(A) with a wide size distribution of 8–30 nm, which
are distributed outside the pores of the support due to the
transportation and redispersion of metal ions during the
evaporation process. Aer the incorporation of CA and the
additive metal, the particle size of NiO became much smaller,
and it is uniformly dispersed inside the pores of the carrier in
the HRTEM images. The EDS curves conrmed the presence of
nickel and the metal promoters. The low peak intensity of the
additive metal is due to its relatively small content in the cata-
lyst and Cu was also detected owing to the copper microscope
grid for supporting the samples during the measurements. The
better distribution of metallic nickel in the catalyst was veried
by the elemental mapping of Ni/S15-CA from HRTEM in
Fig. 1(F). The Si and O elements were uniformly distributed in
the measured area, while metallic nickel was evenly distributed
according to the nano-pore array. This is because citric acid
decreases the interfacial tension of the impregnation solvent so
that the redispersion of metal ions in the drying process is
hindered during preparation, resulting in the uniform distri-
bution of the metal species inside the pores of the support.

The mesoporous structure and metal dispersion of the
catalyst were also characterized by XRD. Three obvious
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 HRTEM-EDS images of the fresh catalysts. (A) Ni/S15, (B) Ni/S15-CA, (C) Mo–Ni/S15-CA, (D) La–Ni/S15-CA, (E) Fe–Ni/S15-CA, and (F)
HRTEM-mapping images of the Ni/S15-CA catalyst.

Fig. 2 H2-TPR curves of the catalysts.
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View Article Online
characteristic peaks indexed as the (100), (110) and (200)
diffractions of the SBA-15 mesostructure associated with
a regular two-dimensional hexagonal structure are well reected
in all samples in Fig. S2(A),† verifying the ordered structure of
all the catalysts even aer loading 10 wt% Ni and 1 wt% additive
metal, which is in a good agreement with the results of N2

physisorption. In the wide-angle XRD patterns (Fig. 2(B)), the
characteristic broad peak in the range of 15–30� is ascribed to
the amorphous silica and strong diffraction peaks at 37.4�,
43.4� and 63.0� are assigned to the NiO particles with a face-
centered cubic structure (JCPDS-ICDD No. 78-0429), which
were clearly observed for all the catalysts. It is worth noting that
a signicant reduction in the peak intensity of Ni/S15-CA was
obtained compared to that of Ni/S15, which indicates that the
metal particles were signicantly rened by the addition of
citric acid. The average size of the NiO particles was calculated
using the Scherrer equation and the full width at half maximum
(FWHM) at 43.4�, and the results are shown in Table 1. The
average size of the NiO particles decreases from 11.5 nm in Ni/
S15 to 8.1 nm in Ni/S15-CA, and further to 7.4 nm, 7.7 nm and
7.8 nm in Mo–Ni/S15, La–Ni/S15-CA and Fe–Ni/S15-CA,
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 20852–20861 | 20855
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Table 1 The NiO particle size, metal content, nickel dispersion and surface area of the catalysts

Sample DNiO
a (nm) Ni contentb (mol%) Additive metal contentb (mol%) Ni dispersionc (%) Ni surface areac (m2 g�1 sample)

Ni/S15 11.5 9.4 — 1.6 1.1
Ni/S15-CA 8.1 10.0 — 2.9 2.6
Mo–Ni/S15-CA 7.4 10.0 1.3 3.0 2.8
La–Ni/S15-CA 7.7 9.2 0.9 3.1 2.9
Fe–Ni/S15-CA 7.8 9.7 1.0 3.0 2.8

a NiO particle size obtained from XRD curve and Scherrer equation. b Obtained by ICP analysis. c Obtained by H2 pulse chemisorption.

