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ABSTRACT: New precious-metal-free mesoporous materials were inves-
tigated as catalysts for the complete oxidation of methane to carbon dioxide.
Mesoporous cobalt oxide was first synthesized using KIT-6 mesoporous silica
as a hard template. After removal of the silica, the cobalt oxide was itself used
as a hard template to construct cerium oxide/cobalt oxide composite
materials. Furthermore, cerium oxide/cobalt oxide composite materials doped
with manganese and lanthanum were also prepared. All of the new composite
materials retained the hierarchical long-range order of the original KIT-6
template. Temperature-programmed oxidation measurements showed that
these cerium oxide/cobalt oxide and doped cerium oxide/cobalt oxide
materials are effective catalysts for the total oxidation of methane, with a light-off temperature (T50%) of ∼400 °C observed for all
of the nanostructured materials.
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■ INTRODUCTION

Natural gas (mostly methane) produces less CO2 per unit
energy than gasoline or diesel and is thus a possible “green”
substitute for these fuels.1 However, the full potential of natural
gas as a fuel for vehicles cannot yet be realized due to the
unburned methane expelled in the exhaust. Methane is a
significant greenhouse gas with a potency much higher than
that of CO2.

2 The high C−H bond strength (∼435 kJ mol−1)
and lack of a dipole in methane renders it relatively unreactive
compared to other hydrocarbons. Thus, a challenging problem
in this field is the development of effective catalysts for the
complete oxidation of methane at the low temperatures (less
than 500 °C) for application in natural gas vehicle (NGV)
engines.3

Research into methane oxidation catalysts has largely focused
on precious metals, such as platinum and palladium.3−6

Transition-metal-based catalysts have been investigated as less
expensive alternatives to the traditional noble-metal-based
catalysts, but none has achieved the necessary high activity at
low temperatures. Ceria (CeO2) has shown promise due to its
ability to release and absorb oxygen during alternating redox
conditions, and hence to function as an oxygen buffer.7−9 These
characteristics originate from the facile Ce3+/Ce4+ redox cycle.
Efforts to increase the oxygen storage capacity of ceria by the
introduction of cationic dopants have been successful, and
ceria-based materials have been prepared with a variety of
dopant cations such as Zr3+/4+, Hf4+, La3+, Pr3+, and
Mn3+/4+.9−13 Compared to undoped ceria, most of these
materials show enhancement of both oxygen vacancy

concentration and oxygen storage capacity, as well as of
redox activities.
Recently, there has been substantial interest in Co−Ce

composite oxides as catalysts for the oxidation of CO, N2O,
volatile organic compounds (VOCs), and propene.14−17 It has
been shown that the combination of cerium and cobalt oxides
leads to higher activity when compared to the individual
component oxides in these reactions due to synergistic effects
between the two metal oxides.18 There have been relatively few
studies using Co−Ce composite oxides as catalysts for methane
oxidation. Materials prepared by coprecipitation methods have
shown high activity but have low surface areas.19,20 Li et al.
successfully prepared a Co3O4/CeO2 composite oxide using a
modified citrate sol−gel method to achieve high surface area
materials reaching a T50% as low as 401 °C.19 However, there is
a significant need to explore new Ce−Co−O composite
materials with tunable structure and properties beneficial for
low-temperature methane oxidation catalysis.
Materials containing mesopores are promising candidates for

use as methane oxidation catalysts due to their large surface
area, interconnected pores, and controllable pore wall
compositions. KIT-6 is a mesoporous silica material with a
three-dimensional cubic structure (space group Ia3d) that is
synthesized using a block copolymer template.21 Mesoporous
metal oxides can be successfully templated using KIT-6.22−25

Co3O4 templated with KIT-6 shows high activity for CO
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oxidation, resulting from the high surface area and open pore
system of the material.26,27 Mesoporous cobalt oxide materials
templated by KIT-6 have also shown high activities for various
hydrocarbon oxidations.28−30 To the best of our knowledge,
however, these materials have never been evaluated for
methane oxidation.
In this study, we describe a straightforward and scalable

method to make catalysts based on templating with KIT-6.
Cobalt oxide was prepared in the channels of KIT-6 and
released after etching of the silica. The mesoporous Co3O4 was
then used itself to template CeO2, La-doped CeO2, and Mn-
doped CeO2 within its pores. These hierarchically organized
catalysts show high activity for methane oxidation at low
temperature.

