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Abstract: The continuous increase in greenhouse gas emissions is
seriously threatening the human living environment. Dry reforming of AC’ngl]]0[
methane(DRM) can convert carbon dioxide and methane into syngas vy %
which can be further used to produce value-added chemicals, providing
an excellent solution for greenhouse gas mitigation. At present, dry
reforming of methane confront with issues such as carbon deposition
and sintering of active sites, etc. Therefore, ideal catalysts should
possess the dual advantages of inhibiting carbon deposition and
maintaining high stability at high temperatures, which is the core
challenge in catalyst design. Complex oxide materials with special
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thermodynamic characteristics, reaction mechanisms and catalyst

deactivation mechanisms of methane dry reforming are summarized.

Subsequently, the features of special-structured pyrochlore, spinel oxide and perovskite catalysts, as well as their research
progress are systematically reviewed. Meanwhile, centered on the three regulation mechanisms of active metal stabilization,
oxygen vacancy modulation and reaction pathway optimization, the structure-activity relationships between crystal structure,
strong metal-support interaction (SMSI), oxygen vacancies and other factors and the anti-coking and anti-sintering properties of
catalysts are elaborated. Finally, future research directions of special structure catalysts for DRM are prospected.
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suitable for producing value-added chemicals through
Fischer-Tropsch synthesis'®”. The technology was firstly
proposed by Fisher et al.™! in 1928. Since then, researchers
have successively developed a variety of high-performance
catalyst systems based on metals including Pt, Ir, Ru, Rh
and Co. However, the high cost limits the industrial
application and the carbon deposition caused by methane

and the synthesis processes of value-added chemicals have decomposition during the reaction seriously impairs the
thus become the focus of attention in the low-carbon field™. catalyst activity. The DRM reaction requires high-

CO, and CH, are the primary greenhouse gases driving temperature to achieve completely conversion which further
global climate change®™. DRM technology serves as an aggravates the carbon deposition as well as the sintering of
optimal approach that could convert CO, and CH, into active sites®. Hence, a desirable catalyst is required to
syngas with H,/CO molar ratio close to 1:1, particularly possess two key merits: suppressing carbon deposition from

The rapid development of industry and the surging
demand for fossil fuels have led to continuous rise in
atmospheric CO, concentration, posing a serious threat to
the environment' . To address this challenge, 195
countries signed the Paris Agreement in 2025 to restrict the
greenhouse gas emissions, marking an imminent major
transformation in the energy sector®l. CCUS technologies
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the thermodynamic perspective and retaining long-term
durability at high temperatures, which are the central
challenges in catalyst design. At present, complex oxide
materials with unique structures, such as pyrochlores, spinel
oxides and perovskites, also referred to reduced solid
solution catalysts, have attracted extensive attention due to
the excellent catalytic performance. Therefore, the
thermodynamic characteristics, reaction mechanisms and
catalyst deactivation mechanisms, as well as the recent
research progress of pyrochlore, spinel oxide and perovskite
catalysts for DRM reaction are summarized in this review.
In addition, focusing on three core regulation mechanisms
including active metal stabilization, oxygen vacancy
modulation and reaction pathway optimization, the effects
of crystal structure, SMSI and oxygen vacancies of special
structure catalysts on their anti-coking performance are
systematically analyzed to provide theoretical guidance for
the design and development of novel high-efficiency anti-
coking catalysts.

1 Investigation of DRM

1.1 Thermodynamic analysis

The DRM reaction is relatively slow that requires a great
quantity of energy in the form of heat to break the CO, and
CH, molecules with decomposition energies of 439 and
750 kJ/mol, respectively!'”. The main reactions are
presented in Table 1. It can be seen that except for CO
disproportionation (Eq. 4) and CO, hydrogenation (Eq. 5),
the remaining are highly endothermic, suggesting that the
DRM reaction proceeds effectively only under high-
temperature. The ideal H,/CO molar ratio of 1:1 fits with
downstream processes such as Fischer-Tropsch synthesis
and methanol production while supporting carbon
utilization and economic viability. However, the reverse
water-gas shift (RWGS) reaction (Eq. 2) promotes the CO,
conversion and lowers the molar ratio to less than 1'%,
Equally, a ratio higher than 1 specifies a quicker methane
decomposition than coke gasification which leads to
catalyst deactivation'’®], CO disproportionation (Eq. 4) and
methane cracking (Eq. 6) are the main causes of carbon
deposition, which occurs at 550—700 °C. Meanwhile, CO,

hydrogenation (Eq. 5) can also induce coking!'.

