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Abstract

The methanation of carbon dioxide was carried out over Ni-incorporated MCM-41 catalysts. The Ni-MCM-41 catalysts containing 1–3 wt% Ni
were prepared by incorporating the Ni ions into the framework of siliceous MCM-41 with the procedure developed in our previous work [S. Lim,
G.L. Haller, J. Phys. Chem. B 106 (2002) 8437]. Pretreatment using pure H2 at different temperatures affected the reactivity. Pretreatment at 973 K
for 0.5 h was the best among the conditions tested. At this temperature, the Ni was mostly reduced but remained highly dispersed. Significant
selectivity to methane (85.1%) was obtained with 1 wt% Ni-MCM-41 at a reaction temperature as low as 573 K and gas hourly space velocity
(GHSV) of 5760 l kg−1 h−1 under atmospheric pressure. Higher selectivity (96.0%) and space-time yield (91.4 g kg−1 h−1) were achieved with
higher Ni loading catalysts (3 wt% Ni) at the same space velocity. This selectivity was maintained at higher temperature (673 K) with increased
space-time yield (633 g kg−1 h−1). The X-ray absorption result demonstrates that the Ni particle size does not significantly change during reaction.
© 2007 Published by Elsevier Inc.
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1. Introduction

The catalytic hydrogenation of carbon dioxide to methane,

CO2(g) + 4H2(g) → CH4(g) + 2H2O(g),

�G0
298K = −27 kcal mol−1,

also called the Sabatier reaction [2], is an important catalytic
process of fundamental academic interest with potential com-
mercial application [3–5]. Because the interest in the large-scale
manufacture of substitute natural gas from the products of coal
gasification has greatly diminished in recent decades [6], car-
bon dioxide methanation has been applied mostly in combi-
nation with the methanation of carbon monoxide, such as for
the purification of synthesis gas for the production of ammonia.
Both carbon dioxide and carbon monoxide are catalyst poisons
and must be reduced to <5 ppm before the syngas enters the
synthesis section [7]. In addition, the National Aeronautics and
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Space Administration (NASA) is also interested in applications
of the Sabatier reaction for use in future manned space col-
onization on Mars [4,8]. Bringing Terrene hydrogen to Mars
will make it possible to convert the Martian carbon dioxide
atmosphere into methane and water for fuel and astronaut life-
support systems [8].

Although the CO2 methanation is thermodynamically favor-
able (�G0

298K < 0), it remains difficult to realize because of
the significant kinetic barriers, because this reaction involves
an eight-electron reduction. Extensive studies have been car-
ried out on the hydrogenation of carbon dioxide to methane.
Various suitable catalytic systems have been tested and stud-
ied for this reaction [2–38]. Among group VIII metals, the Ni
catalyst has been extensively investigated under widely vary-
ing experimental conditions [9–17]. The effect of the support
on activity/selectivity and adsorption properties, as well as the
kinetic studies focusing on nickel catalysts, have been dis-
cussed in detail [15,16,18]. Studies of this reaction on other
group VIII metals besides Ni (e.g., supported and unsupported
Ru [4,19,21–24], Rh [20,25–30], Pd [31], Pt [19], Ir [19],
Os [32], Co [23], and Fe [23,33] catalysts) have been reported.
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Ruthenium is reportedly the most active catalyst, with the high-
est selectivity to methane [23,35]; for example, Weatherbee
and Bartholomew [23] achieved a CH4 selectivity of 99.8%
with CO2 conversion of 5.7% at 502 K using Ru/SiO2 cata-
lyst. Thampi et al. [5] reported nearly 100% selectivity toward
CH4 over Ru/TiO2 catalyst at low temperature and ambient
pressure, along with an enhanced reaction rate, through pho-
toexcitation of the support. However, the photoconversion of
CO2 to methane took a long time, however (∼22 h). Some
bimetallic catalyst systems (e.g., Ni–Mo/Al2O3 [36] and ultra-
fine Ni(II) ferrite [NF]) [37,38], have been developed, and the
interaction between the two metal atoms has been shown to in-
crease catalyst activity and selectivity.

Because the support has a significant influence on the mor-
phology of the active phase, adsorption, and catalytic properties
[18], preparation of highly dispersed supported metal catalysts
has been the focus of significant research. Solymosi et al. [20]
reported a sequence of activity of supported rhodium catalysts
of Rh/TiO2 > Rh/Al2O3 > Rh/SiO2. This order of CO2 metha-
nation activity and selectivity was the same as observed for Ni
on the same supports by Vance and Bartholomew [18]. These
phenomena can be attributed to the different metal–support
electronic interactions, which affects the bonding and the re-
activity of the chemisorbed species [20,39].

Previously, we showed that all first-row transition metals can
be incorporated into the MCM-41 pore wall while retaining a
highly ordered hexagonal structure. With proper pretreatment
(reduction), subnanometer-sized metal particles were formed
on the pore wall surface of Co-MCM-41 having 100% disper-
sion and stability under high-temperature reaction in CO [40].
Different pore sizes produced different metal cluster sizes, due
to the varying pore radius of curvature of the Co-MCM-41.
However, Ni-MCM-41 did not show a measurable radius of cur-
vature effect on the metallic cluster size because of its easier
reduction compared with Co-MCM-41. Nevertheless, different
reduction temperatures made it possible to control the cluster
size and the degree of reduction of Ni [41], which as discusses
here, affects the reactivity/selectivity of CO2 methanation.

