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h of atomically dispersed Ni
species on CeO2 during low-temperature CH4/CO2

reforming†

Hui Wang, *a Yansu Hu,a Alexander Adogwa,b Ming Yang *b and Tong-Bu Lu*a

The ceria-supported nickel catalyst is a widely used benchmark for low-temperature dry reforming of

methane (DRM). Nonetheless, whether the atomically dispersed Ni species aggregates during the

reaction and which species boost the activity remains elusive. Herein, we designed a group of Ni/CeO2

catalysts ranging from single atoms to nanoparticles (NPs) by carefully increasing the Ni loading from 0.5

to 1.6 wt%. The actual Ni states were verified by a series of advanced characterizations. Through DRM

studies, characterizations of reaction-spent Ni species and carbon deposits, kinetics, and time-resolved

in situ infrared spectroscopy, we found that the atomically dispersed Ni species aggregate into clusters

or NPs upon contact with the DRM reactants, which is necessary for the DRM activity. These in situ

aggregated Ni species boosted the overall reaction with less carbon formation, while the reaction-spent

0.5Ni/CeO2 still retaining some single atoms produced more graphitic carbon during the reaction.
Introduction

Single-atom catalysts have opened a new dimension in hetero-
geneous catalysis and have attracted extensive attention since
2011.1,2 They maximize the utilization of supported metals by
shrinking required metals from nanoparticles (NPs) to atomi-
cally dispersed atoms on various supports.3,4 The supported
single atoms featuring unique chemical and physical properties
are supposed to be highly active and selective for numerous
heterogeneous reactions.5 The excellent reactivity and selectivity
have been veried in many oxidative reactions, such as CO
oxidation. However, in the presence of reductive reactants at
high temperatures, the metal-support bonds used to stabilize
the single atoms could break readily, resulting in a mixture of
single atoms, clusters, and NPs. This gives rise to the misun-
derstanding of active sites and reaction mechanisms.

Here, we chose the low-temperature dry reforming of
methane (DRM) as the object reaction to identify the active sites
from single atoms to NPs. DRM employs the abundant CO2 and
CH4 to produce syngas (CO and H2).6,7 The products with a low
H2/CO ratio can be directly used as the raw materials for
Fischer–Tropsch synthesis to obtain value-added liquid fuels
and energy chemicals.8,9 This is a cheap and promising route for
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urgent CO2 emission control. Almost three decades of studies
on DRM reaction have identied Ni catalysts as the most
promising candidate,6,7 but the strong endothermicity at high
temperatures and severe coke formation impeded its commer-
cialization. The recently prevalent DRM operation at lower
temperatures with ceria-based materials as supports for
oxidizing the generated carbon has sparked new prospects.10

In recent reports, Kawi and Gates demonstrated the reduc-
tion and agglomeration of isolated cationic platinum atoms on
ceria during the DRM reaction at 435 °C using operando X-ray
absorption (XAS) and infrared spectra.11 They found that the
formation of clusters or NPs is necessary for CH4 decomposi-
tion. However, similar studies and discussions on the widely
used benchmark Ni/CeO2 catalysts are still lacking. This is
because the lower contrast of Ni compared to Ce atoms renders
it fade in the aberration-corrected high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM)
images, making it difficult to distinguish atomically dispersed
Ni atoms. To date, whether single-atom Ni species exhibits
enhanced DRM activity compared to NPs on ceria, or whether
they aggregate during the reaction, remains unclear and even
sometimes debatable.

Herein, we designed a group of Ni/CeO2 catalysts from single
atoms to NPs by changing the Ni loading with strong electronic
adsorption method. Although the combination of aberration-
corrected HAADF-STEM and XAS cannot distinguish the
single-atom Ni species on ceria, diffuse reectance infrared
Fourier-transform spectroscopy using CO as a probe molecule
(CO DRIFTS) and H2 temperature programmed reduction (H2

TPR) with elaborate operation provide a clear demonstration of
the predominance of atomically dispersed Ni atoms on the as-
This journal is © The Royal Society of Chemistry 2024
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prepared 0.5Ni/CeO2. Through DRM studies, characterizations
of the reaction-spent Ni species and carbon deposits, kinetics,
and time-resolved DRIFTS, we found that the atomically
dispersed Ni atoms aggregate into NPs upon contact with DRM
reactants at 400 °C. These aggregated, exposed Ni NPs, are the
active sites for the DRM reaction, rather than the initial single
atoms.
Fig. 2 X-ray absorption spectroscopy (XAS) analyses. (a) Normalized
Ni K edge X-ray absorption near-edge structure (XANES) spectra and
(b) Fourier transform of extended X-ray absorption fine structure
(EXAFS) spectra of Ni K edge (phase corrected).
Results and discussion
Characterizations of as-prepared catalysts