Accordingly, the reaction temperature should be maintained
above 700 °C, at which the occurrence probabilities of CO
disproportionation, methane cracking and RWGS reactions
decrease remarkably'®. As displayed in the thermodynamic
equilibrium plot of DRM reaction (Figure 1), the H,/CO
molar ratio approaches 1 at above 625 °C. Complete
conversion of CH, and CO, along with an H,/CO molar
ratio close to 1 can be realized at temperatures over 900 °C,
demonstrating that elevated temperature inhibits the side
reactions and carbon deposition. Since the DRM reaction
features an increase in total molecular moles, low pressure
favors high conversion of CH, and CO, with 1 atm being
the optimal, whereas elevated pressure promotes the RWGS
reaction and lowers the Hy/CO molar ratio!'®,

Owing to the complexity of the DRM reaction, the H,/CO
molar ratio is also correlated with the CO,/CH, molar ratio
and their distinct activation rates. The ideal H,/CO molar
ratio of 1 can only be achieved when the CH,/CO, molar
ratio is approximately 11'*'7). Slow activation of CO, leads
to a higher H,/CO molar ratio. While accelerated CO,
activation reduces this ratio, and residual oxygen atoms tend
to form water as by-product!'®).

1.2 DRM reaction mechanisms

DRM is a complex reaction with multiple pathways. So,
an in-depth understanding of the reaction mechanisms and
structure-activity relationship are crucial for designing high-
efficiency catalysts. The reaction pathways are closely
associated with the surface microenvironment of catalysts.
Differences in catalyst surface properties and reaction
conditions can alter the involved intermediates, and thus no
general mechanism is applicable to all catalytic systems.
Methane  activation  undergoes four  consecutive
dehydrogenation steps. CH, is adsorbed on the catalyst
surface, where the C—H bonds are broken sequentially to
generate CH,* species (x=0—3)!"". Because of the high bond
energy of C—H bonds, methane activation is difficult.
Furthermore, the dissociation rate increases with increasing
temperature, with methane activation representing the rate-

controlling step of the reaction!**",

Table | Main reactions in methane dry reforming
No. Reactions Reaction equation A Hyoer /(KT .mofl)
1 Dry reforming of methane CH,+CO, = 2H,+2CO 247.0
2 Reverse water gas shift CO,+H, = H,0+CO 41.0
3 CO Hydrogenation CO+H, = C+H,0 284.0
4 CO disproportionation 2CO = C+CO, -172.4
5 CO, Hydrogenation CO,+2H, = C+2H,0 -90.0
6 Methane cracking CH, = C+2H, 75.0
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Fig. 1 Thermodynamic equilibrium plot for DRM at 1 bar
using stoichiometric feeds™
(with permission from Elsevier)

The high C=0 bond energy in CO, leads to activation
difficulty compared with methane dissociation. However,
given the inherent acidity of CO, molecules, catalysts
constructed with basic supports can efficiently realize its
adsorption and activation. Consequently, CO, activation is
more facile than methane activation on the catalysts with
specific physicochemical properties. Currently, there are
three identified pathways for CO, dissociation (pathway
1-3). Pathway 1 shows direct dissociation of CO, adsorbed
on the catalyst into CO and O. The other two are H-induced
activation, which induced by adsorbed hydrogen species,
namely CO,*+H*—>COOH*+*—CO*+OH* (pathway 2)
and CO,*+H*—HCOO*+*—CHO*+0O* (pathway 3)***,
Subsequently, the CH;*, CH,* and CH* intermediates
generated from CH, dissociation can be oxidized by
adsorbed oxygen radicals (O") or hydroxyl radicals (OH") to
form CHO,*species, which further decompose into CO and
H,!"*#724 Reaction steps of DRM process are illustrated in
Figure 2 which involves several key steps: (1) the chemical
adsorption and dissociation of CH, at the interface between
the metal and support, (2) the chemical adsorption and
dissociation of CO, at the interface between the metal and
support, (3) the spillover of hydrogen and oxygen to form
surface hydroxyls and (4) the oxidation of CH,* species by
surface hydroxyls and oxygens to generate CH,O* followed
by decomposition into H, and CO.

CHCILH . cgC0:,f0. cn, cuft GO co,co,
o

(1) Adsorption activation of CH, and CO, (2) Desorption of H, and CO
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Fig.2 Reaction steps of DRM process

1.3 Catalyst deactivation mechanisms

Except for mechanical damage, DRM catalysts
deactivation can be categorized into three types: carbon
deposition, sintering and poisoning®®, Among these, carbon
deposition and high-temperature sintering are the core
factors restricting the long-term operation of the catalysts.

The main sources of carbon deposition in DRM include
CH, cracking, CO disproportionation, and CO,
hydrogenation etc. Side reactions can lead to the
accumulation of carbon on the surface of catalyst, which
gradually covers and poisons the active sites and degrades
the catalytic performance. Severe carbon deposition can
block the reaction tubes and increase the pressure of the
catalyst bed””. In the temperature range of 550—700 °C,
CH, cracking and CO disproportionation proceed
simultaneously, resulting in severe carbon deposition. By
contrast, CH, cracking dominates carbon formation at
temperatures above 700 °CP%. Table 2 summarizes the
types of carbon materials and their formation temperatures
during the reactions. Generally, according to the differences
in the activity of carbon species, carbon deposition can be
classified into three types: (1) adsorbed atomic carbon
(highly active carbon, C,) which can be removed by
reacting with oxygen or hydrogen or subsequent CO,
oxidation (CO,+C—2CO); (2) polycarbon(C,;) with high
activity, which forms via the aggregation of dehydrogenated
C, species on the catalyst surface, and serves as an
intermediate for the formation of inert carbon (C,); (3) C,
(whisker carbon and graphitic carbon) with low activity
which is resistant to oxidative removal, and the deposited
carbon layers may block the active sites and induce catalyst
deactivation.

