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ABSTRACT: Catalytic complete oxidation of CH4 at
relatively low temperatures is significant for removing
unburned CH4 from the exhaust of combustion engines fueled
with natural gas or liquefied petroleum gas. Here a
nanocomposite catalyst (NiO/CeO2) consisting of CeO2
nanorods and supported NiO nanoclusters was prepared by
a two-step wet-chemistry method. This nanocomposite
catalyst exhibits high catalytic activity for the complete
oxidation of CH4 in the temperature range of 350−600 °C.
A CH3-like intermediate bound to Ni cations was observed at a
relatively low temperature by ambient pressure X-ray photo-
electron spectroscopy under catalytic conditions. Parallel kinetic studies of NiO/SiO2, CeO2 and NiO/CeO2 catalysts show that
the apparent barrier for complete oxidation of CH4 on NiO/CeO2 (69.4 ± 4 kJ/mol) is much lower than the 95.1 ± 5 kJ/mol of
pure CeO2 and 98.4 ± 5 kJ/mol of NiO/SiO2, supported by the turnover frequency of NiO/CeO2 being significantly higher than
NiO/SiO2 and CeO2. These differences indicate a synergistic effect between the CeO2 nanorods and the supported NiO
nanoclusters. This synergistic effect occurs at the interface of NiO and CeO2, observed in TEM. The lattice oxygen atoms at the
interface exhibit high activity based on the lower reduction temperature uncovered in studies of the temperature-programmed
reduction of H2.
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■ INTRODUCTION

CH4 is one of the main gas components in the exhaust of
vehicles using natural gas or liquefied petroleum gas as fuels for
their combustion engines. Unlike gasoline-fueled engines, the
engines of vehicles using natural gas or liquefied petroleum gas
perform combustions of light hydrocarbons at relatively low
temperatures, typically <600 °C. A catalyst that is highly active
at temperatures below 600 °C for the complete transformation
of methane into carbon dioxide is needed to remove the
unburned methane in the exhaust line prior to release into the
environment because CH4 is a much stronger greenhouse gas
than CO2.

1−6 The activation of methane and complete
oxidation to CO2 and H2O at temperatures lower than 600
°C require a highly active catalyst because CH4 has the
strongest C−H bond among hydrocarbons.3,7−10 Supported Pt
and Pd are active for complete oxidation of methane to CO2

and H2O at a relatively low temperature.3,9,11−20 Due to the

prohibitive price of Pt and Pd, it is necessary to find an
alternative made of earth-abundant elements.
CeO2 is an important support in oxidative catalysis due to its

high activity in activating molecular oxygen.21−24 However,
Ce3+ or Ce4+ does not exhibit high activity in activating C−H of
CH4. On the other hand, Ni atoms in either metallic state or
cationic state are active for activating C−H bond of
hydrocarbons.25 Unfortunately, it typically does not activate
molecular oxygen. As a complete oxidation of CH4 involves
both activation of C−H of CH4 and O−O of O2, neither CeO2

nor NiO could exhibit high activity in complete oxidation of
CH4. Thus, here we prepared nanocomposite catalyst NiO/
CeO2, in which a nanoparticle consists of CeO2 nanorods with
supported NiO nanoclusters. CeO2 was synthesized through a
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hydrothermal method reported in literature;26,27 then, the NiO
nanoclusters were prepared by deposition-precipitation of Ni
cations onto the surface of the as-prepared CeO2 nanorods. A
subsequent calcination at 500 °C in 5% O2 atmosphere
crystallized NiO nanoclusters. The integrated NiO/CeO2
nanocomposite catalyst particles exhibit high activity for
complete oxidation of methane at 350−600 °C. A catalyst
nanoparticle consisting of a CeO2 nanorod and supported NiO
nanoclusters catalyzes the complete oxidation of methane
through the synergistic effect of CeO2 and NiO. It exhibits a
much lower activation barrier and much higher turnover
frequency (TOF) than pure CeO2 and NiO/SiO2. It exhibits a
relatively low T50 (50% conversion of CH4) compared to the
reported CeO2-based composite oxides.23,28−30 These studies
clearly show the synergistic effect between NiO and CeO2 in
the catalyst 15.0 wt % NiO/CeO2.

■ EXPERIMENTAL SECTION
Preparation of pure CeO2, 15.0 wt % NiO/CeO2 and 15.0 wt

% NiO/SiO2. Pure CeO2 nanorods were prepared with a modified
hydrothermal method. 10 mL of 0.4 mol/L cerium nitrate solution was
added to 70 mL of NaOH aqueous solution (6.0 mol/L), followed by
stirring at room temperature for 30 min. The resulting mixture was
transferred to a Teflon-lined stainless steel autoclave, sealed and
maintained in the autoclave at 120 °C for 24 h. After cooling to room
temperature naturally, the product was collected by centrifugation and
washed with deionized water several times, followed by drying in a 70
°C oven overnight. The obtained catalyst precursor was calcinated at
450 °C in static air for 3 h.
15.0 wt % NiO/CeO2 catalyst was prepared by the deposition

