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ABSTRACT: In order to avoid the emission of CH4 into the air, catalytic
combustion of CH4 is a practical solution, but it is challenging to develop
efficient catalysts due to the inertness of CH4. Herein, Rh/CeO2 catalysts
with different Rh loadings were synthesized and compared. The catalytic
activities in CH4 oxidation were found to increase with an increase of Rh
loading. Thus, 0.3Rh/CeO2 (with 0.3 wt % Rh) and 2.0Rh/CeO2 (with 2.0
wt % Rh) were chosen as representatives to study the difference. It was found
that the Rh species exist as Rh single atoms with a valence of +3 in 0.3Rh/
CeO2, and there are RhOx nanoparticles showing the coexistence of Rh3+ and
Rhδ+ in 2.0Rh/CeO2. Theoretical calculations show that, in the CeO2-
supported RhOx nanoparticles catalyst, the band gap between the highest
occupied band orbital and the lowest unoccupied band orbital of CeO2 is
filled with the Rh density of state, while there remains a gap of ∼0.6 eV for
the single-atom catalyst. The smaller gap between the highest occupied band orbitals and the lowest unoccupied band orbitals makes
the RhOx nanoparticles more favorable for electron transfer than the single-atom catalyst, resulting in a lower energy barrier in C−H
bond activation and higher catalytic activity. This work provides a rationale for developing high-activity catalysts for CH4 oxidation.

1. INTRODUCTION
Methane (CH4), being a clean energy carrier, has been widely
used in natural gas vehicles, natural gas dual-fuel tankers, and
other energy fields. In practical applications, incomplete
utilization of CH4 will lead to the release of CH4 (a
greenhouse gas) into the air. Catalytic combustion is an
effective method to avoid the emission of CH4.

1−4 However,
CH4 is highly stable, and active oxygen species are needed for
CH4 combustion, so the catalyst needs to have excellent ability
for activating CH4 and O2 at low temperatures.
The breaking of the C−H bond is generally considered as

the rate-determining step of CH4 oxidation.
5 Noble metal

catalysts have been widely studied in CH4 oxidation due to
their special electronic state of the d-band and strong ability for
activating the C−H bond.6 In theoretical studies, Rh is the
most active metal for activating the C−H bond.7 In
experimental studies, Rh-based catalysts also show strong
CH4 activation ability and high catalytic activity in the
complete oxidation of CH4.

8−14 Therefore, it is meaningful
to study Rh-based catalysts in catalytic CH4 oxidation.
The oxygen activation ability of a catalyst is closely related to

the electron supply capacity of the catalyst to adsorb oxygen.15

Among various supports, CeO2 shows excellent redox
performance. The rapid transformation between Ce4+ and
Ce3+ renders the surface of CeO2 with abundant oxygen
vacancies,16,17 which is conducive to the generation of active

oxygen species. In addition, the strong metal-support
interaction between CeO2 and noble metals can stably bind
the active phase of the noble metal.18 Therefore, CeO2 is an
excellent oxide support in designing catalysts for CH4
oxidation.
Herein, Rh/CeO2 catalysts with different Rh loadings were

prepared, and the activity trend in CH4 oxidation as the Rh
loading increases was observed. 0.3Rh/CeO2 (with 0.3 wt %
Rh) and 2.0Rh/CeO2 (with 2.0 wt % Rh) were selected as
representative catalysts, and their geometric and electronic
structures were analyzed to explain the reasons for the
differences in catalytic performance.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. CeO2 nanorods were synthe-

sized by a hydrothermal method using Ce(NO3)3 as the
cerium source.19 1.562 g Ce(NO3)3·6H2O was dissolved into 9
mL of ultrapure water. An aqueous NaOH solution (CNaOH = 6
M, 63 mL) was transferred into a 100 mL Teflon bottle. The
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Ce(NO3)3 solution was added into the NaOH solution drop
by drop to obtain a suspension, and then the suspension was
stirred for 0.5 h. The Teflon bottle was placed into a stainless-
steel autoclave, and the autoclave was transferred to an oven
for heating at 100 °C for 24 h. The lavender precipitate was
washed with ultrapure water until the pH of the supernatant
was 7. The dark green product, obtained by further filtering,
was transferred to an oven for drying at 80 °C overnight to
obtain a light-yellow solid. After grinding, it was placed in a
muffle furnace, heated to 300 oC at a ramping rate of 2 °C
min−1, and then calcined at 300 °C for 4 h to obtain CeO2
nanorods.
Rh/CeO2 catalysts with different Rh loadings were prepared