In the present work, for the first time C16 Ni-MCM-41 cat-
alysts (with C16 indicating a 16 carbon alkyl template that
produces MCM-41 pores of about 2.9 nm diameter) with differ-
ing amounts of Ni incorporated during synthesis were applied
to CO2 methanation. The effect of pretreatment conditions was
systematically investigated with the aim of devising an effective
catalytic system for CO2 methanation.

2. Experimental

2.1. Materials

The sources of silica were Cab-O-Sil (Cabot) and tetram-
ethylammonium silicate (Aldrich). The nickel source was
Ni(NO3)2·6H2O (Sigma-Aldrich). Hexadecyl trimethylammo-
nium bromide [C16H33(CH3)3NBr, Sigma-Aldrich] surfactant
was used as a template material. The surfactant solutions were
prepared by ion-exchanging the 20 wt% C16H33(CH3)3NBr
aqueous solution with an equal molar exchange capacity of
Amberjet-4400(OH) ion-exchange resin (Sigma) by overnight
batch mixing. The antifoaming agent Antifoam A (Sigma),
a silane polymer alkyl terminated by methoxy groups. Acetic
acid (Fisher Scientific), was used to adjust the pH of the syn-
thesis solution.

2.2. Catalyst

All of the catalysts studied in this work are based on C16
Ni-MCM-41 (16 carbon chain length surfactant; see Ref. [1]
for details). The fumed silica Cab-O-Sil (2.5 g) was added
into a tetramethylammonium silicate aqueous solution (10.4 g,
including 1 g of SiO2) and stirred vigorously for 30 min.
Deionized water (50.7 ml) was added to improve mixing.
The nickel aqueous solution [2 wt% Ni(NO3)2·6H2O] was
added and stirred for another 30 min. Two drops of an-
tifoam agent (0.2 wt% of surfactant) were added to this so-
lution, followed by the addition of the surfactant [20 wt%
C16H33(CH3)3N·OH] solution (28.7 g). The pH was adjusted to
11.5 by adding acetic acid. The final reactant molar ratios were
0.29 SiO2 (from TMA·SiO2):0.71 SiO2 (from Cab-O-Sil):0.27
surfactant:0.01 Ni:86 water. After additional mixing for about
120 min, this synthesis solution was poured into a polypropy-
lene bottle and placed in the autoclave at 373 K for 6 days.
After cooling to room temperature, the resulting solid was re-
covered by filtration, washed with deionized water, and dried
under ambient conditions. The predried solid was heated at a
constant rate from room temperature to 813 K over 20 h under
He and held for 1 h under the same condition, followed by cal-
cination at 813 K for 6 h in air to remove the residual surfactant.
Because the preparation process can cause some loss of Ni and
silica in the byproducts, the final Ni content was determined by
ICP analysis at Galbraith Laboratories (Knoxville, TN).

2.3. Catalytic activity test

The catalysts were pretreated in situ in a stream of 15 ml
min−1 ultrahigh purity H2 at various conditions before reaction
to test the effect of pretreatment at different conditions, i.e.,
different reduction temperature and reduction time. After re-
duction, the reduced catalysts were then flushed with ultrahigh
purity He for 30 min and cooled to the reaction temperature.

Carbon dioxide methanation was conducted at atmospheric
pressure in a fixed-bed down-flow quartz reactor in the temper-
ature range from 373 to 873 K. The thermocouple was directly
inserted into the catalyst bed to measure the actual pretreatment
and reaction temperature. The reactor was heated in a 127 mm
i.d. tube furnace controlled by a PID temperature controller
(CN2011J, Omega). All gases were controlled by calibrated
mass flow controllers (Brooks).

The H2 and CO2 reactants were mixed at H2:CO2 ratios
ranging from 1 to 4.2, and the gas hourly space velocity
(GHSV) was varied from 5760 to 23,000 l kg−1 h−1. The feed
and products were analyzed by an on-line programmable gas
chromatograph (HP 6890) equipped with TCD, Hayesep D col-
umn (100/120 mesh, 20 ft), and Hayesep T column (100/120
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mesh, 5 ft). The lines from the outlet of the reactor to the GC
were heated to 423 K to avoid the condensation of products.

2.4. Characterization

2.4.1. N2 physical adsorption
Adsorption–desorption isotherms of N2 at 77 K were mea-

sured using a Quanta Chrome Autosorb-1C static volumetric
instrument. The pore size and pore size distribution were cal-
culated by the BJH method [42] using the desorption isotherm
branch.