precipitation method. In a typical synthesis, 1.0 g of CeO2 nanorods
was dispersed in 100 mL of deionized water under vigorous stirring to
form a pale yellow suspension solution. Then, 10 mL of nickel nitrate
aqueous solution (which contains 0.743 g of nickel nitrate hydrate)
was introduced to the above solution. The resulting mixture was
stirred thoroughly at room temperature for 2 h. Then, the pH of the
mixture was adjusted to 10.0 by dropwise adding 1 mol/L sodium
hydroxide aqueous solution, followed by stirring overnight. The as-
prepared catalyst precursor was collected by centrifugation, washed
and dried in a 70 °C oven overnight. Finally, the above sample was
calcinated at 400 °C in a 5% H2 atmosphere for 1 h and then oxidized
by O2 at 500 °C for 1 h. 15.0 wt % NiO/SiO2 was prepared under the
same procedure as preparing the 15.0 wt % NiO/CeO2 sample. The
only difference was to change the CeO2 nanorod supports to the
fumed SiO2 (0.014 μm) from Sigma.
Ex Situ and in Situ Characterizations. Crystallographic

structures of pure CeO2 and 15.0 wt % NiO/CeO2 catalysts were
identified using X-ray diffraction with a Mo Kα (λ = 0.710 73 Å) X-ray
source. The size, morphology and lattice spacings of these catalysts
were studied with the transmission electron microscope (JEOL JEM
2100F) operating at an accelerating voltage of 200 kV, housed in the
Petersen Institute of Nanoscience and Engineering Nanofabrication
and Characterization Facility of the University of Pittsburgh. Image
analysis was performed using the Digital Micrograph software (Gatan,
Inc.)
Temperature-programmed reduction (H2-TPR) was carried out

with a Micromeritics Autochem 2910 instrument equipped with a
thermal conductivity detector (TCD). Typically, the catalyst (50 mg)
was placed in a U-shaped quartz reactor and purged with N2 to remove
the air present in the lines. The catalyst was then heated to 250 °C for
30 min in N2 with a flow rate of 40 mL/min and cooled to room
temperature. The temperature was then raised from room temperature
to 1000 °C at a rate of 10 °C min−1 in a 5.0% H2/N2 flow (flow rate 30
mL min−1) for the TPR experiment.
In situ/operando characterization of the surface of the 15.0 wt %

NiO/CeO2 catalyst during catalysis was carried out using the lab-based
ambient pressure X-ray photoelectron spectroscopy (AP-XPS) system
built by the Tao group.31 This AP-XPS uses a monochromated Al Kα

X-ray source to generate photoelectrons. A new high-temperature
reaction cell was designed and built by the Tao group.31 This home-
built AP-XPS system equipped with a new reaction cell has been
previously used in tracking the surface chemistry of catalysts under
reaction conditions and during catalysis.25,32−41 The catalyst particles
were loaded on a roughened silver foil affixed onto a sample holder.
The sample in 1.0 Torr O2 was heated to 500 °C and held there for
approximately 1 h to remove any carbon species on the catalyst
surface. The progressive removal of surface carbon-containing species
was monitored by continuously scanning the C 1s peak at 284.8 eV.
Once the C 1s photoemission feature at this position completely
disappeared, the sample was cooled to 150 °C. Then, 0.2 Torr CH4
was added to 1.0 Torr O2 to form a flowing mixture of CH4 and O2 in
the reaction cell. The Ce 3d, Ni 2p, O 1s and C 1s spectra were
collected from the catalyst surface at 150 °C, 200 °C, 300 °C, 400 °C
or even a higher temperature while the catalyst remained in a flowing
mixture of CH4 and O2. We used the satellite peak (u‴) of Ce 3d
photoemission features of Ce4+ as the internal reference of binding
energies42−47 to calibrate the peak positions of all other spectra
obtained in this work. The u‴ was chosen because this satellite peak of
Ce 3d of Ce3+ of CeO2 is independent of surface defects. The peak
position and shape of this peak does not change when the atomic ratio
of Ce3+ to Ce4+ differs at different reaction and catalysis conditions.

Evaluation of Catalytic Performance of Complete Oxidation
of Methane and Kinetics Studies. The catalytic performance for
the complete oxidation of methane of this catalyst was studied using a
fixed bed reactor. 100 mg of the catalyst was mixed with 300 mg of
quartz sand and then loaded into a quartz tube reactor. A reactant
mixture of 20 mL/min 10% CH4/Ar and 10 mL/min pure O2 was
introduced to the reactor for the dry condition experiment. For the
wet condition experiment, H2O vapor with a partial pressure 30 times
that of CH4 was added to the mixture of CH4 and O2 prior to
introduction into the reactor.48 Catalyst temperature was measured
using a K-type thermocouple inserted into the catalyst bed. The
catalysis temperature was maintained at a set point using a
proportional−integral−derivative (PID) temperature controller. In
order to make the catalytic conversion of CH4 on different catalysts
comparable, the same weight hourly space velocity (WHSV) of 18 000
mL·g −1·h−1 was used for each catalyst in this work (100 mg).
Furthermore, different WHSV (18 000, 36 000, 100 000 and 200 000
mL·g −1·h−1) and a stoichiometric CH4/O2 mole ratio of 1:2 were
used for comparison of the catalytic performance of methane complete
oxidation of the 15.0 wt % NiO/CeO2 catalyst at different conditions.
Conversion of CH4 was measured in the temperature range of 200 to
600 °C with an interval of 50 °C. Reactants and products of this
catalysis process were monitored using an online gas chromatograph
with a TCD. In order to keep the reaction in the kinetic regime under
the same WHSV, conversions of CH4 of these catalysts must be lower
than 15%. Thus, we chose slightly different temperature ranges in
order to keep conversion of CH4 of the three catalysts below 15%.