by conventional wet impregnation. First, 1 g of CeO2 was
dispersed in 40 mL of ultrapure water, and an (NH4)3RhCl6
solution (4.03 mgRh mL−1) was added with a corresponding
volume to reach the desired Rh loading. The suspension was
stirred at 80 °C until it was dry. The obtained solid was dried
at 80 °C overnight, calcined in a muffle furnace at 400 °C for 4
h, and cooled for collection. The ramping rate before reaching
400 °C was 2 °C min−1. The Rh loadings of each catalyst are
given in Table S1.
2.2. Catalyst Characterization. All the samples used in

characterization (except for those used in ICP analysis) refer to
the powder catalysts collected after CH4 + O2 treatment at 800
°C, i.e., the catalyst (80−100 mesh, without adding Si3N4
particles) was transferred to a catalytic reactor (which is also
used in catalytic testing in this study), heated to 800 °C at a
ramping rate of 2 °C min−1 in 100 mL min−1 mixed gas
(composed of 50 ppm of CH4, 20 vol % O2, and balance Ar),
maintained at 800 °C for 1 h, and cooled down for collection.
The collected catalyst was grinded to fine powders in a agate
mortar.
X-ray diffraction (XRD) patterns were recorded on an X-ray

diffractometer (D8 Advance). The Rh loadings of the catalysts
were measured by inductive coupled plasma optical emission
spectroscopy (ICP-OES). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were
recorded by a transmission electron microscope (JEOL JEM-
2100F). Scanning TEM (STEM) images were recorded with
an aberration-corrected scanning/transmission electron micro-
scope (Hitachi HF5000), operated at 200 kV. X-ray photo-
electron spectra (XPS) were collected on a Kratos Axis Ultra
DLD system using a monochromatic Al-Kα X-ray source (hυ =
1486.6 eV). Spectra were all referenced to the C 1s peak with a
binding energy of 284.8 eV. Data analysis and processing were
undertaken using XPS Peak4.1 using Shirley-type background.
Diffuse reflectance infrared Fourier transform spectra
(DRIFTS) were recorded on a Fourier-transform infrared
(FTIR) spectrometer (Nicolet iS-50). The sample was first
pretreated at 300 °C in pure N2 (100 mL min−1) for 1 h, and
then cooled to 35 °C. Background data were collected after
pretreatment at 35 °C, and then the gas flow was changed to
1% CO/He (50 mL min−1) for 30 min until adsorption
saturation. Finally, the sample was purged in a N2 flow (100
mL min−1) for 20 min to remove physically adsorbed CO on
the sample’s surface. The CO-DRIFT spectra were obtained by
subtracting the background spectra. X-ray absorption (XAS)
data were recorded at room temperature in a transmission
mode using ion chambers at beamline BL14W1 of the
Shanghai Synchrotron Radiation Facility (SSRF) in China.
The data at the Rh K-edge were collected with a fixed exit

monochromator using a Si(311) crystal. The raw data were
analyzed using the IFEFFIT 1.2.11 software package.
2.3. Density Function Theory (DFT) Calculations. DFT

calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) with the projector augmented
wave (PAW) method20 and the Perdew−Burke−Ernzerhof
(PBE)21 functional under the generalized gradient approx-
imation (GGA).22 The kinetic energy cutoff was set as 400 eV.
Structure optimizations were finished until the force was lower
than 0.05 eV Å−1. The interaction between neighboring slabs
was eliminated by a large vacuum gap of 12 Å. A p(5 × 5)
surface slab containing three O−Ce−O layers was built as the
model constructure for the CeO2(111) surface. The top two
layers of the slabs were allowed to relax, and the bottom layer
was kept fixed to mimic the bulk region. A k-point mesh of 2 ×
2 × 1 was adopted for Brillouin-zone integrations.23 The U
value to describe the localized 4f orbitals of Ce was set as 5.0
eV.24,25 Rh6O12 nanoparticles on CeO2(111) and Rh single
atoms coordinating with four oxygen atoms over CeO2(111)
were constructed to simulate Rh6O12/CeO2 and Rh1/CeO2.
2.4. Catalytic Evaluation. The conversion curves of the