■ EXPERIMENTAL SECTION
All chemicals and solvents were purchased from commercial suppliers
and used without further purification. Mesoporous silica, KIT-6, was
synthesized according to the established method.21 Meso-Co3O4 was
synthesized using a procedure similar to that used by Yue et al.31

Preparation of Mesoporous Co3O4 (meso-Co3O4). KIT-6
(2.075 g) was ground with Co(NO3)2·6H2O (4.016 g, 13.79 mmol)
using a pestle and mortar and was then heated to 500 °C at a ramp
rate of 1 °C/min in a muffle furnace. The furnace was maintained at
500 °C for 3 h before cooling under ambient conditions. During the
slow heating, Co(NO3)2·6H2O melts at 55 °C and enters the KIT-6
pores via capillary action before it decomposes to Co3O4 at 74 °C.
After cooling, the silica was removed by stirring the product in 2 M
NaOH for 2 h. The resulting black solid was collected and washed
with H2O (2 × 20 mL) and EtOH (2 × 20 mL) via centrifugation then
dried overnight at 70 °C. Yield: 1.233 g. PXRD of the black product
showed that it was crystalline Co3O4. N2 adsorption showed a surface
area of 97 m2 g−1 and a type IV isotherm with a hysteresis loop. XPS
and EDX confirmed the presence of Co and O and showed only traces
of residual Si from the template.
Preparation of meso-Co3O4/CeO2 Composite. As-synthesized

meso-Co3O4 (0.400 g, 1.66 mmol) was placed in a Schlenk flask and
evacuated for 1 h. Ce(NO3)3·6H2O (0.220 g, 0.506 mmol) was
dissolved in 5 mL of EtOH then added dropwise via syringe. The
sample was then left to dry under vacuum overnight and calcined at
500 °C under air for 5 h. Yield: 0.420 g. PXRD of the black product
showed that is was crystalline Co3O4 and CeO2. N2 adsorption showed
a surface area of 68 m2 g−1 and a type IV isotherm with a hysteresis
loop. XPS and EDX confirmed the presence of Co, Ce, and O.
Preparation of meso-Co3O4/10%La-CeO2 Composite. As-

synthesized meso-Co3O4 (0.400 g, 1.66 mmol) was placed in a
Schlenk flask and evacuated for 1 h. Ce(NO3)3·6H2O (0.198 g, 0.469
mmol) and La(NO3)3·6H2O (0.022 g, 0.051 mmol) were dissolved in
5 mL of EtOH then added dropwise via syringe. The sample was then
left to dry under vacuum overnight and calcined at 500 °C under air
for 5 h. Yield: 0.412 g. PXRD of the black product showed peaks
corresponding to crystalline Co3O4 and CeO2. N2 adsorption showed
a surface area of 67 m2 g−1 and a type IV isotherm with a hysteresis
loop. XPS and EDX confirmed the presence of Co, Ce, La and O.
Preparation of meso-Co3O4/10%Mn-CeO2 Composite. As-

synthesized meso-Co3O4 (0.400 g, 1.66 mmol) was placed in a Schlenk
flask and evacuated for 1 h. Ce(NO3)3·6H2O (0.198 g, 0.469 mmol)
and Mn(NO3)2·4H2O (0.013 g, 0.051 mmol) were dissolved in 5 mL
of EtOH and then added dropwise via syringe. The sample was then
left to dry under vacuum overnight and calcined at 500 °C under air
for 5 h. Yield: 0.432 g. PXRD of the black product showed peaks
corresponding to crystalline Co3O4 and CeO2. N2 adsorption showed
a surface area of 55 m2 g−1 and a type IV isotherm with a hysteresis
loop. XPS and EDX confirmed the presence of Co, Ce, Mn and O.

