
Catalysis
Science &
Technology

Pu
bl

is
he

d 
on

 2
4 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
ri

zo
na

 o
n 

03
/0

7/
20

14
 1

3:
45

:5
4.

 

PAPER View Article Online
View Journal  | View Issue
Catal. Sci. TechnThis journal is © The Royal Society of Chemistry 2014

Department of Chemical and Biomolecular Engineering, National University of

Singapore, Singapore 117576. E-mail: chekawis@nus.edu.sg;

Fax: +(65) 6779 1936; Tel: +(65) 6516 6312

† Electronic supplementary information (ESI) available: XRD and DTA-TGA
results. See DOI: 10.1039/c3cy00869j
Cite this: Catal. Sci. Technol., 2014,

4, 2107
Received 31st October 2013,
Accepted 23rd March 2014

DOI: 10.1039/c3cy00869j

www.rsc.org/catalysis
A highly dispersed and anti-coking Ni–La2O3/SiO2

catalyst for syngas production from dry carbon
dioxide reforming of methane†

Liuye Mo, Kerina Kai Mun Leong and Sibudjing Kawi*

Syngas production from dry carbon dioxide reforming of methane was studied on a Ni/SiO2 doped with

La2O3 catalyst prepared via an in situ self-assembled core–shell precursor route. Highly dispersed nickel

of particle size <3.0 nm on the Ni–La2O3/SiO2 catalyst was successfully achieved. The addition of La2O3

enhanced the interaction between NiO and the silica support to form a more stable nickel silicate. The

resulting Ni–La2O3/SiO2 catalyst showed excellent catalytic activity and stability without any coking

behaviour even after 100 hours of reaction on stream. In contrast, the Ni–La2O3/SiO2 catalyst prepared

using a conventional incipient wetness impregnation method exhibited poor catalytic activity and a high

coke formation rate.
Introduction

Dry carbon dioxide reforming of methane (DRM: CO2 + CH4 →

2CO + 2H2) to produce syngas (CO/H2) has garnered increasing
interest due to its potential for the reduction of emission of
greenhouse gases carbon dioxide (CO2) and methane (CH4).

1

The syngas from DRM can be used as a feedstock for many
petrochemical processes, e.g. synthesis of methanol and
ammonia and, more importantly, Fischer–Tropsch synthesis
of liquid hydrocarbons. The advantage of the conversion of
syngas to liquid hydrocarbons is that liquid hydrocarbons are
easier and less costly to transport compared to gaseous fuel.1

There are great economic and environmental incentives to
convert CH4 to syngas via DRM, but it has not yet been
adapted for large-scale industrial applications. The main
problem that plagues DRM is the presence of severe carbon
formation, which may block the catalyst beds and deactivate
the catalysts.2,3 Hence, in the design of catalysts for dry
reforming of CH4, carbon deposition is the principal difficulty
that must be overcome.

Noble metal catalysts such as Rh, Ru and Ir have been
found to exhibit high activity and stability for DRM. More
importantly, they exhibit good resistance to carbon deposits.4–6

The drawback in using noble metals is that they are limited in
resources and are expensive.7 Therefore, utilization of cheaper
and more abundant non-noble metal catalysts, particularly
Ni-based catalysts, is more attractive.8 DRM reaction using
Ni catalysts has been found to be comparable to that using
noble metal catalysts.9

The catalyst support utilized will also have a big role to
play in the performance of the catalyst. Wang and Lu
reported that carbon deposition would be more significant if
there were weaker interactions between the active metal and
the support and that a catalyst with “well-developed porosity”
would exhibit better catalytic activity. In their research, SiO2,
Al2O3 and MgO were used as supports for Ni-based catalysts
and they concluded that Ni/γ-Al2O3 and Ni/MgO catalysts
prepared using commercial MgO achieve high conversion and
long-term stability but not the Ni/SiO2 catalyst.10 Wang and
Ruckenstein also concluded that γ-Al2O3 and MgO supports
show the greatest potential in producing good catalysts for
CH4 dry reforming reaction in terms of high activity, long-
term stability and CO/H2 yield.11 La2O3, which has moderate
basicity to adsorb and form La2O2CO3 during reaction, is a
good nickel catalyst support for DRM.12,13 Our previous
studies showed that high catalytic activity on the SrO-doped
Ni/La2O3 catalyst is attributed to the presence of a high
amount of lattice oxygen surface species which promotes
C–H activation in DRM reaction, resulting in high H2

