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ABSTRACT: Modulating the metal−support interfacial structure to achieve coke elimination is highly desired for low-temperature
CH4/CO2 reforming. Nonetheless, explicit effects of optimizing the supported metal size and catalyst support properties remain
convoluted and sometimes controversial. Herein, we designed different Pt−CeO2 interfaces by tuning the surface reactive oxygen
(SRO) from ceria and the in situ aggregated nanoparticle size developed from single-atom Pt as independent parameters.
Intriguingly, the often-emphasized nominal Pt size effect (0.3−10.5 nm) is secondary due to carbon deposition, while the catalyst
with a high SRO concentration exhibits outstanding reactivity. We demonstrated that the SRO from ceria corrects the nominal
supported metal size effect in controlling the low-temperature CH4/CO2 reforming reactivity. Specifically, in the Pt−Ox−Ce
interfacial microstructure, SRO oxidizes the deposited carbon as an oxygen reservoir, making interfacial Pt atoms remain active from
coke, and therefore determines the reactivity rather than the nominal Pt species size. In situ characterizations and theoretical studies
explained the reaction mechanism of SRO and carbon elimination. This work provides new insights for coke-resistant catalyst design
and the coke elimination mechanism.
KEYWORDS: surface reactive oxygen, particle size effect, interfacial reactivity, ceria, dry reforming of methane

1. INTRODUCTION
Dry reforming of methane (DRM, CH4 + CO2 ↔ 2CO + 2H2)
involves the utilization of the two most predominant
greenhouse gases as feedstocks for the production of low
H2/CO ratio syngas,1,2 a versatile building block for liquid
fuels and energy chemicals.3,4 Given its high endothermicity,
DRM typically requires an operating temperature higher than
800 °C,2,5,6 resulting in a high energy demand and rapid
catalyst deactivation. Besides catalyst sintering due to the high
reaction temperature, another common source of catalyst
deactivation during the DRM reaction is the severe coke
formation (carbon deposit) stemming from complete CH4
pyrolysis.2,7 The coke formation would cover the active sites
and even block the reactor at high temperatures,8,9 which
impedes the application of high-temperature DRM toward
industrialization.

The more recently developed DRM process operating at
lower temperatures sparked new prospects for reduced energy
consumption and less vulnerability to catalyst sintering.10,11

However, the carbon deposition problem still subsists. To
tackle the rebarbative problem, oxygen storage materials were
widely used to restrain coke formation or facilitate carbon
elimination.12−14 Typical oxygen storage materials, such as the
widely used ceria-based supports in numerous heterogeneous
reactions,15 are capable of the dynamic release and storage of
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the surface reactive oxygen (SRO) owing to the reversible
valence switch between Ce(III) and Ce(IV).16,17 The SRO
could react with the active coke to form CO and thereby
alleviate the carbon deposition.18,19 In the meantime, the SRO-
based supports can also anchor and disperse supported metal
species with reasonably small sizes, and the resulted metal
nanoparticles (NPs) have been reported to be unfavorable to
the nucleation and further growth of carbon deposits.20 This is
more effective on noble metals,2 such as Rh and Pt, although
the traditional noble-metal catalysts have shown better coke
resistance than the transition metals.

Hence, the enhanced reactivity and coke resistance of the
catalysts were generically attributed to the strong interaction
between the metal and supports; more precisely, an active
interfacial structure was supposed to catalyze the reac-
tion,13,21,22 such as M−O−Ce (M = Pt, Ni, etc.) for ceria-
supported catalysts. However, for the extensively used ceria-
based materials, can the often convoluted roles of supported
metal size and SRO from ceria be better deconvoluted under
reaction conditions to facilitate more spot-on catalyst designs?
Specifically, the question of whether the SRO serves merely to
assist the small metal NPs with carbon elimination or actually
plays a key role in controlling the low-temperature DRM
reactivity still lacks explicit answers in the literature.

Herein, we employed a group of texture-controlled Pt/CeO2
catalysts to answer the questions above through detailed
kinetics, characterizations, and density functional theory
(DFT) calculations. To ensure controlled growth of Pt NPs
in the pores of ceria supports without involving surfactants to
complicate the chemistry, single-atom Pt species on different
ceria supports were utilized as starting materials. We found that
these atomically dispersed Pt atoms on ceria aggregate into
NPs during the low-temperature DRM reaction as reported
previously,23 while the different ceria pore size managed to
regulate the final size of Pt NPs during the reaction as we
intended. More importantly, when the effect of Pt size is
measured against the SRO concentration in these controlled
catalysts as two fully decoupled tuning knobs, we show that the
Pt size effect (0.3−10.5 nm) becomes secondary in
determining the DRM reactivity at the Pt−Ox−Ce interface.
The SRO species with direct and indirect bonds to Pt sites play
a key role in carbon elimination and the subsequent Pt site
cleaning. Hence, higher SRO concentrations, as the primary
and foundational contributor, would govern the actual amount
of Pt atoms that stay carbon-deposit-free during the DRM
reaction and, hence, the reactivity of the interfacial Pt−Ox−Ce
structure for DRM reaction.

2. EXPERIMENTAL METHODS
2.1. Catalyst Preparation. The ceria supports were

synthesized by a classical precipitation method followed by a
spray drying treatment according to our previous work.24 A
cerium nitrate (99%, Rongruida, China) solution with a
concentration of 1.5 M was added into the diluted ammonia
(analytical grade, KEWEI) with a molar ratio of Ce/OH = 1:8,
and an air flow was bubbled into the suspension to oxidize the
Ce(III) into Ce(IV). Subsequently, the suspension was
maintained at 90 °C for 6 h under continuous stirring. To
tune the pore size, different pore formers such as citric acid,
polyethylene glycol 4000, and combinations of these in varying
contents were added separately into the ceria suspension
above. Finally, these mixtures were spray dried at 250 °C, then
calcined at 300 °C for 2 h and 500 °C for 3 h sequentially. The

smallest and largest pores were obtained and designated as
“CeO2-s” and “CeO2-l1”, respectively. CeO2-l2 was designed to
possess large pores and less SRO, which was achieved by
calcining CeO2-l1 at 700 °C for 5 h.24

The atomically dispersed platinum was loaded on these ceria
supports using a strong electrostatic adsorption method with
H2PtCl6 as the precursor,25 and the samples were denominated
as “Pt/CeO2-s, Pt/CeO2-l1 and Pt/CeO2-l2”, respectively. The
loading details are in high accordance with our previous
work.24 The actual Pt loading as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) is
about 0.3 wt % for all samples, while the residual chloride
concentration ranges from 70 to 90 ppm according to ion
chromatography analysis. Post-reaction samples in 1% and 10%
DRM reactants are designated as “Pt/CeO2-s_1%, Pt/CeO2-
l1_1%, Pt/CeO2-l2_1%”, “Pt/CeO2-s_10%, Pt/CeO2-l1_10%,
and Pt/CeO2-l2_10%”, respectively.

2.2. Material Characterization. The specific surface areas
and pore structures of all the samples were measured by
multiple-point N2 adsorption and desorption cycles at −196
°C on a Micromeritics ASAP 2460 instrument. The Brunauer−
Emmett−Teller (BET) method was applied to calculate the
specific surface area using 5 or 6 points for P/P0 ≤ 0.25. The
total pore volume was measured at P/P0 = 0.99, and the pore
distribution was analyzed by the desorption cycle with the
Barrett−Joyner−Halenda (BJH) model. All tested samples
were pretreated at 300 °C under vacuum for 5 h to remove any
adsorbed gaseous molecules before measurement. X-ray
diffractometry (XRD) was performed to analyze the crystal
structures of samples. The XRD patterns were collected on a
Rigaku SmartLab 9KW instrument. Cu Kα radiation (λ =
1.54178 Å) was used with a power setting of 40 kV and 150
mA. A scan rate of 2° min−1 with a 0.02° step size was adopted
when collecting patterns. The surface hydroxyls of optimized
ceria were characterized by Fourier transform infrared (FTIR)
spectroscopy. For a typical test, the sample was mixed with
KBr and pressed into self-supporting pellets. FTIR spectra
were recorded in the transmission mode at the resolution of 4
cm−1 on a Nicolet 6700 FTIR instrument with DTGS as the
detector. To exclude the influence from the adsorbed H2O
molecules, every sample was ramped to 300 °C and maintained
for 30 min in a N2 flow before spectra collection. We use the
pure KBr as the background spectrum to subtract the
redundant peaks.

