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ABSTRACT:Methane dry reforming, co-converting greenhouse
gases CH4 and CO2 into chemically active syngas (H2/CO),
a� ords a promising route for producing chemicals and fuels from
carbon resources. Ni catalysts are the most active for this reaction
but su� er from the dilemma of rapid deactivation caused by metal
sintering at higher temperatures (>973 K) or coke accumulation at
relatively lower temperatures (673� 973 K). Here, we report a
catalyst con� guration� Ni particles (15 nm) con� ned by a 1� 2
nm-thick multielement-oxide (MEO) layer� allows a stable
operation at 873� 1073 K with a stoichiometric CH4/CO2 ratio
of 1.0, that is, the severe conditions for catalyst deactivation but of
industrial interest for process e� ciency and atomic economy. The
in situ-evolved MEO layer resembles the property of high-entropy
oxide, which stabilizes the Ni particles with appropriate size and high-index facets, even at 1173 K. Meanwhile, in situ TEM under
near atmospheric pressure combining intelligent gravity analysis (IGA)-mass spectrometry (MS) characterizations prove that this
unique structure balanced the activation of CH4 and CO2. Thus, the lifetime of the catalyst has been e� ciently prolonged with nearly
coke-free operations, even at 873 K, the most severe coking temperature. This high-entropy design and stabilization e� ect o� ers a
facile strategy to precisely fabricate active and robust metal catalysts with wide operation temperatures for many challenging
reactions.
KEYWORDS:nickel, multielement oxide, methane dry reforming, high-entropy design, coke-free

� INTRODUCTION

E� cient utilization of methane, the dominate component in
natural gas and shale gas, plays an essential role in the� elds of
green chemistry and clean energy.1,2 Meanwhile, CO2 emission
from the combustion of fossil fuels raised increasing concerns
regarding the global warming.3,4 Catalytic conversion of these
chemically inactive carbon resources into reactive syngas (a
mixture of H2 and CO), via methane dry reforming (MDR,
CH4 + CO2 = 2CO + 2H2), served as the most promising
route to produce chemicals and fuels.5� 7 This endothermic
reaction, catalyzed by Ni nanoparticles, typically requires high-
temperature (873� 1073 K) operation with a stoichiometric
feed stream (CH4/CO2 molar ratio of 1.0) to attain industrially
acceptable e� ciency.8,9 However, the rapid deactivation of the
catalysts under such harsh conditions still limits the practical
application of this inspiring reaction. At the moderate
temperature region, methane cracking (>773 K) and CO
disproportionation (<973 K) occurred simultaneously, forming
carbonaceous species.10,11 The accumulation of these cokes
blocked active sites and porous channels, and in the extreme
cases, disintegrating the catalyst. Operation at a relatively
higher temperature (1073 K) mitigated the deposition of coke
species but expedited sintering of Ni particles leading to a

dramatic loss in activity.12,13 Hence, the development of highly
active and stable Ni catalysts for MDR under the industrial
relevant conditions remains a long-standing challenge.

The particle characteristics, including size,14,15 morphol-
ogy,16,17 oxidation state,18 and more importantly the micro-
environment,19,20 determine the activity and stability of metal
catalysts. Hence, controlling these aspects are the dominant
considerations for Ni catalyst design. The vast investigated Ni
catalysts prepared by impregnation or deposition provide
limited control of particle stability under the MDR reaction
conditions due to the mobility of Ni species over open-
structure carriers.21,22 Post-particle growth procedures can
delay Ni agglomeration by encapsulating the particles in oxide
layers (e.g., SiO2 with thickness >10 nm),23,24 while alloying or
adding promoters may diminish coking,25,26 although these
intricate methods may compromise activity. Therefore, the
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con� guration design of Ni particles is essential to achieve
industrially acceptable MDR activity and stability.