samples were tested in a quartz glass fixed-bed flow reactor. A
100 mg catalyst (80−100 mesh) was diluted with 300 mg of
Si3N4 particles. The mixture was transferred to the catalytic
reactor, heated to 800 °C at a ramping rate of 2 °C min−1 in
100 mL min−1 mixed gas (composed of 50 ppm of CH4, 20 vol
% O2, and balance Ar), maintained at 800 °C for 1 h, and
cooled down, without being taken out. The sample was then
treated at 300 °C in a N2 flow (100 mL min−1) for 30 min and
cooled down. Pure CeO2 pretreated in N2 at 300 °C (without
being pretreated in CH4 +O2 at 800 °C) was tested for
comparison.
The experimental feed gas was composed of 50 ppm of CH4,

20 vol % O2, and balance Ar, and the total flow rate was 100
mL min−1. The catalyst was heated from 30 to 800 °C at a
ramping rate of 2 °C min−1. Data were collected by an online
gas chromatograph (Agilent 7890A) equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD). A detailed schematic diagram of the testing device for
catalyst evaluation is shown in Figure S1.

3. RESULTS AND DISCUSSION
Using CeO2 nanorods as the support, Rh/CeO2 catalysts with
different Rh loadings were prepared and tested in CH4
oxidation. As shown in Figure 1, the activities of Rh/CeO2
catalysts gradually increase with the increase of Rh loading, and
the data show good repeatability (Figure S2). The conversion

Figure 1. Conversion curves of CH4 over Rh/CeO2 (pretreated in
CH4 + O2 at 800 °C) with different loadings.
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of CH4 on Rh/CeO2 with Rh loadings of 0.3, 0.5, 1.0, 1.4, and
2.0 at 450 °C is 2.7, 4.8, 13.4, 35.7, and 71.4%, respectively,
and the corresponding specific rates, calculated according to
the actual Rh loadings determined by ICP (Table S1) are 1.2,
1.3, 1.9, 3.6, and 5.0 mmolCH4 gRh−1 h−1, respectively (Table
S2). CeO2 can stabilize single Pt,

26 Pd,27 and Rh28 atoms, and
the capacity for loading Rh single atoms on the current CeO2
support is estimated to be 0.7 wt % (Note S1). Thus, 2.0Rh/
CeO2 containing 2.0 wt % Rh is supposed to contain
nanoparticles since the Rh loading far exceeds the threshold
value.29 Next, we selected 0.3Rh/CeO2 and 2.0Rh/CeO2 with
Rh loadings below and above the threshold value for a detailed
study.
The XRD pattern of CeO2 shows the cubic structure of

CeO2 (Figure 2), and the peaks at 2θ = 28.5°, 33.1°, 47.5°, and

56.3° represent the (111), (200), (220), and (311) planes,
respectively. Rh/CeO2 catalysts maintain the cubic CeO2
structure, and no Rh species can be observed, indicating that
Rh species are highly dispersed. The introduction of Rh on
CeO2 can make the (111) peak shift to a higher 2θ angle. This
change is due to lattice shrinkage caused by the incorporation
of Rh atoms with a smaller atomic radius into the CeO2 lattice.
The morphology of CeO2 is observed by HRTEM images.

CeO2 has a rod-shaped morphology (Figure S3), and the
fringe distance of the CeO2 nanorods is 3.1 Å (Figure 3A),
indicating that the CeO2 nanorods mainly expose the (111)
surface. Crystal lattices representing (−110) and (111) can be
observed at the port of the nanorods (Figure 3B), indicating
that the port growth direction is (11−2). In the STEM image
of 0.3Rh/CeO2, a lattice spacing of 0.31 Å is also observed
(Figure 3C), and no Rh nanoparticles are observed (Figure
S4). On the thinner substrate, by detecting the intensity in the
selected range, some spots with intensity changes (marked
with yellow circles in Figure 3D) may possibly represent the
existence of Rh single atoms. Meanwhile, the presence of Rh
nanoparticles can be obviously observed in the STEM images
of 2.0Rh/CeO2 (Figures 3E and S5), and the measured lattice
distance of the Rh nanoparticles is 2.2 Å, which is characterized
by the crystalline phase of Rh2O3 (Figure 3F). The average size
of the counted Rh nanoparticles is about 1.8 nm (Figure S5).
The support lattice spacing is 3.1 Å, indicating that Rh
nanoparticles are loaded on the CeO2 (111) surface.
We carried out CO adsorption DRIFT tests. As shown in