Highly dispersed Ni species. The physical structure of the Ni/
CeO2 catalysts, including BET surface area and pore structure
(Fig. S1†), did not show any obvious discrepancy despite
different Ni loading. Only the cubic uorite structure of ceria
was detected in the XRD patterns (Fig. S2†), and the absence of
Ni or NiO signal indicates that all the Ni species are highly
dispersed and below the detection limit of XRD. XPS measure-
ments were conducted to analyze the chemical valence of Ni
species (Fig. S3†). Despite the gradually increasing Ni loading,
all Ni species present the oxidation state of +2 valence exclu-
sively (Fig. S3a†). Further, the categories and content of Ce and
O species are almost identical for all as-prepared catalysts
(Fig. S3b and c†), indicating that the characteristics of CeO2

support are not affected by the content of Ni loading.
The aberration-corrected HAADF-STEM images and EDS

mapping provided a more explicit demonstration of the highly
dispersed Ni species (Fig. 1, S4 and S5†). We did not observe
obvious NPs from HAADF-STEM images and EDS mapping,
even on 1.6Ni/CeO2 with the highest Ni loading. Noteworthy,
the loaded Ni has a lower Z2 value (Z = 28) than Ce (Z = 58),
making it difficult to observe in STEM images. Fortunately, EDS
mapping can recognize the signal of Ni species. Given that the
detection limit of EDS mapping is about 2 nm, the absence of
NPs in EDS mapping therefore excludes the presence of Ni NPs
(>2 nm) on the as-prepared catalysts.

We next performed XAS measurement on the two represen-
tative 0.5Ni/CeO2 and 1.6Ni/CeO2 catalysts to analyze the
chemical valence and coordination environment of Ni species
(Fig. 2, S6, Table S1†). The X-ray absorption near-edge structure
(XANES) results indicate the oxidation state of Ni atoms in both
samples (Fig. 2a), aligning well with XPS spectra (Fig. S3†).
Fig. 1 HAADF-STEM and EDS mapping for the as-prepared 1.6Ni/
CeO2 sample.

This journal is © The Royal Society of Chemistry 2024
Extended X-ray absorption ne structure (EXAFS) of 0.5Ni/CeO2

was not obtained due to its low Ni loading, while the analysis for
1.6Ni/CeO2 further conrmed the absence of Ni–Ni contact
(Fig. 2b, S6, Table S1†). Each Ni atom was surrounded by six
oxygen atoms with the Ni–O distance of 2.02 Å,12 even on 1.6Ni/
CeO2 catalyst with the highest Ni loading. At the distances of
3.03 and 3.13 Å, six Ce atoms are coordinated with the central Ni
atom. This demonstrates that most Ni atoms were atomically
dispersed or existed in oxidative clusters.13,14

Combining the XRD, XPS, HAADF-STEM with EDS mapping,
and XASmeasurements, we conrmed the high dispersion of Ni
species (<2 nm) in oxidation states for all the as-prepared
catalysts when the Ni loading increased from 0.5 to 1.6 wt%.
However, these benchmark characterizations for identifying
single-atom catalysts cannot give more elaborate differences in
the four catalysts due to the material particularity, i.e., atomi-
cally dispersed single atoms, NPs smaller than 2 nm (i.e., clus-
ters), or a mixture.

From single atoms to NPs. CO DRIFTS measurements were
meticulously performed on the four as-prepared catalysts to
further distinguish the differences in Ni species (Fig. 3). To
preserve the original states of Ni species, we only purged the as-
prepared catalysts at 500 °C in N2 to eliminate any possible
adsorbed H2O and CO2 molecules, without conducting any
reduction treatment before CO adsorption. Interestingly, no CO
adsorption was observed on 0.5Ni/CeO2 (Fig. 3a), but there is
a weak vibration at 1918 cm−1 on 0.8Ni/CeO2 aer CO purging
(Fig. 3b), attributable to bridged CO adsorption on metallic Ni
surface.15,16 For catalysts with Ni loading of 1.2 and 1.6 wt%, this
vibration peak became stronger and even emerged under the
CO atmosphere (Fig. 3c and d). We reason that the Ni single
atoms predominate on 0.5Ni/CeO2, with each Ni atom bonded
by O atoms and maintaining a long distance from each other.
This decreased the opportunity for aggregation. CO adsorption
on these single-atom Ni species is weak and prone to desorb at
30 °C.17

Pertaining to 0.8Ni/CeO2, some Ni species may exist as
oxidative clusters (<2 nm) and reside close to each other. These
small oxidative clusters could be reduced and may further
aggregate owing to their proximity to each other. Consequently,
CO adsorption on the metallic surface is observed at 1918 cm−1
J. Mater. Chem. A, 2024, 12, 23530–23540 | 23531
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Fig. 3 CO DRIFTS of as-prepared Ni/CeO2 samples. The CO
adsorption spectra in 1% CO/N2 and after purging with N2 for (a) 0.5Ni/
CeO2, (b) 0.8Ni/CeO2, (c) 1.2Ni/CeO2, and (d) 1.6Ni/CeO2 samples.
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(Fig. 3b). This adsorption becomes more prominent when the
Ni loading increases to 1.2 and 1.6 wt% (Fig. 3c and d), indi-
cating a higher surface density of oxidative clusters on the two
catalysts.

