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Abstract:

Climate change and the depletion of fossil fuels are the main motives for hydrogen production. Hydrogen is considered a potential
form of sustainable energy for daily energy use, and many processes, such as catalytic dry reforming of methane, can produce it.
Catalytic dry reforming of methane is essential to hydrogen energy production, and many Ni-based catalysts are highly active in
the reforming reaction but deactivate within hours due to carbon deposition and metal sintering. Among all the catalysts studied
for catalytic dry reforming of methane, Lanthanum-Nickel-based perovskite catalysts have been considered particularly
promising due to their good performance under reaction conditions. Different preparation methods for Lanthanum-Nickel-based
perovskite catalysts can influence their surface area and porosity. Partial substitution of their cations also enhances catalytic
activity and stability, while reducing coke formation. In addition, it enhances metal-support interactions, leading to smaller
particle sizes, greater surface area, and improved crystallinity and dispersion. The support addition for this type of catalyst can
produce an active perovskite catalyst with a high surface area and carbon resistance. As a result, this review provides a
comprehensive overview of current developments and key future directions in Lanthanum-Nickel-based perovskite catalysts for
the catalytic dry reforming of methane. The main components discuss catalyst synthesis methods, their structural
characteristics, catalytic performance, mechanistic insights, and strategies to improve catalytic activity and stability. The effects
of multiple parameters, including composition, morphology, and surface characteristics, on catalytic performance are critically
assessed. In addition, challenges and future directions in the design and application of Lanthanum-Nickel-based perovskite
catalysts for CDRM are outlined to provide a comprehensive overview and guidance for researchers and engineers working in
catalysis and renewable energy.
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1. INTRODUCTION

Global population growth and industrialization
can raise energy demand [1, 2]. For the past few
centuries, humans have primarily relied on
fossil fuels. The daily consumption of fossil
fuels has resulted in significant amounts of
methane [3] and carbon dioxide [4, 5], both of
which are considered greenhouse gases
(GHGs). These gases harm the global
environment and ecology. Methane (CH,), a
significant component of shale and natural gas,
has a more noticeable warming effect than CO.,
up to 120 times higher [3]. The energy outlook
of consumption in 12 years, from 2012 to 2023,
of fossil fuels such as oil, natural gas, and coal,

moil
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which are considered non-renewable energy
sources, is evaluated as shown in Fig. 1. Oil had
the highest rate of consumption among coal
and natural gas (NG) [6-8]. Global energy
consumption in 2018 was approximately
13,864 million tons of oil equivalent and is
anticipated to reach 20,805 million tons of oil
equivalent in 2040 [9]. The release of
greenhouse gases from burning fossil fuels
caused natural disasters, unexpected global
surface temperature differences, animal
extinction, blizzards, floods, and droughts that
have received great attention this decade [10,
11].
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Fig. 1 Primary Energy Consumption in 12 Years Around the World [6-8].

Given the escalating demand for energy and the
diminishing supply of fossil fuels, coupled with
the imperative to protect the environment,
exploring alternative energy sources has
become crucial. Efforts should be made to
investigate more advanced technologies and
approaches for effectively utilizing natural gas
and other byproducts of fossil fuels [12].
Synthesis gas, also known as syngas, is a
versatile feedstock with extensive applications
in the chemical industry. It serves as the
primary component in producing liquid energy
carriers and valuable chemicals. One
environmentally friendly method for producing
syngas is the catalytic dry reforming of methane
(CDRM) [13, 14], as shown in Eq. (1) [15].

(CDRM): CH, +
CO, - 2CO + 2H,

AH® 398y =
247 KJ/mol (1)

CDRM is a chemical process that converts
carbon dioxide and methane, known as the
world's largest source of greenhouse gases
(GHG), to the synthesis gas hydrogen and
carbon monoxide, with an H,/CO molar ratio
approximately equal to one [16]. Employing
abundant resources, such as methane, the
primary component of natural gas, which is
often referred to as a transition fuel for
converting from fossil fuels like oil and coal to
renewable energy, is one of the reasons the

