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Transition metal-rich mesoporous silicas and their
enhanced catalytic properties†

Baowang Lu* and Katsuya Kawamoto

A controllable and simple direct hydrothermal synthesis route was designed for synthesizing well-ordered

mesoporous silica incorporating transition metals (M) (Ni, Cu, Zn, Co) with high metal loading.

M-incorporated mesoporous silica could be obtained from a starting synthesis mixture with a Si/M mole

ratio of 5 using transition metal–ammonia (NH3) complex ions [M(NH3)x]
n+ as base. The Si/M mole ratio of

5 is the lowest value yet reported. XPS, UV-vis and H2-TPR analyses demonstrated that a chemical bond

was formed between metal and silicon via oxygen and no bulk metal oxides existed in any of the M-MCM-41

samples; in other words, only tetrahedral coordinated metal species were detected. The formation of

–O–M–O–Si–O– is completed via the reaction between hydrolyzate [M(OH)(NH3)x−1]
(n−1)+ from [M(NH3)x]

n+

and Si–OH (silanol sites) from a silica source (tetramethoxysilane (TMOS)). All the M-MCM-41 samples

possessed remarkable physical properties and thermal stability. Ni-MCM-41, Cu-MCM-41 and CoMCM-41

catalysts exhibited excellent catalytic efficiency for carbon dioxide (CO2) hydrogenation, although

Zn-MCM-41 catalyst did not. Ni-MCM-41 catalyst suited methanation, resulting in high CO2 conversion

rate and methane selectivity, while Cu-MCM-41 catalyst favored the reverse water gas shift (RWGS) reac-

tion and realized high CO2 conversion rate to carbon monoxide. A kinetic study was also carried out

for methanation and RWGS reaction. Using Ni-MCM-41 catalyst for methanation, the rate equation

could be expressed as r = kCCO2

0.68CH2

3.31, where C represents concentration. Using Cu-MCM-41 catalyst

for RWGS reaction, the rate equation could be expressed as r = kCCO2

0.5CH2

1.1, where C represents

concentration.
1. Introduction

The discovery of mesoporous molecular sieves (MMS) as cata-
lysts or catalyst supports has opened a new research area.
Ordered MMS are not often used as catalysts. Much more
frequently, transition metals are introduced to add their cata-
lytic functions. Transition metals can be introduced into
MMS either from the synthesis mixture during MMS synthesis
using a direct synthesis method1–4 or by post-synthesis
modification,5–15 and the high loading of the transition metal
is also always desirable. Because an excessive amount of tran-
sition metal in the synthesis mixture may hinder the develop-
ment of a particular mesoporous structure,4 impregnation,
which is a commonly used post-synthesis method, is the only
way to introduce the maximum amount of transition metal.3

However, metal nanoparticles generated on MMS by the post-
synthesis method typically lack uniformity as regards size and
shape due to particle aggregates and exhibit low catalytic
activity owing to low dispersion. To take advantage of MMS
materials incorporating transition metals as catalysts, we
must develop an extremely effective transition metal incorpo-
ration method. Much effort has been focused on the incorpo-
ration of transition metal;16–18 however, the incorporated
amount has been limited to less than 5.5 wt% (Si/Ni = 16.6).16

Here, we report a controllable and simple direct hydro-
thermal synthesis route for incorporating a transition metal
(M = nickel (Ni), copper (Cu), zinc (Zn), cobalt (Co)) into
mesoporous silica with a large amount (Si/M = 5). The cata-
lytic properties were further investigated using carbon dioxide
(CO2) hydrogenation.

2. Experimental
2.1. Synthesis of transition metal-incorporated
mesoporous silica

The synthesis of transition metal-rich mesoporous silica was
carried out as follows.

(1) Transition metal (M)–ammonia (NH3) complex ions
were prepared using different M(NO3)x (nickel(II) nitrate hexa-
hydrate, Ni(NO3)2·6H2O, 98%, Wako, Japan; copper(II) nitrate
3-hydrate, Cu(NO3)2·3H2O, 99.5%, Kishida, Japan; cobalt(II)
nitrate hexahydrate, Co(NO3)2·6H2O, 98%, Wako, Japan; zinc(II)
Catal. Sci. Technol.
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nitrate hexahydrate, Zn(NO3)2·6H2O, 99%, Kishida, Japan)
and NH3 solutions (28–30.0%, Kishida, Japan).