Further, we performed H2 TPR to analyze the specic states
of Ni species. As displayed in Fig. 4, there are two reduction
peaks at 320 and 490 °C on the Ni-free CeO2 support, assigning
to the reduction of surface and subsurface reactive oxygen,18,19

respectively. Aer Ni loading, these reduction peaks shied to
lower temperatures due to the strong interaction between Ni
species and ceria. The H2 consumption below 200 °C can be
attributed to the reduction of Ni species and their associated
Fig. 4 H2 TPR curves of ceria and the as-prepared Ni/CeO2 samples
with different Ni loading amount.

23532 | J. Mater. Chem. A, 2024, 12, 23530–23540
reactive oxygen.20–23 Specically, the peaks at 177 and 193 °C on
0.5Ni/CeO2 can be assigned to the reduction of Ni single atoms
and its associated surface reactive oxygen species, as indicated
by the corresponding CO adsorption analysis in Fig. 3. When Ni
loading increased to 0.8 wt%, a lower reduction peak emerged
at 148 °C, and it became the exclusive reduction peak on 1.2 and
1.6 wt% samples. Given the aforementioned characterizations
and analyses of Ni species, there are only Ni single atoms and
oxidative clusters (<2 nm) on these Ni/CeO2 catalysts. We
therefore assign the reduction peak at 148 °C to the depletion of
oxidative nickel clusters and their associated surface reactive
oxygen.

Based on the foregoing, the combined CO DRIFTS (Fig. 3)
and H2 TPR (Fig. 4) proles reveal that Ni single atoms are the
predominant species on 0.5Ni/CeO2. It becomes a mixture of Ni
single atoms and clusters on 0.8Ni/CeO2, while Ni clusters (<2
nm) predominate on 1.2Ni/CeO2 and 1.6Ni/CeO2 samples.
DRM catalytic activity

We evaluated the DRM reactivity of the four Ni/CeO2 catalysts
from 400 to 500 °C with equimolar CH4 and CO2 (Fig. 5 and
S7†). To explore the intrinsic evolution and catalytic perfor-
mance of the as-prepared Ni species, no pre-reduction was
performed before the reaction. When the reaction was run back
from 500 °C, the conversions of CH4 and CO2 improved
dramatically at 450 and 400 °C on 0.5Ni/CeO2 (Fig. 5a). This
phenomenon also recurred at 400 °C on 0.8Ni/CeO2 (Fig. 5b).
Nonetheless, the conversions remained basically identical on
the 1.2Ni/CeO2 and 1.6Ni/CeO2 catalysts during the ramping
and cooling process (Fig. 5c and d). Further, the 1.6Ni/CeO2

sample demonstrated good activity stability (Fig. S8†). Given the
different Ni species on these as-prepared Ni/CeO2 catalysts, it
indicates that the Ni single atoms on 0.5Ni/CeO2 and 0.8Ni/
CeO2 may have aggregated into clusters or NPs during the DRM
reaction. These aggregated clusters or NPs, rather than the
initial single atoms, boost the overall reaction.

To conrm this speculation, the 0.5Ni/CeO2 and 0.8Ni/CeO2

catalyst were pre-reduced at 400 °C in 10% H2 before the reac-
tion (Fig. 5e and f) and compared with the scenario without pre-
reduction. Intriguingly, the pre-reduced catalysts exhibited
better DRM reactivity, demonstrating that the aggregated clus-
ters or NPs are the active sites for DRM reaction. Almost no
activity improvement was observed on 0.8Ni/CeO2 at 450 °C
when running back or with pre-reduction (Fig. 5b and f). We
reason that this catalyst has a higher surface density of Ni
species in single atoms or clusters compared with the 0.5Ni/
CeO2, and this accelerates the aggregation process during
reaction or pre-reduction. More so, we prepared a lower Ni
loading sample 0.1Ni/CeO2, using the same protocol, which was
expected to have more stable and atomically dispersed Ni
species compared to the 0.5 wt% loaded counterpart.24,25

However, the 0.1Ni/CeO2 was inactive for DRM reaction from
400 to 500 °C (Fig. S9†), indicating that the aggregation into
clusters or NPs is necessary for DRM reaction.

Additionally, the H2/CO ratio is signicantly lower than 1
throughout the entire reaction from 400 to 500 °C (Fig. S7†) due
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 DRM catalytic performance comparisons of Ni/CeO2 catalysts with different Ni species. The CH4 & CO2 conversions comparison during
ramping and cooling evaluation for (a) 0.5Ni/CeO2, (b) 0.8Ni/CeO2, (c) 1.2Ni/CeO2 and (d) 1.6Ni/CeO2. The CH4 & CO2 conversions comparison
with and without pre-reduction before DRM reaction for (e) 0.5Ni/CeO2 and (f) 0.8Ni/CeO2. “400R” represents a pre-reduction at 400 °C in 10%
H2/N2 before DRM reactants flowed in. Reaction conditions: [CH4] = [CO2] = 1%, balanced with N2, contact time: 100 000 mL gcat

−1 h−1.
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to the side reaction of reverse water gas shi,7,26 which produces
CO and H2O using H2 and CO2.27,28 It is reported that this side
reaction prefers to occur on single-atom catalysts, or it would
generate methane on NPs.27 The lowest H2/CO ratio of 0.5Ni/
CeO2 among these catalysts suggests that there are still some Ni
single atoms present during the reaction. It is difficult to
aggregate all the single-atom Ni species with such low loading,
while improving the surface density of Ni atoms would benet
the aggregation.