Figure 4, CeO2 does not generate obvious peaks ascribed to
adsorbed CO. 0.3Rh/CeO2 shows obvious peaks at 2015 and
2083 cm−1, ascribed to the asymmetric vibration peak and

symmetric vibration peak of Rh(CO)2, respectively.
30 These

two peaks are always observed for single Rh atoms or small Rh
clusters.31 In addition to the above two peaks, 2.0Rh/CeO2
also shows a weak shoulder peak at 2060 cm−1 and a wide peak
at 1800−1900 cm−1, ascribed to the linear adsorption peak of
Rh-CO32 and the bridge adsorption peak of Rh2(CO),

31

respectively. The existence of the latter two peaks can be used
as a direct evidence for the existence of Rh nanoparticles.30

According to the bond angle formula of the infrared
spectrum, the angle between two CO molecules can be
calculated by using the area ratio of the asymmetric vibration
peak (Aasym) and the symmetric vibration peak (Asym)

33

(Figure S6). When the Rh species exist as single atoms, the
angle between the two CO molecules (2α) is close to 90°.31,34
By integral statistics, the ratio of Aasym/Asym on 0.3Rh/CeO2 is
0.98, and the corresponding 2α angle is 89°. The DRIFT data
of 0.3Rh/CeO2 show the absence of the bridge adsorption
peak of Rh2(CO), and the presence of two adsorption peaks of
Rh(CO)2, with an angle of ∼90° between two CO molecules,
indicates the presence of Rh single atoms on 0.3Rh/CeO2. In

Figure 2. XRD patterns of Rh/CeO2 catalysts (collected after CH4 +
O2 treatment at 800 °C) with different loadings. The XRD pattern of
CeO2 calcined at 300 °C is shown for comparison.

Figure 3. (A,B) HRTEM image of CeO2. (C,D) STEM-ADF
(annular dark field) images of 0.3Rh/CeO2 collected after CH4 + O2
treatment at 800 °C. (E) STEM-SE (secondary electron) and (F)
STEM-ABF (annular bright field) images of 2.0Rh/CeO2 collected
after CH4 + O2 treatment at 800 °C. The scale bar is 2 nm in parts A
and C, 5 nm in part E, and 1 nm in parts B, D, and F.

Figure 4. CO-DRIFT spectra of 2.0Rh/CeO2 and 0.3Rh/CeO2
collected after CH4 + O2 treatment at 800 °C. The spectrum of
CeO2 calcined at 300 °C is shown for comparison.
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the DRIFT data of 2.0Rh/CeO2, the coexistence of bridge
adsorption peaks and geminal adsorption peaks indicates that
there are not only Rh nanoparticles but also Rh single atoms or
small Rh clusters in 2.0Rh/CeO2.
In order to study the cause of the change in catalytic activity,

we investigated the electronic structures of 0.3Rh/CeO2 and
2.0Rh/CeO2 using XPS. The Ce 3d XPS data are shown in
Figures 5A and S7. The proportions of the two groups of spin
orbits can be calculated according to the peak fitting
results.35,36 The Ce3+ contents in 0.3Rh/CeO2 and 2.0Rh/
CeO2 are 21 and 20%, respectively, showing a slight decrease
in Ce3+ content. Similarly, from the peak fitting results of O 1s
XPS (Figures 5B and S8), the proportions of chemisorbed
oxygen (Oβ)