■ RESULTS AND DISCUSSION
Crystalline Phase, Morphology and Reduction Prop-

erty. Pure CeO2 nanorods were synthesized by using a
modified hydrothermal method in alkali condition that was
described in the Experimental section. Then, the 15.0 wt %
NiO/CeO2 catalyst was prepared via a deposition precipitation
method, followed by calcinating the synthesized precursor at
500 °C for 1 h. X-ray diffraction (XRD) patterns of the pure
CeO2 and 15.0 wt % NiO/CeO2 catalysts are shown in Figure
1. The diffraction patterns of pure CeO2 nanorods were
consistent with the CeO2 face-centered cubic phase (JCPDS
43-1002) with peaks at 12.9°, 14.9°, 21.2°, 24.9° and 30.1°,
which can be assigned to (111), (200), (220), (311) and (400)
planes, respectively (red pattern in Figure 1). After formation of
NiO nanoclusters on CeO2 nanorods to produce 15.0 wt%
NiO/CeO2, additional diffraction peaks appeared (marked with
“#”) at 16.8°, 19.5° and 27.7°. The three peaks can be assigned

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b00234
ACS Sustainable Chem. Eng. 2018, 6, 6467−6477

6468

http://dx.doi.org/10.1021/acssuschemeng.8b00234


to the (111), (200) and (220) of NiO (JCPDS 47-1049). This
confirms that the 15.0 wt % NiO/CeO2 catalyst consists of
both CeO2 nanorods and the loaded NiO nanoclusters. The
sizes of the CeO2 nanorods and the supported NiO
nanoclusters were estimated by the Debye−Scherrer Equation.
The morphologies of the pure CeO2 and 15.0 wt % NiO/

CeO2 catalysts were observed with transmission electron
microscopy (TEM). The as-synthesized CeO2 nanorods (e.g.,
Figure 2a,b) possessed diameters of 10 ± 2 nm and lengths of
60 ± 18 nm. The lattice spacings of the rods, measured via fast
Fourier transform (FFT), were in excellent agreement with
pure CeO2 (e.g., Figure 2c).
Figure 2d,e shows TEM images of 15.0 wt % NiO/CeO2

catalyst after catalysis. Compared to the as-synthesized pure
CeO2 nanorods in Figure 2a,b, the morphology of the used
catalyst 15.0 wt % NiO/CeO2 is different. After catalysis at 600
°C, the morphology of 15.0 wt % NiO/CeO2 is basically

nanoparticles instead of the original nanorods. This is
understandable because the used 15.0 wt % NiO/CeO2
experienced reaction temperatures up to 600 °C. As shown
in Figure 2d, the average size of nanoparticles of 15.0 wt %
NiO/CeO2 is 10−12 nm, which is similar to the diameter of the
as-synthesized pure CeO2 nanorods. This lack of increase in
size of the used 15.0 wt % NiO/CeO2 (10−12 nm) after
catalysis suggests minimal sintering occurs, if any, during
catalysis. Figure 2e is one representative TEM image of a
nanocomposite NiO/CeO2 nanoparticle, in which the (100)
fringes of both the NiO nanoclusters and CeO2 nanoparticle
were clearly identifiable. Figure 2f is the Fourier transformation
(FFT) of the selected region (white box in Figure 2e). The
FFT spots of Figure 2f were consistent with NiO (100) and
CeO2 (100). Thus, these TEM studies clearly show the
coexistence of NiO nanoclusters and CeO2 nanoparticles and
the formation of a NiO/CeO2 interface. Figure 3 shows a CeO2
nanoparticle with supported NiO nanoclusters from 15.0 wt %
NiO/CeO2 catalyst on which the interface between CeO2 and
NiO is marked with a blue curve.
The H2-TPR experiments were conducted on pure CeO2,

commercial NiO and 15.0 wt % NiO/CeO2 in parallel. As
shown with the black line in Figure 4a, there are two reduction
peaks in the profile of pure CeO2. The peak at 175 °C can be
ascribed to the reduction of surface lattice oxygen while the
peak at 760 °C49,50 arises from the reduction of bulk CeO2 to
Ce2O3. For the commercial NiO (blue line), there are two
reduction peaks at 355 and 548 °C, which correspond to the
stepwise reduction of NiO.51

For the supported 15.0 wt % NiO/CeO2 sample (red line in
Figure 4a,b), two reduction peaks (α and β) were present in the
temperature range of 100−400 °C during the H2-TPR process.
The shoulder (α) found at 194 °C is ascribed to the reduction

Figure 1. XRD patterns of (a) pure CeO2 and (b) 15.0 wt % NiO/
CeO2 catalyst.