It is worth noting that the dominated oxidative Ni clusters on
as-prepared 1.2Ni/CeO2 and 1.6Ni/CeO2 are not the active sites,
despite the similar catalytic performance during the ramping
and cooling process (Fig. 5c and d). For instance, with the 1.6Ni/
CeO2 catalyst, we recorded the catalytic activity changes at 400 °
C (Fig. S10†). There is a signicant reactivity difference between
the 1st minute and the subsequent period, indicating the status
of Ni atoms changes once they come in contact with the DRM
reactants. Specically, the originally oxidative Ni clusters are
reduced and aggregate under the DRM reactants, suggesting
that these original oxidative clusters are not the active sites for
DRM reaction.
Fig. 6 Ni 2p XPS spectra of reaction-spent Ni/CeO2 samples.
Ni species on reaction-spent catalysts

Various characterizations were performed on reaction-spent
catalysts to investigate the states of nickel aer reaction. The
diffraction peak of metallic Ni or NiO species was still absent in
XRD patterns (Fig. S11†), indicating that the aggregated NPs are
still below the detection limit of XRD. Moreover, the signal of
metallic Ni species was still absent in XPS (Fig. 6), with Ni2+ as
the exclusive species on all the reaction-spent catalysts. This
This journal is © The Royal Society of Chemistry 2024
may be because the metallic Ni species was oxidized upon
exposure to air. Despite the similarity of Ce(III) compared with
the as-prepared catalysts (Fig. S12a†), a great discrepancy in
oxygen species was detected aer the reaction (Fig. S12b†).
There are more O-III species at 532.8 eV on the reaction-spent
0.5Ni/CeO2 (26.4%, Fig. S12b†) attributable to adsorbed water
molecules.29–31 These H2O molecules were the product of the
reverse water gas shi side reaction which employs CO2 and H2

to produce CO andH2Omolecules27,28 and prefers to occur on Ni
single atoms.27 This conrms the presence of some Ni single
atoms on the reaction-spent 0.5Ni/CeO2, consistent with the H2/
CO results (Fig. S7†).
J. Mater. Chem. A, 2024, 12, 23530–23540 | 23533
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Fig. 8 Carbon deposition characterizations for reaction-spent Ni/
CeO2 catalysts. (a) TG profiles and (b) Raman spectra of reaction-spent
catalysts.
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Interestingly, the H2 TPR proles with similar reduction
peak features indicate that similar Ni NPs or clusters dominate
all the spent Ni/CeO2 catalysts (Fig. S13†). More so, we observed
some Ni NPs in the size of 5–7 nm even on the reaction-spent
0.5Ni/CeO2 by EDS mapping (Fig. 7a), although there are still
some highly dispersed Ni species in the visualization eld
(Fig. 7a and b). This veries that some Ni single atoms aggre-
gated into NPs during the reaction, while others may still be
below 2 nm, agreeing with our inference from the low H2/CO
ratio (Fig. S7†) and XPS results (Fig. S12b†).

Noteworthy, the dispersion of Ni species detected by CO
chemisorption was about 50% for all the reaction-spent
samples (Table S2†). The calculated average Ni species size
would be about 2 nm, according to the correlation between
particle size and dispersion (particle diameter (nm) z 1/
dispersion (%)).32,33 This is quite different from what we
observed in EDS mapping (Fig. 7). A possible reason is that the
deposited carbon covered some surfaces of the Ni NPs, leading
to fewer Ni sites available to adsorb CO.
Carbon deposition and elimination

We collected the four reaction-spent catalysts aer the DRM
elevating test for TG and Raman characterizations to analyze
the type and content of deposited carbon (Fig. 8). As displayed
in the TG curves (Fig. 8a), the slight weight loss in the
temperature range of 200 to 300 °C was due to the oxidation of
amorphous carbon,34,35 while the signicant loss ranging from
600 to 800 °C was assigned to the combustion of graphitic
carbon.35,36 In the Raman spectra (Fig. 8b), the peaks centered at
1342 and 1596 cm−1 were attributed to sp3 carbon atoms at
disordered sites and sp2 carbon atoms in graphic rings,37–39
Fig. 7 HAADF-STEM images and EDS mapping of reaction-spent
0.5Ni/CeO2 sample. (a) and (b) Are two representative observation
regions. (a) Shows obvious Ni NPs, and (b) displays well-dispersed Ni
atoms on the reaction-spent 0.5Ni/CeO2 sample.

23534 | J. Mater. Chem. A, 2024, 12, 23530–23540
respectively. Combining the coke signals from TG and Raman
characterizations, we found that the content of graphitic carbon
increased with the decline of Ni loading amount from 1.6Ni/
CeO2 to 0.5Ni/CeO2.