2.4.2. CO chemisorption
To investigate the change of metallic particle size of the Ni-

MCM-41 catalyst by reduction at different temperature in pure
H2, CO chemisorption was performed in the volumetric static
adsorption system (Autosorb-1C, Quanta Chrome), assuming
a CO/Ni stoichiometry of 1. A 200-mg 1 wt% Ni-MCM-41
sample was loaded into a quartz flow cell. The reduction was
performed at 673, 773, 873, and 973 K for 30 min. After each
step, oxygen back-titration at 673 K was carried out to calculate
the degree of reduction under the assumption that all metallic Ni
was oxidized to NiO.

2.4.3. X-ray diffraction
X-ray diffraction (XRD) measurements were conducted us-

ing a Schimadzu X-ray diffractometer (CuKα,λ = 0.154 nm,
40 kV, 30 mA) to check whether the Ni-MCM-41 samples syn-
thesized in this study have the characteristic hexagonal pore
structure, and the same experiment was performed for used cat-
alyst to see whether the structure was maintained after reaction.

2.4.4. X-ray absorption
X-ray absorption data were collected at the Ni K edge

(8333 eV) using Si(111) as the monochromator crystal at beam
line X23B, National Synchrotron Light Source, Brookhaven
National Laboratory. Typically, approximately 100 mg of a
given sample was pressed into a self-supporting wafer and
placed in a stainless steel cell; incidence and transmission of
the X-ray beam were measured by ion chambers filled with pure
nitrogen. EXAFS in the transmission mode was recorded from
200 eV below to 900 eV above the Ni K edge. The gas inlet,
outlet, and heating and cooling unit allow the in situ treatment
of samples and reaction. The local environment of Ni-MCM-41
during CO2 methanation was monitored in situ by X-ray ab-
sorption. The Ni-MCM-41 catalyst (wafer) was first reduced in
pure H2 at 973 K for 30 min, then the reactor was cooled in
pure He to room temperature. The reaction was carried out at
473, 573, 673, and 773 K in a reactant flow of H2:CO2 (4.0:1)
for 30 min. During the reaction period, XANES data were con-
tinuously collected from 30 eV below to 50 eV above the Ni K
edge, for in situ measurement of the state of the catalyst. EX-
AFS was measured at room temperature after the sample was
cooled from reaction temperatures in He flow.

The spectra thus collected were analyzed using the
UWXAFS analysis package [43]. The theoretical EXAFS func-
tion for different nickel species (Ni and NiO) generated by the
Table 1
Temperature-programmed reaction for CO2 methanation (catalyst without re-
duction pretreatment)a

Temperature Conversion (%) Selectivity (%) STY of CH4

(g kg−1 h−1)H2 CO2 CO CH4

373 K 0 0 0 0 0
473 K 0 0 0 0 0
573 K 0.3 0.1 100 0 0
673 K 4.9 8.3 76.6 23.4 30.9
773 K 22.9 35.8 69.0 31.0 187
873 K 34.6 46.5 60.4 39.6 338

a Reaction conditions: fresh C16 1 wt% Ni-MCM-41, pretreated with air
at 773 K for 1 h, temperature-programmed reaction from 373 to 873 K at
H2:CO2 = 2.6:1, GHSV of 11,500 l kg−1 h−1.

FEFF6 program were used to fit the experimental data to calcu-
late the Ni–Ni and Ni–O first shell coordination numbers [44].

Inductively Coupled Plasma Analysis. The nickel content of
each sample was measured by the inductively coupled plasma
(ICP) technique at Galbraith Laboratories.

3. Results and discussion

3.1. Preactivation and catalyst state

To investigate the temperature of activation of Ni for CO2
methanation on Ni-MCM-41, temperature-programmed reac-
tion (TPR) was carried out on 1 wt% Ni-MCM-41 with space
velocity of 11,500 l kg−1 h−1 and a reactant H2:CO2 ratio of
2.6:1 (72% H2, 28% CO2) from 373 to 873 K at atmospheric
pressure (Table 1). After pretreatment with air at 773 K for 1 h
to create the same state with the as-calcined sample and cool-
ing to 373 K under He flow, the feed of H2 and CO2 mixture
was introduced over Ni-MCM-41 at this temperature without
prereduction. Almost no catalytic activity was detected at 373–
473 K, and only negligible amounts of products were detected
at 573 K. The catalyst began to show significant activity pro-
ducing CO and CH4 at 673 K, and the conversion of reactants
and selectivity to CH4 increases further with increasing tem-
perature. A significant fraction of CO was produced, which
decreased with increasing temperature. Because the active sites
in this reaction are metallic Ni, we can deduce from this result
that 673 K is the temperature that Ni-MCM-41 begins to be re-
duced in the reactant flow and to show catalytic activity, which
was further confirmed by our related study by Yang et al. [41]
on in situ H2 reduction of Ni-MCM-41 at different tempera-
tures. In that work, the C16 Ni-MCM-41 samples were reduced
under ultra-high purity H2 for 0.5 h at 673, 773, 873, and 973 K.
The Ni–Ni coordination numbers for the samples reduced at
different temperatures obtained from analysis of the EXAFS
spectra showed that at 673 K, the Ni–Ni coordination number
was 2.9, meaning that the Ni in the framework of MCM-41 be-
gan to be reduced to Ni atoms associated in a cluster or crystal.
At a higher temperature (873 K), the pre-edge peak intensity
increased and the Ni–Ni coordination number increased to 5.6,
indicating that Ni atoms migrated quickly and formed Ni clus-
ters [41]. The reduction temperature of 673 K was still too low
to reduce all of the Ni ions in Ni-MCM-41 (about 9.2% of Ni
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reduced as shown in the study of CO chemisorption in Table 2);
therefore, the activity increased as the temperature increased,
likely due to further reduction of Ni-MCM-41. When the re-
duction temperature increased to 973 K, the Ni–O coordination
number decreased from an initial value of about 4 by about an
order of magnitude, showing that a significant amount of Ni in
the sample was reduced; this was confirmed by CO chemisorp-
tion showing that 72% of Ni was reduced at 973 K (see Table 2).
At temperatures above 1073 K, deactivation occurred. This is
the temperature at which complete reduction of Ni-MCM-41 is
observed by TPR [41], resulting in unconfined rapid migration
of Ni out of pores and into large crystals.