Metal sintering originates from high temperature, which
causes surface lattice particles to vibrate and migrate,
followed by agglomeration to form relatively stable large
metal particles. There are two mechanisms of sintering:
migratory aggregation of particles and Ostwald ripening.
The latter involves the dissolution of smaller particles and
the redeposition onto larger particles, leading to growth of
the larger particles and the disappearance of the smaller
ones®". The routes to inhibit the sintering mainly include
strengthening the metal-support interaction® and limiting
the metal migration through space confinement™. In
addition,  sulfur-containing  compounds, particularly
hydrogen sulfide, also contribute to catalyst poisoning and
deactivation"],

Table 2 Carbon types and formation temperature on the
catalyst surface

Carbon type Appellation Generation .
temperature/ “C
Adsorbed atomic carbon C., 200-400
Polycarbon Cy 250-500
Whisker carbon C, 300—1000
Graphbhitic carbon 500-550
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Therefore, when evaluating the stability of catalysts, it is
also necessary to focus on the practical applicability in
industrial conditions, especially the performance under
harsh atmospheres containing sulfur species.

2 Special structure catalysts

Complex oxide materials with special structures possess
exceptional thermal stability, tunable surface properties, and
the ability to accommodate metal cations within their robust
lattice structures. Active metals can exist either on the
material surface or inside the support. Such distribution
effectively strengthens the interfacial interaction between
active phases and reactants, thereby improving the catalytic

357361 Meanwhile, the materials not

activity and stability!
only offer superior resistance to sintering and carbon
deposition but also enable the fine-tuning of catalytic
activity through structural modifications. According to the
differences in general formula structures, special structure
materials are classified into pyrochlores, spinel oxides and

perovskites.

2.1 Pyrochlore catalysts

Pyrochlore catalysts include a group of materials with the
general formula A,B,0,, where A is a larger cation mostly a
rare earth metal ion and B is a smaller cation mainly a
transition metal ion. Such materials have high structural
versatility, which means that various metal ions can be
incorporated into both A and B positions, showing large

3739 In addition, the precise

impact on the catalytic activity®
regulation of metal compositions and the resultant
electronic properties of pyrochlore structures are crucial for
achieving high-efficiency performance. Table 3 summarizes
the recent applications of pyrochlore catalysts in the DRM

reaction.

2.2 Spinel oxide catalysts

Spinel oxides are a class of compounds with the general
formula AB,O,, in which A and B represent metal cations.
These compounds crystallize in a cubic close-packed
structure, where the cations occupy specific interstitial
positions i.e. tetrahedral sites are occupied by A cations
whereas octahedral sites are occupied by B cations**™*,
Owing to the robust crystal structure, excellent thermal
stability and distinctive electronic properties, carbon
deposition can be suppressed. In addition, abundant oxygen
vacancies endow the materials with extremely high oxygen
mobility, which enables continuous replenishment of
oxygen on the catalyst surface. The dynamic oxygen
exchange helps remove the carbon deposits and maintain
the catalytic activity. Table 4 summarizes the recent
applications of spinel oxide catalysts in the DRM reaction.

2.3 Perovskite catalysts

Perovskite materials have the chemical formula of ABO;,
in which A is a large cation (typically a rare earth or
alkaline earth metal), and B is a smaller cation (usually a
transition metal). While the Ruddlesden-Popper structured
perovskites follow the formula of A,BO, consisted of
alternating perovskite layers and A cation layers®”. The
catalytic performance of perovskites is closely correlated
with their atomic geometric structures and the electronic
properties. The arrangement of octahedral B cations induces
unique d-orbital splitting to modulate the adsorption energy.
These cations can also form multiple electronic states by
adjusting oxidation states, which not only reduces the
reaction barriers but also accelerates the activation of CH,
and CO,”*. Furthermore, the distribution pattern of
internal oxygen vacancies directly affects the carbon
gasification rate. The ordered vacancy distribution at A sites
markedly improve the oxygen mobility. Table 5
summarizes the recent applications of perovskite catalysts
in the DRM reaction.

Table 3 The application of pyrochlore catalysts in DRM reaction

Reaction conditions

; - CH, CO,
Catalyst space Vf:llOC_IEy tempi:){ature time Reactant[ conversion/%  conversion/% References
/(mL-g -h ) /°C /h concentration

La, 95S10.05Z11.004Ni0,0060- D 900 45 97.5 96.8
. 24000 CH,/CO,=1:1 [37]

La, 958190521 44Nip 5607 900 45 53.7 73.5
Ni-La,Zr,0, 30000 700 350 CH,/CO,=1:1 ~ 80 ~85 [40]
CeyZr, 96Pty0:07.5 381202 650 24 CH,/CO~=1:1 97.6 95 [41]
La,(CeZrNi),0O, 60000 800 40 CH,/CO,/N,=3:3:4 75 82 [42]
Ni-Gd, Ti,O, - 800 200 - 70.8 86.6 [43]
La, 95S1,, 0521 44Nig 56074 18000 800 100 - ~50 ~85 [44]
10%Ni/Y,Z1,0, 72000 800 8 CH,/CO~1:1 91.6 93.2 [45]