Given the analyses for Ni species in reaction-spent 0.5 and
1.6 wt% loaded Ni/CeO2 samples (see “Ni species on reaction-
spent catalysts” section), there are still some Ni single atoms
on the reaction-spent 0.5Ni/CeO2 sample due to its low Ni
density, while NPs dominates on the 1.6 wt% counterpart owing
to its high Ni loading amount. The signicant amount of
graphitic carbon on the reaction-spent 0.5Ni/CeO2 sample
suggests that the Ni single atoms may lead to increased carbon
deposition or are ineffective at carbon elimination. As we have
veried in other Ni catalysts supported by ceria-based mate-
rials,40 the carbon diffusion to be oxidized on smaller Ni species
may be more difficult than that on the larger ones. This would
cause a complete coke coverage and deactivation of Ni sites.

The reaction-spent 0.5 and 0.8Ni/CeO2 samples with more
coke aer DRM reaction in a xed-bed reactor were then char-
acterized by DRIFTS with N2 purging at room temperature
(Fig. 9a). Compared with the as-prepared counterparts, inverted
adsorption vibrations centering at 2012 and 1875 cm−1 were
observed on the reaction-spent samples. Given the fundamen-
tals of DRIFTS measurement,41 there must be something
adsorbing energy in this region of the infrared band. Consid-
ering they are reaction-spent samples, the possible adsorbates
would be the linear and bridged CO adsorption on 5–15 nm Ni
NPs,42,43 consistent with what we observed from the EDS
mapping (Fig. 7). Besides, the deposited carbon is another
possible adsorbate. When elevating the chamber temperature
with N2 purging (Fig. 9b), the intensity of the two inverted peaks
declined and became less obvious at 500 °C. Interestingly, the
inverted peaks reappeared and became stronger when cooled to
30 °C again. If CO is the exclusive adsorbate on Ni species, it
must have been desorbed completely at the high temperature of
500 °C and would not reappear upon cooling. Therefore, the
deposited carbon contributes to the inverted adsorption peaks.
Given the carbon oxidation function of surface reactive oxygen
from ceria,10,44 it can be deduced that the deposited carbon
would diffuse to interface and react with the reactive oxygen
during the elevating process. This would result in more Ni
atoms being exposed due to the elimination of carbon deposits,
This journal is © The Royal Society of Chemistry 2024
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Fig. 9 In situ DRIFTS study for reaction-spent 0.5Ni/CeO2 and 0.8Ni/
CeO2 samples. (a) Background comparison for as-prepared and
reaction-spent Ni/CeO2 catalysts. (b) CO adsorption and coke
evolution on 0.8Ni/CeO2 during temperature elevating process in N2.
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and the generated CO can reduce NiO species to metallic states.
These two factors result in increased and stronger CO adsorp-
tion when cooled down to 30 °C again.

Based on the foregoing, more atomically dispersed Ni atoms
on 0.5Ni/CeO2 resulted in more carbon deposition during DRM
reaction, and it is ineffective for carbon elimination unless
aggregated into NPs. The possible reason may be that when the
isolated Ni atoms come into contact with DRM reactants at
400 °C, the Ni–O bonds break easily, causing the Ni atoms to
migrate and aggregate. The long distance between each Ni atom
allows for more CH4 decomposition, producing more carbon,
which eventually covers the Ni sites. In contrast, on samples like
1.6Ni/CeO2, more Ni atoms can rapidly aggregate into NPs. The
generated carbon on these NPs would diffuse to the interface for
oxidation by the surface reactive oxygen. This facilitates the
carbon elimination process and therefore decreases the amount
of deposited carbon.
Fig. 10 Kinetic measurements of different Ni/CeO2 catalysts. TOF
measurements at different temperatures for (a) CO and (b) H2. Reac-
tion orders with respect to (c) CH4 and (d) CO2 at 440 °C. The TOFs
were calculated by dividing the overall reaction rate over the exposed
Ni atoms measured by CO chemisorption, and the apparent activation
energies for CO and H2 generation were labelled in (a) and (b).
Mechanism study

In previously reported DRM reaction mechanism,45,46 the reac-
tion takes place on ceria-based materials following a bifunc-
tional mechanism: CH4 would be activated on Me sites to form
This journal is © The Royal Society of Chemistry 2024
hydrogen and CHx intermediates, the surface reactive oxygen
converts the CHx species into CO and hydrogen, and CO2

adsorbed on the leover oxygen vacancies of the support to
produce CO and ll the vacancy. According to this mechanism,
coke formation is suppressed, and the CH4 is converted into CO
and H2 directly. However, carbon deposits occurred signi-
cantly on our ceria supported Ni-based catalysts.

To investigate the reaction mechanism and the discrepancy
of Ni species on the four Ni/CeO2 catalysts, we performed
kinetic measurements from 420 to 500 °C, ensuring heat and
mass transfer issues were avoided. Our turnover frequency
(TOF) based on the total Ni loading atoms is similar to the re-
ported DRM catalysts (Table S3†). As shown in Fig. 10a and b,
the four samples exhibited similar activation energy (Ea) values
for CO and H2 formation, 97 ± 2 and 126 ± 3 kJ mol−1,
respectively. These Ea values are highly consistent with other
reports.47 Further, the TOFs based on Ni dispersion are almost
identical at the same temperature, i.e., the reaction rates for CO
or H2 generation on every exposed Ni atom are identical. This
demonstrates that the exposed Ni atoms are the active sites for
DRM reaction, and the four Ni/CeO2 catalysts share the same
reaction mechanism.