The H2 temperature-programmed reduction (TPR) meas-
urement was conducted on ChemStar Quantachrome equip-
ment with a TCD as the detector. All of the ceria supports, as-
prepared and reaction-spent Pt/CeO2 catalysts were first
heated to 500 °C, maintained at this temperature for 30 min in
a 5% O2/N2 flow to remove any remaining adsorbates, and
subsequently cooled to and stabilized at room temperature
under pure N2 before switching to a 10% H2/N2 flow. After the
TCD signal in the 10% H2/N2 flow stabilized at room
temperature, the samples were heated to 850 °C at 10 °C
min−1 while recording the TCD signal. For reaction-spent
catalysts, we also combined mass spectrometry during the
whole testing process to obtain accurate composition analysis
for output gases. H2 consumption in the TCD signal was
quantified by testing a certain amount of CuO standard with a
known purity. CO chemisorption for both as-prepared and
reaction-spent catalysts was performed on a Micromeritics
Autochem II 2920 instrument with a TCD as the detector. The
detailed operation procedure follows our previous methods.24
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For reaction-spent catalysts, there would be a degassing
treatment at 300 °C with Ar purging for 30 min before
measurements. CO2 passivation for the Ce3+ sites was used to
rule out any possible contributions to CO adsorption,24,26−28

and an adsorption ratio of 1:1 was adopted for Pt/CO to
calculate the Pt dispersion.24,29

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of
as-prepared and post-reaction Pt/CeO2 samples were obtained
on a Titan Cubed Themis G2 300 instrument equipped with a
probe corrector. The corrector permits a high nominal
resolution in the HAADF mode, which can reach 0.06 nm at
300 kV. This nominal resolution is high enough to distinguish
Pt single atoms, small clusters, and nanoparticles (NPs) on the
surface of ceria supports. All samples were well-dispersed by
ultrasonication in ethanol, dropped on the ultrathin carbon
film, and dried in an oven before their operation was observed.
The scanning electron microscopy (SEM) images for ceria
supports were obtained on a HITACHI S4800 field emission
microscope. The pure ceria supports were stuck onto a carbon
tape and ejected with Au spray for about 2 min to make the
samples obtain good conductivity.

The X-ray absorption spectroscopy (XAS) experiments were
conducted at the 12-BM APS beamline with a 13-channel Ge
detector at Argonne National Laboratory. All samples were
tested in both transmission and fluorescence modes at the Pt
LIII 2p3/2 edge. The X-ray absorption edge energy for the Pt LIII
2p3/2 edge was calibrated to 11564 eV based on Pt foil in each
scan. Every data collection point was scanned five times
consecutively. The X-ray absorption near edge structure
(XANES) spectra were processed by Athena, and the extended
X-ray absorption fine structure (EXAFS) data was analyzed by
Artemis. The X-ray photoelectron spectra (XPS) were
collected on a Thermo ESCALAB 250XI instrument. The
dominant C 1s peak was calibrated to 284.8 eV for all the
tested samples. All of the obtained spectra were analyzed using
XPSPEAK software, and a Shirley background was used in data
processing.

Thermogravimetric analyses (TGA) were run on a
NETZSCH 209F3A instrument in an air atmosphere from
room temperature to 800 °C at a heating rate of 10 °C min−1.
There is a dwell time of 30 min at 150 °C to remove the
adsorbed H2O molecules in the sample. Raman spectra were
collected on a HORIBA EVOLVTION (HORIBA Jobinyvon,
France) instrument. All samples were excited by a 532 nm laser
in the range of 500−3000 cm−1, and each sample was scanned
three times with an exposure time of 15 s.

2.3. In Situ Experiments. The time-resolved in situ
DRIFTS experiment under DRM conditions was conducted on
a Nicolet 6700 FTIR instrument equipped with an MCT/A
detector. Each spectrum was collected at the resolution of 4
cm−1 on OMNIC software. To simulate the DRM reaction in
fixed bed reactors, all samples were first heated to 500 °C and
held for 30 min in a N2 flow to clean the sample surface. Next,
the sample cell was cooled to 400 °C in purging N2 until the
temperature and system became stable, then the background
was collected. Subsequently, the proportional DRM feed
stream ([CH4] = [CO2] = 1%, or 10%, balanced with N2, P = 1
atm) was admitted into the sample cell, and the spectrum
evolution was recorded for about half hour. Afterward, the
sample cell was heated to 450, 500, 550, and 600 °C in DRM
feed stream with changes in the infrared spectra recorded

consecutively, and all gases were switched off when the sample
was cooled to room temperature.

The in situ aberration-corrected HAADF-STEM imaging
was conducted on a Tian Cubed Themis G2 300 microscope
assembled with a DENSsolutions Climate S3 gas flow and
heating system, and the well-dispersed Pt/CeO2 sample would
be dropped on a DENSsolutons chip composed of two 30 nm
thick SiN windows. Following the pretreatment in a fixed bed
reactor, the sample would be purged in Ar at 500 °C and held
for 30 min, then cooled to 400 °C to image the real-time
catalyst states after DRM reactants ([CH4] = [CO2] = 1%,
balanced with Ar, P = 1 atm) were switched in. Afterward, the
chip would be heated to 500 and 600 °C to monitor the
further changes of Pt/CeO2 catalysts.

2.4. Reaction Tests and Kinetics. DRM catalytic
performances were evaluated in a fixed bed reactor. For a
typical reaction test, 100 mg of sample diluted with 1 g of
quartz sand was placed in the middle of the tubular reactor
with quartz wool at both ends, and a K-type thermal couple
was placed in the center of the mixture of the sample and
quartz sand for temperature monitoring. The reactor was first
heated to 500 °C in N2 at a heating rate of 10 °C min−1 and
maintained for 30 min to remove any remaining adsorbates.
Next, the reactor was cooled to 400 °C under purging N2.
Meanwhile, the DRM feed stream ([CH4] = [CO2] = 1%, or
10%, balanced with N2) was flowed into other gas pipes
bypassing the reactor and monitored online by gas
chromatography (PANNA, A91 Plus) until stabilization. To
improve the detection precision at low concentrations, our gas
chromatograph was equipped with both FID and TCD
detectors to detect the small amounts of CH4 and H2,
respectively. Further, a CH4 convertor using metal Ni as the
catalyst was also equipped to convert the small amount of CO2
and CO into CH4 before FID. When the concentration of
DRM gases reached a steady state, it was switched into the
reactor and maintained for about 1 h, and the concentrations
of CH4, CO2, CO, and H2 were analyzed by gas
chromatography continuously. Similar operations were carried
out from 400 to 600 °C. The carbon balance of all the catalysts
during the long-term activity test at all temperature points was
calculated by the following equation (eq 1):

=
[ ] + [ ] + [ ]

[ ] + [ ]
×Carbon balance

CH CO CO
CH CO

100%4 out 2 out out

4 in 2 in

(1)

where [CH4], [CO2], and [CO] are the respective mole
concentrations of CH4, CO2, and CO in the feed stream and
“in” and “out” represent the gases flowing in and flowing out
the reactor, respectively.

The conversions of CH4 (eq 2) and CO2 (eq 3) for each
sample were calculated as follows:

=
[ ] + [ ]

[ ]
×X(CH )

( CH CH )
CH

100%4
4 in 4 out

4 in (2)

= [ ] + [ ]
[ ]

×X(CO )
( CO CO )

CO
100%2

2 in 2 out

2 in (3)

Kinetic measurements were conducted with the same setup
but with a packed-bed flow microreactor (see the supplemental
discussion on pore diffusion in the Supporting Information,
pages 60−63). To determine the apparent activation energies
of H2 and CO formation, the steady-state rates in the
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temperature ranges of 420−480 and 500−560 °C were
obtained, respectively. The Pt/CeO2 catalysts were mixed
with quartz sand at a mass ratio of 1:10, and the gas hourly
space velocities of 240 000−600 000 mL gcat

−1 h−1 were used
to avoid the heat and mass transfer effects during the catalytic
reaction as confirmed by the calculation of Thiele modulus, φ.
Further, the conversions of CH4 and CO2 were controlled
below 20% to maintain a kinetic regime. To measure the
reaction rate orders, the concentrations of both CH4 and CO2
were adjusted between 0.1% and 2%, respectively. Turnover
frequencies (TOFs, s−1) of CO and H2 based on exposed Pt
were calculated according to eqs 4 and 5 as follows:

= × [ ]
× × × ×

F
m W

TOF
CO

22 400 60 (dispersion/195.1)CO
cat Pt

(4)

= × [ ]
× × × ×

F
m W

TOF
H

22 400 60 (dispersion/195.1)H
2

cat Pt
2

(5)

where F, mcat, and WPt represent the inlet flow rate (mL/min),
the mass of catalyst in kinetic tests, and the loading amount of
Pt, respectively.