■ CHARACTERIZATION

Powder X-ray diffraction (PXRD) data were recorded on a
Bruker D8 Advance X-ray diffractometer in the Bragg−
Brentano configuration, using Cu Kα radiation at 40 kV, 40
mA. Crystallite size was estimated from the broadening of the
(440) peak for Co3O4 and the (111) peak for CeO2 using the
Scherrer equation. Transmission electron microscopy (TEM)
images were collected on a Hitachi H7600 electron microscope
operating at an accelerating voltage of 100 kV. Energy
dispersive X-ray analysis (EDX) was collected on a Hitachi S-
2600N variable pressure scanning electron microscope (SEM)
equipped with an X-ray detector coupled to Quartz Imaging
Systems Xone software. X-ray photoelectron spectroscopy
(XPS) was carried out on a Leybold Max200 spectrometer
using an aluminum Kα X-ray source for samples containing Mn
and a magnesium Kα X-ray source for all other samples,
operating at a base pressure of 1 × 10−9 Torr. Initial survey
scans were acquired with a pass energy of 192 eV, while higher
resolution scans were acquired with a pass energy of 48 eV.
XPS spectra were deconvoluted using the XPSPEAK program
by curve fitting with a mixed Gaussian−Lorentzian function
after the Shirley type background subtraction. Gas adsorption
studies were performed using a Micromeritics Accelerated
Surface Area and Porosity (ASAP) 2020 system.

Methane Oxidation Testing. Temperature-programmed
CH4 oxidation (TPO) was used to evaluate the activities of the
prepared catalysts. The TPO setup consisted of a stainless steel
fixed-bed microreactor (length = 4.5 cm; i.d. = 0.7 cm) placed
inside an electric tube furnace with PID temperature control.
Two thermocouples (K-type), placed coaxially in the reactor,
measured the temperature at the top and bottom of the catalyst
bed. Flow rates of CH4 (0.76% (v/v) CH4/Ar, Praxair, certified
purity), O2 (Praxair, UHP), Ar (Praxair, UHP), and He
(Praxair, UHP) were set using electric mass flow controllers
(Brooks 5850 TR) and mixed to yield a feed gas of 1000 ppmv
CH4, 20% (v/v) O2, balance He/Ar at a total feed gas flow rate
of 300 mL (STP) min−1 (WHSV 180 000 cm3 (STP) g−1 h−1).
The feed gas was preheated to 100 °C using a separate furnace
before entering the reactor. The catalyst (0.1000 g; 90−354
μm) was diluted four times (v/v) with inert SiC pellets (90−
354 μm) to ensure isothermal reactor operation. The diluted
catalyst was flushed in 100 cm3 (STP) min−1 flow of Ar at 120
°C for 1 h prior to introducing the reactant gas to the catalyst
bed. The reactor temperature was simultaneously increased
linearly at 5 °C·min−1 from 120 to 600 °C while monitoring the
reactor exit gas composition using a VG ProLab quadrupole
mass spectrometer (QMS; ThermoFisher Scientific). Mass
numbers corresponding to CH4, CO2, and He were monitored,
and their intensity calibrated using standard gas mixtures
(Praxair, certified purity), from which the CH4 conversion and
overall C balance were calculated.

■ RESULTS AND DISCUSSION

We employed KIT-6, a well-known mesoporous silica, as a
template to construct novel hybrid catalytic materials. KIT-6
has large, uniform, easily accessible pores, which make it ideal
for use as a template. Nitrogen adsorption measurements of the
KIT-6 utilized as a template for meso-Co3O4 show an H1
hysteresis loop and an average pore size of 7 nm (Figure S1a,b,
Supporting Information). The ordered pores, as seen by TEM
in Figure S1c (Supporting Information), afford a large surface
area of 802 m2 g−1. The meso-Co3O4/CeO2 based catalysts
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templated with KIT-6 were prepared using the route shown in
Scheme 1. First, KIT-6 was ground together with cobalt nitrate,
then the composite was calcined to give a SiO2/Co3O4 material.
Etching of the silica with NaOH(aq) afforded meso-Co3O4. In a
second step, the pores of the meso-Co3O4 were infiltrated with
CeO2 by dissolving Ce(NO3)3·6H2O in EtOH and injecting it
into a Schlenk flask containing meso-Co3O4 under vacuum.
Samples were also prepared with CeO2 enriched with La or Mn
using a similar procedure.
PXRD patterns of the calcined catalysts are shown in Figure