(2) 3.52 g of surfactant (hexadecyltrimethylammonium
bromide, cetyltrimethyl ammonium bromide, C16TMABr, Wako,
Japan) was dissolved in 400 g of water and 400 g of methanol
(CH3OH, MeOH, 99.7%, Wako, Japan), and then 4.62 g of
tetramethyl orthosilicate (tetramethoxysiliane, TMOS, 99.7%,
Tokyo Chemical Industry Co., Ltd., Japan) was added at room
temperature. After stirring for 30 min, the above transition
metal–ammonia complex ions were added and then aged
under stirring for 24 h. The white solid product obtained was
filtered, washed thoroughly with deionized water, dried over-
night at room temperature, and calcined at 550 °C for 10 h.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the solid products
were collected using a powder X-ray diffractometer (Rigaku
Multiflex) with graphite monochromatized Cu Kα radiation
at 40 kV and 26 mA. Nitrogen (N2) adsorption isotherms
at −196 °C were obtained using a conventional volumetric
apparatus (Quadrasorb USA). Before the adsorption measure-
ments were made, the powders (≈0.1 g) were subjected to
a temperature of 300 °C for 5 h in a vacuum. The specific sur-
face area was calculated with the Brunauer–Emmett–Teller
(BET) method. The pore size was calculated from the desorp-
tion branch of nitrogen adsorption–desorption isotherms by
the Barrett–Joyner–Halenda (BJH) method. The pore volume
was taken at a single point P/P0 = 0.95. The morphology was
observed with a scanning electron microscope (SEM, JEOL
JSM-7600F). The solid product was observed using a trans-
mission electron microscope (TEM, JEOL JEM-2100) at an
electron acceleration of 200 kV. X-ray photoelectron spectro-
scopic (XPS) experiments were performed with a ULVAC-PHI,
Inc. Qantera XPS/AES system. Sample charging was accounted
for using the C 1s peak of adventitious hydrocarbon surface
contamination. UV-vis diffuse reflectance spectra (UV-vis DRS)
were recorded in the range of 200–800 nm on a PerkinElmer
LAMBDA 950 spectrophotometer. The bulk chemical compo-
sitions were measured by using an inductively coupled
plasma-optical emission spectrometer (ICP-OES, Thermo
Scientific, iCAP 6000 series).

Catalyst reducibility was also studied by temperature-
programmed reduction (TPR) in a BET-CAT Catalyst Analyzer
(BEL Japan Inc.) using hydrogen (H2). The samples were
pretreated for 1 h at 500 °C in synthetic air (25 ml min−1)
followed by cooling to 50 °C in a pure argon (Ar) stream
(25 ml min−1). After switching to 10 vol.% H2 in Ar (total flow
rate: 25 ml min−1), the temperature was increased linearly at
a rate of 5 °C min−1 from 50 °C to 900 °C. All TPR data were
normalized to the respective sample weight and expressed in
arbitrary units.

2.3. Catalytic reaction

The catalysts were pre-reduced in situ in a H2/N2 stream for
2 h at a heating ramp rate of 1 °C min−1. The reaction was
Catal. Sci. Technol.
performed at atmospheric pressure in a fixed-bed quartz reac-
tor with a 20 mm inside diameter. A 30 mm long catalyst
(2 g) between two layers of quartz wool was loaded into the
reactor. A thermocouple was inserted directly into the center
of the catalyst bed to measure the actual pretreatment and
reaction temperatures in situ. The reactor was heated in a
furnace (KTF-035N, Koyo Thermo Systems, Co., Ltd.) equipped
with a temperature controller. All reactant gases were moni-
tored with a mass flow meter (E-40) and a controller (PE-D20)
(HORIBA STEC, Co., Ltd.). The flow of the product was mea-
sured with a film flow meter (VP-3, HORIBA STEC, Co., Ltd.)
and analyzed with a gas chromatography-thermal conductiv-
ity detector (GC-TCD) after the reaction had become stable.