2.5. Theoretical Calculations. All the density functional
theory (DFT) calculations were performed by employing the
Vienna Ab Initio Package (VASP) code.30,31 The electron−ion
interactions were described by the projector augmented wave

(PAW) method.32,33 We employed the Perdew−Becke−
Ernzerhof (PBE)34 and generalized gradient approximation
(GGA) methods for the exchange-correlation functional. The
plane-wave cutoff energy was set to 400 eV. To avoid the
artificial self-interactions between slabs, the surface slabs were
separated from their periodic duplicates by a vacuum layer of
15 Å. Grimme’s DFT-D3 methodology35 was also used to
describe the dispersion interactions. The Pt(111) model was
established by a p(4 × 4) periodicity in the x- and y-directions
and five atomic layers in z-direction. In all calculations for the
Pt(111) model, a 3 × 3 × 1 point in the Brillouin zone was
applied for k-point sampling, and the bottom two atomic layers
were fixed while the rest were allowed to fully relax. Pertaining
to the Pt(111)/CeO2 model, the CeO2(111) surface was
established with a p(3 × 3) periodicity in the x- and y-
directions and three stoichiometric layers in the z-direction.
Afterward, a simple Pt(111) model containing 10 atoms was
added on the surface. Spin-polarized DFT + U calculations
with the value of Ueff = 5.0 eV for Ce 4f atoms were applied to
correct the strong electron-correlation properties of CeO2.36

We used a 1 × 1 × 1 gamma k-point grid for Brillouin zone
sampling, and the bottom O−Ce−O layers were fixed while
others were allowed to fully relax during structural
optimizations and transition states searching. The TS
calculations were conducted using the climbing-image nudged
elastic band (CI-NEB) method.37,38 In all calculations, the

Figure 1. Schematics for the design of the two groups of Pt/CeO2 catalysts. (a) CeO2-s with small pores and a high concentration of surface
reactive oxygen (SRO). (b) CeO2-l1 with large pores and a similar SRO concentration to CeO2-s. (c) CeO2-l2 with large pores but half the amount
of SRO compared to CeO2-l1 (and CeO2-s). The first group of catalysts (a, b) have similar SRO concentrations but different pore sizes, whereas the
second group (b, c) includes two Pt/CeO2 catalysts with similar pore sizes but different concentrations of SRO. All were designed to have
atomically dispersed Pt atoms before the reaction.
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electronic energy was considered to be self-consistent when the
energy change was smaller than 10−5 eV. The force tolerance
was set to be 0.02 and 0.05 eV/Å for geometry optimization
and TS searching, respectively. Reaction energies and barriers
were calculated by two formulas: Er = E(FS) − E(IS) and Ea =
E(TS) − E(IS), where E(IS), E(FS), and E(TS) represent the
corresponding energies of the initial state (IS), final state (FS),
and transition state (TS), respectively.

3. RESULTS
3.1. Catalyst Design and Characterization. The

schematics for catalyst design are shown in Figure 1. We
load atomically dispersed Pt species on two groups of ceria
supports distinguishable by different SRO concentrations and
pore sizes. The first group of ceria-supported Pt catalysts

possess similar SRO concentrations but small and large pores
(Figure 1a and b), and the small pores are supposed to regulate
the size growth of Pt NPs under reaction conditions. The
second group possesses similar large pores but low and high
SRO concentrations to possibly regulate the aforementioned
carbon oxidation capacity (Figure 1b and c).

To begin with, we synthesized the ceria supports through
the combination of the spay drying technique and pore-
forming templates.39,40 The pore size, volume, and BET
surface area of these ceria supports were tuned by varying the
types and amounts of our optimized organic templates
(Figures S1−S4). Accordingly, we prepared spherical “CeO2-
s” and “CeO2-l1” with pore sizes centered at about 3.5 and 35
nm (Figures S5 and S6a and b), respectively. This group of
ceria supports contain similar concentrations and categories of

Figure 2. Morphological and structural characterizations of as-prepared ceria supports and two groups of Pt/CeO2 catalysts. (a, b) N2 adsorption−
desorption curves and the corresponding pore distribution curves for ceria supports and Pt/CeO2 catalysts. (c) H2 temperature-programmed
reduction (TPR) profiles and the corresponding quantification of SRO for the as-prepared Pt/CeO2-s, Pt/CeO2-l1, and Pt/CeO2-l2 catalysts. The
SRO concentrations were measured to be 685, 686, and 332 μmol per gram of Pt/CeO2 below 300 °C for as-prepared Pt/CeO2-s, Pt/CeO2-l1, and
Pt/CeO2-l2, respectively. (d−f) Aberration-corrected HAADF-STEM images for as-prepared Pt/CeO2-s, Pt/CeO2-l1, and Pt/CeO2-l2, respectively.
The atomically dispersed Pt single atoms are labeled with white circles, and the inset in (e) is the intensity analysis for the Pt single atoms labeled
by yellow arrows. (g) Normalized Pt L3 edge X-ray absorption near-edge structure (XANES) spectra and (h) Fourier transform of the EXAFS
spectra of the Pt L3 edge (phase-corrected) for the as-prepared Pt/CeO2-s, Pt/CeO2-l1, and Pt/CeO2-l2 catalysts. The light and open circles are the
corresponding fitted curves. (i) Pt 4f XPS spectra for the as-prepared Pt/CeO2 catalysts.
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SRO below 600 °C (Figure S6c and d). To obtain the second
group of ceria supports with a similar pore size (35 nm) but
different concentrations of SRO, calcination at a higher
temperature of 700 °C was performed on CeO2-l1 according
to our previous work,24 yielding another spherical sample
(Figure S5), “CeO2-l2”, with a similar large pore size but nearly
half amount of SRO relative to the CeO2-l1 (Figure S6, Table
S1).

Three catalysts (Pt/CeO2-s, Pt/CeO2-l1, and Pt/CeO2-l2)
were then prepared by loading highly dispersed Pt of ∼0.3 wt
% onto the three ceria supports through a strong electronic
adsorption method with a single-atom precursor.24,25 Despite
the different pore sizes, BET surface areas, crystallinities, and
SRO concentrations (Table S1), the strong electronic
adsorption method causes the platinum−ligand complex

anions to adsorb on any positively charged −O−Ce−OH2
+

surface sites as single-atom platinum complexes. Additionally,
the types and intensities of surface hydroxyls were charac-
terized to be similar on all the three ceria supports (Figure S7).
This ensures the similarity of the supported single-atom Pt
species.

The obtained Pt/CeO2 catalysts still retained their pore
structure discrepancies (Figure 2a and b, Table S2) with
typical IV physisorption isotherms.41 However, Pt/CeO2_s has
an H4 hysteresis loop, while it belongs to the H3 type for Pt/
CeO2_l1 and Pt/CeO2_l2. The reduction of SRO species
shifted to lower temperature below 300 °C on these Pt/CeO2
catalysts (Figure 2c), but the SRO concentrations remained
similar to those of the aforementioned Pt-free ceria samples
(Figure S6d, Table S1), indicating the introduction of Pt

Figure 3. DRM catalytic performances and the characterizations for the reaction-spent Pt/CeO2 catalysts. (a−d) CH4 and CO2 conversions in 1%
and 10% reactants ([CH4] = [CO2] = 1%, or 10%, balanced with N2 at the gas hourly space velocity of 30 000 mL gcat

−1 h−1). (e) Aberration-
corrected HAADF-STEM image and EDS mapping for Pt/CeO2-s_1%. (f) Representative aberration-corrected HAADF-STEM image for Pt/
CeO2-l1_1%. White circles and yellow squares are used to highlight the Pt single atoms and NPs, respectively. Metallic NPs with specific expanded
planes are also labeled with red lines. (g) Size distributions for Pt/CeO2 catalysts after the reaction in 1% and 10% reactants. This was counted over
200 observed platinum species from HAADF-STEM images. (h) Thermogravimetric profiles and (i) Raman spectra for the reaction-spent Pt/CeO2
catalysts in 1% and 10% reactants.
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species would barely change the content of SRO from ceria
supports. These catalysts were then further characterized for
the existing states of Pt species.

Notably, the different ceria supports did not have an impact
on the intrinsic electronic and structural properties of the Pt
species. The absence of any Pt-related peaks in the X-ray
diffraction (XRD) patterns (Figure S8) indicates that these Pt
species were highly dispersed and below the detection limit of
XRD, agreeing with the near 100% Pt dispersion (Table S2).
The actual structural identity of the highly dispersed Pt species
was then confirmed with aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The HAADF-STEM images of the as-
prepared samples (Figures 2d−f and S9) unambiguously reveal
the predominant existence of the Pt species on CeO2 as single
atoms. This atomic dispersion of Pt atoms is ascribed to the
low loading of ∼0.3 wt % and the intrinsically strong
interaction between Pt and CeO2.24,29,42

Further, X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) were performed to
characterize the chemical valence and coordination environ-
ment (Figures 2g−i and S10). The X-ray absorption near-edge
structure (XANES, Figure 2g) results for the Pt in all our
catalysts substantially differed from that for the Pt foil
reference but was almost identical to that for the Pt(IV)
reference. This suggests that the Pt species in the three Pt/
CeO2 catalysts, unlike metallic Pt NPs, were highly cationic
and most likely possessed the oxidation state of +4. Echoing
the XANES analyses, our XPS results (Figures 2i, S10a),
confirmed the exclusive existence of Pt(IV) species in the as-
prepared catalysts. The other XPS analyses (Figure S10b and
c) further confirm the high degree of similarity of the three
catalysts even in terms of Ce(III) and oxygen species.