1. Diffraction peaks associated with cubic Co3O4, space group

Fd3m, were observed in all samples. meso-Co3O4/CeO2, meso-
Co3O4/10%La-CeO2 and meso-Co3O4/10%Mn-CeO2 also dis-
play peaks corresponding to cubic CeO2 with fluorite-like cubic
structure. There are no diffraction peaks of manganese or
lanthanum oxide, suggesting that Mn or La has entered into the
CeO2 lattices rather than phase separating into a distinct
crystalline oxide phase. We did not observe any shift in the ceria
diffraction peaks that one would typically expect for a solid
solution, but the peaks did become broader. This is consistent
with previous reports of doped ceria.32 Crystallite sizes were
estimated using the Scherrer equation, as shown in Table S1
(Supporting Information).
The as-synthesized materials were examined by nitrogen

adsorption/desorption measurements to determine the Bru-
nauer−Emmett−Teller (BET) surface areas and the pore size
distributions (Figure 2). The BET surface area of the meso-
Co3O4 decreases from 97 to 68 m2 g−1 upon addition of
Ce(NO3)3·6H2O followed by calcination. This relatively small
decrease in surface area is due to partial filling of the pores with
CeO2, allowing the surface area to remain relatively high. This
is supported by TEM images that show both filled and empty
pores (Figure 3d). The confinement of most of the CeO2

within the meso-Co3O4 pores is thought to prevent the CeO2

from any significant sintering upon calcination at 500 °C and
allows the Co3O4 and CeO2 to maintain intimate interactions in
the solid state, interactions that are expected to be beneficial for
catalysis. meso-Co3O4/10%La-CeO2 and meso-Co3O4/10%Mn-
CeO2 have similar surface areas of 67 and 55 m2 g−1,
respectively.
Figure 2 shows N2 adsorption curves for all of the materials,

indicating that they all show typical type IV isotherms with a
hysteresis loops defined by IUPAC.33 This shows that the

Scheme 1. Synthesis of meso-Co3O4/CeO2 based Materials Using KIT-6 as a Template

a2.075 g of KIT-6 ground with 4.016 g of Co(NO3)2·6H2O; calcination at 500 °C; etching in 2 M NaOH(aq). b0.220 g Ce(NO3)3·6H2O in 5 mL
EtOH added to 0.400 g meso-Co3O4 under vacuum; calcination at 500 °C. c0.198 g of Ce(NO3)3·6H2O and 0.022 g of La(NO3)3·6H2O in 5 mL of
EtOH added to 0.400 g meso-Co3O4 under vacuum; calcination at 500 °C.

d0.198 g of Ce(NO3)3·6H2O and 0.013 g of Mn(NO3)2·4H2O in 5 mL of
EtOH added to 0.400 g meso-Co3O4 under vacuum; calcination at 500 °C.

Figure 1. PXRD patterns of (a) meso-Co3O4, (b) meso-Co3O4/CeO2,
(c) meso-Co3O4/10%La-CeO2, and (d) meso-Co3O4/10%Mn-CeO2.
(▼) PXRD pattern of meso-Co3O4 matches JCPDS-78-1969 for
Co3O4 and (●) the PXRD pattern of CeO2 matches JCPDS-34-0394.
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materials do not lose their mesoporous structure when some of
the pores are filled with doped or undoped CeO2. Low angle

PXRD measurements (Figure S2, Supporting Information)
show peaks at low angles for all synthesized materials due to the
ordered nature of the mesopores. KIT-6 itself has cubic Ia3d
symmetry and this ordered structure is retained in the
templated products. The pore size distribution curves of
meso-Co3O4, meso-Co3O4/CeO2, meso-Co3O4/10%La-CeO2
and meso-Co3O4/10%Mn-CeO2 are presented in Figure S3
(Supporting Information). meso-Co3O4 has an average pore size
of 4.4 nm, while meso-Co3O4/CeO2, meso-Co3O4/10%La-
CeO2, and meso-Co3O4/10%Mn-CeO2 have pore diameters of
4.8, 7.0, and 7.3 nm, respectively. The doped CeO2 samples
have larger pore sizes and greater pore size distributions,
possibly due to the dopant disrupting the CeO2 lattice
structure. Any CeO2 that does not enter the meso-Co3O4
forms small particles with pore-like voids between them.
TEM of the samples show that the meso-Co3O4 inverse KIT-