production.14 Lately, we also found that nickel supported
on LaAlO3–Al2O3 would form inverse NiAl2O4 spinel, which
exhibits unique catalytic characteristics for DRM.15 Boron
oxide can also be used to improve the Ni/Al2O3 catalyst's
activity and stability by producing an O–H group, which
can significantly facilitate carbon removal and improve the
stability of the catalysts.16 Furthermore, nickel supported on
ZrO2 with particle sizes ranging from 10–15 nm formed
a nanocomposite which displayed excellent activity and
ol., 2014, 4, 2107–2114 | 2107
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stability.17 Zheng's group developed a catalyst of nickel
supported on MgAl2O4 spinel, which showed high activity
and carbon resistance toward DRM, attributed to high nickel
dispersion and the strong interaction between nickel and
the support.18 In support of the above results, our recent
findings revealed that magnesium oxide, besides enhancing
the basicity of the catalyst, also created surface oxygen ion
species, stabilized the monoclinic La2O2CO3 crystal phase,
which is able to oxidize and remove deposited carbon, and
kept the Ni catalyst highly active and stable.19

The nickel catalysts derived from solid solution catalysts
or complex oxides are also attractive catalysts as highly
dispersed metal nickel can be achieved after reduction.
Tomishige20,21 and Hu22 found that nickel–magnesium oxide
catalysts from the reduced nickel oxide–magnesium oxide
solid solution catalyst resulted in high dispersion of reduced
Ni species, basicity of the support surface and nickel–support
interaction. The catalytic activity and stability of the nickel
oxide–magnesium oxide solid solution could be further
improved by addition of a small amount of a noble metal,
which promotes the reducibility of nickel oxide, forming a
nickel–noble metal alloy.23,24 Zhang reported stable and high
catalytic activities of nickel–cobalt bimetallic catalysts from
Ni–Co–Al–Mg–O composites.25 The high activity and excellent
stability of Ni–Co catalysts are closely related to the high metal
dispersion, strong metal–support interaction, and formation of
stable solid solutions. Nickel catalysts prepared from perov-
skite precursors have also been used for DRM.26–28 Our group
reported that La0.8Sr0.2Ni0.8Fe0.2O3 shows high catalytic stability
due to: (1) strong metal–support interaction which hinders
thermal agglomeration of the Ni particles and (2) the presence
of the abundant lattice oxygen species which are not very active
for C–H bond activation but reactive with CO2 forming
La2O2CO3, which minimizes carbon formation by reacting with
surface carbon to form CO.29

Although SiO2 is cheap and easily available, the main
drawback in using SiO2 as the support for Ni-based catalysts
is its high tendency towards carbon deposition and metal
sintering.30–34 The poor performance of SiO2 as the catalyst
support for dry reforming of CH4 has been attributed to weak
interactions between Ni and the SiO2 support and its inability
to promote high dispersion of Ni particles on the support
surface.33 In addition, with weak interactions between Ni and
the SiO2 support, Ni metal particles are more likely to move
along the support surface and agglomerate during heating at
high temperatures, resulting in comparatively larger Ni particle
sizes and metal sintering during reaction. However, siliceous
based materials such as supports of nickel and nickel–M
bimetallic catalysts, especially mesoporous materials (like MCM-41
and SBA-15), have attracted extensive attention due to their
properties such as a large surface area and ease of surface
modification with basic metal oxides.35–41 The ordered meso-
porous silica supported catalysts have always exhibited better
catalytic activities than the amorphous silica; however, the
ordered mesoporous structures are not stable at high tempera-
tures in the presence of water produced by reverse water gas
2108 | Catal. Sci. Technol., 2014, 4, 2107–2114
shift reaction.40 Therefore, it is preferred to use amorphous
silica as the catalyst support, which is commercialized for bulk
production and far cheaper than ordered mesoporous silica.