Pertaining to the coordination environment, the extended X-
ray absorption fine structure (EXAFS) spectra were almost
identical for the three catalysts (Figure 2h), highlighting the
high level of similarity in the coordination environment for the
Pt species. The exclusive Pt−O coordination environment with
six nearby O atoms around the Pt atoms was verified by the
absence of Pt−Pt coordination at ≥2.5 Å (Figure 2h, Table
S3). This demonstrated the predominant existence of Pt single
atoms and PtOx clusters given the detection limit of
EXAFS.43,44 Fortunately, the combination with HAADF-
STEM gives an unambiguous conclusion that Pt species exist
predominantly as single atoms. Overall, the combined
characterizations of HAADF-STEM, XAS, and XPS unambig-
uously confirm that the three as-prepared catalysts possess
similar Pt species and that the overall local environment of the
catalysts are much the same. This essential common feature of
the starting materials enables us to focus the attention on the
possible impacts of the ceria supports’ SRO concentrations, the
pore-confined Pt species’ growth, and the overall interfacial
catalysis.

3.2. DRM Catalytic Performance and Pt Structural
Changes. We subjected the three catalysts to DRM reactions
in 1% and 10% reactants with equimolar CH4 and CO2 from
400 to 600 °C, maintaining each temperature point for about 1
h (Figures 3a−d and S11−S13). The lower reactant
concentrations of 1% and 10% were used because of the low
reaction temperature and the low Pt loading of 0.3 wt %
(Figures S14−S16). For the two reaction conditions (Figures
3a−d and S13), the two catalysts (Pt/CeO2-s and Pt/CeO2-l1)
with similar SRO concentrations but different pore sizes

exhibited highly similar catalytic activity in terms of the
conversions for CH4 and CO2 and H2/CO ratios. However, for
Pt/CeO2-l2 with a similar pore size but half amount of SRO of
Pt/CeO2-l1, the conversions were about half that of Pt/CeO2-l1
in the temperature range of 500−600 °C (Figure 3a−d).
Meanwhile, the similar activity below 450 °C resulted from the
large catalyst usage of 100 mg and the effects of heat and mass
transfer, which ensconced the intrinsic activity difference. The
performance trends suggest that the SRO concentration plays a
crucial role in shaping the DRM catalytic reactivity of the Pt/
CeO2 catalysts. Nonetheless, since DRM is well-known to be
strongly affected by the size of the supported Pt NPs, did the
small pore in Pt/CeO2-s fail to efficiently confine the Pt size
growth?

To answer the question, we characterized the reaction-spent
catalysts to gain insights into the possible origin of the different
DRM catalytic performances. Surprisingly, the pore size
discrepancy between the three catalysts was well preserved
after the reaction (Figure S17). The Pt-associated peaks were
still absent in XRD patterns (Figure S18), but Pt(0) species
were detected on all of the reaction-spent catalysts by XPS
spectra (Figures S19 and S20). Complementing the XPS
results, the electron microscope analyses of reaction-spent
samples (Figures 3e and f and S21−S32) confirmed the
presence of a mixture of Pt single atoms, clusters, and NPs, and
many of the NPs organized regular metallic planes. Further
analyses of the size distributions of Pt species (Figure 3g)
reveal a positive correlation between the pore size of the ceria
supports and the sintered Pt size. For the reaction tests in 1%
reactants and the Pt/CeO2-s catalyst with the maximum pore
size of 3.5 nm, all sintered Pt species were below 3.5 nm size,
with the majority centered at 0.3−3.5 nm, implying an effective
physical confinement effect on the Pt growth. Regarding Pt/
CeO2-l1 with equal SRO compared to Pt/CeO2-s but a
dominant pore size of 35 nm, the sintered Pt species centered
at 0.3−5.0 nm. Nonetheless, for Pt/CeO2-l2 with a similar
dominant pore size (35 nm) but the half SRO compared to Pt/
CeO2-l1, most Pt species grew to 1.0−8.0 nm. The sintered Pt
size distributions became more varied after the reaction test in
10% reactants (Figure 3g), where the majority of Pt species
grew to 0.3−3.5, 1.0−10.5, and 1.0−10.5 nm on Pt/CeO2-
s_10%, Pt/CeO2-l1_10%, and Pt/CeO2-l2_10%, respectively.
Given that the DRM catalytic activity is dependent on SRO
concentrations, the effect of various Pt species in the size of
0.3−10.5 nm becomes secondary for the reactivity.

Worth noting is that the statistical Pt size from HAADF-
STEM images is quite different from the averaged size
calculated from the Pt dispersion (Table S2). These calculated
average NP sizes (particle diameter (nm) ≈ 1/dispersion
(%)45,46) are much larger than those we observed from
HAADF-STEM images. This implies that some surface of the
Pt species has been covered by the deposited carbon, as
indicated by the carbon balance during the reaction (Figures
S33 and S34). Thermogravimetric (TG) and Raman analyses
(Figure 3h and i) for the reaction-spent catalysts gave clearer
evidence for the contents and types of deposited carbon. The
amorphous carbon was prominently detected on Pt/CeO2-
s_1% and Pt/CeO2-l1_1% via TG (Figure 3h, 160−260
°C47,48) analysis but exhibited a negligible Raman signal
(Figure 3i). Further, noticeable graphitic carbon (600−780 °C
in TG curves,48,49 D and G bands in Raman spectra50−52) was
detected on Pt/CeO2-l2_1% and all three catalysts after the
reaction in 10% reactants. The more severe carbon deposition
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in 10% reactants contributed to the lower number of exposed
Pt atoms and consequently the inferior catalytic performance
(Table S2, Figure 3a−d) compared with the 1% circumstance.

Based on the previous discussion, clusters and NPs are the
predominant Pt species after reaction, and they are partially
covered by the deposited carbon. The coke coverage makes the
effect of Pt NP size on reactivity become secondary. This
explains why the DRM catalytic activity appears to be
insensitive to the Pt size in the range of 0.3−10.5 nm but
dependent on SRO concentrations exclusively. According to
previous reports for Pt NPs supported on ceria-based supports,
the enhanced DRM reactivity originates from the active
interface between Pt NPs and ceria.22,53 Next, how does the
SRO concentration affect the Pt−CeO2 interface?

3.3. The Pt−Ox−Ce Interfacial Microstructure with
SRO as a Reservoir. We performed kinetic measurements to
quantify of active Pt sites during the DRM reaction (Figures 4a
and b and S35). The apparent activation energy (Ea) values for
CO and H2 generation are highly consistent with the
previously reported values.54,55 More so, comparison of the
turnover frequencies (TOFs) demonstrates that the intrinsic
activities of our catalysts rank highly among reported DRM
catalytic activities in literature (Table S4). Further, the inferior
TOFs of Pt/CeO2-l2 compared with Pt/CeO2-s align well with
the SRO concentration tendency, indicating the crucial role of
SRO species in controlling the reactivity. When the TOFs were
calculated based on the exposed Pt atoms (Pt dispersion), all

three Pt/CeO2 catalysts showed almost identical TOF values at
the same temperature (Figures 4a and b and S35), despite the
1% or 10% DRM reactants. This clearly corroborates that only
the exposed Pt atoms are the centers of the active sites, while
the other Pt species covered by coke would not participate in
the reaction.