Figure 2. Transmission electron microscopy (TEM) studies of CeO2 nanorods and postreaction catalyst 15.0 wt % NiO/CeO2. (a) Large scale TEM
image of pure CeO2 nanorods. (b) High-resolution TEM image of pure CeO2 nanorods. (c) Fast Fourier transforms (FFT) of the selected area
marked with a red square of pure CeO2 marked in panel b. (d) Large scale TEM image of nanocomposite 15.0 wt % NiO/CeO2 particle. (e) High-
resolution TEM images of postreaction nanocomposite 15.0 wt % NiO/CeO2 particle. (f) Fast Fourier transforms (FFT) of the selected area marked
with a white box of the postreaction nanocomposite 15.0 wt % NiO/CeO2 particle in panel e.
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of active surface oxygen species bonded to Ni cations. These
oxygen atoms are different from the original surface lattice
oxygen atoms of pure CeO2 due to the smaller radius and
different oxidation state of Ni2+ compared to Ce4+. The
unbalanced charge and lattice distortion occurring in the CeO2
lattice gives rise to the shoulder. The low reduction
temperature of the oxygen atoms at the interface of NiO and
CeO2 suggests these interfacial oxygen atoms have a high
activity. As reported in literature that the active oxygen species
played an important role in alkane oxidation,52 the active
oxygen species formed at the interface of NiO and CeO2 may
lead to an easier oxidation of CH4.
Based on the observed structure of the catalyst, the

asymmetric β peak at 246 °C was attributed to the reduction
of NiO nanoclusters supported on the CeO2. Similarly, the
peak at 760 °C of 15.0 wt % NiO/CeO2 (red spectrum in
Figure 4a) can be attributed to the reduction of CeO2 to
Ce2O3. Thus, the H2-TPR results of the three catalysts suggest
the incorporation of some Ni2+ cations of NiO into the surface
lattice of CeO2 at the interface of NiO and CeO2 and high
activity of the oxygen atoms at this interface.
Catalytic Activity and Kinetic Study. To explore the

potential synergetic effect between NiO and CeO2, catalytic
performances of the three catalysts, NiO/SiO2, CeO2 and NiO/
CeO2 were studied under the same catalytic conditions and
WHSV. Conversions of CH4 through complete oxidation on
the three catalysts (100 mg of CeO2, 100 mg of 15.0 wt %

NiO/SiO2 and 100 mg of 15.0 wt % NiO/CeO2) as a function
of temperature over the range of 200−600 °C are plotted in
Figure 5. For 100 mg of 15.0 wt % NiO/CeO2 catalyst,

conversion of CH4 reached 12.3% at 400 °C, 74.6% at 500 °C,
and 98.5% at 600 °C, which were much higher than the
conversions of 4.3% at 400 °C, 25.9% at 500 °C and 72% at 600
°C with 100 mg of pure CeO2 catalyst. The increased
conversion shows that NiO plays a significant role in the
complete oxidation of methane on 15.0 wt % NiO/CeO2.
The conversion of CH4 on 15.0 wt % NiO/CeO2 was also

much higher than 15.0 wt % NiO/SiO2 in the temperature
range of 400−600 °C, suggesting that CeO2 plays an important
role in the catalysis, as well. The 50% conversion of CH4 on
15.0 wt % NiO/CeO2 was achieved at a temperature of 465 °C
(T50) at a WHSV of 18 000 mL·g−1·h−1 (Figure 5); however,
the T50 of 100 mg of pure CeO2 was as high as 555 °C under
the same WHSV. This indicates that NiO clearly participated in
the reaction and enhanced the activity of the CeO2 nanorods.
Notably, the above comparisons did not consider the number

of sites of these catalysts. To check whether there is an intrinsic
difference between NiO/CeO2 and NiO/SiO2 and between
NiO/CeO2 and pure CeO2, kinetics studies were performed on
the three catalysts. In all these kinetics studies, the conversions
of CH4 were controlled at 15% or less. Figure 6 is the Arrhenius
plots of 15.0 wt % NiO/CeO2, pure CeO2, and 15.0 wt % NiO/
SiO2. To make sure that the conversions of CH4 on all the
three catalysts were lower than 15% under the same WHSV,
the kinetics on the three catalysts were performed in three

Figure 3. TEM image of 15.0 wt %NiO/CeO2 catalyst nanoparticles
consisting of CeO2 nanoparticles with supported NiO nanocluster.
The interface is marked by the blue curve. The exposed surface of
CeO2 and NiO is (100) based on the spacing and orientation of the
lattice fringes. The size of the image is 20 nm × 20 nm.

Figure 4. H2-TPR profiles of pure CeO2 (black), commercial NiO (blue) and 15.0 wt % NiO/CeO2(red). (a) 100−1000 °C of the three catalysts.
(b) 100−400 °C of the 15.0 wt % NiO/CeO2.

Figure 5. Catalytic performance of 100 mg of pure CeO2 nanorod, 100
mg of 15.0 wt % NiO/CeO2 and 100 mg of 15.0 wt % NiO/SiO2 for
complete oxidation of methane. Weight hourly space velocity
(WHSV) was 18 000 mL·g −1·h−1, 100 mg catalyst.
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slightly different temperature ranges: 340−420 °C for the 15.0
wt % NiO/CeO2, 380−460 °C for pure CeO2, and 440−520
°C for 15.0 wt % NiO/SiO2. The apparent activation energies
calculated from the Arrhenius plots were 69.4 ± 4.0 kJ/mol for
15.0 wt % NiO/CeO2, 95.1 ± 5.0 kJ/mol for pure CeO2 and
98.4 ± 5.0 kJ/mol for 15.0 wt % NiO/SiO2. The nano-
composite catalyst 15.0 wt % NiO/CeO2 had the lowest
apparent activation barrier among the three, confirming the
synergistic effect between NiO nanoclusters and CeO2
nanorods for the oxidation of CH4.
Turnover Frequency of NiO/CeO2, Pure CeO2 and NiO/

SiO2 and Active Sites of NiO/CeO2. To further confirm the
synergistic effect of NiO and CeO2, turnover frequencies of the
three catalysts in terms of the number of converted CH4
molecules on each site per minute were calculated with the
conversion of CH4 in the kinetically controlled regime. The
number of converted CH4 molecules per 1 min on 0.100 g
catalyst can be calculated with eq 1 according to the number of
the fed CH4 molecules (NCH4

) per minute and the conversion

rate of CH4 (XCH4
) at a given reaction temperature.