CDRM process is essential [17]. Furthermore,
COz2 is the most common greenhouse gas and a
primary cause of global warming [18-21].
CDRM provides a method for transforming
greenhouse gases into valuable chemical
feedstocks by using readily available methane
and COz2 to produce hydrogen and syngas [22].
Since hydrogen is expected to be critical for
reducing greenhouse gas emissions in
industries, power plants, and transportation, its
production is essential to the worldwide energy
transition [23]. CDRM uses CO2 and CHa as
feedstocks, eliminating the need for additional
carbon sources and producing hydrogen with a
lower environmental impact than
other technologies, such as methane steam
reforming, which emits considerable CO2 [24].
Using CO, as a reactant to generate valuable
products (hydrogen, syngas) enables CDRM to
efficiently recycle CO2 and reduce the
accumulation of GHGs in the environment [25].
Transforming excess CO, into energy or
chemicals with higher value, thus supporting an
adaptive carbon economy [26, 27]. CDRM is
therefore a crucial procedure for reducing total
carbon emissions worldwide [28]. Syngas
generated by the CDRM process can be
converted into chemicals (e.g., methanol,
ammonia) [28] and fuels in liquid form (e.g.,
synthetic propane or diesel) [22]. In recent
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years, there has been a focus on using such
products as an energy transporter to connect
renewable energy sources to demand regions
worldwide [29]. CDRM-generated syngas from
methane and CO2 can help create more
environmentally friendly fuel options. In
addition, syngas can be used to generate
electricity in gas turbines or fuel cells, providing
another form of sustainable energy [30]. To
conclude, CDRM promotes sustainable natural
gas use, reduces CO2 emissions, and generates
valuable hydrogen and syngas. It supports the
global energy transition by promoting
environmentally friendly energy systems,
reducing the carbon impact of fossil fuels, and
advancing alternative energy sources such as
hydrogen. In the CDRM process, the catalyst
plays a crucial role, modifying reaction rates
and increasing syngas production without
consuming it. Catalysts reduce the activation
energy (EA), making it easier to reach the
conversion state [31]. The CDRM is highly
endothermic; therefore, high temperatures are
required to achieve the desired conversion
levels. This causes particle sintering and/or
coking, finally leading to catalyst deactivation.
As a result, employing the appropriate catalyst
to mitigate these problems is highly desirable
[32]. Numerous catalytic materials have been
designed for the CDRM process. Many precious
metals, including Pt, Pd, Rh, Ru, and Ir, as well
as their alloys, have outstanding stability, high
catalytic activity, and low carbon deposition
[33]. Noble metal catalysts are very active and
stable in this process [34], but they have some
limitations for use in CDRM processes, such as
their high cost, which makes them unsuitable
for large-scale industrial applications [34].
Also, their restricted availability and use in
commercial applications will be unsustainable
in the future; hence, their use will be
challenging at a large industrial scale [35]. In
addition, they exhibit high-temperature
sensitivity: while noble metals typically remain
stable at high temperatures, they can undergo
sintering, reducing surface area and catalytic
efficiency. Besides, the noble metals can
aggregate at high temperatures, resulting in
reduced surface area and catalytic efficiency
[36]. Noble metals are often supported on or
reinforced by support materials such as Al,O4
or SiO. [37]; however, these supports can
potentially deactivate or wundergo phase
transitions at CDRM reaction conditions [38].
The interaction between the metal and the
support can affect the catalyst's long-term
stability, and poor selection can lower efficiency
[39]. Although noble metal catalysts have
excellent catalytic activity and selectivity, they
are not as suitable for general application in
CDRM due to their high cost, susceptibility to
deactivation, and other drawbacks [40]. To
address those challenges and make CDRM a
more profitable process, other catalyst designs

or approaches, such as the use of base-metal
catalysts or the development of stronger
supports, are being investigated [41]. Nickel-
based catalysts are the most effective for CDRM
due to their high activity, abundant deposits,
and low cost. Ni-based -catalysts typically
experience significant deactivation [42]. The
biggest challenge in the CDRM process is
catalyst deactivation due to carbon
deposition on the catalyst surface [22]. These
carbon deposits form during the reaction and
may block active sites, reducing the catalyst's
capacity to sustain the process [43]. In addition,
poisoning by sulfur present in natural gas or
CO2 feedstocks can deactivate the catalyst and
significantly reduce activity [44]. This is a
major concern for many CDRM catalysts, as
they are sensitive to poisons and require
complex purification steps [45]. As a result,
deactivation reduces catalyst life, requiring
frequent regeneration or replacement [46].
Thus, this condition requires the development
of Ni-based catalysts with enhanced activity
and stability. This can be achieved by placing
the active metal within a well-defined structure,
such as a perovskite-type oxide with the general
formula ABOs. Fig. 2 shows the ABO; structure,
which is arranged in a cubic lattice, with a single
B-ion at the center and A-cations at the corners.
Each oxygen atom is shared by the next unit
cells at the face sites. A-site cations are
generally substantially bigger than B-site
cations, and this size variation significantly
impacts the material's characteristics [47]. This
condition needs the development of Ni-based
catalysts with enhanced activity and stability.
This can be achieved by placing the active metal
within a well-defined structure, such as a
perovskite-type oxide with the general formula
ABO;. Fig. 2 shows the ABO; structure [47],
where A is often alkaline-earth, rare-earth, or
other large ions, while B sites are occupied with
transition-metal cations [48].