Next, to analyze the catalytic contributions of the SRO
species in the reaction, the SRO concentrations of reaction-
spent catalysts were measured by H2-TPR coupled with a mass
spectrometer (MS) to analyze the complex products (Figures
4c and d and S36). For the reaction-spent catalysts in 1%
reactants, the small hump before 100 °C is attributed to the
depletion of SRO bonded to Pt NPs directly at the interface
(Figure 4c), which was supported by the exclusive output of
H2O in the same temperature region by MS analysis (Figure
4d). The Pt/CeO2-s_1% shows a lower reduction temperature
compared with the other two reaction-spent catalysts due to its
smaller NPs size. However, the SRO species directly bonded to
Pt NPs did not correlate with the previous ranking of SRO
concentrations: Pt/CeO2-s ≈ Pt/CeO2-l1 ≈ 2 × Pt/CeO2-l2
(Figure 2c). This indicates that the SRO directly bonded with
the interfacial Pt atoms is not the exclusive reactive oxygen
species catalyzing the reaction. Intriguingly, the previous SRO
versus activity ranking reappeared in the temperature range of
500−800 °C with intricate output gases (Figure 4c and d):
H2O, CO, and CO2. The H2O originates from the reduction of
SRO indirectly bonded to Pt NPs, and CO stems from the

Figure 4. DRM kinetics and the relationship analysis between active Pt atoms and SRO species. (a, b) Identical TOFs for generated CO based on
the exposed Pt surface in 1% and 10% reactants, respectively. The apparent activation energy (Ea) values are shown in the figure. (c) TCD and (d)
mass spectroscopy signals of the H2 TPR measurement for the reaction-spent Pt/CeO2 catalysts in 1% reactants. The inset sketch in (c) represents
the formed NPs and the directly bonded SRO species (green) at the interface. (Ce, cream; Pt, dark blue; C, dark gray; O, red; SRO, green) (e) The
linear relationship between the exposed Pt atoms and SRO concentrations for the reaction-spent Pt/CeO2 catalysts. (f) The sketches for different
Pt−CeO2 interfaces corresponding to the different Pt/CeO2 catalysts with coke coverage in (e). The atom colors correspond to the inset in (c).
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oxidation of deposited carbon by these SRO species.
Compared with H2O and CO, the intensity of CO2 is
relatively weak, and we infer the CO2 was produced by CO and
H2O through the water gas shift reaction.56 The post-reaction
catalysts in 10% reactants exhibit a similar but more complex
tendency due to the severe carbon coverage (Figure S36).
Despite the complication of outputs in the reaction-spent
catalysts, the well-preserved proportional relation of SRO
between the three catalysts in the temperature range of 500−
800 °C strongly verifies that the SRO species both directly and
indirectly bonded to the interfacial Pt atoms are involved in the
DRM reaction. Specifically, in the Pt−Ox−Ce interfacial
microstructure, a high SRO concentration as an oxygen
reservoir gives a large “x” value. Given the difficulty in
accurately quantifying the SRO concentration in the reaction-
spent catalysts due to carbon deposition, we still use the SRO
concentrations of as-prepared catalysts to explore their
relevance with active Pt sites in the following discussion.

The correlation of exposed Pt atoms with SRO concen-
trations and the corresponding sketches are displayed in Figure
4e and f. For the three reaction-spent catalysts in 1% reactants,
the amounts of exposed Pt atoms per SRO species were
identical (Figure 4e, I, II), corresponding to the Pt−Ox−Ce
structure in Figure 4f, I, II. The total quantity of exposed Pt
atoms of Pt/CeO2-l2_1% is lower due to its lower SRO
concentration (Figure 4e, II). Nonetheless, the numbers of

exposed Pt atoms per SRO species decreased in 10% reactants
due to the more carbon deposition (Figure 4e, III, IV and f, III,
IV). Especially for Pt/CeO2-l2_10% with a lower SRO
concentration (Figure 4e, IV), the number of exposed Pt
atoms per SRO became much lower compared with the other
two catalysts. Given the function of SRO in coke elimination,
we reason that if the carbon deposition is low and its
accumulation rate is slow (in 1% reactants), when the SRO
directly bonded to Pt atoms is consumed in the Pt−Ox−Ce
structure, besides CO2 replenishing the oxygen vacancy, the
SRO indirectly bonded to Pt atoms or in the subsurface can
migrate to the oxygen vacancy and refill it more easily (Figure
4f, I, II), according to the results from the coke analysis (Figure
3h and i) and SRO concentrations. For Pt/CeO2-l2_1% with a
small “x” value, more Pt atoms would be covered but the
interfacial Pt and oxygen vacancy could be basically preserved.
If the carbon deposition is large and quick (in 10% reactants),
when CO2 does not refill the aforementioned oxygen vacancy,
the indirectly bonded SRO can migrate to the oxygen vacancy
and refill it quickly for Pt/CeO2-s_10% and Pt/CeO2-l1_10%
with a large “x” value (Figure 4f, III). Nonetheless, there may
be no indirectly bonded SRO to refill the oxygen vacancy in
Pt/CeO2-l2_10% with a small “x” value, leading to coke
coverage and temporary deactivation of the interfacial Pt atoms
and oxygen vacancy (Figure 4f, IV). This results in a decrease
in the number of of exposed Pt atoms per SRO species. These

Figure 5. Time-resolved in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) under DRM conditions for Pt/CeO2-s
catalysts and the evolution process sketch. (a) The DRIFTS spectra at 400 °C under DRM catalytic conditions. (b) Enlargement of (a) revealing
CHx and CO adsorption changes in the first minute at 400 °C. (c) The evolution process sketch for Pt species and CHx intermediates based on the
first-minute DRIFTS spectra in (b) (Ce, cream; Pt, dark blue; C, dark gray; O, red). (d, e) CHx and CO adsorption evolution with an increase in
temperature from 400 to 600 °C in 1% and 10% reactants, respectively. The spectrum immediately preceding CH4 emergence was regarded as 0
min.
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findings verify that the “x” value in the Pt−Ox−Ce structure is
of great importance for carbon elimination and not only the
SRO directly bonded with interfacial Pt atoms contributes to
the carbon elimination. The long-term reaction test and the
SRO characterizations of spent catalysts confirmed the same
conclusion (Figures S37−S39).

To further confirm the importance of “x” in the M1−Ox−M2
interfacial structure (M1 represents the supported active metal,
M2 is the metal element of the support), we employed the inert
Al2O3 material to support Pt and Ni sites, where only the
oxygen atoms directly bonded to Pt or Ni are reactive (Figures
S40 and S41). It turns out that the Al2O3-supported Pt or Ni
catalyst has inferior reactivity compared to its ceria-based
counterparts. This is because Al2O3 as an inert support has no
SRO to get involved in the reaction, while the introduction of
Pt and Ni sites can only bring a few SRO species from air
during calcination that bond to the active metal directly.
Therefore, the SRO species that bonds to the active metal
indirectly is vital in the M1−Ox−M2 interfacial structure.

3.4. In Situ Identification for Active Pt Species and
Carbon Deposition. To monitor the formation of Pt NPs
and carbon deposition, we performed in situ diffuse reflectance
infrared Fourier-transform spectroscopy (DRIFTS) experi-
ments in 1% and 10% DRM reactants and increased the
temperature from 400 to 600 °C. Taking Pt/CeO2-s as an
example, the acquired time-resolved DRIFTS spectra at 400 °C
are displayed in Figure 5a. We chose the spectrum preceding
the gaseous CH4 (3016 cm−1) immediately as the starting
point to exclude the time of reactants reaching the reactor. At
the initial time of 0.3 min, the vibrational mode in the range of
3700−3600 cm−1 corresponding to the adsorption of H2O
(summarized in Table S5) was observed.57,58 Its appearance as
well as the subsequent inverted peaks implies the consumption
of the surface hydroxyl species on CeO2 by the dissociated H
from CH4. This side reaction contributed to the lower H2/CO
values (Figure S13). The small hump in the range of 3000−
2800 cm−1 can be assigned to adsorbed CHx,

58−60 the

intermediates of CH4 decomposition. The CHx species
changes were accompanied by the evolution of Pt species.

To better analyze the evolution course of the Pt species and
the corresponding reaction intermediates, we magnified the
first minute spectra in Figure 5a from 3200 to 1800 cm−1

(Figure 5b). At 0.3 min, the exclusive CO vibrational mode at
2096 cm−1 belongs to CO adsorbed on the single-atom Pt,
according to our previous work.24 Meanwhile, CH2 adsorption
peaks at 2929 and 2841 cm−1 emerged,58,60−63 indicating that
CH4 is activated on Pt1 with CH2 as the superfluous
intermediates (Figure 5c, Initialization). At 0.6 min, a new
CO vibrational mode around 2021 cm−1 was observed, which
was assigned to CO adsorbed on low-coordination metallic Pt
atoms.64−66 Meanwhile, the peak at 2096 cm−1 broadened and
evolved a shoulder at 2120 cm−1, representing CO adsorbed
on Pt(II) at the interface of metallic Pt NPs and the ceria
support.64,67,68 Simultaneously, the peak at 2723 cm−1

attributable to aldehyde hydrogen (CHO) species was
observed,69−71 the key intermediate verifying that CHx
combines with SRO to yield H2 and CO (without carbon)
directly.72,73 However, it vanished at 0.9 min. These changes
suggest that the atomically dispersed Pt atoms aggregated upon
contacting the DRM reactants and CHO was a transient
intermediate during the aggregation process (Figure 5c,
Aggregation). At 0.9 min, the overall CO vibration became
stronger and new vibrational modes at 1989 and 1867 cm−1

assignable to the bridge-bonded CO on metallic Pt NPs with
organized facets emerged,66,74−76 concurrent with CH species
(2868 cm−1) becoming the dominant intermediates.58,60,61

This indicates that CH4 would decompose to carbon and H2
with CH species as the abundant intermediates on larger
metallic NPs with organized planes, when the NPs tends to be
stable (Figure 5c, Stabilization). Similar initial changes can also
be observed on the Pt/CeO2-l1 catalyst with low reactant
concentrations (Figure S42), while high concentrations would
hide the evolution information (Figure S43).