= ×

= × × ×

N

N X

N
pV
RT

X0.1

number of converted CH

CH CH

A CH

4

4 4

4 (1)

where NA is Avogadro’s constant (6.022 × 1023 mol−1), p is the
pressure of the gas, R is the ideal gas constant, T is the
temperature of the gas and V is the partial volume of the fed
total gases that pass the catalyst in 1 min. V is calculated with
the equation: 10% CH4 × 20 mL/min × 1 L

1000 mL
. By

substituting NA, p, V, R and T into eq 1, Nnumber of converted CH4

can be calculated by eq 2.

= × ×N X5.01 10number of converted CH
19

CH4 4 (2)

Turnover frequency can be calculated by dividing
Nnumber of converted CH4

with the number of catalytic sites.
Turnover Frequency of Pure CeO2. Extensive TEM study

of postreaction CeO2 nanoparticles suggests the predominant
exposed facet is (100). Because the measured interplanar
distance of (100) is 0.27 nm, the atom density of Ce on the

CeO2 surface in terms of the number of Ce atoms per m2 is the
area occupied by each Ce atom of CeO2 (100)

ρ =

= ×
× −

6.69 10 Ce atom perm

Ce
2Ce atom each 2D unit cell

29.89 10 m of each 2D unit cell
18 2

20 2 . The measured surface area

(S) from BET characterization was 82.0 m2·g−1. The total
number of Ce sites (NCe) of 100 mg CeO2 can then be
calculated with eq 3.

ρ= × ×N S WCe Ce (3)

In eq 3, ρCe, S andW are the density of Ce atom of CeO2 (100)
in unit m−2, surface area in unit m2·g−1, and weight in unit g,
respectively. For 0.100 g of CeO2, the total number of Ce
atoms on the surface of CeO2 is 5.4858 × 1019. The TOF of
pure CeO2 can be calculated with eq 4.

=
N
N

TOFCeO
converted methane molecules

number of Ce atoms on surface
2 (4)

By substituting eq 2 and eq 3 into eq 4, the TOF of CeO2 can
be directly calculated from the conversion of CH4 obtained in
the kinetically controlled regime with eq 5

ρ
=

× ×
× ×

= ×
X

S W
XTOF

5.01 10
0.91CeO

19
CH

Ce
CH2

4

4
(5)

Using the conversion of CH4 on 100 mg of CeO2 at different
temperatures, TOFCeO2

was calculated with eq 5 and plotted in
Figure 7.

Turnover Frequency of 15.0 wt % NiO/SiO2. TEM
examination also revealed that the predominant exposed surface
of the postreaction NiO nanoparticles was (100). Thus,
NiO(100) was used to calculate the TOF of NiO/SiO2
nanoparticle catalyst. On the NiO(100) plane, the area of
each 2-D unit cell was calculated to be 17.67 × 10−20 m2. So,
the atom density of Ni on each m2 of NiO (100), ρNi is

= ×
× − 1.13 10 Ni atom per m2Ni atom each 2D unit cell

17.67 10 m of each 2D unit cell
19 2

20 2 .

From XRD, the size of NiO nanoparticles according to the
Scherrer equation was calculated as 14.6 nm. For convenience,
the morphology of the NiO nanoclusters was assumed to be a
nanocube for the calculations. For each nanocube, the exposed
surface area Aeach NiO NP is five times of the surface area of each
plane of a nanocube, 5 × (14.6 × 10−9 m)2 = 1.066 × 10−15 m2.

Figure 6. Arrhenius plots of complete oxidation of methane on
catalysts of pure CeO2, 15.0 wt % NiO/CeO2 and 15.0 wt % NiO/
SiO2. In terms of ln X, X is conversion of methane. Conversion of CH4
on these catalysts in all their corresponding temperature ranges in this
figure are lower than 15%.

Figure 7. Turnover frequencies (TOFs) of methane oxidation on 15.0
wt % NiO/CeO2 (red); pure CeO2 (black) and 15.0 wt % NiO/SiO2
(blue) measured in a kinetics-controlled regime.
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The number of Ni in each NiO nanocube can be calculated
with eq 6.

ρ= ×N Aeach NiO NC Ni each NiO NC (6)

.From eq 6, the calculated number of Ni atoms in each NiO
nanocube with size of 14.6 nm, Neach NiO NC is 1.21 × 104. In
0.100 g 15.0 wt % NiO/SiO2, the number of NiO nanocube
(Ncube) can be calculated with eq 7.

= =
×

N
W

W

W

V Dnumber of NiO NCs
NiO catalyst

NiO NC

NiO catalyst

NiO NC NiO (7)

For the 0.100 g 15.0 wt % NiO/SiO2, the calculated
Nnumber of NiO NPs is 7.23× 1014 upon substituting 0.015 g for
WNiO catalyst, 3.11 × 10−18 cm3 for VNiO NP, and 6.67g·cm−3 for
DNiO into eq 7. Thus, the total number of Ni atoms on the
surface of 0.100 g 15.0 wt % NiO/SiO2 can be calculated by
7.23× 1014 NiO NPs × 1.21 × 104 Ni atoms/NiO NP, which
yields 8.7483 × 1018 Ni atoms. Then, the TOF of 15.0 wt %
NiO/SiO2 can be calculated with eq 8.