Zhu et al. investigated Mg-promoted Ni/SiO2 catalysts with
different Mg precursors and prepared by different impregna-
tion sequences to be used in CO2 reforming of methane.42

The impregnation of Mg(CH3COO)2 prior to Ni led to the
stronger interaction of nickel species with the support and
the formation of stable Ni2SiO4 and Mg2SiO4 species, which
inhibited the sintering of metallic Ni and resulted in better
activity and stability of the catalyst. No significant carbon
deposition was observed on the surface of the catalysts, keep-
ing the catalyst stable.42 Liu's group reported that the Ga2O3

doped Ni/SiO2 catalyst showed high activity and stability as
the presence of Ga2O3 enhanced CO2 adsorption.43 Zhu et al.
compared the promoting effects of La, Mg, Co and Zn on
the catalytic properties of the Ni/SiO2 catalyst for dry CO2

reforming of CH4.
44 They found that both Ni–La/SiO2 cata-

lysts exhibited greater stability than the other doped catalysts
due to the addition of rare earth metals which resulted in a
higher degree of dispersion of NiO particles on the catalyst
support surface with reduced carbon deposition due to
enhanced interactions between Ni and the SiO2 support.42

The beneficial effect of La2O3 addition can be attributed to
its introduction of basic sites enhancing CO2 absorption on the
catalyst to form La2O2CO3 which removes the carbon on the
catalyst via the following reaction: La2O2CO3 + C → La2O3 +
2CO.45 Other than suppressing carbon deposition, La2O3 was
also reported to prevent metal sintering. La2O3 added as a pro-
moter to a Ni/SiO2 catalyst is able to interact strongly with the
Ni metal, thereby promoting high dispersion of Ni particles
over the catalyst surface and reducing the Ni particle size.34

Besides doping with different metal oxides to improve the
basicity of the Ni/SiO2 catalyst, a lot of research studies have
been done to improve nickel dispersion on silica, which is an
effective method to enhance the Ni/SiO2 catalyst's activity and
stability. Zheng's group reported that the Ni/SiO2 catalysts pre-
pared with nickel citrate displayed high activities and stabili-
ties because of their high nickel dispersion on the support and
strong interaction between nickel and the support.46,47 Lately,
a highly dispersed Ni/SiO2 was achieved by impregnating nickel
nitrate on SiO2 modified with ethylene glycol, which signifi-
cantly changed the surface properties of the silica support and
showed good activity with less carbon deposition toward
DRM.48 Liu's group utilized plasma to treat the Ni/SiO2 catalyst,
and the resistance of the Ni/SiO2 catalyst to coking was signifi-
cantly enhanced owing to the stronger metal–support interac-
tion and higher nickel dispersion.49 Interestingly, de Jong's
group reported the preparation of highly dispersed nickel on
SBA-15 by nitric oxide controlled thermal decomposition of
nitrates.50 Most recently, nickel–silicide colloids [NixSi–C8H17],
which are formed by reacting Ni(1,5-cyclooctadiene)2 with
octylsilane in the presence of H2, have been used as a precursor
to prepare highly dispersed supported nickel catalysts, which
exhibit good catalytic activity and stability for DRM.51 Although
numerous researches have been carried out to improve the
This journal is © The Royal Society of Chemistry 2014
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activities and stabilities on Ni/SiO2, however, carbon deposi-
tion is still an unresolved problem without compromise with
activities and stabilities using a simple preparation method
and cheap nickel precursors.