Here, we show that Ni particles of around 15 nm, con� ned
and stabilized by a sur� cial multielement-oxide (MEO) thin

Figure 1.Structure of the OxNi catalyst. (a) ADF-STEM image of a typical Ni particle grown in situ from the MgO� Al2O3 matrix and surrounded
by a thin layer; (b) BF-STEM image of another typical Ni particle with clear observation of the 1� 2 nm crystallized MEO thin layer; (c) high-
resolution image of the area in (b); (d� h) EDS elemental maps, showing the distribution of Ni, Mg, Al, and Si; and (i) schematic illustration of the
Ni nanoparticle.

Figure 2.MDR over the OxNi catalyst. (a) CH4 and CO2 conversions at 673� 1073 K, CH4/CO2/N 2 ratio of 1/1/3, 20,000 mL gcat
� 1 h� 1; (b)

alternative operations between 873 and 1073 K, CH4/CO2/N 2 ratio of 1/1/3, 30,000 mL gcat
� 1 h� 1; (c) long-term stability tests at 873 and 1073 K;

and (d) STEM image of a typical Ni particle after the reaction at 1073 K for 300 h.
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layer (1� 2 nm, MEO thin layer), catalyzed MDR in a nearly
coke-free manner. The stabilized Ni particles possessed
appropriate size and high-index surface, over which the
reaction rates of methane cracking and carbon elimination by
CO2 have been balanced, therefore improving coke resistance.
The MEO thin layer, evolved through redox pretreatment due
to entropic stabilization e� ect, e� ciently prevented Ni particles
from sintering at high temperatures. These� ndings in this
work make the MEO thin layer-con� ned Ni catalyst highly
active and robust for the hydrocarbon reforming reactions at
high temperatures, revealing great potential for industrial
processes.

� RESULTS AND DISCUSSION
We initially prepared Ni� Mg� Al hydrotalcite nanosheets with
a lateral size of� 30 nm and a thickness of <1 nm (Figure S1);
each sheet was then coated by a silica layer of� 3 nm thickness
(Figure S2). Calcination of this precursor at 1073 K in air and
subsequent hydrogen reduction at 1073 K yielded the Ni
catalyst (OxNi catalyst) with an average size of 15.3 nm
(Figure S3). Typically, the Ni particles anchored on the
MgO� Al2O3 matrix were derived from the Ni� Mg� Al
hydrotalcite. Each Ni particle was homogeneously covered by
a sur� cial thin layer (Figure 1a); it had a thickness of 1� 2 nm
(Figure 1b,c) and consisted of Ni, Mg, Al, and Si (Figures 1d�
h andS4). The lattice distance of 2.2 Å suggested that this
multicomponent mixture resembled very similar to a salt-rock-
type high-entropy oxide (Figure S5) that contained several
near-equimolar metal elements arranged deliberately in a single
phase.27,28 As such, we could envisage that Ni, Mg, Al, and Si
species at the interface were evolved into a high-entropy-oxide-
like MEO thin layer over the Ni particle driven by entropic
stabilization e� ect29,30 (Figure 1i). Di� ering from the faceted
metal nanoparticles, the Ni particles possessed a spherical-like
morphology corresponding to a high-index faceted sur� cial
structure, which may originate from the stabilization of the
external MEO thin layer. XPS analysis further identi� ed two
types of Ni species, including Ni0 within the particle (852.8
eV) and Ni2+ in the MEO thin layer (854.4 eV) and at the Ni�
MgO� Al2O3 interface (856.0 eV)31,32 (Figure S6). The high
concentration of oxidative Ni species further improves metallic
Ni that has been protected within the MEO layer.
Furthermore, the binding energies for Si, Mg, and Al were
unchanged for calcined and reduced samples with oxidative
states, indicating a stable MEO surface over the catalyst. Only
partial Ni species reduced into metallic after reduction
treatment. The co-existence of sur� cial Ni0 and Ni2+ is
bene� cial for the charge transfer in a reduction� oxidation
cycle. Hence, we assume that the cooperative metallic Ni and
the sur� cial MEO thin layer containing Ni2+ would enhance
the antisintering of OxNi in a redox atmosphere, such as MDR.