37 in 0.3Rh/CeO2 and 2.0Rh/CeO2 are 47% and
30%, respectively, indicating that due to the existence of more
Rh species in the form of Rh2O3, the lattice oxygen content in
the catalyst is greatly increased, corresponding to the change of
Ce3+ content.
The Rh 3d XPS spectra of 0.3Rh/CeO2 and 2.0Rh/CeO2

were obtained. The binding energy of Rh 3d5/2 in 0.3Rh/CeO2
is around 309 eV, and no Rh0 peak is observed (Figure S9),
indicating that the Rh species is Rh3+ with a high oxidation
state.28,38 Two different Rh 3d5/2 peaks assignable to Rh3+ and
Rhδ+ (∼308 eV)39 can be observed in the Rh 3d XPS spectra of
2.0Rh/CeO2 (Figure 5C). The Rhδ+ species in 2.0Rh/CeO2 is
an intermediate valence between Rh3+ and Rh0. Rh species in
2.0Rh/CeO2 are predominantly Rh3+, which does not seem to
contradict the bridge adsorption peak observed in the CO−
DRIFT spectra, as similar to ones reported in previous
studies.31,40

In catalytic oxidation, CeO2, as the oxygen storager, will
undergo the transition between CeO2 and CeO2−x. The work
function (ϕ) data of CeOx at different stoichiometric ratios
show that the extreme work functions of CeO2 and CeO2−x are
about 5.8 and 4.1 eV, respectively.41 The work functions of
metallic Rh42 and Rh2O3

43 are about 5.4 eV. As shown in
Figure 5D, when the Ce and O contents in CeO2 are close to
the ideal stoichiometric ratio, electrons tend to transfer from
Rh to CeO2, electrons are stored in CeO2, and reactive oxygen
species are generated. While the work function of CeO2−x

formed after accepting electrons is significantly reduced,
electrons can be transferred from CeO2−x to Rh easily.
Therefore, in the Rh/CeO2 system, CeO2 can not only store
oxygen but also store electrons. The presence of partial Rhδ+ in
2.0Rh/CeO2 endows the RhOx nanoparticle with metallic
properties,44 which enables bidirectional electron transfer
between Rh and CeO2, that is, enhances electron transfer
between metal active sites and the support. For the
multielectron transfer process of CH4 oxidation, the enhance-
ment of electron transfer ability contributes to the acceleration
of the reaction.
The influence of the electronic structure of the active site on

catalytic activity was further studied by DFT calculations. First,
theoretical models of nanoparticles and single-atom catalysts
were constructed. Based on the HRTEM images of CeO2 and
STEM images of 0.3Rh/CeO2 and 2.0Rh/CeO2 in Figure 3,
the CeO2 support mainly exposes the {111} crystal surface, so
we choose the CeO2(111) surface as the substrate. According
to the STEM images and Rh 3d XPS spectra of 2.0Rh/CeO2,
the Rh nanoparticles in 2.0Rh/CeO2 exist in the form of
Rh2O3 nanoparticles. In order to simplify the calculation, we
first selected Rh6O9/CeO2(111) for analysis. The theoretical
size of Rh6O9 is about 1.0 nm, which is similar to the smallest
nanoparticle size of 0.9 nm observed in the STEM images
(Figure S5). We calculated the Bader charge of Rh atoms in
Rh6O9/CeO2(111), as shown in Figure S10. The six Rh atoms
can be roughly divided into two types: one type is the high-
valence Rh atom (Rh3+), and the other type is the low-valence
Rh atom (Rhδ+), which is consistent with the XPS results
(Figure 5C). However, in our study, we cannot rule out the
possibility that Rhδ+ is from another type of Rh single-atom
species in 2.0Rh/CeO2.
Since methane combustion occurs in an oxidizing atmos-

phere, we further considered different O-coordination
situations, from Rh6O9 to Rh6O12 structures, and calculated
the Bader charge of Rh atoms. As shown in Figure S10, there
are both some high-valence Rh atoms and some low-valence
Rh atoms in each structure. We further calculated the phase
diagram of each structure. As shown in Figure S11, Rh6O12
shows better stability, so we chose Rh6O12/CeO2(111) as the