(D The uint is scc/(g_1 ~h_1);  The uint is h_l.
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Table 4 The application of spinel oxide catalysts in DRM reaction

Reaction conditions

Catalyst space vglloc_i}y temperature  time ReactanF convgrljig /% conVSr(s)izon /% References
/(mL-g ‘h ) /°C /h concentration
Ni375C0037sMgo2sALO, 60000~ 850 - CH,/CO~=1:1 92 ~70 [49]
Ni,Co,/MgALO, - 800 - - 90 >95 [50]
Ni0sAl 0,5 36000 800 50 CH,/CO,/Ar=1.5:1.5:7 ~92 ~97 [51]
NiALO, - 850 200 - 90 99 [52]
Rh/MgAl0, 520800 750 1 CH,/CO,=1:1 432 51.9 [53]
Ni-MgAlL,0,-800 120000 750 300 CH,/CO,=1:1 90 ~90 [54]
Ni-Mg, ;AlO, 120000 627 20 CH,/CO,/N,=4.5:4.5:1 30.4 - [55]
Co-Mg-Al-O, 1200000 750 15 - 83 80 [56]
(D The uint is hfl.
Table 5 The application of Perovskite catalysts in DRM reaction
Reaction conditions
Catalyst space velocity —temperature reactant CH.4 CO.Z References
- gil 4 1) 1 concentration conversion/% conversion/%
La(Coy3Nig 7)o sFeq 505 12000 750 CH,/COy/N,=1:1:1 63.5 80 [60]
LaNij 3,C043;Mn,3;0; 12000 800 CH,/CO,/N,=1:1.05:1 94 91 [61]
Sm, 5SrsNiO, 60000 800 CH,/CO,/He=1:1:3 90 88 [62]
La, oCe, ;NiO; 18000 700 - 80 70.8 [63]
LaNi,; sMn,,0; 15000 750 CH,/CO=1:1 >90 >90 [64]
40LaNi, ,sFe,,504/Si0, - 700 CH,/COy/N,=1:1:2 90 95 [65]
La,NiMnOq 30000 800 CH,/COyHe=1:1:3.6 >95 >95 [66]
La,Ni, 3Cu,,0, 12000 750 CH,/COy/N,=1:1:2 86 91 [67]
Ni(C0,,/TiO, - 700 CH,/CO,~=1:1 35 50 [68]
PrBaMn, ;Ni, ,Fe 6sRhg 0,06.5 36000 750 CH,/CO,/N,=33:34:33 72 84 [69]
Co-La,,CaygNiO;-Zr0O, 42000 700 CH,/COy/N,=1:1:1 88 90 [70]
La, gSm,,NiO; 42 76

Lag Pro,NiOs 200000 750 CH,/CO,/N,=3:2:5 95 56 [71]
LaNi Zr,,0; 28800 800 CH,/CO,/N,=1:1:1 50 37 [72]
LaNi,; {Mn,,0; 15000 700 CH,/CO,/N,=2:2:1 84 - [73]
La,NiO, 24000 750 - 91 91 [74]
Ni-Fe,04/Lag sSr,FeO; - 800 - 99 99? [75]
PrBaMn, ¢Nig sFeg 05055 30000 800 CH,/CO,/N,=33:34:33 ~52 ~54 [76]

(D The uint is hfl; (2 The value refers to CO selectivity.

3 Anti-coking regulation mechanisms

In DRM, carbon deposition is the core bottleneck causing
catalyst deactivation. Complex oxide catalysts with special
structures have become a key research direction owing to
their tunable crystal structures, strong SMSI effects and
excellent dispersion of metallic active sites™ %, Through
precise structural modulation, the catalysts fundamentally

suppress the carbon deposition and accelerate the carbon
removal, achieving synergistically enhanced activity and
stability. The core regulation mechanisms mainly include
active metal stabilization, oxygen vacancy modulation and
So, the anti-coking
strategies and relevant research progress for pyrochlores,

reaction pathway optimization.

spinel oxides, and perovskites are summarized.
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3.1 Active metal stabilization

Sintering of active metal particles accelerate the carbon
deposition via methane dissociation. Therefore, anchoring
active metals through specific structures to suppress particle
agglomeration represents a pivotal strategy for suppressing
carbon deposition. The core of the strategy relies on lattice
spatial confinement: doping active metal cations into the
lattice or constructing SMSI by structural modulation can
retain the active metals at ultrasmall sizes with
homogeneous dispersion, thereby  fundamentally
suppressing the carbon deposition.