The OxNi catalyst was highly active for MDR in the
temperature range of 673� 1073 K under a stoichiometric feed
stream (Figure 2a). The conversion of methane approached
close to the equilibrium level at the respective temperature,
while the conversion of CO2 was higher because of the reverse
water� gas shift, giving H2/CO ratios lower than 1 (Figure S7).
Both the Ni particle and the oxide thin layer remained nearly
unchanged (Figure S8). The OxNi catalyst was then tested
continuously by waving the temperature of industrial interest.
A circle operation between 1073 and 873 K revealed that the
conversions of CH4 and CO2 fully restored to the initial levels,
indicating the good stability of the catalyst (Figure 2b). Long-

term stability tests at the typical temperatures further veri� ed
the outperformed activity and stability of the Ni catalyst
(Figure 2c). At 873 K, where methane decomposition and CO
disproportionation tended to occur thermodynamically and
kinetically, the conversion of methane initially reached 31%
and gradually stabilized at about 20%, while the outlet gas had
a H2/CO ratio of 0.78 due to the higher conversion of CO2 via
the reverse water� gas shift reaction (Figure S7). The activity
retained almost consistent over 300 h and only little amount of
amorphous carbon was detected with Raman, which could be
easily removed at the temperature higher than 900 K (Figure
S9a). The stability is superior to that of the reported
nonreducible catalysts at 873 K with the CH4/CO2 molar
ratio of 1.0 (Table S1). At 1073 K, the temperature of easy
sintering for Ni particles, the conversions of CH4 and CO2
increased slightly at the early stage originated from more
sur� cial Ni species reduced into the metallic state and kept
very stable for the remaining test after reaching the reduction�
oxidation balance. The size and spherical-like morphology of
the Ni particle were well-retained after the intensive reaction
(Figures 2d andS10). On both cases, the external MEO thin
layer remained identical before and after reactions, which
played key functions in isolating and con� ning the Ni particle
stable against sintering.

The activity and stability of Ni particles for MDR largely
depend on the metal particle size, morphology, and sur� cial
microenvironment. The activation of the� rst C� H bond of
CH4 is usually considered as the rate-determining step, which
occurs faster on the steps than the close-packed terraces of a Ni
particle.10,33 Large Ni particles (>20 nm) are featured with� at
faceted surfaces, enriching terraces that lead to a poor
activity,12,34 while Ni particles smaller than 5 nm are easily
oxidized by CO2 through the rapid reverse water� gas shift
reaction, thus deactivating the catalyst.14,35 Herein, the Ni
particles with a size of� 15 nm are bene� cial for balancing
MDR activity and avoiding oxidation. Once the� rst C� H
bond of CH4 is activated, cleavage of the remaining C� H
bonds occurs rapidly and the formed carbon species
accumulate over the� at faceted Ni surface or di� use within
the Ni particle, leading to the reshaping of Ni crystals.31,36This
was experimentally evidenced by the performance of a
reference Ni catalyst that was prepared using the same
hydrotalcite precursor but without silica; it possessed Ni
nanoparticles (� 15 nm) at the beginning but aggregated into
large faceted crystals (>30 nm) after 30 h (Figure S11).
Meanwhile, considerable coke accumulation was observed
(over 132 wt %) with an average coke deposition rate of 0.32 g
gNi

� 1 h� 1 at 873 K (Figure S12). In contrast, the OxNi catalyst
shows excellent anticoking performance with an average
carbon deposition rate of only 6.7× 10� 3 g gNi

� 1 h� 1, around
50 times slower than that of the reference catalyst. Notably, a
stable spherical-like Ni surface is created by the in situ-evolved
MEO thin layer, which can assist CH4 activation and prevent
carbon species accumulation (e.g., graphitic carbons). More-
over, the referenced bulk MEO showed negligible MDR
activity, which suggest that metallic Ni species contribute
MDR activity, while the outside MEO thin layer improve the
stability. Therefore, the extraordinary MDR performance of
the Ni nanoparticles is originated from the proper particle size
and the spatial stabilization of the MEO thin layer.