6 morphology is maintained upon removal of the silica template
(Figure 3). After addition of Ce(NO3)3·6H2O the material is
calcined under air for 5 h and again the mesoporous
morphology of the meso-Co3O4 remains intact, with some of
the pores filled with CeO2.
The chemical composition of the new materials was

examined by energy dispersive X-ray (EDX) spectroscopy.
EDX spectra from meso-Co3O4 show the elements cobalt and
oxygen, with a trace amount of silicon remaining from the KIT-
6 template. After the CeO2 was added, cobalt, oxygen and
cerium are all observed by EDX of meso-Co3O4/CeO2.
Similarly, EDX measurements indicate that cobalt, oxygen,
cerium, and lanthanum or manganese are present in meso-
Co3O4/10%La-CeO2 and meso-Co3O4/10%Mn-CeO2, respec-
tively. EDX mapping (Figures S4 and S5, Supporting
Information) shows homogeneous dispersion of all elements
present, which is expected as the resolution is not high enough
to image the individual mesopores.
X-ray photoelectron spectroscopy (XPS) was also used to

determine the chemical composition of the materials. Figure 4
shows the high resolution Ce 3d XPS spectra collected from
meso-Co3O4/CeO2, meso-Co3O4/10%La-CeO2 and meso-

Figure 2. N2 adsorption−desorption isotherms for (a) meso-Co3O4, (b) meso-Co3O4/CeO2, (c) meso-Co3O4/10%La-CeO2, and (d) meso-Co3O4/
10%Mn-CeO2. Solid lines represent adsorption and dashed lines represent desorption.

Figure 3. TEM images of (a) KIT-6, (b) meso-Co3O4, (c) meso-
Co3O4/Ce(NO3)3·6H2O, (d) meso-Co3O4/CeO2, (e) meso-Co3O4/
10%La-CeO2, and (f) meso-Co3O4/10%Mn-CeO2.
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Co3O4/10%Mn-CeO2. Following convention, two sets of
multiplets u and v (3d3/2 and 3d5/2 spin−orbit components)
have been labeled, with splitting of 18.4 eV, in agreement with
the literature.19,34 Three pairs of peaks denoted as V/U, V″/U″,
V‴/U‴ are assigned to Ce4+ species and arise from different Ce
4f electron configurations in the final states (Table S2,
Supporting Information). The couple V′/U′ is attributed to
the electron configuration of the final state of the Ce3+

species.34−36

The position of the Co 2p3/2 and 2p1/2 peaks in the XPS
spectra for all samples confirms the presence of Co3O4, as
illustrated in Figure 5 and Table S3 (Supporting Informa-
tion).37,38 An extremely weak satellite structure symptomatic of
shakeup from the minor Co2+ component can be seen in meso-
Co3O4, but it is completely absent from meso-Co3O4/CeO2,
meso-Co3O4/10%La-CeO2 and meso-Co3O4/10%Mn-CeO2.

39,40

These peaks are not strong enough to be assigned as the
shakeup peaks characteristic of the Co2+ in CoO and it is likely
that they arise from the very small amount of Co2+ present in
mixed-valence Co3O4. XPS data for meso-Co3O4/10%La-CeO2
and meso-Co3O4/10%Mn-CeO2 also confirms the presence of
La and Mn, respectively (Figures S6 and S7, Supporting
Information).
All of the materials prepared were investigated for the

complete oxidation of methane (Scheme 2) by temperature-

programmed oxidation (TPO). Interestingly, when tested for
catalytic activity for complete methane oxidation, meso-Co3O4
showed high activity at low temperatures with 50% complete
methane conversion (T50%) at 390 °C (Figure 6; compared to