3. Results and discussion
3.1 Synthesis of transition metal-incorporated
mesoporous silica

M-incorporated mesoporous silica was successfully obtained
from a starting synthesis mixture with a Si/M mole ratio of
5 by modifying Stöber's procedure19 with the addition of
cetyltrimethyl ammonium bromide (C16TMABr) as a tem-
plate, using a water (H2O)–methanol (MeOH) system, in the
presence of transition metal (M)–ammonia (NH3) complex
ions [M(NH3)x]

n+ as base, through the hydrolysis of tetra-
methoxysilane (TMOS) and the condensation of silica species,
under appropriate synthesis conditions (as shown in Table 1).
We also describe the procedure in more detail in the ESI.† As
shown in Fig. 1(A), all the samples were characterized by
XRD as having the typical hexagonal structure of MCM-41.20

Well-ordered two-dimensional hexagonal structures were
observed regardless of the incorporation of transition metals,
which gave a sharp (100) plane diffraction peak and the dif-
fraction peaks of higher Miller index planes of (110) and
(200) (inserted XRD pattern). No peaks assigned to oxides were
confirmed; however, peaks originating from M-containing
phyllosilicates21 were observed (inserted XRD pattern),
suggesting that all the transition metals were incorporated
into the MCM-41 structure and existed as M-containing
phyllosilicates or as oxides with a very small size. In addition,
after undertaking a detailed investigation of the existence of
M-containing phyllosilicates in M-MCM-41 with various Si/M
mole ratios by XRD, we found that they decreased with
increasing Si/M ratio and disappeared when the Si/M mole
ratio reached 20. The nitrogen adsorption/desorption
isotherms are shown in Fig. 1(B). The isotherms were typical
for MCM-41 (ref. 20) and similar to the type IV IUPAC classifi-
cation,22 clearly indicating that these materials possessed
mesoporous structures. In addition, a type-H1 hysteresis
loop was observed in the nitrogen adsorption/desorption iso-
therms. All the samples exhibited a sharp capillary condensa-
tion step in the adsorption isotherms, indicating that highly
ordered MCM-41 was obtained even when a large amount of
transition metal was incorporated. From our knowledge of
the direct synthesis of M (Ni, Cu, Zn, CO)-MCM-41, the Si/M
mole ratio of 5 is the lowest value yet reported. We also tried
This journal is © The Royal Society of Chemistry 2014
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Table 1 Synthesis and characteristics of various M-MCM-41 samples

Sample

Starting gela
Productb

Si/M
d100
(nm)

SBET
(m2 g−1)

PV
(cm3 g−1)

PD
(nm)

WT
(nm)NH3/M Si/M ICP TPR

Ni(5)-MCM-41 7 5 5.42 5.64 3.53 962 0.50 2.18 1.90
Cu(5)-MCM-41 7 5 4.68 4.59 3.63 623 0.36 2.18 2.01
Zn(5)-MCM-41 6 5 5.32 — 3.53 789 0.31 1.91 2.17
Co(5)-MCM-41 30 5 5.21 6.46 3.18 631 0.43 2.20 1.47

a Synthesis conditions: MeOH/(MeOH + H2O) = 50 wt%, C16TMABr/TMOS = 0.32, TEOS/(MeOH + H2O) = 3.79 × 10−5. b SBET: surface area
(calculated by using the Brunauer–Emmett–Teller (BET) method in the relative pressure range of p/p0 = 0.05–0.3); PV: pore volume (obtained
from the volumes of N2 adsorbed at p/p0 = 0.95 or in the vicinity); PD: pore diameter (analyzed by the desorption branch of the isotherms by
the Barrett–Joyner–Halenda (BJH) method) and W: wall thicknesses (calculated by (2 × d100/ 3 ) – pore size).

Fig. 1 XRD patterns (A) and nitrogen adsorption/desorption isotherms (B) of various MMCM-41 samples obtained from a starting synthesis mixture
with a Si/M mole ratio of 5.
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to synthesize M-MCM-41 using a starting synthesis mixture
with a lower Si/M mole ratio, and the nitrogen adsorption/
desorption isotherms of products obtained from the starting
synthesis mixture with the Si/M mole ratios of 3 and 4 were
typical for MCM-41 (ref. 20) and similar to the type IV IUPAC
classification.22 Unfortunately, the diffraction peaks assigned
to mesoporous materials could not be observed, clearly indicat-
ing that these materials obtained from the starting synthesis
mixture with the Si/M mole ratios of 3 and 4 had disordered
mesoporous structures. However, metal oxides could not still
be confirmed in products obtained from the starting synthe-
sis mixture with the Si/M mole ratios of 3 and 4.