In situ TEM observations, by exposing the Ni catalyst to the
reaction atmosphere (CH4/CO2 = 1/1, 760 mbar) at 873 K,
found that the Ni particle size and shape remained quite stable
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during the entire process up to 1 h, while continuous
generation of H2 and CO was detected using the mass
spectrometer (Figure 3a� c,g). Additional pieces of evidence
were provided by the video taken during this experiment
(Movie S1). Furthermore, the structure remained unchanged
when switching the atmosphere to individual gases CH4 or
CO2 (Figure 3d� f). When CH4 was injected, hydrogen
evolution was evidenced by the mass spectrometry (MS)
signal, while the following exposure to CO2 resulted in CO
formation. For comparison, the reference Ni catalyst was
monitored using in situ TEM under the same conditions.
Rapid carbon deposition, together with evolution of H2, was
observed over the Ni particles, located on the edge of the
reference Ni catalyst, as exposing to CH4 for 30 min; by
switching the gas to CO2, it reacted with the deposited carbon
to form CO but only partially eliminated the cokes within 30
min (Figure S13).

To further testify the stability of the Ni catalyst, in situ TEM
experiments were conducted at 1173 K under the reactive
gases. The particle size and spherical-like morphology of Ni
nanoparticles were barely changed as switching the gas to CH4,
CO2, and their mixture at such a high temperature (Figure S14,
Movie S2). Over the reference Ni catalyst, however, rapid
growth of faceted Ni particles was observed when introducing
CH4, indicating the high mobility of Ni particles (Movie S3).
Once again, the structural stability of the OxNi catalyst is

intimately linked to the MEO thin layer that con� ned and
stabilized the spherical-like Ni particles.

In situ X-ray di� raction (XRD) experiments also con� rmed
the stable crystalline structure of the OxNi catalyst during
MDR at 873 K (Figure 4a). The crystalline size, estimated
from the main di� raction line, remained at 15 nm during the
measurement. For comparison, the XRD pattern intensity of
the reference Ni catalyst dramatically decreased after 90 min
and nearly vanished at 120 min because of the strong volume
expansion of the catalyst bed by heavy coke deposition (Figure
S15). Moreover, intelligent gravity analysis (IGA), combined
with MS, revealed the mass change in the catalyst during MDR
(Figure 4b). Upon exposing to the gas stream, the reaction
occurred immediately as indicated by the MS signals of CO
and H2, but the mass remained nearly constant, clearly
demonstrating the anticoking ability of the catalyst. In contrast,
a rapid mass increase was detected over the reference Ni
catalyst (Figure S16) primarily because of the heavy coke
deposition via CH4 decomposition but the slow removal of
coke by CO2.

It is generally accepted that MDR with a stoichiometric feed
gas (CH4/CO2 = 1/1) simultaneously includes carbon
deposition by CH4 cracking (>773 K), CO disproportionation
(423� 973 K), and carbon elimination by CO2 at 873� 1073
K.37,38 Methane cracking could proceed rapidly over Ni
particles with a proper size, but carbon elimination by O

Figure 3.In situ TEM observations of the OxNi catalyst upon exposure to CH4, CO2, and their mixture at 873 K. (a� c) TEM images taken at
di� erent reaction times at 873 K with the inlet gas being composed of CH4/CO2 = 1/1; (d� f) subsequent switch to CH4 and then CO2 gas� ow;
and (g) corresponding mass spectra of the outlet gas.
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adatoms liberated by CO2 dissociation both over the support
or at the metal� support interface is often slow and thus leads
to fast coke accumulation.18,39 Hence, balancing the rates
between carbon deposition and carbon elimination would be
the key to improve the anticoking capability of the Ni catalyst.
To verify this, we conducted IGA-MS experiments for MDR at
873 K (Figure 4c) by exposing the Ni catalyst alternatively to
CH4 and CO2. The mass variation of the OxNi catalyst, along
with the outlet gas composition, enabled us to quantitatively
describe the dynamic carbon deposition and elimination
processes. As CH4 was injected for 30 min, the mass slightly
increased by� 0.3 wt %; this indicated carbon deposition on
the Ni catalyst together with the generation of H2. The carbon
species was then quickly eliminated when CO2 was injected,
forming CO. Considering the linearly changing mass for the
intervals, the rates of carbon deposition and elimination were
estimated. The carbon elimination rate (0.51 g gNi