Figure 6. In situ aberration-corrected HAADF-STEM images of Pt/CeO2-s under the DRM conditions. We magnified the typical observation
region (white frame) and changed the display color to highlight the contrast comparison. The atomically dispersed Pt single atoms and the evolved
NPs were labeled with yellow circles and squares, respectively. The intensity bars corresponding to different colors are shown on the right side of
the figure. Our in situ operation follows the same procedure with the DRM reaction in a fixed bed reactor ([CH4] = [CO2] = 1%, balanced with Ar,
P = 1 atm).
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After 30 min of reaction, the states of Pt species exhibited no
significant change (Figure 5a). Remarkably, when the temper-
ature was increased from 400 to 600 °C, CO adsorption bands
shifted to 2028 and 1961 cm−1 from the original 2038 and
1984 cm−1 at 400 °C (Figure 5d), respectively, indicating
severe Pt NP agglomeration with the increase in temper-
ature.64,77 A similar trend was also observed in the 10%
reactants (Figure 5e). It is worth mentioning that we did not
detect any CO adsorption on Pt1 atoms after the initial
aggregation, and the observed Pt single atoms from HAADF-
STEM images (Figures 3f and S21−S32) may be formed from
the redispersion of small clusters upon exposure to air. Overall,
the predominant Pt species would be the metallic Pt facets
with the interfacial Pt(II) linked to ceria during the reaction,
which are active species to catalyze the low-temperature DRM
reaction.

Noteworthy, two inverted peaks emerged at 500 °C (2918
and 2848 cm−1, Figure 5d and e) and became stronger with
increasing temperature. Given the fundamentals and operation
procedures for DRIFTS, there are some formates and
hydrocarbonates on the surface of the oxide materials,69,78,79

i.e., the vibration of CHx or OCHx can be detected on the
background spectrum, which is normalized during background
collection. When they are consumed or carbon is deposited on
these originally existing CHx or OCHx species, they would
appear as an inverted peak. The increasing stronger inverted
peaks with temperature elevating indicate that the reaction rate
as well as carbon deposition rate accelerated with the increase
in temperature. This coincides well with our activity test
observations (Figure 3a−d) that the catalytic performance of
the three catalysts started to diverge at 500 °C.

To observe the Pt species evolution and carbon deposition
directly, in situ aberration-corrected HAADF-STEM experi-
ments were performed under DRM conditions at 1 atm
(Figures 6 and S44). Some atomically dispersed Pt atoms
(labeled by yellow circles) can be clearly observed toward the
end of pretreatment at 500 °C in Ar (Figure 6), but they
vanished or aggregated to ∼2 nm NPs (labeled by yellow
square) whent he DRM reactants flowed in at 400 °C. This
implies that with DRM reactants at 400 °C, the Pt−O bond
would facilely break and Pt atoms would freely migrate and
aggregate. We magnified a certain region and changed its
display color for clearer observation (labeled by white square),
and there is no obvious bright section in the white frame at 500
°C in Ar (yellow representing the highest contrast). When
contact occurred DRM reactants at 400 °C, evident bright
(yellow) region appeared, and they even linked together at 500
°C, indicating more serious aggregation at higher temperature.
However, when the temperature reached 600 °C, the whole
visual field became blurry, with the previously clear lattice
fringes of CeO2 no longer visible. We reason this is caused by
the severe carbon deposition. Despite the declined contrast,
the morphology of Pt NPs in the white frame became more
evident (red regions mixed with a little yellow). Further, the
boundary of NPs in the white frame became clearer after 10
min of reaction, indicating severe carbon accumulation. Figure
S44 reflects the same evolution tendency. The direct
observation confirms the evolution of Pt single atoms and
carbon deposition during the DRM reaction.

3.5. Reaction Mechanism Discussion. Based on the
above characterizations and discussion, the isolated Pt atoms
would aggregate into NPs with organized planes during DRM
reaction, and the interfacial Pt−Ox−Ce structure is responsible

for carbon oxidation. Combining the previous studies on the
reaction mechanism for the low-temperature DRM reac-
tion,2,15,80,81 we speculate that the reaction proceeds as
follows: CH4 decomposes to carbon and H2 on metallic Pt
facets, the carbon diffuses to the interfacial Pt−Ox−Ce
structure and reacts with SRO to form CO, and the leftover
oxygen vacancy would be refilled by the SRO bonded to Pt
atoms indirectly or the gaseous CO2. For the proposed
catalytic sequences to sustain the overall reaction cycle, the
generated carbon would be eliminated almost immediately,
with no appreciable carbon deposition. Nonetheless, the
detection of carbon deposits on our reaction-spent catalysts
and in situ experiments naturally invokes the question: how
does the coke accumulate during reaction?

To explore the carbon deposition process, we measured the
reaction rate orders (Figure S45). Consistent with previous
reports,2,54,82,83 the CO2 rate order is zero at both 440 and 520
°C, while CH4 rate orders largely remain the same or even
slightly increase: 0.2 (440 °C) and 0.3 (520 °C), respectively.
This verifies that the DRM rate is independent of CO2 and
depends on the concentration of CH4 exclusively. Con-
sequently, the CH4-relevant reactions, including CH4 decom-
position, the generated carbon diffusion, and carbon oxidation
by SRO, would be the possible rate-determining steps to cause
the carbon accumulation.

We performed DFT calculations to gain further insights into
the coke accumulation processes. According to the DRIFTS
results under the DRM reaction (Figures 5, S42, and S43), the
decomposition of CH would be the most difficult step during
CH4 pyrolysis when the Pt NPs become stable. Given that
many observed NPs exposed regular metallic planes (Figures 3f
and S21−S32), we calculated the CH decomposition on the
most frequent Pt(111) facet (Figures S46, S47, and 7a) for
simplicity. The energy barrier for CH decomposing to carbon
and H is 1.44 eV, consistent with the previous reports (Table
S6). The generated carbon would subsequently diffuse to the
Pt−Ox−Ce interface for oxidation. When there is only one
carbon atom, the carbon diffusion barrier from one hollow site
to another on Pt(111) facets (face-centered cubic to hexagonal
close-packed adsorption sites) was calculated to be 0.65 eV
(Figures 7a and b and S48). However, it reached 3.46 eV
(Figures 7a and c and S48) if several carbon atoms formed
graphitic carbon, much higher than the activation energy for
CH decomposition. This verifies that carbon diffusion is quite
difficult when there is more than one carbon atom and
therefore may be the rate-determining step resulting in the
final carbon accumulation.

When the generated carbon atom gets to the Pt−Ox−Ce
interface, the carbon adatom would approach a neighboring
active O to form a C−O bond, with the corresponding Ce−O
bond cleavage occuring simultaneously (Figures 7a and d, S49,
and S50). This elementary reaction is exothermic by 0.11 eV
with an activation barrier of 0.05 eV. The pretty low energy
barrier implies that carbon oxidation by SRO occurs readily
and would not contribute to the final carbon accumulation.
The leftover oxygen vacancy would be refilled by the adjacent
SRO bonded to Pt atoms indirectly or gaseous CO2 with an
activation barrier of 0.49 eV (Figures 7a and S51).

Based on the above discussion, when multiple carbon atoms
are generated, carbon diffusion to the interface for oxidation
becomes quite difficult, especially when graphitic carbon is
formed. This results in the carbon accumulation on the Pt
metal sites located away from the interfacial Pt−Ox−Ce
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structure. The interfacial Pt atoms bonding directly with the
SRO are likely to remain clean and active owing to the rapid
carbon oxidation process. However, when the carbon
generation rate is fast while “x” is small in the Pt−Ox−Ce
structure, the rapid carbon accumulation may directly cover
the oxygen vacancy left by SRO, leading to the temporary
deactivation of this oxygen vacancy and the directly bonded Pt
atoms. This results in more carbon accumulation, just as in Pt/
CeO2-l2_10%.

4. DISCUSSION
Pt/CeO2 was widely used as a DRM catalyst, and many
researchers obtained high activity and stability with different
research topics. For instance, Zhang et al. verified that the
excellent and stable DRM activity of Pt/CeO2 catalysts at 500
°C was attributed to an active Pt-CeO2−x interface by ambient-
pressure XPS, XRD, and XAFS.53 Shen et al. demonstrated
that the Pt single-atom catalyst supported on rod-like CeO2
exhibited superior DRM reactivity from 300 to 600 °C
compared to that anchored on the cube and particle ceria22

because the Pt1−Olattice bond renders the direct dehydrogen-
ation of CH4 to CO rather than carbon and the CO2 would
dissociate to heal the remaining oxygen vacancy. Das et al.
demonstrated that the reduction and aggregation of single-
atom Pt atoms to clusters or NPs on Pt1/CeO2 catalyst are
necessary for DRM activity by employing in situ X-ray
absorption, in situ infrared spectra, and DFT calculations.23

All these findings are of great significance and attractive but
quite different from what we report here.