Table 1 also shows the chemical and physical characteris-
tics of various M-MCM-41 samples obtained from the starting
synthesis mixture with the Si/M mole ratio of 5. There was a
slight difference between the Si/M ratios of the starting gel
and the product. All the M-MCM-41 samples exhibited a high
special surface area, a large pore volume and a large pore size,
similar to mesoporous pure silica.23 All the materials had a
typical wall thickness for MCM-41.20 SEM images (Fig. S1†)
show that all M-MCM-41 samples had both a spherical mor-
phology and irregular aggregates. TEM images (Fig. S2†) show
This journal is © The Royal Society of Chemistry 2014
that all the M-MCM-41 samples had the highly ordered hexag-
onal structure of MCM-41.

The chemical nature, such as the chemical and coordinate
states of the transition metal in M-MCM-41 obtained from a
starting synthesis mixture with a Si/M mole ratio of 5, was
further studied by XPS and UV-vis spectroscopy. The M 2p3/2,
O 1s and Si 2p XPS spectra are shown in Fig. 2. The mea-
sured binding energies are summarized in Table 2. To the
best of our knowledge, there is still no relevant information
available on the M 2p3/2, O 1s and Si 2p XPS spectra of M (Ni,
Cu, Zn, Co)-MCM-41. Therefore, for comparison, the 2p3/2 and
O 1s binding energies of various potentially pertinent oxides
along with pure silica MCM-41 are also shown in Table 2.
Because there was no obvious difference among the Si 2p
binding energies of M-MCM-41, SiO2 and pure silica MCM-41,
it appears that the Si 2p binding energy was not particularly
helpful for the chemical identification of the local environ-
ment of the metal. All the M 2p3/2 and O 1s binding energies
of M-MCM-41 samples were distinctly higher than those of
metal oxides, indicating that there was a strong interaction
between metal and silicon. In addition, with respect to the
information in Table 2, we found that the Ni 2p3/2 and O 1s
Catal. Sci. Technol.
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Fig. 2 M 2p3/2, O 1s and Si 2p XPS spectra of various M-MCM-41 samples obtained from a starting synthesis mixture with a Si/M mole ratio of
5 (–Ni(5)-MCM-41, –Cu(5)-MCM-41, –Zn(5)-MCM-41, and –Co(5)-MCM-41).

Table 2 Binding energies of reference oxides and various M-MCM-41 samples

Compound

M 2p3/2 (eV)

O 1s (eV) Si 2p (eV) ReferenceM 2p3/2 (eV)