Pyrochlore materials serve as typical supports owing to
the excellent structural flexibility™® >*. Active metals doped
into A or B sites and anchored by the lattice structure can
efficiently inhibit the agglomeration. Le Sache et al.*!
found that when Ni was doped into La,Zr,0,, Ni species
could be stabilized by the pyrochlore lattice. During the
reaction, Ni precipitated from the lattice to form well-
dispersed metallic Ni’ particles below 5 nm, which
effectively prevented the formation of large Ni clusters
prone to carbon deposition. As a result, the catalyst
possesses better stability than impregnated Ni catalysts!”,
Substitution of La with Sr in La,Zr, 44Ni; 5405 could also
markedly enhance the catalytic activity, since Sr doping
increased the surface Ni content, reduced the particle size
and improved the metal dispersion, which endowed the
catalyst with superior sintering resistance and led to nearly
no obvious growth of Ni particles in the stability tests™*".
Fang et al.l*! discovered that dielectric barrier discharge
plasma treatment of Ni/Y,Zr,0; under H,/Ar mixed
atmosphere could further reduce the grain sizes of NiO and
Ni, strengthen the interaction between Ni particles and
pyrochlore, and thus further enhance the anti-sintering and
anti-coking performance.

Spinel oxides realize the stable dispersion of active
metals via cation modulation at crystal interstitial sites.
Zhang et al.”"! synthesized the Ni Al O, catalyst, where x
stand for the Ni/Al molar ratio and J represented the oxygen
vacancy concentration. The structural evolution of the
NiAl,O, spinel phase in the catalyst before and after
calcination and reduction is shown in Figure 3. After
calcination, the Ni*" species in Ni,Al;0,; could not be
completely reduced even at high temperatures. While partial
reduction of the NiAlLO, spinel phase yielded ultrafine Ni’
nanoparticles, which enhanced the SMSI and optimized the
dispersion of active sites, thus efficiently suppressing the
carbon deposition. In addition, a coexisting phase of
metallic Ni’ and NiAl,O, formed on the catalyst surface
after the reaction. The interfacial structure between the two
phases and the favorable SMSI effect endowed the catalyst
with excellent anti-sintering and anti-coking
performance®™. Anchoring single-layer Rh clusters on
spinel MgAl,O, nanosheets achieves 100% Rh atom
utilization. The SMSI not only stabilized the Rh cluster
structure but also lowered the activation energy for the
oxidation of C* and CH* species in the rate-determining
step, thereby synchronously improving the catalytic activity

and anti-coking performance®. Wen et al.’*! synthesized
the Ni-MgAl,O,-¢ catalysts (¢ represented calcination
temperature) via  evaporation-induced  self-assembly
strategy. It was found that the ordered mesoporous structure
of Ni-MgAl1,0,-800 had a strong confinement effect on Ni
nanoparticles, which constructed robust SMSI and
effectively suppressed the carbon deposition. In addition,
the catalyst kept the conversion of CO, and CH, at
approximately 90% during the 300 h stability test.

CO, could oxidize elemental Fe into FeO, during the
DRM and the formed FeO, promoted the oxidation of
deposited carbon, which was responsible for the excellent
stability of NiFe catalysts’®). To explore the effect of Fe on
the catalytic performance of spinel oxides, De Coster et
al.””! doped Fe into Ni/MgAl,O,, where Fe existed on the
catalyst surface in the form of NiFe,O,. The results
demonstrated that NiFe,0, could be reduced to NiFe alloys
by hydrogen dissociated from CH, during the DRM. The
schematic diagram of DRM reaction on FeNi/MgAl,O,
catalyst is shown in Figure 4. CH, was activated and
dissociated over Ni active sites to produce H, and carbon
species. The generated surface carbon was further re-
oxidized into CO by lattice oxygen derived from FeO,. H,
was capable of reducing iron oxides. Subsequently, the Fe
species in the NiFe alloys could be oxidized into FeO, by
CO, or H,O produced from the RWGS reaction, thus
forming a continuous cycling. However, the above redox
cycle could only be achieved when the CH,/CO, molar ratio
was no less than 1 because that adequate hydrogen
suppressed the iron oxidation and sustained continuous
NiFe alloy formation.

Ni,Al,O,_; precursor

Calcination in
air at 800 °C

ros Reduction in . o
Niz activ .
H, at 500 °C Defective NiAlL,O,,
or Ar at 800 °C NiALO,
‘_.
Oxidation in
Reduction in CO, at 800 C
H, at 800 C
Ni’ )
N Ni®

NiALO, After DRM reaction m
—_—

Fig. 3 The structure evolution of the Ni,Al10,_4 catalyst before
and after DRM reaction”")
(with permission from Elsevier)

FeO, '