To improve nickel dispersion is one of the important
underlying principles to design an anti-coking catalyst. If the
Ni particle size is less than several nanometers during the
reforming reactions, the coke formation will be totally
inhibited.52 However, it is a challenge to achieve a highly
active and stable catalyst owing to its poor nickel dispersion
on a silica support. Previously, we reported that a highly
dispersed Ni/SiO2 catalyst (particle size: <3.0 nm) prepared
by an in situ self-assembled core–shell precursor route,
wherein it would in situ self-assemble to form a core–shell
(nickel nitrate species as the core and nickel oleate as the shell)
precursor as oleic acid is added to the impregnated solution,
showed good catalytic activity and stability at 700 °C with
negligible carbon deposition after 100 hours of reaction on
stream.53 However, the methane conversion slightly
decreased from ~70% to ~60% after 100 hours of reaction at
a high space velocity. Therefore, improvements can still be
made to the catalytic activity and stability. Herein, we would
like to design a supported nickel catalyst by increasing its
basicity and nickel dispersion on silica in order to achieve
an anti-coking catalyst for DRM reaction. From the literature
knowledge mentioned above, La2O3 should be a good dopant
for DRM reaction. Therefore, highly dispersed Ni/SiO2

catalysts doped with La2O3 via an in situ self-assembled
core–shell precursor route are reported.

Experimental
Catalyst preparation

The silica support (silica gel 60, 20–50 μm particle size,
specific surface area: 753 m2 g−1, mean pore size = 7.5 nm)
was provided by Kanto Chemicals Co. Inc. The metal nitrates
of AR purity were bought from Sigma-Aldrich and used
directly without further purification. The catalyst preparation
procedure followed our previous method.53 The preparation
process is described as follows. 5 wt% Ni/SiO2 was doped
with 1 wt.% La2O3 by incipient wetness impregnation. This
preparation method involved the initial solvation of Ni and
lanthanum nitrate hexahydrate in water to form a mixed salt
solution, then a desired amount of oleic acid (OA) at a molar
ratio of OA/(Ni + La) = 0.5 was added to the solution. Firstly,
1.32 g of nickel nitrate hexahydrate and 0.14 g of lanthanum
nitrate hexahydrate (from Sigma-Aldrich) were dissolved in
9 mL of D.I. water, and then 0.68 g of oleic acid (from Sigma-
Aldrich) was added into the solution. Finally, 5 g of spherical
silica was introduced into the above solution. The impreg-
nated catalysts were aged at room temperature for more than
6 hours before the catalysts were dried at 100 °C overnight.
Finally the catalysts were calcined at 700 °C for 4 hours. The
5 wt.% Ni–1 wt.% La2O3/SiO2 (5% Ni/SiO2) catalysts prepared
with OA and without OA were designated as NiLaSi–OA
(NiSi–OA) and NiLaSi (NiSi), respectively.
This journal is © The Royal Society of Chemistry 2014
Powder X-ray diffraction (XRD)

XRD analysis was conducted using a Shimadzu LabX
XRD-6000 X-ray diffractometer with Cu Kα radiation (wave-
length, λ = 0.154056 nm) and operated at a current of 30 mA
and a voltage of 40 kV. NiO or Ni crystallite sizes were calcu-
lated using the Scherrer equation. In order to estimate
the average Ni crystallite size on the reduced catalysts, prior to
XRD analysis, the fresh catalysts were reduced in a H2 atmo-
sphere (purity = 99.99%) at 700 °C for 1 hour at a H2 gas
flow rate of 10 ml min−1. Subsequently, the reduced catalysts
were cooled down from 700 °C to room temperature under an
H2 atmosphere. Then the reduced catalysts were transferred
quickly to an XRD chamber to perform XRD measurement.

Hydrogen temperature-programmed reduction (H2-TPR)

The reduction behavior of the prepared fresh catalysts was
analyzed using H2-TPR. H2-TPR tests were carried out using a
ChemBET-3000 TPR/TPD. 0.05 g of the catalyst was loaded
into a quartz U-tube (I.D. 1/4 inch) and heated in a furnace at
a H2–N2 mixture (5 wt% H2, balance N2) gas flow rate of
30 ml min−1 and a linear heating rate of 10 °C min−1. The
signal from H2 consumption was detected by a TCD detector
and recorded on a PC.