NiO Ni 854.0–854.9 529.6–530.4 — 24–33
SiO2 — — 532.2–533.1 103.2–103.7 26, 27, 31 and 33
CuO Cu 932.3 529–531 — 34, 35
ZnO Zn 1021.3–1021.6 530.2–530.5 — 36, 37
Co3O4 Co 779.6–780.1 529.5–531.4 — 38–40
2 : 1 Ni phyllosilicate Ni 856.9–857.0 532.1–532.5 103.1–103.3 29, 33
Ni(5)-MCM-41 Ni 856.7 532.75 103.45 This study
Cu(5)-MCM-41 Cu 933.4 532.65 103.3 This study
Zn(5)-MCM-41 Zn 1023 532.75 103.25 This study
Co(5)-MCM-41 Co 782.2 532.6 103.1 This study
MCM-41 — — 532.66 103.25 This study
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binding energies of Ni-MCM-41 samples were similar to those
of 2 : 1 Ni phyllosilicates.29,33 Therefore, no contributions orig-
inating from metal oxides in M-MCM-41 samples were appar-
ent; in other words, all the metals were incorporated into the
MCM-41 structure or existed as M-containing phyllosilicates
(in particular, 2 : 1 phyllosilicates), which have higher M 2p3/2
binding energies than metal oxides. These results strongly
support those obtained with XRD. Although both M-MCM-41
and MCM-41 exhibit similar O 1s binding energy, two
deconvoluted peaks were observed in the O 1s spectrum of
the M-CM-41 sample (not shown here), which were assigned
to two oxygen species bonded to silicon in pure silica MCM-41
and metal, respectively, and the peak at higher binding energy
can be assigned to the oxygen bonded to metal.41 Therefore,
M 2p3/2 and O 1s binding energies can be used to study the
local environment of metals.
Catal. Sci. Technol.
Fig. 3 shows the UV-vis spectra of various M-MCM-41 sam-
ples. As far as we know, there is still no relevant information
available on the UV-vis spectra of M (Ni, Cu, Zn, Co)-MCM-41.
Therefore, after a careful comparison with results reported
in the literature,42–48 metal oxide absorption bands were
not observed, indicating that all the metals were incorpo-
rated into the MCM-41 structure or existed as M-containing
phyllosilicates, and this confirmed our above results obtained
with XRD and XPS. It was noted that all the absorption bands
of the metal were shifted to lower wavelengths compared with
those of the bulk metal oxides, indicating the formation of
–O–M–O–Si–O–, namely, a chemical bond was formed between
silicon and metal via oxygen. Therefore, all metal species in
the M-MCM-41 sample existed in tetrahedral coordination.
For example, in the Co-MCM-41 UV-vis spectrum, three well-
defined absorption bands were observed at 527, 594 and
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 UV-vis absorbance spectra of various M-MCM-41 samples
obtained from a starting synthesis mixture with a Si/M mole ratio of 5.

Fig. 4 H2-TPR profiles of various M-MCM-41 samples obtained from a
starting synthesis mixture with a Si/M mole ratio of 5. (a) Ni-MCM-41,
(b) Cu-NCM-41, (c) Zn-MCM-41, and (d) Co-MCM-41.

Fig. 5 Formation mechanism of transition metal-incorporated meso-
porous silica.
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635 nm, indicating the presence of Co species in tetrahedral
coordination and there was no evidence at 480 nm that could
be attributed to octahedral coordination Co species.49

TPR investigation is generally useful as a fingerprint of a
metal species' interaction with the support material. As
shown in Fig. 4, for the Ni-MCM-41 sample, H2-TPR profiles
exhibited a single broad peak centered at 651 °C, which was
higher than that of NiO-supported SBA-15,50 indicating that
to reduce Ni ions, Si–O–Ni bond cleavage is required.51 For
the Co-MCM-41 sample, two peaks appeared around 725 and
820 °C assigned to the stepwise reduction of Co2O3,

52 which
were higher than the reduced temperature of Co2O3.

52 For
the Zn-MCM-41 sample, two peaks appeared around relatively
high temperatures of 843 and 882 °C. For the Cu-MCM-41
sample, a sharp peak around 242 °C could be observed,
although this temperature was the lowest among these
M-MCM-41 samples, which was higher than that of CuO
supported.53 Therefore, we can conclude that in all M-MCM-41
samples, the metals were incorporated into the MCM-41
structure from TPR studies. In addition, the Si/M ratios were
also calculated by TPR and given in Table 1. There is no large
difference in the Si/M ratio obtained between ICP and TPR.

Because transition metal–ammonia complex ions [M(Ni,
Cu, Zn, Co)(NH3)x]

n+ are highly soluble even in basic medium,
metal hydroxides are formed with difficulty, with the result
that no oxides had formed after calcination. Then, the forma-
tion mechanism of transition metal-incorporated mesoporous
silica was considered and is shown in Fig. 5. [M(NH3)x]

n+ first
hydrolyzes with H2O to form [M(OH)(NH3)x−1]

(n−1)+ and is then
adsorbed at the surface of silanol sites (Si–OH) derived
from the hydrolysis of silica source TMOS. The formation of
–O–M–O–Si–O– is completed via the reaction between [M(OH)
(NH3)x−1]

(n−1)+ and Si–OH.
Even with calcination at 700 °C, no metal oxides were

observed in the XRD pattern of the M-MCM-41 sample
obtained from a starting synthesis mixture with a Si/M mole
ratio of 5, indicating that there was high thermal stability
This journal is © The Royal Society of Chemistry 2014
even with a low Si/M ratio of 5. Therefore, the M-MCM-41
sample obtained from a starting synthesis mixture with a Si/M
mole ratio of 5 can be expected to provide a highly effective
catalyst that can operate at high temperatures.