H,

gFel"Al,,On !
gFe?*Al, 07 | “H,0

Fig. 4 Schematic diagram of DRM reaction on
FeNi/MgAL,O, catalyst™
(with permission from Elsevier)
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Stable dispersion of active sites can also be realized for
perovskite catalysts via in situ exsolution of active metals
during reduction. As one of the most extensively
investigated catalysts for DRM reaction, LaNiO; exhibited a
reduced specific surface area after high-temperature
calcination. Nevertheless, activation treatment before or
during the reaction could generate highly dispersed small
metallic Ni nanoparticles on the LaNiO; framework, which
remarkably enhanced the catalytic activity™ *. Sagar et
al."reported that tuning the Ni/Zr molar ratio of LaNi, Zr,_,O,
(0=<x=1) catalysts could modulate the generation of La-Zr
pyrochlore and La-Ni perovskite phases. In other words,
higher Ni content promoted the phase transformation from
La-Zr pyrochlore to La-Ni perovskite, yielding more
uniform dispersion of Ni active sites and thus greatly
enhancing the high-temperature stability and anti-coking
performance of the catalysts. Yao et al.l’ synthesized
PrBaMn, ¢Ni, sFe; ;05,5 double perovskite catalysts. Upon
reduction, NiFe alloy nanoparticles could be in situ
exsolved from the lattice. Such alloy structure could
effectively suppress the agglomeration of monometallic Ni.
Compared with monometallic Ni-based catalysts, the
materials delivered a distinct enhancement in anti-coking
performance. Density functional theory (DFT) calculations
were employed to investigate the carbon removal
performance of alloy catalysts and monometallic Ni
catalysts, as well as the differences in adsorption energies of
key intermediates over the Ni,Fe,(111) and monometallic
Ni(111) crystal facets. The results revealed that although
monometallic Ni formed slightly more oxygen vacancies
than NiFe alloys, NiFe alloys showed better anti-coking
performance, indicating that oxygen vacancies were not the
main factor for carbon removal(Figure 5). The Ni,Fe,(111)
crystal plane exhibited stronger dissociation intensity for
carbon-containing intermediates (CH,*) than Ni(111).

/J Fuel Chem Technol, 2027, 55(2), 20260097 (7 of 13)

Meanwhile, Ni(111) had a higher adsorption energy for C",
which facilitated coke formation on the surface®™. In
addition, Ni,Fe (111) possessed a lower CO, dissociation
energy than Ni(111) and Fe was oxyphilic. Therefore,
addition of Fe to Ni-based catalysts could enhance the
adsorption capacity for O* species and reduced the CO,
dissociation energy. The O* species reacted more strongly
with deposited carbon, thereby effectively reducing the
coking rate.

3.2 Oxygen vacancy modulation

In the DRM reaction, the efficient elimination of coke
relies on the continuous supply of oxygen species on the
catalyst surface. Oxides with unique structures can generate
abundant oxygen vacancies through lattice structure
regulation, which markedly improves the oxygen mobility
and realizes the dynamic replenishment of oxygen species.
This further accelerates the reaction between deposited
carbon and oxygen species, thereby achieving high-
efficiency anti-coking performance. Oxygen vacancy
regulation is primarily achieved by cation doping and phase
transformation. Obvious differences exist in vacancy
modulation routes among catalysts with diverse structures.

Regulating the oxygen vacancy concentration of
pyrochlore catalysts via cation doping can effectively
enhance their coke removal capacity!*'!. Bai et al.™’
adjusted the Zr/Ce ratio in the La,(CeZrNi),0, catalyst to
induce the transformation from pyrochlore phase (La,Zr,0,)
to defective fluorite phase (La,Ce,0;). As the Zr/Ce ratio
decreased, the structural ordering degree declined while the
oxygen vacancy concentration increased remarkably. When
the Zr/Ce ratio was 3, the catalyst possessed the maximum
number of oxygen vacancies.
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(with permission from Elsevier)
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Meanwhile, the SMSI between Ni species and the support
was strongest, accompanied by the optimal size distribution
of Ni nanoparticles. The catalyst exhibited best anti-coking
performance and catalytic activity. A-site doping can also
increase the concentration of oxygen vacancies. Liu et al.!*’]
synthesized Ni-modified Gd,Ti,O, catalysts and found that
doping with 2% Gd could generate more oxygen vacancies
and surface adsorbed oxygen in the A,Ti,0; lattice. This not
only accelerated the oxidative removal of deposited carbon,
but also strengthened the C—H bond activation capability of
CH, and the adsorption capacity of CO,, thereby endowing
the catalyst with outstanding stability.

Oxygen vacancies in spinel oxides mainly stem from
cation doping and phase transformation whose high oxygen
mobility facilitates efficient oxidative removal of deposited
carbon. Doping Mg into Ni-Al-O, and Co-Al-O, catalysts
induced transformation from spinel phases (NiAl,O, and
CoAl0,) to periclase MgO, reduced the spinel phase ratio
from 100% to 45% and regulated the coordination numbers
of Mg and Al, thus enabling mutual substitution between
Mg*" and ATI** sites. Specifically, partial AI** ions occupied
the octahedral sites while Mg”" ions took up the tetrahedral
sites. Such structural evolution homogenized active site
distribution, reduced particle size, improved metal
reducibility and increased oxygen vacancy concentration,
thereby accelerating the oxidative removal of deposited
carbon®. Nguyen-Phu et all"! demonstrated that the
performance of Ni-MgAlL,O, catalysts was closely
correlated with the Mg/Al molar ratio i.e. increasing the
ratio from 0.375 to 1.5 led to partial conversion of the spinel
phase into periclase Ni-MgO phase, increased lattice defects
and oxygen vacancy content, and exposed more moderate-
strength basic sites, which effectively promoted the
adsorption and activation of CO, and accelerated the
oxidative removal of coke. However, excessively high Mg
content (Mg/Al = 4) facilitated the incorporation of Ni into
MgO to form stable NiO-MgO solid solutions, namely, the
fully encapsulated Mg(Ni)O phase™ ™). Compared with
Ni** species dispersed on the surface of MgO crystals,
lattice-confined Ni** possessed lower reducibility with
reduction temperature above 900 °C, which hindered the
oxygen vacancy formation.