=

=
× ×

N
N

X

N

TOF

5.01 10

NiO
converted methane molecules

number of Ni atoms on surface of NiO
19

CH

number of Ni atoms on surface of NiO

4

(8)

With eq 8, the TOF of 15.0 wt % NiO/SiO2 is 5.73 × XCH4
.

Turnover Frequency of 15.0 wt % NiO/CeO2. The active
site of the 15.0 wt % NiO/CeO2 system was assumed to be the
Ni site at the interface between NiO and CeO2. The interface is
schematically shown in Figure 8. The number of interfacial Ni

sites of per NiO cube supported on a CeO2 particle can be
calculated with eq 9.

=
−

N
Length of interface

Distance of Ni O bond

Number of Ni atoms at the interface of each NiO NP

(9)

The interfacial perimeter of a NiO nanocluster supported on
CeO2 is four times of the side length of a nanocube, 4× (14.6 ×
10−9 m). The length of a Ni−O bond is 2.012 × 10−10 m. Thus,
there are 277.8 Ni atoms at the interfacial perimeter of a NiO
nanocube and CeO2 particle. The total number of Ni atoms at
the interfaces of NiO nanocubes and CeO2 particles in 0.100 g
15.0 wt % NiO/CeO2 can be calculated with eq 10.

=

×

N

N

Ninumber of Ni atoms number of Ni atoms at the interface of each NiO NP

number of NiO NP (10)

From eq 10, the number of Ni atoms at the interface between
NiO and CeO2 was calculated to be 7.23 × 1014 × 277.8 =
2.008 × 1017. Thus, the TOF of 15.0 wt % NiO/CeO2 can be
calculated with eq 11

=

=
× ×

N
N

X

N

TOF

5.01 10

NiO
converted methane molecules

number of Ni atoms at interface
19

CH

number of Ni atoms at interface

4

(11)

The TOF values for different temperatures were calculated and,
as Figure 7 shows, the NiO/CeO2 catalyst has much more
higher TOF values than pure CeO2 and NiO/SiO2.

Catalytic Performance and Stability of NiO/CeO2
under Other Catalytic Conditions. In order to examine
what roles the CH4/O2 molar ratio, WSHV and addition of
water22,48,53−55 might play in the complete oxidation of
methane with 15.0 wt% NiO/CeO2, tests were conducted
under a range of reaction conditions. As displayed in Figure 9a,
when the molar ratio of CH4/O2 was changed from 1:5 to 1:2
(10 mL/min 10% CH4/Ar and 20 mL/min 10% O2) and the
WHSV remained at 18 000 mL/g/h, NiO/CeO2 exhibited the
same catalytic performance (the red and blue lines in Figure
9a). In addition, upon increasing the WHSV from 18 000 to
36 000 mL·g−1·h−1 while the CH4:O2 remained at 1:5, the
methane conversion decreased slightly to 96% at 600 °C (the
red and orange lines in Figure 9a). When the WHSV was
further increased to 100 000 mL·g−1·h−1 and the CH4:O2
remained at 1:5 (the dark cyan line in Figure 9a), the light-
off temperature of methane oxidation reaction on the catalyst of
15.0 wt % NiO/CeO2 shifted to a higher temperature and the
conversion of CH4 reached 98% at 700 °C. When the WHSV
was increased to 200 000 mL·g−1·h−1 (the pink line in Figure
9a), the light-off temperature further increased. Figure 9a
suggests that a change of WHSV can vary the light-off
temperature of the catalyst. A similar correlation between
WHSV and light-off temperature was demonstrated earlier by
Cargnello and co-workers in the complete oxidation of
methane on their modular Pd@CeO2 subunits on function-
alized Al2O3.

22,55

Water vapor is a significant portion of the actual exhaust of
combustion engines. Its partial pressure in the exhaust is 30
times that of the CH4. To evaluate the catalytic performance of
a catalyst in exhaust containing water vapor, water vapor was
introduced at a gas mixture ratio of CH4:O2:H2O:Ar at
1:2:30:27. Compared to the WHSV (18 000 mL·g−1·h−1) at dry
condition (ratio of partial pressures of CH4:O2:H2O:Ar at
1:2:0:27), the conversion of CH4 at wet condition decreased by
nearly 10% at 600 °C, as shown in Figure 9b. By increasing the
dosage of catalyst to 200 mg, the WHSV was decreased to 9000
mL·g−1·h−1. Compared to the WHSV at 18 000 mL·g−1·h−1

under wet condition (purple line in Figure 9b), CH4 conversion
was increased (dark cyan line in Figure 9b) when WHSV was
9000 mL·g−1·h−1.
The catalytic stability of 15.0 wt % NiO/CeO2 catalyst was

investigated at 500 °C in the mixture of 10 mL/min 10% CH4/
Ar and 20 mL/min 10% O2/Ar for 4 days. As shown in Figure
10, there was only minor change in the conversion of CH4 in
the first 24 h, suggesting that this catalyst exhibits a relatively