The catalytic activity of 1 wt% Ni-MCM-41 catalyst af-
ter different reduction pretreatment conditions was studied at
573 K, a H2:CO2 ratio of 2.6:1, and GHSVs of 11,500 and
5760 l kg−1 h−1, respectively. As shown in Table 3, at low re-
duction temperatures (673–773 K), with 2–2.5 h of reduction
time compared with 0.5 h at high temperature, both the conver-
sions of CO2 and the selectivities of CH4 were still very low.
When the catalyst was reduced at 973 K for 0.5 h, CH4 selectiv-
ity increased to 85.1% with a space-time yield (STY; defined by
the weight of product obtained per unit weight of catalyst and
unit time) of 35.6 g kg−1 h−1 using 1 wt% Ni-MCM-41 with

Table 2
CO chemisorption by reducing Ni-MCM-41 at different temperature

Catalysts Metal sur-
face areaa

(m2 g−1)

Disper-
sionb

(%)

Metal
particle
sizec (nm)

Remarksd

1 wt% Ni-MCM-41
reduced at 673 K for 0.5 h,

0.63 100 0.99 9.2% reduced

CO chemisorption

1 wt% Ni-MCM-41
reduced at 773 K for 0.5 h,

0.74 69 1.5 18% reduced

CO chemisorption

1 wt% Ni-MCM-41
reduced at 873 K for 0.5 h,

2.2 57 1.8 57% reduced

CO chemisorption

1 wt% Ni-MCM-41
reduced at 973 K for 0.5 h,

2.9 60 1.7 72% reduced

CO chemisorption

a Metal surface area is in m2 per gram of catalyst.
b Corrected for % reduction by assuming CO/Ni ratio (stoichiometry = 1) of

one.
c Metal particle shape is assumed to be spherical.
d Reduction measured by O2 back titration at 673 K, assuming 2Ni + O2 →

2NiO.
the GHSV of 5,760 l kg−1 h−1. Comparing the selectivities and
STYs of CH4 with Ni-MCM-41 samples reduced at 923 and
973 K for the same reduction time (0.5 h) showed a significant
increase in CH4 selectivity and STY for the sample reduced
at 973 K, which was shown to be the best reduction temper-
ature investigated. The analysis of the EXAFS spectra of Ni-
MCM-41 samples reduced at different temperature showed that
the Ni–Ni coordination number increased systematically with
increasing reduction temperature [41]. Low-temperature reduc-
tion in hydrogen for 0.5 h gave Ni–Ni coordination numbers of
2.9 for 673 K reduction and 3.5 for 773 K reduction, whereas
at 973 K, a significant portion of the Ni was reduced, show-
ing a Ni–Ni coordination number of 7.6. When we consider
that these coordination numbers were the volume-averaged val-
ues normalized by the total Ni in the sample, containing both
reduced and unreduced Ni in MCM-41, and anchoring effects
of small metallic clusters discussed elsewhere [40,45], there
may not be a substantial difference in the cluster size of Ni
between the samples reduced at the lower temperatures until
complete reduction resulting in the loss of the anchoring effect
and unconfined surface migration. However, without separate
normalization of metallic Ni and oxidized Ni, the increased Ni–
Ni coordination number would indicate that more Ni ions were
reduced, so that more active sites were involved in the reaction.
This effect has been studied previously in a related study [46].
Therefore, at 973 K, much of the Ni was reduced, but it re-
mained highly dispersed.

The physical stability of Ni-MCM-41 before and after CO2
methanation was measured by N2 physisorption and XRD; the
results are given in Table 4 and illustrated in Fig. 1. Fig. 1
shows the nitrogen physisorption isotherm of the fresh Ni-
MCM-41 catalyst and the catalyst after CO2 methanation at
573 K and a GHSV of 11,500 l kg−1 h−1 for about 7 h. The
isotherm of used catalyst retained a steep capillary condensa-
tion step of 5710 cc g−1 compared with that of the fresh sample
of 7330 cc g−1, although the adsorption volume decreased after
the reaction due to dehydroxylation. The pore size distribution
of both catalysts calculated by the BJH method showed nearly
identical narrow, sharp peaks. Apparently, the Ni-MCM-41 cat-
alyst maintained a highly ordered structure.