T50% of 250 °C for a conventional precious metal-containing
catalyst (7.7 wt % Pd/SiO2) tested under the same TPO
reaction conditions41). Although the complete sequence of
elementary steps governing hydrocarbon oxidation on metal
oxide surfaces is not completely understood, the reaction is
thought to occur through CH activation with a simultaneous
reduction of metal oxide surface sites.15,42 As indicated by the
very weak nature of the Co2+ satellite peaks in the XPS
spectrum, there is almost no Co2+ on the surface of the
catalysts. Therefore, we propose that Co3+ sites on the surface
of the meso-Co3O4 are reduced to Co2+ by activation of CH4,
and may generate surface hydroxide ions. This is similar to the
mechanism proposed for hydrocarbon oxidation over other
metal oxides.42,43

meso-Co3O4/CeO2, meso-Co3O4/10%La-CeO2, and meso-
Co3O4/10%Mn-CeO2 show high catalytic activity for materials
that do not contain noble metals as seen in Figure 7 and Table
1, with the T50% at 400 °C for meso-Co3O4/10%La-CeO2 and
445 °C for meso-Co3O4/10%Mn-CeO2. The weight hourly
space velocity (WHSV) of 180,000 mL/g/h is significantly
higher than most literature examples of similar catalysts,
indicating that the materials described here are much more

Figure 4. High-resolution Ce 3d XPS spectra of (a) meso-Co3O4/
CeO2, (b) meso-Co3O4/10%La-CeO2, and (c) meso-Co3O4/10%Mn-
CeO2.

Figure 5. High-resolution Co 2d XPS spectra of (a) meso-Co3O4, (b)
meso-Co3O4/CeO2, (c) meso-Co3O4/10%La-CeO2, and (d) meso-
Co3O4/10%Mn-CeO2.

Scheme 2. Total Oxidation of Methane Investigated in This
Study

Figure 6. TPO curve of meso-Co3O4.
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active for methane oxidation. At 100% conversion, the only
products were CO2 and H2O. It is probable that the reduction
in surface area associated with the addition of CeO2 or doped
CeO2 causes the slight decrease in catalytic activity. It is also
possible that Co3O4 catalysts containing CeO2 have metal−
metal interactions between the Co and Ce that alter the redox
properties of the materials, with electron transfer between the
two metal oxides preventing the reduction of the meso-Co3O4
surface at low temperatures. Although the introduction of CeO2
and doped CeO2 did not have any significant effect on catalytic
activity, it is important to note that doping was successful, and
the high catalytic activity was maintained. This will allow the
catalysts to be more easily modified to increase chances of
success in various applications for which methane oxidation is
required. These catalytic materials could also act as active
supports for noble metals.

■ CONCLUSIONS
Mesoporous Co3O4- and Co3O4/CeO2-based catalysts were
prepared by templating with KIT-6 mesoporous silica.
Mesostructured Co3O4/CeO2 materials doped with ∼10%
manganese and lanthanum were also prepared by a similar
procedure. meso-Co3O4 shows unusually high methane
oxidation activity with a light-off temperature of 390 °C.
meso-Co3O4/CeO2, meso-Co3O4/10%La-CeO2, and meso-
Co3O4/10%Mn-CeO2 show high activity for total oxidation
of methane, with light-off temperatures of 407, 400, and 445
°C, respectively. These materials with hierarchical mesoporous

structures may be applied for low-temperature methane
oxidation and other catalytic reactions.
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(3) Geĺin, P.; Primet, M. Complete Oxidation of Methane at Low
Temperature over Noble Metal Based Catalysts: A Review. Appl.
Catal., B 2002, 39, 1−37.
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Table 1. Catalytic Performance of the Materials Described in This Paper and Materials from the Literature

composition preparation method
T50%
(°C)

catalyst mass
(mg)

WHSV
(mL/g/h) CH4 in feed gas (vol %) ref

meso-Co3O4 as described 390 100 180 000 0.1
meso-Co3O4/CeO2 as described 407 100 180 000 0.1
meso-Co3O4/10%La-CeO2 as described 400 100 180 000 0.1
meso-Co3O4/10%Mn-CeO2 as described 445 100 180 000 0.1
30%Co3O4−CeO2 coprecipitation 400 50 12 000 0.3 44
25%Co−Ce−O composite modified citrate sol−gel method 401 100 30 000 1.0 19
40%La/CeO2 hydrothermal <500 100 30 000 1.0 9
MnCo2O4 fast heating Mn/Co alkoxyacetate precursors 405 200 7020 1.0 45
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