Differential thermal analysis and thermal gravimetry
analysis (DTA-TGA)

DTA-TGA was carried out using a Shimadzu DTG-60 thermo-
analyzer. Approximately 8 mg of the catalyst sample was
heated in an atmosphere of air from room temperature to
800 °C at a heating rate of 10 °C min−1.

Transmission electron microscopy (TEM)

TEM images were taken using a JEOL JEM-2100F. Prior to
TEM analysis, the catalysts were reduced at 700 °C in purified
H2 for one hour. The samples were dispersed in ethanol solu-
tion and ultrasonicated for 30 min. Then, the above solutions
were dropped onto the copper grid for TEM observation.

Catalytic activity tests

The DRM reactions were carried out in a quartz reactor
(I.D. = 1/4 inch). The catalyst under study was loaded and
packed in the middle of the quartz tube using quartz wool
which is inert in the reaction. Under atmospheric pressure,
the catalyst was heated from the initial room temperature to
a reaction temperature of 700 °C at a rate of 20.0 °C min−1.
Reactions at a total flow rate of 60 ml min−1 of a feed gas
with a molar ratio of CH4/CO2/N2 = 1/1/1 were carried out.
Prior to the catalytic reaction, 0.05 g or 0.005 g of the catalyst
was reduced in a H2 atmosphere at 700 °C for 1 hour. A cold
trap was employed to remove any water from the effluent gas
stream prior to gas analysis using an on-line gas chromato-
graph (GC). Effluent gas from the reactor was analyzed using
an Agilent GC equipped with 5A molecular sieve and Poropak Q
Catal. Sci. Technol., 2014, 4, 2107–2114 | 2109
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columns. N2 was used as the internal standard to calculate the
conversions of CH4 and CO2.
Fig. 2 TPR profiles of NiLaSi and NiLaSi–OA.
Results and discussion

Fig. 1 depicts XRD patterns of NiLaSi and NiLaSi–OA. Sharp
NiO phase peaks on the NiLaSi catalyst could be seen clearly.
However, the NiO peaks were almost invisible on the NiLaSi–OA
catalyst, indicating that NiO was highly dispersed on the
support. The crystalline size of NiO on the NiLaSi catalyst
was 8.7 nm as estimated by the Scherrer equation. The nickel
crystalline sizes on reduced NiLaSi, NiSi–OA and NiLaSi–OA
catalysts are 10.6, 2.9 and 3.0 nm, respectively. Although
the Ni crystalline sizes on NiSi–OA and NiLaSi–OA catalysts
were almost the same, the diffraction peak area of nickel on
NiSi–OA was significantly bigger than that on NiLaSi–OA
(shown in Fig. 1S†), which suggests that the number of detect-
able nickel crystallines on the reduced NiSi–OA was higher
than those on the reduced NiLaSi–OA, i.e. the nickel crystalline
size on reduced NiLaSi–OA is smaller than that on reduced
NiSi–OA.
H2-TPR results

H2-TPR is a useful technique to characterize the reduction
properties of a catalyst for correlation with its catalytic perfor-
mance. Fig. 2 shows the H2-TPR curves of NiLaSi and NiLaSi–OA
catalysts. The position of peaks from H2-TPR on NiLaSi cata-
lyst was almost the same with those on NiSi that the NiO
showed weak interaction with the silica support, which could
be reduced at low temperature (<500 °C).53 However, the
reduction peak of the NiSi–OA catalyst was at 609 °C,53 but
the NiLaSi–OA catalyst showed a high reduction peak at
640 °C, indicating that a more stable nickel silicate species
was formed because of the addition of La2O3.
2110 | Catal. Sci. Technol., 2014, 4, 2107–2114