We measured the reaction orders of CH4 and CO2 to further
understand the reaction paths (Fig. 10c and d). At 440 °C, the
reaction orders with respect to CH4 and CO2 are about 0.46 and
0, respectively. This suggests that the reaction rate is dependent
on the concentration of CH4, regardless of CO2. The CH4 rele-
vant steps, including CH4 decomposition and carbon elimina-
tion, would affect the reaction rate. The resulting carbon
deposits detected by TG, Raman, and DRIFTS (Fig. 8 and 9)
J. Mater. Chem. A, 2024, 12, 23530–23540 | 23535
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Fig. 12 Schematic for the evolution of atomically dispersed Ni species
during DRM reaction.
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suggest that the elimination of carbon may be the most chal-
lenging step for the whole DRM reaction.

To monitor the evolution of Ni species during the reaction,
we performed time-resolved DRIFTS experiments on 0.5Ni/CeO2

under DRM conditions. As displayed in Fig. 11a, when the DRM
reactants owed into the sample chamber at 400 °C, a weak CO
adsorption vibration centering at 2115 cm−1 attributable to CO
adsorption on Ni+ atoms48–50 emerged instantly (0.5 min). We
subsequently elevated the temperature from 400 to 500 °C, but
did not observe any other CO adsorption vibration except on the
Ni+ atoms at 2115 cm−1. Given the observed Ni NPs in the size of
5–7 nm from EDS mapping (Fig. 7), we assigned the vibration
mode at 2115 cm−1 to CO adsorption on the interfacial Ni+

atoms, i.e., the interface of Ni NPs and ceria support.
When the chamber was cooled down to 30 °C under the

mixed DRM reactants and products, the CO adsorption on the
four samples were almost identical (Fig. 11b). The vibration
mode centering at 2087 cm−1 was attributed to linear CO
adsorption on 1.1–1.8 nm NPs containing Ni0 and Ni2+

species,51,52 while the bands at 1965, 1878 and 1851 cm−1 were
Fig. 11 DRIFTS study under DRM conditions. (a) The initial evolution of
Ni species at 400 °C and the changes with temperature elevation. (b)
The Ni species comparison of the four Ni/CeO2 catalysts after DRM
reaction and cool down to 30 °C. Test conditions: [CH4] = [CO2] = 1%,
balanced with N2, elevate from 400 to 500 °C and cool down to 30 °C.

23536 | J. Mater. Chem. A, 2024, 12, 23530–23540
attributable to bridged CO adsorption on Ni0 NPs.15,52,53 The
discrepancy in Ni species size with that in Fig. 9 was resulted
from the difference in sample packing and reactants ow mode
between the xed-bed reactor and DRIFTS.

Why the vibration peaks at room temperature cannot be
observed from 400 to 500 °C during DRM reaction (Fig. 11)?
This may be because the CO adsorption on Ni atoms is quite
weak and prone to desorb at high temperatures.17 We can
observe CO adsorption on interfacial Ni+ atoms (2115 cm−1)
because the newly generated COmolecule needs to desorb from
these Ni+ atoms. That is, the deposited carbon would diffuse to
the interfacial Ni+ atoms and react with the interfacial reactive
oxygen to produce CO molecules. Alternatively, the CO2 mole-
cule would adsorb on the interfacial Ni+ and the oxygen vacancy
(aer the interfacial reactive oxygen is consumed) simulta-
neously,54 then produce another CO molecule. Therefore, the
newly formed CO molecules keep desorbing at the interfacial
Ni+ atoms. This is why we can only observe the vibration mode
at 2115 cm−1, even at high temperatures.

Based on the preceding, the Ni species would aggregate into
NPs upon contact with DRM reactants at 400 °C, but the single-
atom Ni with low surface density is difficult to aggregate and
prone to produce carbon, as displayed in Fig. 12. Kinetics study
and time-resolved DRIFTS under DRM reactions demonstrated
that the exposed Ni NPs are the active sites to boost the whole
reaction. The CH4 molecules would decompose to carbon and
hydrogen on the surface of these NPs,10,54 the generated carbon
diffuses to interfacial reactive oxygen for oxidation, and the
leover oxygen vacancy would be replenished by CO2. This
completes the reaction cycle. However, the difficulty in carbon
diffusion on smaller Ni species may impede its further oxida-
tion by the interfacial reactive oxygen, leading to coke accu-
mulation during the reaction.