Table 2 The adsorption properties and electronic properties of the catalysts

Samples

XPS (Ni 2p3/2) CO-TPD

BE (eV)
Ni surface concentration
(%) T (�C)

Fraction
(%)

CO desorption
amount (cm3 g�1)

Ni/S15 855.5 1.3 330 19.4 0.72
Ni/S15-CA 855.3 1.8 298 43.2 2.14
Mo–Ni/S15-CA 855.0 2.3 310 48.8 5.62
La–Ni/S15-CA 855.0 2.1 319 47.1 4.14
Fe–Ni/S15-CA 855.1 2.0 311 44.0 3.75
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respectively. With the same Ni loading content, the metal
dispersion and surface area increased together with a reduction
in metal particle size (seen in Table 2), which is believed to
improve the catalytic activity in general. It can be inferred that
the citric acid-assisted impregnation method is benecial to
enhance the performance of the catalysts, which was conrmed
by the subsequent activity evaluation experiments.
3.2 Improvement in the metal-support interaction in the
catalysts

The incorporation of metal promotors had a signicant effect
on the nature and surface exposure of nickel species, which was
fully investigated by XPS, as shown in Fig. S3.† The Ni 2p spectra
of the fresh catalysts are shown in Fig. S3† and the C 1s line at
284.8 eV was taken as a reference for binding energy (BE) cali-
bration. The peaks at about 855 eV and 861 eV are attributed to
the Ni 2p3/2 main peak and Ni 2p3/2 satellite peak, and the peaks
at about 874 eV and 880 eV are assigned to the Ni 2p1/2 main
peak and Ni 2p1/2 satellite peak, respectively.21 It is known that
there are 9.4 electrons in the 3d electronic orbit and 0.6 elec-
trons in the 4s electronic orbits of Ni atoms. Electron–hole pairs
can accept electrons from other atoms or ions. In comparison
with Ni/S15, the BE of Ni 2p3/2 in the bimetallic catalysts shied
to a lower value (shown in Table 2), indicating the occurrence of
electron transfer from the second metal to Ni with an increase
of in electron cloud density in the Ni atoms. It is believed that
the strength of Ni–C bonds and C–O bonds in the Ni–C–O bonds
are strengthened and weakened during syngas methanation,
respectively, and the reducibility of NiO species can be effec-
tively enhanced, which was conrmed by the results of the CO
temperature-programmed desorption (CO-TPD) and hydrogen
temperature-programmed reduction (H2-TPR) experiments.
Additionally, the Ni/S15-CA catalyst had a lower Ni 2p3/2 BE
20856 | RSC Adv., 2020, 10, 20852–20861
compare to that of Ni/S15 (855.3 eV for the Ni/S15-CA catalyst
and 855.5 eV for the Ni/S15). As is known, some reducing gases
(such as H2 and CO) are generated during the decomposition of
CA, which can cause a certain degree of reduction in the cata-
lyst. Finally, the electron cloud density increased and the
activity of the Ni/S15-CA catalyst in CO methanation improved,
which is consistent with the subsequent experimental results of
the catalytic performance evaluation.

Fig. S4† shows the adsorption performance of CO by the
investigated catalysts. According to the literature,22 CO des-
orbed at low temperature (100–250 �C) and high temperature
(250–400 �C) are attributed to adsorbed CO, which has weak and
strong interaction with the active metal, respectively, and that
desorbed at high temperature is the active reactant. Table 2
illustrates the area ratio of the CO desorption peak in the
temperature range of 250–400 �C. It is evident that the effective
CO ratio signicantly increased from 19.4% for Ni/S15 to 43.2%
in Ni/S15-CA and further increased to 48.8% for Mo–Ni/S15-CA
with the best CO adsorption and dissociation ability. It is well-
known that a catalytic reaction can only occur when the reactant
chemically adsorbs on the surface of the catalyst with an
appropriate adsorption strength. Therefore, the adsorption and
dissociation of CO on Ni-based catalysts are important steps in
the methanation process, which determine the catalytic
performance of the catalyst.23 As a result, the incorporation of
metal promotors assisted by CA caused the CO dissociation to
become much easier and effectively improved the catalytic
activity of the Ni-based catalysts, especially at a low
temperature.

The results of H2-TPR are shown in Fig. 2. Since NiO is
reduced to Ni0 without going through intermediate oxides, the
peaks at different temperatures should be assigned to different
species. Ni/S15 shows two reduction peaks at 334 �C and 402 �C,
which are ascribed to the nickel oxides possessing a weak
This journal is © The Royal Society of Chemistry 2020
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interaction (type I) and a strong interaction (type II) with the
support, respectively. Compared with Ni/S15, the TPR pattern of
Ni/S15-CA shied toward a lower temperature, indicating the
formation of amorphous NiO by the introduction of the organic
additive, which could be reduced under 300 �C.24 However, this
effect can be inhibited by adding metal promoters. The reduc-
tion temperatures of the bimetallic catalyst improved signi-
cantly compared with that of Ni/S15, especially for the type II
interaction, showing that the metal promoters enhanced the
interaction between Ni and the support, and thus inhibited the
aggregation of the nickel species under heat treatment. The
maximum enhancement in the reduction temperature was ob-
tained in the system with Mo as the metal promoter.
3.3 Catalytic activity in CO methanation