The BET surface area, the mesopore and total pore volume,
and the slope of the capillary condensation of Ni-MCM-41 cat-
alyst decreased after reaction due to the dehydroxylation, as
shown in Table 4. However, the pore diameter and the full width
at half maximum (FWHM) remained nearly identical for both
the used and fresh catalysts. From the XRD patterns illustrated
Table 3
Catalytic activity of 1 wt% Ni-MCM-41 catalyst after different reduction pretreatmenta

Reduction
conditions

GHSV

(l kg−1 h−1)

Conversion (%) Selectivity (%) STY of CH4

(g kg−1 h−1)H2 CO2 CO CH4

923 K, 0.5 h 11,500 1.1 1.2 44.4 55.6 18.4
973 K, 0.5 h 11,500 2.5 2.1 26.3 73.7 39.5
673 K, 2.0 h 5760 0.5 1.3 68.9 31.1 1.8
773 K, 2.5 h 5760 0.9 1.9 73.6 26.4 2.3
973 K, 0.5 h 5760 6.0 4.7 14.9 85.1 35.6

a Reaction conditions: 1 wt% Ni-MCM-41, reduced in pure H2, reaction temperature 573 K, pressure 1 psi, H2:CO2 = 2.6:1.
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Table 4
Physical properties of C16 1 wt% Ni-MCM-41 under different conditions

Treatment BET
(m2 g−1)

Pore diameter
(nm)

Mesopore volume
(cc g−1)

Total pore volume
(cc g−1)

Slope of capillary
condensation (cc g−1)

FWHM
(nm)

Fresh 1480 2.86 1.29 3.04 7330 0.18

H2 reduction at 973 K for 0.5 h 1140 2.86 1.01 1.66 5710 0.18
CO2 methanation at 573 K for 7 h

Fig. 1. Nitrogen physisorption adsorption isotherm for C16 1 wt% Ni-MCM-41 catalyst before and after CO2 methanation.
in Fig. 2, a sharp (100) plane diffraction peak as well as diffrac-
tion peaks of higher Miller Index planes (110), (200), and (210)
can all be clearly seen for the samples after different pretreat-
ments and CO2 methanation, demonstrating that the Ni-MCM-
41 catalysts synthesized in this study retained a highly ordered
hexagonal structure under severe reduction/reaction conditions.

In conclusion, both the nitrogen physisorption and XRD
experiments prove that Ni-MCM-41 showed no significant
structural change after CO2 methanation producing substantial
amounts of H2O. This suggests that Ni-MCM-41 synthesized
in this study is very stable against hydrothermal degradation.

3.2. Catalyst state during CO2 methanation reaction

To monitor the local environment of Ni in the Ni-MCM-41
catalyst framework, X-ray absorption spectroscopy was car-
ried out in situ under methanation reaction conditions. The C16
1 wt% Ni-MCM-41 catalyst was first reduced from room tem-
perature to 973 K at a rate of 20 K min−1 in pure H2, followed
by reduction for 30 min at the same temperature. The in situ
XANES were monitored during the process, as shown in Fig. 3.
The pre-edge peak intensity and white line intensity are consid-
ered the main features for monitoring the reduction of Ni in Ni-
MCM-41 [41]. Similar to the H2 TPR of C12 Ni-MCM-41 [41],
the intensity of the white line decreased with an increase in the
pre-edge peak intensity during reduction. Note also that the Ni
Fig. 2. XRD study of C16 1 wt% Ni-MCM-41 catalyst before and after CO2
methanation.
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Fig. 3. XANES spectra of in situ H2 reduction of C16 Ni-MCM-41 at 973 K
for 30 min.

Fig. 4. XANES spectra of C16 1 wt% Ni-MCM-41 sample during in situ CO2
methanation at different temperature, compared with XANES region of sample
after prereduction and Ni foil.

in the framework was not entirely reduced to metal with migra-
tion on the surface to form Ni crystallites, showing a difference
in the pre-edge peak and white line region compared with that
of metal foil.

The prereduced C16 Ni-MCM-41 catalyst was increased to
reaction temperatures (i.e., 473, 573, 673, and 773 K) in an at-
mosphere of H2:CO2 = 4.0:1 for 30 min. The pre-edge feature
and the white line features of Ni-MCM-41 sample reacted at
different temperatures was monitored directly by in situ X-ray
absorption, and the spectra were compared with those of pre-
reduced sample and Ni foil, as shown in Fig. 4. A slightly
decreased pre-edge peak intensity and a corresponding increase
in the white line can be clearly seen for the sample reacting at
different reaction temperatures compared with the prereduced
sample. At the reaction conditions, a reactant mixture of H2

and CO2 (4.0:1) is considered to have relatively low reducing
potential compared with that of pure H2. At this relatively low
reducing atmosphere, or on the other hand, in a mild oxidizing
Fig. 5. Fourier transformed k1-weighted EXAFS of C16 1 wt% Ni-MCM-41
sample after in situ CO2 methanation at different temperature (inset: normal-
ized Ni–Ni coordination at different temperatures).

atmosphere generated by CO2, a portion of the Ni metal pro-
duced from 973 K H2 prereduction could be readily oxidized,
resulting in a partial oxidation state (δ+) on average.