Fig. 1 XRD patterns of NiLaSi and NiLaSi–OA.
TEM results

Fig. 3(A) displays the TEM image of the reduced NiLaSi cata-
lyst. Big particles could be observed clearly. The La2O3 phase
could not be detected in the XRD pattern (Fig. 1) since it was
highly dispersed on the support. Furthermore, the La2O3

loading was as low as 1 wt.% and hence it could not distrib-
ute densely on the support. Therefore, particles observed in
the TEM image should be primarily nickel particles. The
mean particle size of nickel was 15.5 nm on the reduced
NiLaSi catalyst, which was bigger than the crystalline size
(10.6 nm) measured by XRD. However, nickel particles with a
size <2.0 nm were homogeneously dispersed on the NiLaSi–OA
catalyst (Fig. 3(B)). The mean nickel particle size on NiSi–OA
observed using STEM was 2.9 nm.53 The TEM results hence
showed that OA can effectively promote the dispersion of
nickel. Furthermore, it was previously shown by XRD that the
addition of lanthanum oxide further promoted the dispersion
of nickel.
Catalytic activities

The catalytic activities of NiLaSi and NiLaSi–OA were tested
at 700 °C with GHSV = 72 000 ml g−1 (cat) h−1. The NiLaSi cat-
alyst showed poor catalytic activities and such severe carbon
formation that the catalyst bed was blocked in one hour of
reaction on stream. The initial CH4 and CO2 conversions over
the NiLaSi catalyst were 69.8% and 79.0%, respectively. Sur-
prisingly, the NiLaSi–OA catalyst not only showed high cata-
lytic activity but also high stability as shown in Fig. 4. The
conversions of CH4 and CO2 were ~80% and ~85% during
reaction for 100 hours of reaction on stream. The H2/CO
product molar ratio was also maintained at around 0.85. In
contrast, the NiSi–OA without the promoter La2O3 showed
lower catalytic activity and stability.53 In order to further
investigate the stability of the NiLaSi–OA catalyst, a high
GHSV (720 000 ml g−1 (cat) h−1) was used to make sure that
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Catalytic performance of NiLaSi–OA for DRM reaction at 700 °C
with GHSV = 72 000 ml g−1 (cat) h−1 (0.05 g catalyst, FCH4

= FCO2
=

FN2
= 60 ml min−1).

Fig. 5 Catalytic performance of NiLaSi–OA for DRM reaction at 700 °C
with GHSV = 720000 ml g−1 (cat) h−1 (0.005 g catalyst, FCH4

= FCO2
=

FN2
= 60 ml min−1).

Fig. 3 TEM images of NiLaSi (A) and NiLaSi–OA (B) catalysts.

Fig. 6 XRD patterns of spent NiLaSi and NiLaSi–OA catalysts.
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the conversions were lower than the thermodynamic equilib-
rium value as shown in Fig. 5. The conversions of CH4 and
CO2 dropped slightly around 7% after 100 hours of reaction
This journal is © The Royal Society of Chemistry 2014
on stream. The consumption rates of CH4 and CO2 were also
calculated. The initial consumption rates of CH4 and CO2

were 0.41 and 0.39 mmol s−1 g−1 (cat), which decreased to
0.36 and 0.34 mmol s−1 g−1 (cat) after 100 hours of reaction
on stream.
Characterization of spent catalysts

Fig. 6 shows the XRD patterns of spent NiLaSi and NiLaSi–OA
catalysts. The spent NiLaSi catalyst showed an evident peak at
2theta = 26°, which was assigned to graphite.47 The crystalline
size of nickel on the spent NiLaSi catalyst was 12.3 nm, which
was almost the same as that on the freshly reduced catalyst.
However, the spent NiLaSi–OA catalyst had no graphite peak.
The nickel crystalline size on the spent NiLaSi–OA catalyst
was 5.5 nm, which slightly increased compared to that on the
freshly reduced catalyst (3.0 nm).