The catalytic performance of the samples in CO methanation
was investigated in a xed-bed reactor, and the results are
shown in Fig. 3. The reaction temperature, pressure and space
velocity was 250–500 �C, 0.1 MPa and 15 000 mL h�1 g�1,
respectively. The CO conversion for the Ni/S15 catalyst was only
30.3% at 250 �C due to the dynamic limit, which is much lower
than that of the other catalysts with CO conversion above 98%
even under low temperature. The better metal dispersion in the
catalysts prepared by the CA-assisted impregnation method
contributed to this signicant improvement in catalytic
performance. Among the systems, Mo–Ni/S15-CA showed the
best performance at 250 �C with a CO conversion of 98.7% and
CH4 selectivity of 91.9%. However, a too high reaction temper-
ature is not conducive to the reaction because of the huge
amount of heat released in the process. Therefore, the CO
conversion increased rst and then decreased as the tempera-
ture increased for all the catalysts.

During the COmethanation process, the conversion of CO to
CH4 (CO + 3H2 ¼ CH4 + H2O) is the main reaction. There are
also some side reactions such as the water gas shi (WGS)
reaction (CO + H2O ¼ CO2 + H2) and CO disproportionation
reaction (2CO ¼ C + CO2), which affect the CH4 selectivity and
CH4 yield. By calculating the sum of unreacted CO, produced
methane and CO2, the carbon balance during the reaction
Fig. 3 Catalytic performance of the catalysts in CO methanation. (A) CO

This journal is © The Royal Society of Chemistry 2020
reached about 99%. Therefore, carbon dioxide is the major
byproduct in the CO methanation performed on the Ni-based
SBA-15 catalyst.

As illustrated in Fig. 3(B), the introduction of citric acid in
the Ni/S15-CA catalyst improved its CH4 selectivity signicantly.
Simultaneously, the metal promoters also enhanced the cata-
lytic performance to some extent. By comparing the catalytic
performance of Mo–Ni/S15-CA, La–Ni/S15-CA and Fe–Ni/S15-
CA, it can be seen that the promotion effect of Mo was best,
followed by La, and nally Fe. At the reaction temperature of
350 �C, the CO conversion of Mo–Ni/S15-CA catalyst was 100%,
and the CH4 selectivity was 94.1%. Since the large particle size
of nickel could improve the WGS reaction activity,25 the CH4

selectivity increased with a decrease in the nickel particles size
accordingly. It is well known that Fe-based materials are excel-
lent catalysts for the WGS reaction, which prefers to produce
more CO2 during methanation.26 This is why the CH4 selectivity
of Fe–Ni/S15-CA was lower than that of the other bimetallic
catalysts.
3.4 Sintering resistance and mechanism of bimetallic
catalysts

Since CO methanation is a strongly exothermic reaction, the
temperature will increase sharply if the heat is not removed in
time, which will lead to catalyst sintering and a decline in cata-
lytic activity. Thus, the sintering resistance of methanation
catalysts plays a crucial role in the industrial production of
synthetic natural gas. To stimulate the sintering process, the
catalysts were calcinated at 700 �C for 2 h in reactant gas
(n(H2) : n(CO)¼ 3 : 1, 15 000mLmin�1). The sintering resistance
of the catalysts was evaluated by comparing their activity at
350 �C before and aer calcination, and the results are shown in
Table 3. For the Mo–Ni/S15-CA catalyst, its catalytic performance
remains the same, which indicates this catalyst has excellent
sintering resistance. The catalytic activities of the other four
catalysts all decreased to a certain extent aer calcination. The
decrease followed the order of La–Ni/S15-CA < Fe–Ni/S15-CA < Ni/
S15-CA < Ni/S15. In general, catalysts sinter easily, and the size of
the metal particles tends to increase at high temperatures due to
conversion; (B) CH4 selectivity.
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Table 3 The catalytic performance of the catalysts before and after calcination at 700 �C for 2 h