"Perovskite ABO,

Fig. 2 The Perovskite Structure, where (A)
Represents Alkaline-Earth, Rare-Earth, or
other Large Ions, while (B) Transition-Metal
Cations [47].
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After the reduction process, this structure
yields very small metal particles (on the
nanometer scale) that are highly dispersed
throughout the solid matrix, thereby favoring
carbon-free operation while increasing catalytic
activity and stability [49]. The B-site is the
active site in perovskite oxide, whereas the A-
site metal affects the perovskite's stability. The
appropriate interaction between A and B-site
metals improves catalytic activity [50]. There
are many types of ABO; perovskite catalysts;
among them, LaNiO; and its derivatives are
most widely used in the CDRM reaction due to
their  unique  properties.  La-Ni-based
perovskites are substantially more resistant to
carbon deposition than common nickel-based
catalysts [51]. The perovskite structure can
better resist the creation of carbon deposits,
allowing the catalyst to sustain its activity over
time. This is critical for increasing the lifetime
and economic feasibility of the CDRM process
[52]. La-Ni perovskites have greater catalytic
activity in CDRM processes, activating both
CH,and CO, gases more effectively. Nickel
promotes CH, activation, while lanthanum
assists in activating CO.. This
behavior increases hydrogen output and syngas
generation while improving selectivity and
activity [53]. The perovskite structure of La-Ni-
perovskite catalysts provides excellent thermal
stability and, consequently, excellent thermal
properties [54]. This stability decreases the
likelihood of metal sintering, a major problem
with conventional catalysts that reduces their
effectiveness at high temperatures [55]. Also,
these oxides have better resistance to
contaminants such as sulfur in natural gas
feedstocks, which can cause poisoning
problems. The catalyst's durability is further
increased, requiring less regeneration or
purification [56]. An exciting characteristic of
these oxides is their ability to enhance catalytic
activity by partially substituting the A-site
and/or B-site, with little change to their overall
structure [57]. Many types of CDRM catalysts
have been reported in the literature, but few
papers have reviewed the use of perovskite-type
oxide catalysts in the catalytic dry reforming of
methane. Therefore, we wrote this review to
provide researchers with a comprehensive
description of perovskites and related
materials. In this review, we focused on La-Ni-
based perovskite catalysts, and we presented
the fundamentals and characteristics of these
catalysts, synthesis methods, catalytic
performance, factors affecting the catalytic
activity, such as the possibility of partial
substitution of its cations and support addition,
and challenges facing this kind of catalyst in the
catalytic dry reforming of methane. Lastly, the
conclusion from this review is presented. This
review aims to comprehensively examine La-
Ni-based perovskite catalysts, focusing on
identifying optimal conditions for their

performance. The study explores the most
effective preparation methods and investigates
the potential advantages of introducing a third
element to enhance perovskite activity, as well
as suitable supporting materials to achieve
better performance. Moreover, the review seeks
to develop strategies to address the long-term
challenge of efficiency weakening and to
propose future solutions.