Figure 5. (A) Ce 3d and (B) O 1s XPS spectra of 0.3Rh/CeO2 and 2.0Rh/CeO2. (C) Rh 3d XPS spectra of 2.0Rh/CeO2. (D) Electrons
transferred from Rh to CeO2 and from CeO2−x to Rh. Ce 3d XPS and O 1s XPS fitting data are normalized with the strongest peak value of the
origin spectrum. The binding energy of O 1s XPS of 2.0Rh/CeO2 in (B) is shifted by 0.38 eV toward the lower energy, based on 0.3Rh/CeO2. The
upper spectra in (A) and (B) are the total spectra of each sample, and the bottom spectra are the fitting peaks representing Ce3+ and Oβ,
respectively. Rh/CeO2 samples here refer to the catalysts collected after CH4 + O2 treatment at 800 °C.
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reference model for the CeO2-supported Rh nanoparticle
catalyst (Figure S12).
For the single-atom catalyst model, taking into account the

lattice shrinkage observed in Figure 2, we believe that Rh
atoms are doped into the CeO2(111) lattice. The XAS spectra
of Rh foil and 0.3Rh/CeO2 were measured, and we conducted
extended X-ray absorption fine structure (EXAFS) analysis
(Figures S13, S14 and Table S3). The shell with a distance of
2.03 Å and coordination numbers of ∼4.5 indicates that the
isolated Rh atoms were anchored on the four-fold oxygen-
terminated cavities. Therefore, we constructed the initial
theoretical model as shown in Figure S15. Compared with
the initial CeO2(111) surface, the oxygen vacancy formation of
the initial model decreased from 2.3 to 1.4 eV. At the same
time, combined with the presence of a large percentage of Oβ
in Figure S8, the Rh1/CeO2(111)-OV model containing an
oxygen vacancy structure is finally selected as the model of the
CeO2-supported Rh single-atom catalyst (Figure S15),
denoted as Rh1/CeO2, and its structure is consistent with
the EXAFS results (Table S3).
We calculated the total density of state (DOS) of the

Rh6O12/CeO2 and Rh1/CeO2 surfaces, from which we can
obtain the band gap (Δε) between the lowest unoccupied
band orbitals (LUBO) and the highest occupied band orbitals
(HOBO) of the catalyst.45 The results show that the total DOS
of Rh6O12/CeO2 and Rh1/CeO2 around the Fermi level
(Figure 6A). For comparison, it can be observed that the
LUBO and HOBO of Rh6O12/CeO2 are almost connected
near the Fermi level, with a gap of about 0 eV, while the gap of
Rh1/CeO2 is about 0.6 eV. According to front-band orbital
theory,46 a smaller Δε value is more conducive to electron
transfer in the reaction process and the activation of reactants,
resulting in higher catalytic activity. It can be seen from the

change of the gap between the LUBO and the HOBO that the
single-atom catalyst shows nonmetallic properties, while the
nanoparticle catalyst shows metallic properties. This difference
leads to a change of electron transfer ability of the catalyst,
resulting in higher catalytic activity for CH4 oxidation over Rh
nanoparticle catalysts.
In order to study the contribution of the Rh/CeO2 system to

the DOS of the LUBO and HOBO, the partial DOS of Rh, Ce,
and O for Rh6O12/CeO2 and Rh1/CeO2 were calculated. As
shown in Figure 6B, a large gap of ∼2.0 eV can be found
between the highest occupied state and the lowest unoccupied
state of the CeO2 support, and the Rh DOS essentially fills the
whole bandgap and contributes to the HOBO−LUBO region.
The results line well with the reported literature.47 The
unoccupied states of the CeO2 support are mainly located at
∼0.8 eV above the Fermi level, which can serve as electron
acceptors. In the region above the Fermi level, a high overlap
of the unoccupied states of Rh, O, and Ce can be observed. As
the LUBO of Rh nanoparticles accepts electrons from CH4,
these electrons can be transferred to the LUBO of CeO2 for
storage, thus accelerating CH4 oxidation and producing Ce3+.
When the electrons of Rh are transferred to O2 for activation,
the high-energy-level 4f1 electrons can also be easily transferred
to Rh nanoparticles, thus accelerating O2 activation. However,
in Rh1/CeO2, a large gap of ∼2.0 eV still exists between the
highest occupied state and the lowest unoccupied state of the
CeO2 support. The partial DOS of a Rh single atom does not
fully fill the gap, and there is a certain energy barrier required
in the bidirectional electron transfer process. Therefore, the
metallic properties of the Rh nanoparticle catalyst are mainly
contributed by the electron states of Rh nanoparticles near the
Fermi level. The synergistic effect of high-density Rh-occupied
states and the unoccupied states of Ce together promotes the
activity of catalytic CH4 oxidation, which cannot be provided
by single-atom active sites.
On the basis of the above, we calculated the first C−H bond