Catalyst

Before calcination Aer calcination

CH4 selectivity/% CO conversion/% CH4 selectivity/% CO conversion/%

Ni/S15 84.4 76.3 46.4 23.2
Ni/S15-CA 91.7 98.6 85.1 85.7
Mo–Ni/S15-CA 93.5 98.7 93.0 98.7
La–Ni/S15-CA 93.1 98.4 91.7 96.4
Fe–Ni/S15-CA 92.2 98.7 89.6 87.8
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the Ostwald ripening of metallic Ni, resulting in a reduction in
catalytic activity. However, if there is a strong interaction between
the metal particles and the support, it will have an inhibiting
effect on the agglomeration of the particles. According to the
results of H2-TPR, it can be seen that metal promoters strength-
ened the interaction between nickel and the support, ultimately
improving the sintering resistance of the catalysts. Although the
interaction between nickel and the support in Ni/S15-CA was
almost the same as that in Ni/S15, the agglomeration of metal
particles at a high temperature was inhibited by the connement
effect of the support since the Ni particles were distributed in the
mesochannels of the support due to the effects of CA. Conse-
quently, the sintering resistance of Ni/S15-CA was better than
that of Ni/S15.

As mentioned previously, high temperature can cause sin-
tering of the catalyst, which leads to a decline in activity.
Moreover, high heat will promote the CO disproportionation
reaction (2CO ¼ C + CO2), resulting in the deposition of carbon.
At a lower reaction temperature, nickel can also react with CO to
form nickel carbonyl, resulting in a loss of nickel, which will
affect the catalytic performance.27 Thus, to study the mecha-
nism of sintering resistance enhancement and the main cause
of catalyst deactivation, N2 physical adsorption, XRD, ICP, H2

pulse chemisorption, HRTEM, elemental analysis and TG were
utilized in this work.

The results of the N2 physisorption of the support and the
catalysts aer calcination are listed in Table S2.† The BET
surface areas of all the catalysts decreased by 20–25% with
nearly unchanged average pore sizes, which is mainly due to the
partial collapse of the mesoporous structure at high tempera-
ture. It is noteworthy that the BET surface area of SBA-15 was
reduced by 52% aer calcination at 700 �C for 2 h, which is
much larger than that of all the other catalysts. It is evident that
the presence of an active metal prevents the collapse of the
support structure at a high temperature to some extent.
Table 4 The metal content, nickel dispersion and surface area of the us

Samples Ni contenta (mol%) Additive metal contenta (m

Ni/S15 9.5 —
Ni/S15-CA 10.0 —
Mo–Ni/S15-CA 9.9 1.0
La–Ni/S15-CA 9.0 0.9
Fe–Ni/S15-CA 9.2 1.2

a Obtained by ICP analysis. b Obtained by H2 pulse chemisorption.

20858 | RSC Adv., 2020, 10, 20852–20861
The H2 pulse chemisorption test (Table 4) indicates that the
metal dispersion of Ni/S15 decreased considerably by 62.5%.
However, the metal dispersion of all the catalysts prepared via
the CA-assisted impregnation method only declined by less
than 15%, especially the usedMo–Ni/S15-CA catalyst showed no
loss in metal dispersion. Therefore, the activity reduction in the
catalyst may be mainly attributed to the metal dispersion. The
Ni and additive metal contents of the used catalyst aer calci-
nation were also obtained by ICP, as shown in Table 4. The
similarity between the Ni content of the fresh catalysts (Table 1)
and the used catalysts aer calcination shows that there was no
loss of metals during the reaction.

The catalyst structure and the Ni particle size aer calcina-
tion were investigated using XRD and the results are shown in
Fig. S5.† The characteristic diffraction peaks of SBA-15 and
amorphous SiO2 can be clearly observed in the patterns, indi-
cating the stability of the ordered structure of the support. The
characteristic peaks of metallic Ni shied to 44.5�, 51.8� and
76.4�. According to the calculation based on the Scherrer
equation, the Ni particle size in the Ni/S15 catalyst is 19.3 nm,
which is much higher than the NiO particle size (11.5 nm) of the
fresh catalyst. It is believed that the size increase of the NiO
particle size by sintering should be the reason for the decrease
in the number of active sites, eventually resulting in the deac-
tivation of the catalyst. However, the diffraction peak strength
of the Ni particles was too weak to calculate the average particle
size for the other catalysts. The agglomeration of nickel parti-
cles in the used Ni/S15 was also observed by HRTEM, as dis-
played in Fig. 4. In contrast, the metal particles of the catalysts
prepared by the CA-assisted impregnation method were still
dispersed uniformly in the channels of the support even aer
calcination at 700 �C. Thus, it can be concluded that the
connement effect of the channel and the strong interaction
between the metal and support inhibited the agglomeration of
ed catalysts after calcination