The distribution of oxygen vacancies in perovskite
catalysts directly affects the carbon gasification rate. The
elemental substitution at B sites can remarkably enhance the
oxygen mobility. Georgiadis et al.”"! demonstrated that the
partial substitution of Ni in LaNiO; with Sm and Pr could
reduce the crystallinity of deposited carbon, strengthen the
SMSI, boost the oxygen mobility, and facilitate the
gasification and removal of coke, thereby improving the
structural stability and anti-coking performance of the
catalyst. In LaNi,_Mn,O; catalysts, partial substitution of
Ni by Mn not only stabilized the perovskite structure but
also increased the number of oxygen vacancies and basic
sites. Meanwhile, lattice oxygen could directly react with
coke. Almost no carbon deposition was detected on the
catalyst surface after 20 h of reaction at 700 °C. In addition,

the catalyst synthesized via glycine-assisted ultrasonic spray
pyrolysis (USP) might change the morphology from
submicron solid spherical particles to hollow or shell-like
particles, which remarkably increased the specific surface
area and further enhanced the exposure degree of oxygen
vacancies as well as coke removal efficiency!.

Furthermore, previous studies have confirmed that
La,NiO, possessed a unique carbon removal mechanism
during the DRM reaction, as illustrated in Figure 6%, The
R denoted the pathways of carbon formation and removal,
while D represented carbon transport. At the initial stage of
the reaction, La,NiO, decomposed into La,O; and metallic
Ni’ under reducing atmosphere. The resultant Ni’
nanoparticles were uniformly anchored on the perovskite
matrix surface. The novel metal oxide bonding structure
originating from crystal structural reconstruction not only
stabilized active sites, but also provided distinctive binding
sites for reaction intermediates. As shown in Figure 6(a),
methane was activated at metallic Ni sites, where C—H
bonds broke to produce hydrogen and coke (R1). The
resultant solid carbon migrated across the Ni surface (D)
and reacted directly with CO, to form CO (R2).
Additionally, La,O; interacted with CO, to yield La,0,CO;.
The released oxygen atoms facilitated the conversion of
carbon into CO (R3)®. When the carbon formation rate
exceeded its elimination rate in local regions, accumulated
carbon caused partial metallic Ni particles to detach from
the La,O; support(Figure 6(b)). The solid carbon beneath Ni
particles could not be consumed by La,0,CO; and thus
continuously accumulated. Nevertheless, the surface of
accumulated carbon could still react with CO, to generate
CO (R4).

e g M

La,O,

(@) (b)
Fig. 6 Schematic diagram of carbon deposition and removal of
La,NiO, during DRM reaction!®"
(with permission from Elsevier)

3.3 Reaction pathway optimization

Regulating the conversion pathways of the intermediates
to inhibit excessive carbon deposition from methane
dissociation and promote CO, activation for reactive oxygen
species generation serves as an important anti-coking
strategy. Special structure catalysts can optimize the
adsorption and conversion of intermediates and alter the
reaction pathways via metal doping and electronic property
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modulation, thereby reducing the carbon deposition
fundamentally.

Spinel oxide catalysts primarily modulate the reaction
pathways through metal doping to inhibit excessive
dissociation of methane. Kim et al.*” synthesized a series of
Ni,Co,/MgAl,O, catalysts with different Ni/Co ratios. The
Co content was fixed at 4% and the Ni doping amount was
adjusted. Characterization results revealed that Co
incorporation enhanced the oxygen affinity of catalysts.
This enabled CH,* species to preferentially react with more
O¥* rather than directly dissociating into C*. Meanwhile, it
strengthened the interaction between CO, and Ni,Co,, and
elevated the density of moderately strong basic sites.
Accordingly, CO, tended to form readily decomposable
bidentate carbonates (OCOO*) instead of monodentate
species. The bidentate carbonate decomposed and reacted
with H* derived from methane dissociation to form formate
(HCOO*) which rapidly converted into CO and H, via
dehydration, thereby suppressing the coke formation.
Hence, formate content could serve as an indicator of anti-
coking performance. Among all catalysts, Ni,Co, showed
the best catalytic activity and anti-coking performance,
retained the alloy active sites after 100 h of reaction with
coking rate of only 0.34% compared with monometallic Ni
catalyst.

Perovskite catalysts modulate the electronic properties
via cation substitution to optimize DRM reaction pathways.
Cao et al.[! substituted the B sites of La,NiO, perovskite
with transition metals including Mn, Fe, Co and Cu. It was
found that Co-substituted samples exhibited reduced
catalytic activity and increased carbon deposition. While
both activity and carbon deposition declined for Mn- and
Fe-substituted samples. Although Cu-substituted samples
showed a slight drop in CH, conversion and gradually
declining in catalytic activity with the increase of Cu
substitution ratio, their anti-coking performance was
enhanced for more than 90 times compared with La,NiO,.
This phenomenon could be attributed to the formation of
Ni-Cu alloy, which effectively inhibited methane cracking
and reduced the generation rate of solid carbon. DFT
calculations further revealed that partial Cu substitution
could elevate the energy barrier of CH* dehydrogenation
step, thus kinetically slowing down the formation rate of
solid carbon.