To investigate the local coordination of Ni-MCM-41 catalyst
under reaction conditions, the EXAFS spectra were collected at
room temperature after the reactor was purged with pure He.
This cooling process inevitably involves partial oxidation of the
catalyst at reaction conditions by the He feed (or some poten-
tial impurities within the feed) or CO2 possibly remaining in
the reactor chamber, resulting in a partially oxidized pattern, as
shown in the spectra in R space (Fig. 5). A Ni–Ni peak at 2–3 Å
and a Ni–O peak at 1.5–2 Å can be clearly seem for the sam-
ples cooled to room temperature from reaction temperatures.
As shown in the inset of Fig. 5, the Ni–Ni coordination number
was calculated and normalized by the percentage of oxidation
(Ni–O), which was calculated by comparing the Ni–O and Ni–
Ni peak intensities of Ni-MCM-41 catalyst during methanation
with those of fresh Ni-MCM-41 (assuming 100% Ni–O) and Ni
foil (assuming 100% Ni–Ni). There was no significant change
in the normalized Ni–Ni coordination number compared with
that of 7.6 for the sample after 973 K prereduction [41]. This
result indicates that the reduced Ni metal did not seriously mi-
grate on the surface of MCM-41 to form large metal particles
or crystallites from 473 to 773 K under reaction conditions.

3.3. Reaction tests at steady states

Because in situ reduction of C16 Ni-MCM-41 with pure H2

at 973 K for 0.5 h before reaction is the optimum pretreatment
condition known to date, all future runs will be based on cata-
lysts pretreated under these conditions. Activity measurements
were conducted at 373–873 K, atmospheric pressure, and a
GHSV of 5760 to 23,000 l kg−1 h−1 using a reaction mixture of
H2 and CO2 with varying ratios and concentrations. The major
products were always methane and carbon monoxide; no C2 or
heavier hydrocarbons were observed in our experiments. Car-
bon balances were generally >99% of the input carbon. The re-
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(a) (b)

Fig. 6. (a) Dependence of the reactants conversion on their molar ratio. (2) H2 conversion; (") CO2 conversion. (b) Dependence of the products selectivity on the
reactants molar ratio. (!) CH4 selectivity; (1) CO selectivity; (Q) STY of CH4 (STY = space time yield). 1 wt% Ni-MCM-41, pretreatment with H2 at 973 K for
0.5 h, reaction temperature 573 K, pressure 1 psi, reactants mole concentration 10%, GHSV 19,200 l kg−1 h−1.

Table 5
Catalytic activity and production distribution of Ni-MCM-41 with different space velocity and Ni loading in CO2 methanation

Samplea Reaction
temperature (K)

Conversion (%) Selectivity (%) STY of CH4

(g kg−1 h−1)H2 CO2 CO CH4

1 wt% Ni 573 6.0 4.7 14.9 85.1 35.6
3 wt% Ni 573 11.4 5.6 4.0 96.0 91.4
3 wt% Ni 673 56.0 16.8 3.9 96.1 633

a Reduced in pure H2 at 973 K for 0.5 h, pressure 1 psi, reactant ratio H2:CO2 = 2.6:1, GHSV = 5760 l kg−1 h−1.
sults reported in this work typically correspond to the catalytic
reaction data after the reaction was stabilized for about 2 h.

The H2:CO2 catalytic reaction with different ratios was stud-
ied at a low reaction temperature (573 K). The reactant ratios
were varied by changing the molar fraction of the reactants in
the feed at fixed total concentrations of the reactants and a con-
stant space velocity. The conversion of the reactant gases (H2

and CO2), the selectivity of the products (CO and CH4), and
the STY of CH4 at 573 K of 1 wt% C16 Ni-MCM-41 cata-
lysts are shown in Fig. 6. The conversion was defined by molar
consumption of the reactant gases, and the selectivity of each
product was calculated by the molar ratio of the species of in-
terest to the total amount of carbonaceous product. As shown
in Fig. 6, the conversion of CO2 increased with increasing H2

partial pressure. The selectivity to CH4 increased from 51 to
68% with decreasing CO selectivity from 49 to 32% when
the H2:CO2 ratio was increased from 1 to 4.2. Increasing the
H2:CO2 ratio produced a positive affect on CH4 yield, con-
flicting with the results of Solymosi [35], who found very little
influence on the selectivities of Rh catalysts.

The results of CO2 methanation at low reaction temperature
(573 K) using different Ni loadings are given in Table 5. The
conversion of the reactants and the selectivity of the methane
were increased by keeping the space velocity constant while
increasing the Ni loading in Ni-MCM-41. The conversion of
the CO2 and the selectivity of the CH4 increased by 120% when
the Ni loading was increased from 1 to 3 wt%, containing more
reduced Ni clusters. The STY of methane produced over 3 wt%
Ni-MCM-41 reached 91.4 g kg−1 h−1, significantly greater than
that on 1 wt% Ni-MCM-41. When the reaction temperature was
increased to 673 K, the STY reached 633 g kg−1 h−1 (nearly
7 times greater than that of 573 K) with 16.8% CO2 conversion
and a selectivity of 96.1%.