3.2. Catalytic reaction

CO2 hydrogenation was carried out to evaluate the catalytic
performance of various M-MCM-41 samples obtained from
the starting synthesis mixture with the Si/M mole ratio of 5.
Fig. 6 shows the results of CO2 hydrogenation using various
M-MCM-41 catalysts. The turnover frequencies (TOFs) and
Catal. Sci. Technol.
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Fig. 6 TOFs and production rates of CH4 and CO obtained using various M-MCM-41 catalysts obtained from a starting synthesis mixture with a
Si/M mole ratio of 5. Reduction conditions: temperature 550 °C (heating rate: 1 °C min−1), gas flow H2 : N2 = 120 : 30 ml min−1, time 2 h. Catalyst
reaction conditions: gas flow H2 :CO2 = 120 : 120 ml min−1.
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the rates of CO and CH4 production were calculated by CO2

conversion and CO and CH4 production divided by the total
amount of metal oxide used. Regardless of the presence of
M-CM-41 catalysts, the CO2 conversion rate increased with
increasing temperature. When Zn-MCM-41 catalyst was used,
almost no CO2 conversion occurred. The order of CO2 conver-
sion rate obtained using different M-MCM-41 catalysts
was Ni-MCM-41 > Cu-MCM-41 ≈ Co-MCM-41 ≫ Zn-MCM-41.
According to the mechanism of CO2 hydrogenation, the
dissociation of H2 adsorbed to H atom and CO2 adsorption
are two important steps occurring on the metal atom surface,
and H2 dissociation is a key step. Ni atom favors H2 dissocia-
tion to H, while Cu atom does not (just suits CO2 adsorption),
resulting in Ni-MCM-41 giving higher CO2 conversion than
Cu-MCM-41. The reduction of a Co ion to a Co atom needs a
higher temperature compared to the reduction of a Ni ion,
which provides a smaller amount of Co atom, so Co-MCM-41
exhibits lower CO2 conversion than Ni-MCM-41. Because
almost no Zn atom was derived from the reduction of Zn ion,
no CO2 hydrogenation occurs on Zn-MCM-41. However, it
seems that there is no obvious difference in the CO2 conver-
sion of Ni-MCM41, Cu-MCM-41 and Co-MCM-41 catalysts at
550 °C. When Ni-MCM-41 catalyst was used, methanation
occurred as the main reaction along with the reverse water
gas shift (RWGS) reaction as a by-reaction, while in the
presence of Co-MCM-41 as a catalyst, methanation was a
by-reaction and the RWGS reaction was the main reaction.
Therefore, the methane (CH4) production rate obtained using
Ni-MCM-41 catalyst was far higher than that obtained using
Co-MCM-41 catalyst, while the order of carbon monoxide
(CO) production rate realized using two catalysts was exactly
opposite to that of the CH4 production rate. When Cu-MCM-41
and Zn-MCM-41 catalysts were employed, only the RWGS
Catal. Sci. Technol.
reaction occurred, although their CO selectivity was close to
100% and the CO production rate using Cu-MCM-41 was much
greater than that using Zn-MCM-41 catalyst. The above CO2

hydrogenation result indicates that Ni-MCM-41 catalyst favors
methanation owing to its high CO2 conversion rate and CH4

selectivity, while Cu-MCM-41 catalyst was advantageous for the
RWGS reaction due to its high CO2 conversion rate and close
to 100% selectivity. Fig. 7 shows Arrhenius plots calculated
for CO2 conversion using Ni-MCM-41, Cu-MCM-41 and
Co-MCM-41 catalysts. The activation energies obtained using
various M-MCM-41 catalysts for CO2 hydrogenation are
summarized in Table 3. The activation energy obtained using
Ni-MCM-41 catalyst was ≈10 kJ mol−1, while that obtained
using Cu-MCM-41 catalyst (≈75 kJ mol−1) was nearly as large
as that using Co-MCM-41 catalyst (≈67 kJ mol−1), which was
about seven times that using Ni-MCM-41 catalyst. Therefore,
the catalytic activity of Ni-MCM-41 catalyst for CO2 hydro-
genation was far higher than those of Cu-MCM-41 and
Co-MCM-41 catalysts.