Figure 8. Schematic briefly showing activations of C−H of CH4 and
O−O of O2 and coupling between CHx species and atomic oxygen at
the interface of NiO/CeO2 on 15.0 wt % NiO/CeO2 catalyst.
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high stability over 1 day under high temperature treatment. It
decreased by 4.9% after 48 h. The deactivation could be due to
changes in surface structure and morphology at high temper-
ature during catalysis, as dynamic structural evolution of a
similar system, supported palladium−ceria core−shell catalysts,
has been reported in literature.56 Catalyst stability is a key
development issue for an industrial catalyst. The deactivation of
the catalyst by impurities in the exhaust gas must be considered.
For instance, H2O, sulfur, phosphorus or even boron can
largely deactivate a catalyst during complete oxidation of
methane of exhaust gas.57,58 The stability of our catalyst would
certainly need to be enhanced before the 15.0 wt % NiO/CeO2
could be commercialized. As the focus of this work is the

demonstration of the synergistic effect of NiO and CeO2 for the
complete oxidation of methane, we plan to explore how to
increase stability of the catalyst in subsequent studies.

In Situ/Operando Studies of Surface of the 15.0 wt %
NiO/CeO2 Catalyst during the Catalytic Process. The
surface of nanocomposite 15.0 wt % NiO/CeO2 catalyst
particles during catalysis was examined with the AP-XPS built
by the Tao group.59−61 Figure 11a,b,c,d are the photoemission
features of Ce 3d, Ni 2p, O 1s and C 1s, respectively, in the
temperature range of 150−500 °C under catalytic condition.
The photoemission features of Ce 3d consist of ten peaks. The
six peaks at 882.6, 889.0, 898.6, 900.9, 907.7 and 916.9 eV are
characteristic satellite peaks (v, v″, v‴, u, u″ and u‴) for Ce 3d
for the Ce4+ of CeO2. The other four peaks at, 880.6, 885.2,
899.2 and 904.0 eV, are characteristic satellite peaks of Ce 3d of
Ce3+ (vo, v′, uo and u′).42−47 As we can see from Figure 11a,
there is a deep valley located between v and v″ peak of Ce 3d of
Ce4+ in the 15.0 wt % NiO/CeO2 spectra in the temperature
range of 100 to 500 °C. This indicates a lack of v′ peak of Ce3+
in the 15.0 wt % NiO/CeO2 catalyst during catalysis; were Ce

3+

cations present, the valley should have been partially or even
fully filled. Larger proportions of Ce3+ yields a shallower valley.
The obvious lack of photoemission features between v and v″
peaks of Ce 3d of Ce4+ in Figure 11a suggests a lack of Ce3+ on
the NiO/CeO2 surface during complete oxidation of CH4.
In the Ni 2p spectra of 15.0 wt % Ni/CeO2 (Figure 11b),

peaks at 854.8 and 861.0 eV correspond to the main peak and
satellite peak of Ni 2p3/2 of NiO. The peak at 872.6 eV is

Figure 9. (a) Different weight hourly space velocity (WHSV) of 18 000 mL·g −1·h−1 (red line), 36 000 mL·g −1·h−1 (orange line), 100 000 mL·g −1·
h−1 (dark cyan line), 200 000 mL·g −1·h−1 (pink line) and stoichiometric ratio of O2/CH4 (2:1) (blue line) were used for complete oxidation of
menthane on 15.0 wt % NiO/CeO2 catalyst. (b) Wet condition [CH4:O2:H2O:Ar = 1:2:30:27] for complete oxidation of menthane on 15.0 wt %
NiO/CeO2 catalyst with different WHSV of 18 000 mL·g −1·h−1 (purple line) and 9000 mL·g −1· h−1 (dark cyan) was used for comparison with the
dry condition (blue line).

Figure 10. Stability test of 0.100 g 15.0 wt % NiO/CeO2 at 500 °C
(weight hourly space velocity of 18 000 mL·g −1·h−1).

Figure 11. Photoemission surface spectra of 15.0 wt % NiO/CeO2 with a 1:5 pressure ratio of CH4 and O2 reactants in the temperature range of
150−500 °C. (a) Ce 3d, (b) Ni 2p, (c) O 1s and (d) C 1s of 15.0 wt % NiO/CeO2 during catalysis.
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attributed to the main and satellite peak of Ni 2p1/2 of NiO
according to literature.62−65 The satellite peak of Ni 2p1/2 was
not collected owing to the overlap with the Ce 3d peaks of
CeO2.
The O 1s spectra are shown in Figure 11c. The major peak at

529.8 eV is attributed to the lattice oxygen at the surface region
of NiO and CeO2. A shoulder at 531.8 eV was clearly observed
across the whole temperature range of 150−500 °C. This
shoulder could be contributions from OH groups formed on
the surface of CeO2 or/and nonstoichiometric oxygen atoms
binding to the Ce3+ due to oxygen vacancies in CeO2.

66−70 As
discussed above, there is a lack of Ce3+ during catalysis. Thus,
the O 1s shoulder cannot be assigned to the nonstoichiometric
oxygen atoms; it is instead assigned to the OH groups. The
double peaks at 538.2 eV can be attributed to photoelectrons
generated from gas phase molecules of O2 around the catalyst
NiO/CeO2.