Conclusions

In this work, we designed a group of Ni species from single
atoms to NPs on CeO2, and the actual states of Ni species were
veried by a series of advanced characterizations. Through
DRM studies, the characterizations for the reaction-spent Ni
species and carbon deposits, elaborate kinetics, and in situ
DRIFTS, we demonstrated that the exposed Ni NPs are the active
This journal is © The Royal Society of Chemistry 2024
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sites for this reaction. The reaction-spent 0.5Ni/CeO2, which
retained some single-atom Ni species under reaction condition,
experienced the most signicant graphitic carbon among the
four catalysts, indicating that the isolated Ni atoms may be
ineffective in carbon elimination during the low-temperature
DRM reaction. Our ndings would provide new guidance for
the coke-resistant catalyst design.
Experimental
Catalyst preparation

The Ni-free CeO2 support was synthesized by a coprecipitation
method.18 Specically, Ce(NO3)3 (99%, Rongruida, China)
solution with a specic concentration was instilled into the
aqueous ammonia (analytical grade, FUCHEN) under the
violent stirring at 30 °C. The molar ratio of Ce/OH was set to be
1 : 8. The Ce(III) was oxidized into Ce(IV) by the bubbled air ow
during precipitation process. Thereaer, the suspension was
maintained at 90 °C for 6 hours with continuous stirring. To
produce large pores, a certain amount of polyethylene glycol
4000 and glycine were added, followed by spray drying. Finally,
the fresh support was obtained by sequential calcination at
300 °C for 2 hours and 500 °C for 3 hours. The BET surface area
of ceria was 103 m2 g−1.

To obtain the uniform dispersion of Ni atoms, we loaded
different amounts of Ni atoms on ceria by a strong electrostatic
adsorption method with Ni(NH3)6Cl2 as precursor.55,56 The pH
of Ni(NH3)6Cl2 solution with different concentrations was tuned
by 25 vol% ammonia solution at room temperature, and the
nal pH was adjusted to be ∼10. Subsequently, an appropriate
mass of ceria was added into the above Ni(NH3)6Cl2 solution,
stirring at 70 °C for 3 hours. The resulting adsorbed solids were
ltered, washed with deionized water, and dried at 90 °C over-
night. The dried samples were calcined at 500 °C for 3 hours
again. The actual Ni loading amount was measured by the
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) as 0.5, 0.8, 1.2, and 1.6 wt% on ceria. These Ni/CeO2

samples are therefore designated as “0.5Ni/CeO2, 0.8Ni/CeO2,
1.2Ni/CeO2 and 1.6Ni/CeO2”, respectively. The reaction-spent
samples aer DRM reaction were postxed with “_spent”.
Material characterization

The specic surface area and pore structure were measured on
a Micromeritics ASAP 2460 instrument at −196 °C. The specic
surface area was calculated by the Brunauer–Emmett–Teller
(BET) method at P/P0 # 0.25, and the pore structure was
analyzed by the N2 adsorption–desorption cycle with Barrett–
Joyner–Halenda (BJH) model. There is a pretreatment at 300 °C
for 5 hours under vacuum to remove any adsorbates before
measurement. The X-ray diffractometer (XRD) patterns were
obtained on a Rigaku SmartLab 9 kW instrument (Japan),
employing Cu Ka radiation (l = 1.54178 Å) with a power setting
of 40 kV and 150 mA. During measurement, all samples were
scanned from 15 to 65° at the scanning rate of 10° min−1.

The X-ray photoelectron spectroscopy (XPS) was performed
on Thermo ESCALAB 250XI (Mervel Technology). The dominant
This journal is © The Royal Society of Chemistry 2024
C 1s peak was calibrated to 284.8 eV for all the tested samples.
All obtained spectra were analyzed by XPSPEAK using a Shirley
background.

Aberration-corrected high-angle annular dark-eld scanning
transmission electron microscopy (HAADF-STEM) images of as-
prepared Ni/CeO2 samples were obtained on a Titan Cubed
Themis G2 300 instrument equipped with a probe corrector.
While HAADF-STEM images of reaction-spent Ni/CeO2 samples
were obtained on Talos F200X. The energy dispersive spec-
trometer (EDS) element mapping was performed on the same
instrument with the corresponding HAADF-STEM images.

The X-ray absorption spectroscopy (XAS) was tested at the 12-
BM APS beamline with a 13-channel Ge detector in Argonne
National Laboratory. Both the transmission and uorescence
modes at Ni K edge were tested. The X-ray absorption edge
energy for Ni K edge was calibrated based on Ni foil. The X-ray
absorption near edge structure (XANES) spectra were processed
by Athena,57 and the extended X-ray absorption ne structure
(EXAFS) data was analyzed by Artemis.

The H2 temperature programmed reduction (H2 TPR)
measurements of as-prepared Ni/CeO2 catalysts were conducted
on an Autochem II 2920 equipment with TCD as detector. All
the samples were rst heated to 500 °C and held for 30 minutes
in 5% O2/N2 ow to get rid of any possible adsorbates. Subse-
quently, cool down to room temperature with N2 purging, and
switch to 10% H2/Ar ow when the temperature is stable. Aer
the TCD signal became steady, ramping to 900 °C at 10 °
C min−1 and recording the TCD signal at the same time. The
specic value of H2 consumption was quantied by testing
a certain amount of CuO standard with known purity. CO
chemisorption was conducted on the same equipment, and the
detailed procedure follows our previous protocol.18,58 Typically,
100 mg as-prepared or reaction-spent sample was pretreated in
Ar at 500 °C for 30minutes, followed by a reduction treatment at
400 °C in 10%H2/Ar for 30 minutes. Subsequently, cool down to
room temperature with Ar purging, and passivate Ce(III) sites by
CO2 adsorption. Aerwards, remove the excessive CO2 mole-
cules, inject 15 pulses of 5% CO into the carrier gas, and record
the CO signal by TCD. There was a one-minute delay aer every
CO pulse injection to blow away any weak CO adsorption
(usually physisorption). The ratio of Ni : CO was designed to be
1 : 1 to calculate the amount of exposed Ni atoms.35,59,60