In this work, taking ceria as representative oxygen storage
supports, we explored the key factor to dictate the DRM
reactivity or coke resistance, i.e., the Pt species size or SRO

concentrations from ceria. Through detailed structural
characterizations of Pt/CeO2 before and after reaction,
kinetics, in situ tracking for the evolution of Pt species, and
DFT calculations, we found that the SRO concentration
determines the amount of exposed Pt atoms due to its
dominant function in carbon elimination, in which carbon
diffusion is the rate-determining step. Further, only the
exposed Pt atoms can catalyze the reaction. In this way, the
observed counted Pt species size from HAADF-STEM images
becomes secondary. We therefore concluded that the SRO
from the support corrects the nominal supported metal size
effect in controlling the reactivity for the low-temperature
DRM reaction. Our work reveals the significant importance of
the SRO concentration for the low-temperature DRM reaction,
i.e., the value of “x” in the interfacial Pt−Ox−Ce micro-
structure. Higher SRO concentrations from the supports,
including the portion that indirectly bonded to Pt atoms,
ensure a more thorough recovery of the interfacial Pt surface
upon carbon deposition, which is critical to achieving high
reactivity for the DRM reaction. We show that a singular
pursuit for supported metal size confinement may not be the
most effective solution to develop interfacial DRM catalysts
because only the clean and exposed Pt atoms not covered by
coke, not necessarily equal to the visual metal dispersion
estimated by electron microscopy analyses, can catalyze the
reaction. Modulating the metal−support interfacial structure
featuring an appropriate size of supported metals associated
with high SRO concentrations would be a winning approach
for low-temperature DRM catalyst design.

Additionally, when carbon deposits during DRM reaction, it
suggests carbon elimination has the highest energy barrier
among the elementary reaction steps. It therefore becomes the
rate-determining step, rather than the commonly accepted
CH4 decomposition.2,54,82 This has been mentioned in the
previous reports,84,85 but relevant research is quite rare. In our
case of Pt/CeO2 catalyzing the low-temperature DRM
reaction, the generated carbon reacts with SRO relatively
easily, and carbon diffusion to the interface is therefore
expected to be the most difficult. Indeed, it may be a mixture of
amorphous carbon and graphitic carbon, where the inter-
actions from both Pt atoms and adjacent other carbon atoms
are difficult to overcome, consequently leading to the highest
energy requirement. Nonetheless, the carbon elimination
pathway may change at high temperatures, such as carbon
gasification by CO2,86,87 resulting in a different rate-
determining step causing the carbon deposition, which is out
of scope of this work.

5. CONCLUSIONS
In summary, our work uncovers that the interfacial reactivity
for the low-temperature DRM reaction depends on the
concentrations of SRO from ceria, while the supported Pt
size effect is secondary in the range of 0.3−10.5 nm. It is the
availability of recoverable Pt surfaces from carbon deposition
that correlates with the DRM reactivity. Combined with the
structural characterizations, in situ probing, and DFT
calculations, we demonstrated that both the SRO species
directly and indirectly bonded to Pt atoms can contribute to
carbon elimination in the active interfacial Pt−Ox−Ce
microstructure. Notably, the indirectly bonded SRO plays a
crucial role in oxygen vacancy replenishment and carbon
oxidation, and this makes carbon diffusion on the Pt NPs
become the possible rate-determining step. Our work provides

Figure 7. DFT calculations for the possible key elementary steps
during the DRM reaction. (a) DFT-calculated activation energies for
the possible key elementary steps during DRM reaction. The values in
parentheses are the activation barriers for elementary steps in eV, and
“decomp.” represents decomposition. (b) The top-view configurations
for the diffusion of one carbon atom over Pt(111) facets. (c) The top-
view configurations for the diffusion of one carbon atom from
graphene over Pt(111) facets. (d) Configurations for carbon oxidation
by SRO at the interface of Pt(111)/CeO2. The top and bottom panels
are the side and top views of the configurations, respectively. ([O],
SRO; [ ], the leftover oxygen vacancy after SRO was consumed; Ce,
yellow; Pt, dark blue; C, dark gray; O, red; the SRO atom at the
interface reacting with carbon in the Pt(111)/CeO2 model is labeled
in green.).
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new insights into the design of the interfacial structure for low-
temperature DRM catalysts; the in situ experiments and DFT
calculations give a rational explanation for the DRM
mechanism, and these findings can be of general relevance to
other carbon-deposited heterogeneous catalytic systems.
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(46) Borodzinśki, A.; Bonarowska, M. Relation between Crystallite
Size and Dispersion on Supported Metal Catalysts. Langmuir 1997, 13
(21), 5613−5620.

(47) Li, M.; van Veen, A. C. Tuning the Catalytic Performance of
Ni-Catalysed Dry Reforming of Methane and Carbon Deposition via
Ni-CeO2‑x Interaction. Appl. Catal. B Environ. 2018, 237, 641−648.

(48) Wang, Y.; Zhang, R.; Yan, B. Ni/Ce0.9Eu0.1O1.95 with Enhanced
Coke Resistance for Dry Reforming of Methane. J. Catal. 2022, 407,
77−89.

(49) Kim, K. Y.; Lee, J. H.; Lee, H.; Noh, W. Y.; Kim, E. H.; Ra, E.
C.; Kim, S. K.; An, K.; Lee, J. S. Layered Double Hydroxide-Derived
Intermetallic Ni3GaC0.25 Catalysts for Dry Reforming of Methane.
ACS Catal. 2021, 11 (17), 11091−11102.

(50) Li, S.; Fu, Y.; Kong, W.; Pan, B.; Yuan, C.; Cai, F.; Zhu, H.;
Zhang, J.; Sun, Y. Dually Confined Ni Nanoparticles by Room-
Temperature Degradation of AlN for Dry Reforming of Methane.
Appl. Catal. B Environ. 2020, 277, 118921.

(51) Bokobza, L.; Bruneel, J.-L.; Couzi, M. Raman Spectroscopy as a
Tool for the Analysis of Carbon-Based Materials (Highly Oriented
Pyrolitic Graphite, Multilayer Graphene and Multiwall Carbon
Nanotubes) and of Some of Their Elastomeric Composites. Vib.
Spectrosc. 2014, 74, 57−63.

(52) Cao, K.; Gong, M.; Yang, J.; Cai, J.; Chu, S.; Chen, Z.; Shan, B.;
Chen, R. Nickel Catalyst with Atomically-Thin Meshed Cobalt
Coating for Improved Durability in Dry Reforming of Methane. J.
Catal. 2019, 373, 351−360.

(53) Zhang, F.; Gutiérrez, R. A.; Lustemberg, P. G.; Liu, Z.; Rui, N.;
Wu, T.; Ramírez, P. J.; Xu, W.; Idriss, H.; Ganduglia-Pirovano, M. V.;
Senanayake, S. D.; Rodriguez, J. A. Metal−Support Interactions and
C1 Chemistry: Transforming Pt-CeO2 into a Highly Active and Stable

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c02608
ACS Catal. 2024, 14, 10712−10727