Reactions at different temperatures under steady-state con-
ditions with prereduced C16 Ni-MCM-41 catalysts were also
studied. The catalyst was first reduced with pure H2 at 973 K
for 0.5 h, and then activated and stabilized at 573 K for 2 h.
The fully activated catalyst was thus ready for use to study
the steady-state temperature effect. The selectivity of methane
increased with increasing reaction temperature. As shown in
Fig. 7, at 573 K the catalyst showed significant methane se-
lectivity (76.7%) and a CO2 conversion of 3.8% for the reac-
tion at H2:CO2 = 2.6:1. Higher catalytic activity was obtained
at higher temperatures (673 and 773 K). CO2 conversion in-
creased with the increased temperature, whereas the selectivity
of CH4 approached its maximum at 673 K. However, for the
condition of H2:CO2 = 4.0:1, the catalyst already showed a
CH4 selectivity of 56.3% at 473 K, significantly greater than
that of catalyst at relatively low reactant ratio. The CH4 se-
lectivity increased only slightly with the further temperature
increase to 773 K. From this observation, it can be deduced
that the activation of reaction shifted from high temperature to
low temperature due to the increased H2 concentration, corre-
sponding to a more reducing atmosphere in the reactant feed.
The increase of CO2 conversion with temperature was more
pronounced at H2:CO2 = 4.0:1, demonstrating improved ac-
tivity under these conditions. The sustaining of the Ni particle
size during CO2 methanation at different temperatures (inset
of Fig. 5) indicates that the increased CH4 selectivity and CO2

conversion resulted not from a change in the Ni particle size,
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but rather from the effect of temperature, resulting in the differ-
ent instantaneous selectivity of CH4 and CO.

The effect of total pressure, an important parameter for the
gas-phase reaction, was studied by keeping the reactant ratio

Fig. 7. The selectivity of methane and the conversion of carbon dioxide on the
1 wt% Ni-MCM-41 catalyst at steady state as a function of reaction temper-
ature. (1) CH4 selectivity, (2) CO2 conversion at H2:CO2 = 2.6:1, GHSV
of 11,500 l kg−1 h−1, and (!) CH4 selectivity, (") CO2 conversion. H2:CO2
= 4.0:1, GHSV of 19,700 l kg−1 h−1, for the samples of 1 wt% Ni-MCM-41,
prereduced with H2 at 973 K for 0.5 h.

Fig. 8. The reaction pressure effect on carbon dioxide conversion, product
selectivities and space time yield of methane over 1 wt% Ni-MCM-41 cata-
lyst reduced with H2 at 973 K for 0.5 h, at reaction temperature of 573 K,
H :CO = 4.0:1, and GHSV of 19,700 l kg−1 h−1.
2 2
and flow rate constant while varying the total pressure of the
reaction. As shown in the inset of Fig. 8, CO2 conversion in-
creased significantly with increasing reaction pressure; for ex-
ample, an increase from about 3.9 to 7.0% occurred with an
increase in pressure from 1 to 25 psi. Meanwhile, the selectiv-
ity of CH4 was observed to increase from 71 to 88%, with a
complementary decrease in the selectivity of CO. As a result
of the increases in both CO2 conversion and CH4 selectivity,
the STY of CH4 increased significantly with increasing pres-
sure.

3.4. Discussion

For all of the conditions studied, CH4 selectivities increased
with increasing reactant conversion. This suggests that CO2
methanation on Ni-MCM-41 consists of a sequential reduction
and desorbed CO intermediate; this is currently under investi-
gation by kinetic studies.

Increased Ni loading in Ni-MCM-41 catalysts enhanced
both the conversion of CO2 and the selectivity of CH4. This
suggests that at the same pretreatment conditions, more Ni par-
ticles were formed in the 3 wt% Ni-MCM-41 than in the 1 wt%
Ni-MCM-41, resulting in more active sites for methanation; this
was confirmed by Chen’s X-ray absorption study on Co loading
in Co-MCM-41 catalysts [47]. However, the increases in CO2
conversion and CH4 selectivity (120%) were not proportional
to the increase in Ni loading (from 1 to 3 wt%).

Because the active sites are the metallic Ni clusters, it is im-
portant to reduce the Ni2+ to Ni0 in situ before methanation.
By reducing with pure H2, the Ni2+ was reduced to Ni0, al-
lowing migration from the framework of the MCM-41 to the
pore wall surface, as shown in previous results with Co-MCM-
41 [48]. In this way, a Ni catalyst with a better dispersion of
active sites than the Ni/SiO2 catalyst likely can be obtained by
anchoring Ni to the partially reduced Ni ions on the surface
[40,45]. Table 6 compares the activity and selectivity of a typi-
cal Ni-MCM-41 catalyst of our work with those of a few silica-
supported Ni catalysts studied previously [15,18]. Apparently,
the catalyst system in our work exhibits a higher methane selec-
tivity (96%) than the other Ni/SiO2 catalysts. In addition, due
to their high stability, the Ni-incorporated MCM-41 catalysts in
our work would be the superior catalyst for the hydrogenation
of carbon dioxide to methane. Another summary of the results
of methanation of CO2 on various catalysts can be found else-
where [17].
Table 6
Comparison of activity and selectivity of carbon dioxide methanation on a variety of catalysts

Catalyst Temperature
(K)

Pressure
(kPa)

GHSV

(h−1)

CO2 conversion
(%)

Selectivity (%) Reactant
feed

Ref.