dissociation in CH4 on Rh6O12/CeO2 and Rh1/CeO2, that is,
the rate-determining step5,48 (Figure 7). First, the adsorption
of CH4 on the two surfaces is considered. The calculated
results show that the adsorption of CH4 is weak for the two
models, with reaction exotherms of 0.01 and 0.02 eV,
respectively. Then, the dissociation of CH4 at Rh6O12 and
Rh1 sites is considered to form Rh-CH3 and the O−H species.
The calculated energy barrier of the first C−H bond of CH4
dissociation on Rh1/CeO2 is 0.93 eV, while that on Rh6O12/
CeO2 is 0.77 eV, significantly easier to active CH4. Finally,
after the C−H bond breaks and steady state forms, the
enthalpy changes of this step on Rh6O12/CeO2 and Rh1/CeO2
are −1.21 and −0.78 eV, respectively. Based on Van’t Hoff
equation, the greater the enthalpy changes of an exothermic
reaction process, the greater the equilibrium constant of the
reaction, that is, the more the reaction trends to proceed in the
direction of the forward reaction. The differences of activation
energy barrier (−0.16 eV) and activation enthalpy change
(−0.43 eV) both indicate that Rh6O12/CeO2 has a stronger
activation capacity of CH4 and better ability of stable
dissociation products than Rh1/CeO2, which is conducive to
the subsequent reaction.
The objective of this research is to study the effect of Rh

loading on the performance of Rh/CeO2 catalysts. Although
the activity of 2.0Rh/CeO2 in this research is not as high as
some other nanoparticle catalysts reported9,12 (Table S4), our
results show that, in CH4 oxidation, the activity of CeO2-basd

Figure 6. (A) Calculated total density of states (DOS) of Rh6O12/
CeO2 and Rh1/CeO2 around the Fermi level together with the Δε
values. (B) Calculated partial DOS (PDOS) of the O, Rh, and Ce of
Rh6O12/CeO2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c00062
ACS Omega 2025, 10, 18682−18689

18686

https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00062/suppl_file/ao5c00062_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00062?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00062?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00062?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00062?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rh nanoparticles is higher than that of Rh single atoms. The
same trend was also reported in studies of Pd49,50 and Pt
catalysts45 in CH4 oxidation. It should be mentioned that this
trend does not apply to all reactions or all catalyst systems,
especially in reactions that require high selectivity. In the
selective oxidation of formic acid, a two-electron process
occurs on a titanium nitride-supported Pt single-atom catalyst,
which shows higher H2O2 mass activity than the traditional
four-electron process of the Pt nanoparticle catalyst.51 In CO2
hydrogenation, the methanol selectivity of the Pt single-atom
catalyst is higher than that of the Pt nanoparticle catalyst based
on different reaction paths.52 For the oxidation reactions, the
reaction rate of the multielectron process has higher require-
ments for the electron transfer rate. For example, in the
catalytic oxidation of benzene, the activity of Pt nanoparticles
supported on CeO2 is significantly higher than that of the Pt
single-atom catalyst.45 In CO oxidation, Rh nanoparticles,44 Pt
nanoparticles,53 and Ag nanoparticles54 supported on Al2O3
also show higher activity than the corresponding single-atom
catalysts. Similarly, the main conclusion in our work is that the
difference in the electronic state accompanied by the different
active sites leads to the difference in activity.

4. CONCLUSIONS
In this study, we compared the catalytic activities in CH4
oxidation of Rh/CeO2 with different Rh loadings. With the
increase of Rh loading (from 0.3 to 2.0 wt %), the catalytic
activities increase. 0.3Rh/CeO2 and 2.0Rh/CeO2 were selected
as representative samples. Combining STEM images and
DRIFT data, it could be deduced that 0.3Rh/CeO2 has Rh
single atoms, and 2.0Rh/CeO2 has both Rh single atoms and
RhOx nanoparticles. By combining the characteristic data and
theoretical calculations, we can conclude that the coexistence
of Rh3+ and Rhδ+ in RhOx nanoparticles and smaller band gaps
in frontier band orbitals render the CeO2-supported RhOx
nanoparticle catalyst more favorable for the electron transfer,
resulting in a lower energy barrier in the C−H bond activation

process and higher methane oxidation activity than the Rh
single-atom catalyst.
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