ol%) Ni dispersionb (%) Ni surface areab (m2 g�1 sample)

0.6 0.5
2.5 2.2
3.1 2.9
3.0 2.8
2.7 2.5

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 HRTEM images of the used catalysts after calcination. (A) Ni/S15, (B) Ni/S15-CA, (C) Mo–Ni/S15-CA, (D) La–Ni/S15-CA, and (E) Fe–Ni/S15-
CA.

Table 5 The carbon amount of the used catalysts after calcination

Sample

Carbon amount (wt%)

Before reactiona Aer reactiona DW Aer reactionb

Ni/S15 0.89 2.68 1.79 2.16
Ni/S15-CA 0.97 4.15 3.18 4.66
Mo–Ni/S15-CA 0.87 3.06 2.19 3.61
La–Ni/S15-CA 0.99 5.32 4.33 5.64
Fe–Ni/S15-CA 0.96 5.28 4.32 5.46

a Obtained by elemental analysis. b Obtained by TG.
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nickel, which ultimately displayed excellent sintering resistance
in the CO methanation.

TG analysis under an air atmosphere and elemental analysis
were used to characterize the carbon species and carbon
amount of the used catalysts aer calcination. Fig. 5 shows the
TG proles of the used catalysts aer calcination. The weight
loss that occurred below 150 �C was caused by the volatilization
of the moisture and impurities and the weight increased with
the oxidation of metallic Ni in the air. Generally, three types of
carbonaceous species are identied over nickel-based catalysts,
namely Ca (150–450 �C), Cb (450–650 �C) and Cg (>650 �C).28

Specically, only Ca and Cb were deposited on all the catalysts.
The total carbon amounts were the weight loss of the catalysts
Fig. 5 TG profiles of the used catalysts after calcination.

This journal is © The Royal Society of Chemistry 2020
above 150 �C, and the calculated results are shown in Table 5.
There was about 0.9 wt% carbon species in the fresh catalysts,
which may have come from TEOS during the calcination.
Comparing the catalytic performance and carbon amounts of
La–Ni/S15-CA and Fe–Ni/S15-CA catalysts, the decline in activity
for Fe–Ni/S15-CA was larger than that of La–Ni/S15-CA, while
the carbon deposition amounts were almost the same. Simi-
larly, the decrease in catalytic activity for the Ni/S15 catalyst was
the largest, but its carbon amount was the smallest. Therefore,
a small amount of carbon deposition is not the main reason for
the catalyst deactivation in syngas methanation. According to
the above experimental results, it can be proposed that the
improvement in sintering resistance is attributed to the
connement effect of the support and the strong interaction
between the metal and support.
4 Conclusions

In this work, the effect of citric acid and additive metals (Mo, La
and Fe) on the physicochemical properties and catalytic
RSC Adv., 2020, 10, 20852–20861 | 20859
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performance of nickel-based SBA-15 for CO methanation in
a xed-bed reactor were studied. The introduction of additive
metals improved the surface nickel concentration and the
electron cloud density of Ni atoms, which effectively enhanced
the low-temperature catalytic activity. In addition, citric acid
promoted the dispersion of metals in the mesochannels of SBA-
15. The Mo–Ni/S15-CA catalyst exhibited the highest low-
temperature catalytic activity among the catalysts. At the reac-
tion temperature of 250 �C, the CO conversion and CH4 selec-
tivity of the Mo–Ni/S5-CA catalyst reached 98.7% and 91.9%,
respectively. Moreover, the catalytic activity of Mo–Ni/S15-CA
remained almost the same aer calcination at 700 �C for 2 h
because of the synergetic effect of the enhancement of the
metal-support interaction and the connement effect of the
support, showing a signicant improvement in sintering
resistance.
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