CH4 CO

3% Ni-MCM-41 573 7 12,700 5.6 96 4 72% H2, 28% CO2
a

3% Ni/SiO2 500 140 16,350 3.9 70 9 95% N2, 4% H2, 1% CO2 [15]
3% Ni/SiO2 525 140 16,350 8.6 77 15 95% N2, 4% H2, 1% CO2 [15]
3% Ni/SiO2 550 140 32,900 11.2 70 25 95% N2, 4% H2, 1% CO2 [15]
3% Ni/SiO2, sinteredb 525 – 3000–70,000 <10 56 44 95% N2, 4% H2, 1% CO2 [18]

a This work. For Ni-MCM-41 catalyst, GHSV is 5760 l kg−1 h−1; a slightly higher selectivity and 16.8% CO2 conversion is achieved at 673 K.
b Reduced for 16 h in H2 at 1023 K.
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The transient study (TPR) demonstrated that 673 K is the
temperature at which Ni-MCM-41 began to be reduced and re-
act in the reactant feed, as demonstrated by CO chemisorption
and X-ray absorption for Ni-MCM-41 reduced at different tem-
peratures (see Table 2 and [41]). A prereduced catalyst showed
significant activity at 573 K, confirming the importance of pre-
reduction of Ni2+ before CO2 methanation. Reduction at mild
temperatures will form small metallic clusters with better dis-
persion due to less aggregation of Ni clusters. As shown in
Table 3, however, reduction at 673 K, even with longer reduc-
tion times, was not the optimum catalyst pretreatment. This can
be explained by Yang’s finding [41] that reduction at temper-
atures as low as 673 K cannot provide the reduced Ni atoms
with sufficient energy to migrate and sinter to form Ni parti-
cles, resulting in a small Ni–Ni coordination number of 2.9 with
a low degree of reduction. There also may exist a significant
occlusion of Ni particles in the silica matrix at low reduction
temperature. The reduction temperature for Ni-MCM-41 must
be above 873 K to allow formation of Ni clusters with high ac-
tivity for CO2 methanation.

Another possible reason for the lower reactivity of catalysts
reduced at 873 K compared with those reduced at 973 K may
be the partial decoration of the Ni surface by SiO2 caused by
the amorphous structure of the silica forming the framework of
MCM-41. Reduction at 973 K for 0.5 h was found to be the best
reduction condition for both CO2 conversion and methane se-
lectivity. At this temperature, most of the Ni was reduced, with
a Ni–Ni coordination number of 7.6 [41], however, at higher
temperatures (>973 K) corresponding to complete reduction
of the Ni resulting in free migration on the surface, catalytic
activity was lost. This indicates that the reduction of Ni is ini-
tiated at 673 K and produces small Ni clusters that anchor on
the unreduced surface Ni ions, limiting migration. At 973 K,
most of the Ni will be reduced but will remain anchored to the
surface, resulting in the maximum amount of small Ni clus-
ters and highest activity. CO chemisorption showed similar Ni
particle sizes with reduction at 773–973 K (Table 2), suggest-
ing that the reduced Ni metal clusters remained anchored on
the surface and no serious migration of Ni clusters occurred in
this temperature range. At temperatures above 973 K, the an-
choring effect will be lost due to the lack of anchoring metal
ions in the surface (complete reduction of Ni). The anchoring
effect was previously demonstrated for Co-MCM-41 [40,45].
The maintenance of Ni particle size provides another indication
of the proposed anchoring effect, which stabilizes the partially
reduced Ni during reaction conditions.

4. Conclusion

CO2 methanation occurred on Ni-MCM-41 at temperatures
as low as 573 K, and significant selectivity was demonstrated at
this temperature. At high Ni loading (3 wt% Ni), the selectiv-
ity reached almost 100%, superior to that of Ni/SiO2 catalysts
and comparable to the best results for Ru/SiO2 catalysts stud-
ied elsewhere. A proper treatment of Ni-MCM-41 provides a
method for producing a highly dispersed and thermally stable
metallic Ni catalyst. Reduction at 973 K produced the great-
est activity and selectivity, and at this temperature, most Ni was
reduced to Ni0, maintaining a high dispersion on the surface
without serious aggregation due to the surface anchoring ef-
fect. The analysis of EXAFS spectra of Ni-MCM-41 catalyst
after reaction demonstrated that Ni particle size did not change
significantly under the severe reaction conditions. The catalyst
structure did not change much after CO2 methanation for sev-
eral hours, producing the high physical stability of this catalytic
system.
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