Thermogravimetric (TG) analyses were performed on
a NETZSCH 209F3A instrument in 20% O2/N2 ow from 30 to
900 °C at 10 °C min−1. There was a delay at 150 °C for 30
minutes to get rid of any adsorbed H2O molecules. Raman
spectra were collected on HORIBA EVOLUTION (HORIBA Jobin
Yvon, France). All samples were excited from 500 to 3000 cm−1

by a 532 nm laser and scanned ve times consecutively. The
exposure time for each scan was 15 seconds.

The CO adsorption, in situ characterizations of carbon
elimination, and time-resolved DRM reaction by diffuse reec-
tance infrared Fourier-transform spectroscopy (DRIFTS) were
conducted on a Nicolet 6700 FTIR instrument. It was equipped
with a PIKE sample chamber and MCT/A detector. Every spec-
trum was collected at the resolution of 4 cm−1 on OMNIC
soware. For CO DRIFTS of as-prepared samples, there was
J. Mater. Chem. A, 2024, 12, 23530–23540 | 23537
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a pretreatment at 500 °C in N2 for 30 minutes to eliminate any
adsorbates, then cool down to 30 °C and collect background.
When the background spectrum is steady, ow in 1% CO/N2

and record the adsorption spectra until stabilization. Pertaining
to the in situ characterizations of the coke on spent catalysts
aer reaction in the xed-bed reactor, we packed the spent
samples into the chamber and collected the background spectra
at room temperature and elevated temperatures. When the
collection was nished at 500 °C, the chamber was cooled down
to room temperature instantly. For DRM DRIFTS, aer the
pretreatment at 500 °C, the sample chamber was cooled down
to 400 °C in N2, and the background was collected until the
spectrum became stable. Subsequently, the proportional DRM
stream ([CH4] = [CO2] = 1%, balanced with N2) owed in,
meanwhile, the spectra evolution was recorded for about 1
hour. Aerwards, the chamber was ramped to 450 and 500 °C to
further track the changes of Ni species. Finally, stop all the gas
ows and cool down to 30 °C with the spectra recording
unceasingly.
Evaluation of catalytic performance

The DRM catalytic performance was tested in a xed-bed
reactor. In a typical activity test, 30 mg sample diluted with
∼1 g quartz sand and sustained by quartz wool was placed in
the middle of the tubular reactor. A K-type thermal couple was
inserted into the center of the mixed sample and quartz sand to
monitor the temperature changes in real time. All samples were
pretreated at 500 °C for 30 minutes in N2 to remove any
remaining adsorbates. Next, cool down to 400 °C with an N2

purge. In the meantime, ow the DRM feed stream ([CH4] =
[CO2]= 1% balanced with N2) into other gas pipes bypassing the
reactor and detect online by a gas chromatography (PANNA, A91
Plus) until stabilization. When the DRM reactant concentration
reaches a steady state, it is switched into the reactor, detecting
the concentrations of CH4, CO2, CO, and H2 for about 1 hour
unceasingly. Aerwards, ramp to 450 and 500 °C with the same
treatment. Our gas chromatography is equipped with FID and
TCD detectors to improve its detection precision at low reactant
concentrations, and there is a CH4 converter before FID to
convert the low-concentration CO and CO2 gases. The conver-
sions of CH4 and CO2 during DRM reaction were calculated by
the following equations:

X ðCH4Þ ¼
�½CH4�in � ½CH4�out

�

½CH4�in
� 100%

X ðCO2Þ ¼
�½CO2�in � ½CO2�out

�

½CO2�in
� 100%

where [CH4] and [CO2] are the respective mole concentrations of
CH4 and CO2 in the feed stream, “in” and “out” denote the gases
owing in and owing out of the reactor.

Kinetic measurements were performed on the same set-up
using a microreactor. The steady-state reaction rates in the
temperature range of 420–500 °C were measured under the
kinetic regimes. To avoid the heat and mass transfer effects, we
23538 | J. Mater. Chem. A, 2024, 12, 23530–23540
adjusted the contact time from 200 000 to 600 000 mL gcat
−1 h−1

during the measurement. Further, the conversions of CH4 and
CO2 were both controlled below 20%. Turnover frequencies
(TOFs, s−1) of CO and H2 based on the exposed Ni atoms were
calculated according to the following equations:

TOFðNiÞCO ¼ F � ½CO�
22 400� 60�mcat �WNi � dispersion

58:7

TOFðNiÞH2
¼ F � ½H2�

22 400� 60�mcat �WNi � dispersion

58:7

where F, mcat, and WNi represent the ow rate (mL min−1), the
mass of catalyst in kinetic tests, and the loading amount of Ni,
respectively.
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