� 1 h� 1) was
faster than the deposition rate (0.24 g gNi

� 1 h� 1) over the OxNi
catalyst, showing a negligible coke accumulation. This was
associated with the large amount of CO2 adsorption and the
easy desorption over the OxNi catalyst (Figure S17). However,

over the reference Ni catalyst, the rate of carbon deposition
(2.39 g gNi

� 1 h� 1) was much larger than the elimination rate
(1.79 g gNi

� 1 h� 1) and thus led to a signi� cant accumulation of
carbon (Figure S18). The Boudouard reaction, that is, CO
disproportionation, usually occurred at lower temperatures and
produced carbon deposits. When the OxNi catalyst was
exposed to CO at 873 K, traceable mass increase was observed,
accompanied by the formation of CO2 (Figure S19). Again, the
reference Ni catalyst showed 2 wt % weight increase and the
signi� cant formation of CO2. Hence, the carbon species
formed from methane decomposition over the OxNi catalyst
are the main intermediates which are further gasi� ed to CO via
the fast reverse Boudouard reaction (Figure 4d). Combining
the N2 adsorption and chemisorption measurements (Table S2
and Figure S20), the outside MEO layer is porosity. The
accessible sur� cial metallic Ni atoms have been isolated and
con� ned by the MEO layer, which avoid fast C� C bond
formation on an open facet. Meanwhile, the nearby basic sites
assist carbon dioxide adsorption and accelerate carbon
elimination. The weakened CO and H2 adsorption are also

Figure 4.Dynamic formation and elimination of coke over the OxNi catalyst at 873 K. (a) In situ XRD measurements at 873 K by� owing a CH4/
CO2/Ar (1/1/3) mixture; (b) mass change and the corresponding mass spectra of the outlet gas; (c) mass change by the alternative injections CH4
(� ) or CO2 (*) and the corresponding mass spectra of the outlet gases; and (d) schematic representation of the MEO thin layer-con� ned and
-stabilized Ni catalyst and the reference sample.
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bene� cial for removing products and improve the activity and
stability of the OxNi catalyst.

� CONCLUSIONS
The spherical-like Ni nanoparticles, spatially con� ned by 1� 2
nm-thick MEO and chemically� xed within the MgO� Al2O3
matrix, catalyzed the MDR reaction both actively and stably.
The appropriately sized Ni particles of around 15 nm balanced
the carbon decomposition and elimination rates, while the
oxide thin layer e� ciently stabilized and prevented the Ni
nanoparticles from sintering. This result o� ers a new strategy
for the design of metal catalysts for high-temperature
conversion of hydrocarbons.

� METHODS
Catalyst Preparation. The OxNi catalyst was prepared

through homogeneous coating of Ni� Mg� Al nanosheets by
SiO2 through charge-driven assembly, followed by calcination
and reduction. Typically, the precursor Ni� Mg� Al nanosheets
were synthesized using the coprecipitation� hydrothermal
method. Ni(NO3)2, Mg(NO3)2, and Al(NO3)3 (molar ratio
of 3:12:5) were dissolved in deionized water to obtain a
transparent green solution with the total ionic concentration of
0.4 mol L� 1. The mixed salt solution was quickly added to
stoichiometric NaOH solution (0.2 mol L� 1) under magnetic
stirring and further kept for 30 min for coprecipitation. The
obtained deposit was thoroughly washed and redispersed into
200 mL of water, which was further transferred into a
hydrothermal vessel with Te� on inner. Aging for 16 h at 373
K, a stable suspension was successfully obtained with a solid
content of 4.0 mg mL� 1. Afterward, 75 mL of suspension was
mixed with ammonia and ethanol. Then, 0.92 mL of tetraethyl
orthosilicate was added into the abovementioned mixture and
further aging for 16 h at 303 K, followed by washing and
drying at 323 K. The dried light green powder was calcined in
air at 1073 K, followed by reduction in 10 vol % H2/N 2 at
1073 K to obtain the OxNi catalyst.