70−72 The observation of the O 1s peak of gas phase
O2 confirmed that the catalyst nanoparticles were in the gas
phase of reactants during AP-XPS studies.
A fundamental understanding of a catalytic reaction can be

achieved through computational studies. There are many
potential reaction pathways that computational studies could
propose, and in each of these possible reaction pathways their
intermediates and transition states are typically different.
Experimental observation of stable intermediates would greatly
assist the effective computational screening of possible reaction
pathways to find the one closest to reality. Here, the stable
intermediate is prepared to be a surface species that is formed
at a relatively low temperature. At this temperature, the
intermediate forms but cannot cross the activation barrier
leading to the next intermediate due to the relatively high
activation barrier (from the observed stable intermediate to the
next intermediate) and cannot cross the activation barrier of the
rate-determining step of this catalytic reaction. Thus, this
intermediate stays on the surface at a relatively low temper-
ature. Similarly, its intensity should decrease with increasing
reaction temperature, eventually disappearing as the inter-
mediates can overcome the barrier to form other intermediates
or products.
Infrared spectroscopy (IR) is an appropriate technique to

identity carbon-containing species; however, the significant
contribution of gas phase reactants to the signal makes
differentiation between adsorbed intermediate and gas phase
reactants very challenging, and thus the study of adsorbates
during catalysis likewise challenging. One compromise method
is to purge reactant gases after reaction and then examine the
surface adsorbates. Compared to in situ IR, AP-XPS allows the
identification of adsorbates on the surface when the catalyst
remains in the mixture of reactants. This is because the signal
from gaseous reactants is typically quite weak and possess very
different binding energies in an XPS spectrum, rendering them
readily distinguishable.
Using our home-built AP-XPS system, we studied the surface

chemistry of the NiO/CeO2 catalyst during catalysis to track
the evolution of stable intermediates formed at a relatively low
temperature. The C 1s spectrum was collected as a function of
temperature since a stable intermediate must contain carbon
atom(s). This was performed under 1 Torr O2 at 500 °C and in
the mixture of 0.2 Torr CH4 and 1 Torr O2 at 150, 200, 300
and 400 °C. As the Ce 4s photoemission feature is at about 290
eV, the photoemission feature of C 1s was shown as a
difference spectra. By taking the photoemission intensity of C
1s (in O2 at 500 °C) before the introduction of CH4 as a

reference, the difference spectra of photoemission features in
the energy window of 283.5−293 eV at 150 °C, 200, 300 and
400 °C were calculated (Figure 11d). As shown in Figure 11d1,
a carbon-containing species was observed at 150 °C. Its relative
intensity, A

A
C 1s

Ce 3d
plotted in Figure 11d1, increased when the

sample temperature was increased to 200 °C, then decreased at
300 °C before completely disappearing at 400 °C. The
positions of C 1s photoemission features at 150−300 °C
remained at around 285.3−285.8 eV. The observed evolution
of the intensity of C 1s photoemission features and
preservation of peak position were consistent with the typical
temperature-dependent evolution of an intermediate reaction
pathway. On the basis of existing reports in literature, we
deduce that the peak at 285.3−285.8 eV observed at 150−200
°C is the CH3 intermediate bound to a Ni cation.73−75

The evolution of C 1s photoemission features with increasing
catalyst temperature supports the formation of a stable
intermediate in the low temperature region around 150 °C
(Figure 11d1). For complete oxidation of methane on 15.0 wt
% NiO/CeO2, the intermediate can cross the energy barrier to
form the next intermediate or even product molecule when the
temperature increases. The identified temperature of trans-
formation of the stable intermediate at 300−400 °C by AP-XPS
in Figure 11d1 is consistent with the observed increase in
catalytic activity at 400 °C or so as shown in Figure 5. Notably,
this stable intermediate formed on NiO/CeO2 (H3C−Ni) is
different from the OCHO stable intermediate formed on the
surface of NiCo2O4 during the catalytic oxidation of methane.25

It is likely that the C−H of CH4 was activated on the Ni−O
species, forming a H3C−Ni− intermediate on the surface at
relatively low temperature. The formed CH3 could be further
activated to form CH2 or even CH species. The CHx species
could couple with surface lattice oxygen atoms to form CO2

and H2. H2 TPR studies suggest that oxygen atoms at the NiO/
CeO2 interface have high activity and thus participate into this
coupling between CHx and atomic oxygen. Figure 8 is a
schematic showing the reaction performed at the interface.

■ SUMMARY

A nanocomposite catalyst of 15.0 wt % NiO/CeO2 synthesized
through a two-step method exhibits notably higher activity than
pure CeO2 and 15.0 wt % NiO/SiO2 for the complete oxidation
of methane in the temperature range of 200−600 °C under the
same catalytic conditions. Kinetic studies show that the 15.0 wt
% NiO/CeO2 has the lowest apparent activation energy (69.4
± 4 kJ/mol) compared to pure CeO2 (95.1 ± 5 kJ/mol) or 15
wt% NiO/SiO2 (98.4 ± 5 kJ/mol). This distinct difference in
apparent activation barriers of these catalysts indicates that NiO
nanoclusters and CeO2 nanorods have a synergistic effect for
the oxidation of methane. The interface between NiO
nanoclusters and CeO2 nanorods was characterized with high-
resolution TEM. The formation of a stable H3C-like
intermediate bound to the Ni cation at a relative low
temperature was confirmed by the evolution of C 1s
photoemission features with increasing catalyst temperature
under reaction condition. This stable intermediate formed on
NiO/CeO2 is different from the OCHO intermediate formed
on NiCo2O4 catalysts and suggests that the complete oxidation
of CH4 on NiO/CeO2 follows a reaction mechanism different
from that of NiCo2O4.
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