Next, methanation using Ni-MCM-41 catalyst obtained
from a starting synthesis mixture with a Si/Ni mole ratio of 5
and RWGS reactions using Cu-MCM-41 catalyst obtained
from a starting synthesis mixture with a Si/Cu mole ratio of 5
were further investigated. The results are given in Fig. 8.
Fig. 8(A) shows CO2 conversion rate and CH4 and CO produc-
tion rates at different temperatures. Using Ni-MCM-41 as a cat-
alyst for CO2 methanation, the maximum CO2 conversion rate
was ≈8 S−1 (CO2 conversion of ≈70%). In previous studies,12,18

when Ni-MCM-51 catalyst with 5 wt% Ni was used, the maxi-
mum CO2 conversion was ≈13%. Therefore, the amount of
Ni in Ni-MCM-41 catalyst had a significantly enhanced CO2

conversion rate. Using Ni-MCM-41 catalyst, the maximum
CH4 yield was 59%, and the CH4 selectivity was as high as
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Arrhenius plots at different temperatures using Ni-MCM-41, Cu-NCM-41, and Co-MCM-41 catalysts obtained from a starting synthesis mix-
ture with a Si/M mole ratio of 5. Reduction conditions: temperature 550 °C (heating rate: 1 °C min−1), gas flow H2 :N2 = 120 : 30 ml min−1, time 2 h.
Catalyst reaction conditions: gas flow H2 :CO2 = 120 : 120 ml min−1.

Table 3 Rate equations and activation energies obtained using various catalysts

Catalyst

Rate equations Activation energies (kJ mol−1)

ReferenceFor MNa For RWGSb For MN For RWGS

Ni(5)-MCM-41 r = kCCO2

0.68CH2

3.31 — 73.1 10.2 This study
Cu(5)-MCM-41 — r = kCCO2

0.5CH2

1.1 — 75.3,c 60.5d This study
Co(5)-MCM-41 — — — 67.6 This study
Ni r = kCCO2

0.5 — 85.7 — 54 and 55
Cu/ZnO — — — 138–171 57
NiO/SBA-15 — r = kCCO2

0.5CH2

1.1 — — 58
Ni/Al2O3 r = kCCO2

0.5CH2

0.81 — 20.8 59

a MN: methanation. b RWGS: reverse water gas shift reaction. c Obtained at reaction temperature of 300–550 °C. d Obtained at reaction
temperature of 300–600 °C.

Fig. 8 (A) TOFs and production rates of CH4 and CO obtained using
Ni-MCM-41 catalyst obtained from a starting synthesis mixture with a
Si/Ni mole ratio of 5. (B) Arrhenius plots at different temperatures using
Ni-MCM-41 catalyst. Catalyst reduction conditions: temperature
550 °C (heating rate: 1 °C min−1), gas flow H2 : N2 = 120 : 30 ml min−1,
time 2 h. Reaction conditions: gas flow H2 :CO2 = 120 : 30 ml min−1.
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90%. Fig. 8(B) shows Arrhenius plots calculated for CO2

methanation using Ni-MCM-41 catalyst. The activation energy
obtained using Ni-MCM-41 catalyst for CO2 methanation was
This journal is © The Royal Society of Chemistry 2014
≈73 kJ mol−1, lower than that reported previously,54,55

suggesting that Ni-MCM-41 catalyst had high catalytic activity.
To obtain kinetic data for CO2 methanation, the investigation
was carried out by varying the CO2 and H2 concentrations at
480 °C using Ni-MCM-41 catalyst. The CO2 reaction order was
0.68, and the H2 reaction order was 3.31. The rate equation
could be expressed as follows: r = kCCO2

0.68CH2

3.31, where C
represents concentration, similar to the previous research.54,55

Therefore, the influence of H2 concentration was greater
than that of CO2 concentration on CO2 conversion through
methanation, indicating that high H2 concentration favors CO2

conversion to methane. After methanation, there is a slight
difference in the surface area of the Ni-MCM-41 catalyst
between before and after methanation, indicating that it had
relatively high thermal stability for methanation.