Fig. 7 displays TEM images of spent NiLaSi and NiLaSi–OA
catalysts. From the TEM image of the spent NiLaSi catalyst
Catal. Sci. Technol., 2014, 4, 2107–2114 | 2111
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Fig. 7 TEM images of spent NiLaSi (A) and NiLaSi–OA (B) catalysts.

Fig. 8 DTA-TGA curves of spent NiLaSi (A) and NiLaSi–OA (B) catalysts.
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(Fig. 7A), a lot of carbon nanotubes are observed. However, no
carbon nanotube on the spent NiLaSi–OA catalyst is found,
although a few nickel particles were sintered to around
9.0 nm as shown by the particle marked with a red circle
(Fig. 7B). The TEM results are further confirmed by DTA-TGA
results (Fig. 8).

Fig. 8(A) shows the DTA-TGA curves of the spent NiLaSi
catalyst. The DTA curve shows two group peaks: one is a
negative peak (endothermic peak) and the other one is posi-
tive (exothermic peak). The negative peak centered at 57 °C is
assigned to the desorption of physical water. The two
overlapping positive peaks at 611 °C and 645 °C are ascribed
to the carbon species combustion. The two overlapping posi-
tive peaks mean that there are two kinds of carbon species
on the spent catalyst. Based on the weight loss in the TGA
curve, the sample amount after carbon was removed and the
reaction time on stream, the carbon formation rate on the
NiLaSi catalyst is as high as 146.2 mg (carbon) g−1 (cat) h−1.
Interestingly, the spent NiLaSi–OA catalyst did not show any
exothermic peak in the DTA curve at high temperature.
2112 | Catal. Sci. Technol., 2014, 4, 2107–2114
However, weak exothermic peaks could be observed between
260 and 350 °C; these weak peaks are attributed to the oxida-
tion of metal nickel on the spent NiLaSi–OA catalyst. Some
weight loss is observed in the TGA curve between 300 and
800 °C. In order to exclude the possibility that the weight loss
was caused by carbon combustion, a pure silica support was
used in the DTA-TGA experiment. Fig. 2S† clearly shows that
the TGA curve of silica is similar to that of the spent NiLaSi–OA
catalyst. Therefore, these results show that no carbon is formed
on the spent NiLaSi–OA catalyst.

It is well known that physical adsorption of CO2 can only
occur on a silica support at low temperature <100 °C.34,43

CO2 activation is a key step for DRM reaction to remove the
carbon deposit due to CH4 decomposition, which is the main
source of active carbon.49,54,55 If the adsorbed (activated) CO2

reacted too slowly with the active carbon on the catalyst
surface, the active carbon would precipitate and polymerize
to form inert graphite.43 Therefore, the addition of La2O3 pro-
motes the adsorption of CO2, facilitating carbon removal on
the nickel particles. Furthermore, it is widely accepted that
the particle size of nickel and the interaction between metal
and the support are critical factors that affect carbon deposi-
tion on a catalyst.34,42,43,46,47,49,52 From XRD, TPR and TEM
results, the addition of La2O3 promoted the dispersion of
nickel and enhanced the interaction between nickel and the
This journal is © The Royal Society of Chemistry 2014
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support. As a consequence, the NiLaSi–OA catalyst showed
excellent activity and stability during 100 hours of reaction
on stream with negligible carbon deposition. In comparison,
the NiSi–OA catalyst was able to withstand 100 hours of reac-
tion with negligible carbon deposition, but exhibited lower
activity levels.

Conclusions

The highly dispersed and anti-coking NiLaSi–OA catalyst
(dNi < 3.0 nm) was successfully prepared via an in situ self-
assembled core–shell precursor route. La2O3 promoted the dis-
persion of nickel and enhanced the interaction between nickel
oxide and the support. The NiLaSi–OA catalyst exhibited excel-
lent catalytic activity and stability without coke formation
after 100 hours of reaction on stream for syngas production
by DRM. The strategy reported in this paper can be poten-
tially extended to prepare other highly dispersed supported
metal catalysts.
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