10725

https://doi.org/10.1039/C9CS00588A
https://doi.org/10.1021/acs.chemrev.5b00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2019.04.023
https://doi.org/10.1016/j.apcata.2019.04.023
https://doi.org/10.1016/j.apcata.2019.04.023
https://doi.org/10.1016/j.apcata.2019.04.023
https://doi.org/10.1016/j.apcatb.2018.10.048
https://doi.org/10.1016/j.apcatb.2018.10.048
https://doi.org/10.1016/j.apcatb.2018.10.048
https://doi.org/10.1016/S0360-0564(02)47006-X
https://doi.org/10.1016/S0360-0564(02)47006-X
https://doi.org/10.1002/anie.202113079
https://doi.org/10.1002/anie.202113079
https://doi.org/10.1002/anie.202113079
https://doi.org/10.1016/j.apcatb.2022.121809
https://doi.org/10.1016/j.apcatb.2022.121809
https://doi.org/10.1002/smll.202207272
https://doi.org/10.1002/smll.202207272
https://doi.org/10.1002/smll.202207272
https://doi.org/10.1038/s41467-019-11856-9
https://doi.org/10.1038/s41467-019-11856-9
https://doi.org/10.1038/s41467-019-11856-9
https://doi.org/10.1016/j.apcata.2005.07.013
https://doi.org/10.1016/j.apcata.2005.07.013
https://doi.org/10.1021/jacs.8b04613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2018.11.034
https://doi.org/10.1016/j.apcatb.2018.11.034
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1103/PhysRevB.75.035115
https://doi.org/10.1103/PhysRevB.75.035115
https://doi.org/10.1103/PhysRevB.75.035115
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.1323224
https://doi.org/10.1016/j.foodres.2007.07.004
https://doi.org/10.1016/j.foodres.2007.07.004
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1021/jacs.9b09156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0008748
https://doi.org/10.1021/acscatal.3c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9517(83)90312-3
https://doi.org/10.1016/0021-9517(83)90312-3
https://doi.org/10.1021/la962103u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la962103u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2018.06.032
https://doi.org/10.1016/j.apcatb.2018.06.032
https://doi.org/10.1016/j.apcatb.2018.06.032
https://doi.org/10.1016/j.jcat.2022.01.020
https://doi.org/10.1016/j.jcat.2022.01.020
https://doi.org/10.1021/acscatal.1c02200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2020.118921
https://doi.org/10.1016/j.apcatb.2020.118921
https://doi.org/10.1016/j.vibspec.2014.07.009
https://doi.org/10.1016/j.vibspec.2014.07.009
https://doi.org/10.1016/j.vibspec.2014.07.009
https://doi.org/10.1016/j.vibspec.2014.07.009
https://doi.org/10.1016/j.jcat.2019.04.017
https://doi.org/10.1016/j.jcat.2019.04.017
https://doi.org/10.1021/acscatal.0c04694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Catalyst for the Conversion of Carbon Dioxide and Methane. ACS
Catal. 2021, 11 (3), 1613−1623.

(54) Bradford, M. C. J.; Vannice, M. A. CO2 Reforming of CH4 over
Supported Pt Catalysts. J. Catal. 1998, 173 (1), 157−171.

(55) Rioux, R. M.; Marsh, A. L.; Gaughan, J. S.; Somorjai, G. A.
Oxidation and Reforming Reactions of CH4 on a Stepped Pt(557)
Single Crystal. Catal. Today 2007, 123 (1−4), 265−275.

(56) Chukwu, E.; Molina, L.; Rapp, C.; Morales, L.; Jin, Z.;
Karakalos, S.; Wang, H.; Lee, S.; Zachman, M. J.; Yang, M. Crowded
Supported Metal Atoms on Catalytically Active Supports May
Compromise Intrinsic Activity: A Case Study of Dual-Site Pt/α-
MoC Catalysts. Appl. Catal. B Environ. 2023, 329, 122532.

(57) Dai, Q.; Wu, J.; Deng, W.; Hu, J.; Wu, Q.; Guo, L.; Sun, W.;
Zhan, W.; Wang, X. Comparative Studies of P/CeO2 and Ru/CeO2
Catalysts for Catalytic Combustion of Dichloromethane: From Effects
of H2O to Distribution of Chlorinated by-Products. Appl. Catal. B
Environ. 2019, 249, 9−18.

(58) Stuart, B. H. Infrared Spectroscopy: Fundamentals and
Applications; John Wiley & Sons, Ltd, 2004.

(59) Corral-Pérez, J. J.; Copéret, C.; Urakawa, A. Lewis Acidic
Supports Promote the Selective Hydrogenation of Carbon Dioxide to
Methyl Formate in the Presence of Methanol over Ag Catalysts. J.
Catal. 2019, 380, 153−160.

(60) Kliewer, C. J.; Aliaga, C.; Bieri, M.; Huang, W.; Tsung, C.-K.;
Wood, J. B.; Komvopoulos, K.; Somorjai, G. A. Furan Hydrogenation
over Pt(111) and Pt(100) Single-Crystal Surfaces and Pt Nano-
particles from 1 to 7 nm: A Kinetic and Sum Frequency Generation
Vibrational Spectroscopy Study. J. Am. Chem. Soc. 2010, 132 (37),
13088−13095.

(61) Zhang, S.; Li, Y.; Knoll, A.; Oehrlein, G. S. Mechanistic Aspects
of Plasma-Enhanced Catalytic Methane Decomposition by Time-
Resolved Operando Diffuse Reflectance Infrared Fourier Transform
Spectroscopy. J. Phys. Appl. Phys. 2020, 53 (21), 215201.

(62) Dong, X.; Xi, J.; Song, B.; Zhang, M.; Jin, B. One-Pot
Fabrication of Waste Granular Silica Gel (WGSG) Supported Nickel
Catalysts for Dry Reforming of Methane. J. Environ. Chem. Eng. 2022,
10 (5), 108428.

(63) Chen, J.; Buchanan, T.; Walker, E. A.; Toops, T. J.; Li, Z.;
Kunal, P.; Kyriakidou, E. A. Mechanistic Understanding of Methane
Combustion over Ni/CeO2: A Combined Experimental and
Theoretical Approach. ACS Catal. 2021, 11 (15), 9345−9354.

(64) Aleksandrov, H. A.; Neyman, K. M.; Hadjiivanov, K. I.;
Vayssilov, G. N. Can the State of Platinum Species Be Unambiguously
Determined by the Stretching Frequency of an Adsorbed CO Probe
Molecule? Phys. Chem. Chem. Phys. 2016, 18 (32), 22108−22121.

(65) Gao, R.; Wang, J.; Huang, Z.-F.; Zhang, R.; Wang, W.; Pan, L.;
Zhang, J.; Zhu, W.; Zhang, X.; Shi, C.; Lim, J.; Zou, J.-J. Pt/Fe2O3
with Pt−Fe Pair Sites as a Catalyst for Oxygen Reduction with
Ultralow Pt Loading. Nat. Energy 2021, 6 (6), 614−623.

(66) Li, Y.; Kottwitz, M.; Vincent, J. L.; Enright, M. J.; Liu, Z.;
Zhang, L.; Huang, J.; Senanayake, S. D.; Yang, W.-C. D.; Crozier, P.
A.; Nuzzo, R. G.; Frenkel, A. I. Dynamic Structure of Active Sites in
Ceria-Supported Pt Catalysts for the Water Gas Shift Reaction. Nat.
Commun. 2021, 12, 914.

(67) Holmgren, A.; Andersson, B.; Duprez, D. Interactions of CO
with Pt/Ceria Catalysts. Appl. Catal. B Environ. 1999, 22 (3), 215−
230.

(68) Maurer, F.; Jelic, J.; Wang, J.; Gänzler, A.; Dolcet, P.; Wöll, C.;
Wang, Y.; Studt, F.; Casapu, M.; Grunwaldt, J.-D. Tracking the
Formation, Fate and Consequence for Catalytic Activity of Pt Single
Sites on CeO2. Nat. Catal. 2020, 3 (10), 824−833.

(69) Huynh, H. L.; Zhu, J.; Zhang, G.; Shen, Y.; Tucho, W. M.;
Ding, Y.; Yu, Z. Promoting Effect of Fe on Supported Ni Catalysts in
CO2 Methanation by in Situ DRIFTS and DFT Study. J. Catal. 2020,
392, 266−277.

(70) Luo, S.; Song, H.; Philo, D.; Oshikiri, M.; Kako, T.; Ye, J. Solar-
Driven Production of Hydrogen and Acetaldehyde from Ethanol on
Ni-Cu Bimetallic Catalysts with Solar-to-Fuels Conversion Efficiency
up to 3.8%. Appl. Catal. B Environ. 2020, 272, 118965.

(71) Mi, R.; Hu, Z.; Yang, B. In Situ DRIFTS for the Mechanistic
Studies of 1,4-Butanediol Dehydration over Yb/Zr Catalysts. J. Catal.
2019, 370, 138−151.

(72) Tang, Y.; Wei, Y.; Wang, Z.; Zhang, S.; Li, Y.; Nguyen, L.; Li,
Y.; Zhou, Y.; Shen, W.; Tao, F. F.; Hu, P. Synergy of Single-Atom Ni1
and Ru1 Sites on CeO2 for Dry Reforming of CH4. J. Am. Chem. Soc.
2019, 141 (18), 7283−7293.

(73) Akri, M.; Zhao, S.; Li, X.; Zang, K.; Lee, A. F.; Isaacs, M. A.; Xi,
W.; Gangarajula, Y.; Luo, J.; Ren, Y.; Cui, Y.-T.; Li, L.; Su, Y.; Pan, X.;
Wen, W.; Pan, Y.; Wilson, K.; Li, L.; Qiao, B.; Ishii, H.; Liao, Y.-F.;
Wang, A.; Wang, X.; Zhang, T. Atomically Dispersed Nickel as Coke-
Resistant Active Sites for Methane Dry Reforming. Nat. Commun.
2019, 10, 5181.

(74) Meunier, F. C.; Cardenas, L.; Kaper, H.; Šmíd, B.; Vorokhta,
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