CO2 conversion rate to CO and Arrhenius plots calculated
from CO2 conversion to CO using Cu-MCM-41 catalyst through
RWGS reactions is shown in Fig. 9. The CO2 conversion rate to
CO increased with increasing temperature, similar to our previ-
ous research.56 The CO2 conversion rate was as high as ≈5 S−1

(CO2 conversion of ≈40%) even at 600 °C and far higher than
that obtained at the same temperature using NiO/SBA15,56
Catal. Sci. Technol.
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Fig. 9 (A) TOF obtained using Cu-MCM-41 catalyst obtained from a
starting synthesis mixture with a Si/Cu mole ratio of 5. (B) Arrhenius
plots at different temperatures using Cu-MCM-41 catalyst. Catalyst
reduction conditions: temperature 600 °C (heating rate: 1 °C min−1),
gas flow H2 : N2 = 120 : 30 ml min−1, time 2 h. Reaction conditions: gas
flow H2 :CO2 = 120 : 120 ml min−1.
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which should perform better than copper.57 The activation
energy obtained using Cu-MCM-41 for CO2 conversion to CO
through RWGS reaction was ≈60 kJ mol−1, lower than that
reported previously,58 suggesting that Cu-MCM-41 catalyst had
high catalytic activity. To obtain kinetic data for CO2 conver-
sion to CO through RWGS reaction, the investigation was
carried out by varying the CO2 and H2 concentrations at 600 °C
using Cu-MCM-41 catalyst. The CO2 reaction order was 0.5,
and the H2 reaction order was 1.1. The rate equation could be
expressed as follows: r = kCCO2

0.5CH2

1.1, where C represents con-
centration, similar to the previous research.58,59

Korose–Nowak criterion test. In order to establish that the
measured catalytic activity is independent of the influence of
transport phenomena,60 the Korose–Nowak (KN)61 criterion
test modified by Madon–Boudart62 has been employed. In
the present study, the Korose–Nowak test has been performed
with Ni-MCM-41 pellet catalysts with different Si/Ni mole
ratios for CO2 methanation. Fig. 10 displays the Koros–Nowak
Catal. Sci. Technol.

Fig. 10 The Koros–Nowak criterion plot of TOF (S−1) vs. Si/Ni for CO2

methanation using Ni-MCM-41 catalyst at 480 °C.
criterion plot of TOF (S−1) vs. Si/Ni for CO2 methanation using
Ni-MCM-41 catalyst at 480 °C. The value of the KN number
(slope) was found to be 0.996 at 480 °C. The KN number close
to unity,60 as found in the present study, denotes that the
reaction obeyed the KN criterion and the reaction rates were
not influenced by the rates of heat transport. However, the
reaction was influenced by mass transport.

The XRD of Ni-MCM-41 catalyst after CO2 methanation
was measured, and the peaks assigned to Ni were found,
indicating that Ni clusters were formed during the reduction
process, but the MCM-41 structure remained and was not
damaged. Maybe CO2 methanation reaction was completely
catalyzed by Ni clusters. Another possibility is that the reaction
was catalyzed by a metallic cluster together with the incorpo-
rated metal located in its vicinity. However, we do not know
until now that the reaction was catalyzed mainly by which.

4. Conclusions

Transition metal (M)-incorporated well-ordered mesoporous
silica could be obtained by a direct hydrothermal synthesis
method from the starting synthesis mixture with a Si/M mole
ratio of 5. These transition metal-rich mesoporous silicas are
not yet reported. It is found that the chemical bond between
transition metal and silicon via oxygen was formed as shown
by XPS, UV-vis and H2-TPR analyses, indicating that transi-
tion metals were incorporated into a mesoporous silica struc-
ture. Ni-MCM-41, Cu-MCM-41 and Co-MCM41 were excellent
catalysts for carbon dioxide (CO2) hydrogenation, although
Zn-MCM41 was not. Ni-MCM-41 exhibited excellent catalytic
efficiency for CO2 methanation, giving a reaction rate equa-
tion of r = kCCO2

0.68CH2

3.31, while Cu-MCM-41 favored the
reverse water gas shift reaction, providing a reaction rate
equation of r = kCCO2

0.5CH2
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