4 Conclusion and outlook

CO, dry reforming of methane technology can convert
CO, and CH, into syngas for value-added chemical
production, which serves as an effective way to alleviate the
greenhouse gas emissions. Current catalysts commonly
suffer from rapid deactivation caused by high-temperature
sintering and carbon deposition. Three structurally
distinctive oxides including pyrochlore, spinel oxide and
perovskite are ideal systems to break the bottlenecks of anti-
coking and anti-sintering performance, owing to superior

thermal stability, tunable lattice structure and SMSI. This
review systematically elaborates the thermodynamic
characteristics and multi-path reaction mechanisms of
DRM, as well as catalyst deactivation mechanisms
including carbon deposition, sintering and poisoning. The
structural features and recent research progress of
pyrochlore, spinel oxide and perovskite catalysts are
summarized. In addition, focusing on three core regulation
mechanisms including active metal stabilization, oxygen
vacancy modulation and reaction pathway optimization, the
effects of crystal structure, SMSI and oxygen vacancies of
structurally specialized catalysts on their anti-coking
performance are analyzed. Active metal stabilization
suppresses agglomeration via crystal structure anchoring or
SMSI to disperse uniformly with small particle sizes,
thereby reducing the carbon deposition and sintering.
Oxygen vacancy modulation generates abundant oxygen
vacancies through lattice regulation to greatly improve
oxygen mobility and dynamically supplement oxygen
species, thus accelerating the carbon removal. Reaction
pathway optimization adjusts the conversion routes of
intermediates to restrain excessive dissociation of methane,
thereby reducing the carbon formation. To facilitate
industrial application of DRM technology, the following
aspects deserve further exploration.

Catalysts should be developed with a clear understanding
of reaction mechanism. Discrepancies in  the
microenvironment of catalyst surfaces can alter the reaction
mechanisms. Sufficient in situ quantitative evidence is still
lacking for the interfacial behavior, structural evolution and
carbon species transformation under practical working
conditions. Therefore, multiple advanced in situ
characterization techniques should be adopted. Scanning
tunneling microscopy (STM) can be employed to observe
the atomic-scale structural features of the active interfaces,
while ambient-pressure X-ray photoelectron spectroscopy
(AP-XPS) can be utilized to elucidate the dynamic
structural evolution of the catalysts during the reaction. /n
situ Fourier transform infrared spectroscopy (FT-IR) and in
situ X-ray absorption spectroscopy (XAS) can be applied to
identify the state and reaction path of the intermediates on
the active sites. Meanwhile, combined with DFT
calculations, atomic-scale mechanistic models should be
constructed to clarify the active sites and rate-determining
steps on distinct structural systems, thereby guiding the
targeted design of catalysts with high activity and stability
from the mechanistic perspective.

Research results on anti-coking and stability show that
specially structured catalysts gain enhanced performance
through lattice confinement, in situ phase separation, SMSI
and oxygen vacancy modulation. However, issues of inert
carbon elimination, high-temperature sintering and sulfur
poisoning persisted in long-term operation. Subsequent
research can focus on three aspects. First, precise A/B-site
doping, optimized phase transition ratio and elaborate
design of in situ phase separation structure can strengthen
the lattice anchoring and SMSI effect, stabilize particle size
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and dispersion of active metals, inhibit high-temperature
agglomeration and sintering, and reduce the formation of
coking precursors fundamentally. Second, controllable
synthesis strategies to construct oxygen vacancies with high
concentration and mobility, enhance the dynamic cycle of
lattice and adsorbed oxygen, improve carbon gasification
efficiency, balance the carbon generation and elimination
rates, and realize sustained and efficient carbon oxidative
removal. Third, enhance catalyst adaptability to industrial
conditions and long-term stability to secure favorable sulfur
poisoning resistance.

Despite remarkable advances have been achieved in
DRM catalysts with special structures, substantial gaps
persist in industrialization. The fabrication of catalysts with
high activity and stability remains the major bottleneck.
Catalyst development shall focus on active interface
modulation in the future. Integrating theoretical simulation
with experimental verification, high-precision interfacial
models can be established to systematically investigate how
metal dispersion, particle size, crystal structure and oxygen
vacancies regulate the interfacial configuration and catalytic
properties. Furthermore, it is necessary to specify the
standards of evaluating catalytic activity. For example, the
conversion of CO, and CH, are affected by parameters such
as reactant gas ratio, space velocity, bed length and catalyst
dosage. Experimental conditions should remain constant in
all catalyst tests, thereby realizing objective comparison and
reliable verification of catalytic performance, and offering
solid data support for catalyst screening, scale-up and
subsequent industrial application. Besides, developing
catalysts with specific interfacial structures should also take
preparation cost and large-scale production feasibility into
account.
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