The reference Ni catalyst without a silica coating was
obtained by vacuum distillation of the Ni� Mg� Al nanosheet
suspension over rotary evaporation at 323 K, following
calcination and reduction as that for the OxNi catalyst.

Catalytic Test of MDR.The MDR tests were performed in
a quartz� xed-bed tubular reactor from 673 to 1073 K at each
temperature for 8 h using 150 mg of catalysts with a� ow rate
of 50 mL min� 1 (CH4-20%, CO2-20%, and N2-60%, GHSV =
20,000 mL gcat

� 1 h� 1). The catalytic durability tests were
carried out by changing the reaction temperatures stepwise
from 1073 to 973 and 873 K and heating back to 1073 K, using
100 mg of catalysts with a� ow rate of 50 mL min� 1 (CH4-
20%, CO2-20%, and N2-60%, GHSV = 30,000 mL gcat

� 1 h� 1).
The reaction conditions were the same for the stability test at
873 and 1073 K. The products were analyzed by a gas
chromatograph equipped with TCD and FID. The conversion
of CH4 and CO2 as well as H2/CO molar ratio are de� ned as
follows
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Š
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4 4
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whereF represents the gas� ow of CH4 and CO2 included in
the raw gas and product gas along with H2 and CO contained
in the product gas.

Characterization. � potentials of the samples were
measured using Malvern Zetasizer Nano ZS90. Dynamic
light scattering measurements were also carried out to
determine the size distribution of Ni� Mg� Al nanosheets. N2

sorption isotherms were measured using a TriStar 3000
adsorption analyzer (Micromeritics) at 77.4 K. The Ni, Mg,
and Al contents were analyzed using an inductively coupled
plasma atomic emission spectrometer on an Optima 2000 DV.

Low-magni� ed transmission electron microscopy (TEM)
images, scanning TEM (STEM), and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental map-
pings of the samples were obtained on a Tecnai F30 electron
microscope equipped with an FEG gun operating at 300 kV.

High-resolution STEM observations and EDS mappings
were conducted on JEM-ARM-300F equipped with a spherical
aberration corrector. In situ TEM experiments were conducted
in a windowed E-cell system (DENS solutions Climate)
including a sample holder, a gas supply system, and a heating
control unit. The sample holder is made up of two chips
functionalized with electron-transparent SiNx windows and
sealed with O-rings. The maximum temperature allowed is
1273 K, and the maximum pressure is 1000 mbar. The
composition of the outlet gas was monitored using a mass
spectrometer.

XRD patterns were performed with a Panalytical X’pert Pro
Super X-ray di� ractometer using Cu K� radiation (40 kV, 40
mA, � = 0.15418 nm) with a scanning angle (2� ) of 10� 90°.
In situ XRD experiments of the reduction process were carried
out in a 5 vol % H2/Ar atmosphere at a� ow rate of 30 mL
min� 1. The experiments under MDR reaction conditions were
operated using an in situ cell with a total� ow rate of 30 mL
min� 1 in total (CH4-20%, CO2-20%, and N2-60%). The XRD
patterns were collected after the samples reached the preset
temperatures for 15 min. Raman spectroscopy was used to
characterize the nature of the deposited carbon after the
stability test, which was carried out at room temperature using
an inVia Qontor spectrometer.

An STA 449 F3 thermogravimetric analyzer (NETZSCH)
was used for determining the amount of carbon deposition
over catalysts after the MDR reaction at di� erent temperatures.
The mass change in the catalyst during the MDR test was
monitored using the intelligent gravimetric analyzer equipped
with a dynamic mass spectrometer that can record the
composition of the produced gases on-line (IGA-100B-
DSMS, Hiden Isochema).

H2 temperature-programmed reduction (H2-TPR), H2 pulse
chemisorption, and CO2 temperature-programmed desorption
(CO2-TPD) experiments were carried out on a Micromeritics
Autochem II 2920 automated catalyst characterization system.
Before the test, the samples were pretreated in argon at 423 K
for 30 min to remove the adsorbed molecules. The amount of
H2 or CO2 consumption was determined on-line using a
thermal conductivity detector.
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