2, PEROVSKITE CATALYSTS:
FUNDAMENTALS AND
CHARACTERISTICS

The main challenge to implementing CDRM in
industry is the lack of commerecial catalysts that
can operate at high temperatures up to 1000 °C,
required for CH4 and CO2 activation, without
suffering catalytic deactivation due to carbon
deposition [58]. Perovskite-type oxides have
the potential to serve as precursors for
catalysts, enabling the synthesis of stable,
highly active transition-metal catalysts
supported by lanthanide oxides. Several
investigations have shown that LaNiOj-derived
catalysts exhibit improved catalytic
performance when employed during CDRM
compared to other materials [59]. In recent
years, there has been significant interest in
perovskite catalysts due to their strong Lewis
basicity, which can facilitate various catalytic
reactions [60]. Several types of perovskites
have already been utilized as catalysts for the
CDRM process. For example, Ahmad et al. [61]
synthesized BaNiO; by the co-precipitation
method and used it to produce synthesis gas via
the CDRM process. The catalyst remained
active and stable for 24 hours on stream, as the
Ni/BaO catalyst formed under hydrogen
reduction is considered the active phase. The
reduction of BaNiO; catalysts led to higher CO.
conversion than CH, due to the reverse water-
gas shift reaction (RWGS). However, no
deactivation was observed in the stream after 5
or 24 hours [61]. In another study by Ahmad et
al. [62], they prepared two perovskite
structures, SrNiO; and CeNiO;, and compared
their performance in the CDRM reaction.
CeNiO5; showed superior specific surface area,
pore volume, number of reducible species, and
nickel dispersion. The catalytic activity data
showed that CeNiO; had higher conversion
rates for CH, (54.3%) and CO, (64.8%) than
SrNiO;, which had 22% CH, conversion and
34.7% CO, conversion. The stability analysis
indicated that both catalysts (SrNiO; and
CeNiO;) deactivated due to carbon formation,
with SrNiO; exhibiting greater deactivation
than CeNiO; [62]. Osazuwa et al. [63]
synthesized a SmCoO; perovskite catalyst via
the sol-gel citrate method and used it to
generate syngas (H. and CO) via the CDRM
process for the first time. They also studied the
effect of SmCoO; reduction by H, and found
that, compared to the unreduced catalyst, the
reduced catalyst showed no notable difference
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in the conversions of CH, and CO. after 4 hr of
reaction. The catalytic activity resulted in a
maximum conversion of 93% for both reactants
(CH4 and CO.), and the syngas had maximum
yields of 67% for H., and 65% for CO [63].
Johansson et al. [64] studied the
characterization of LaRhO, perovskite catalyst
for the CDRM process. They aimed to
investigate the structural modifications of
LaRhO; perovskite induced by redox processes
and to analyze its catalytic performance in
promoting the CDRM reaction under relevant
conditions. The XRD results indicated that
pattern of the calcined LaRhO; perovskites
showed the presence of highly crystalline
LaRhO; and La,O; phases and the H,-TPR
analysis reveals a wide peak with a peak at
448°C, indicating the steady reduction of Rh3+
to Rho, and this matches CH,-TPR data, which
indicated a broad peak with CO, CO,, and H,
maximum generation at )455-460)°C [64]. An
interesting work on synthesizing
“LnFe, ;Nio 303-5” perovskite was reported by
Kapokova et al. [65]. They prepared
LnFe, ;Nio305-5 (Ln = La, Pr, Sm) perovskites
by the pechini method and used them as
catalysts for the CDRM reaction. They observed
that these perovskites transformed into Ni-Fe
alloy composites, with LnOx directly attached
to Ln-Fe-O perovskite particles. The Ln type
affected the Fe content in the alloy particles and
oxygen mobility. The active samples obtained
due to Ni-Fe formation, which were released
from the perovskite lattice and stabilized on the
perovskite surface PrFe, ,Nis 305.5, showed the
highest activity and stability since Ni-Fe alloy
was formed and the redox properties [65]. More
studies on the use of ABO; were conducted by
several researchers, for instance, Gallego et al.
[66]. The authors prepared LaNiO; and
La,NiO, perovskites using the self-combustion
method and used them as catalyst precursors
for the CDRM reaction. They got good catalytic
performance toward CH, and CO, conversions
with good coke resistance. La,NiO,4 conversions
were higher than LaNiO; after reduction
treatment due to smaller nickel particle
formation (7 nm) [66]. In another study
reported by Choudhary et al. [67], a NdCoO,
perovskite-type oxide catalyst was prepared,
and its catalytic performance was compared
with that of NiMgOx, CoOx-Y,03, CoOx—ZrOs,
CoCeOx, and (Rh or Ru)/AlLO; -catalysts.
NdCoO; exhibited high carbon resistance at
several operating conditions, high catalytic
activity, and selectivity with 92.3% CH,
conversion and 95.5% selectivity at a high space

velocity of about 20,000 cm3.gt.h*. The high
carbon resistance was attributed to strong
metal-support interactions between Co and
Nd.O,, which increased the support's basicity
[67]. Another study was conducted by Batiot-
Dupeyrat et al. [68] to prepare LaNiO; by the
auto-ignition method and to employ it in the
CDRM reaction. The catalyst showed high
activity and stability, as well as a high resistance
to carbon formation, due to the presence of Ni°©
and La,0,CO; phases [68]. The literature
indicates that perovskite oxides are the most
commonly used catalysts for the CDRM
reaction due to their unique properties and
robust performance under severe reaction
conditions. Among these many types of
perovskite catalysts, La-Ni-containing
perovskite oxides are the most used catalysts in
CDRM studies due to their excellent catalytic
activity in the CDRM process. La-Ni-based
perovskites have a special crystal structure that
allows the dispersion of active nickel sites,
hence increasing catalytic activity [51]. In more
detail, Ni sites promote C-H bond activation,
whereas La,0; combines with CO. to create
La,0,CO3, resulting in an active Ni-La.0,CO4
interface [69]. In which the Lanthanum
stabilizes the perovskite structure and
promotes Ni particle dispersion. This provides
for a higher number of active sites in the
catalytic reaction [70]. The incorporation of
rare-earth elements or alkali metals into the
LaNiOs structure has been observed to mitigate
carbon deposition. In contrast, adding a second
metal, such as Mn, Fe, Cu, or Al, to the metallic
particles reduces the Ni concentration, thereby
inhibiting sintering [71]. LaNiO; undergoes
complete decomposition upon reduction,
forming Ni and La,O;. The resulting Ni
particles have a size range of approximately 2-
50 nm, and they are uniformly distributed on
the La,O; support. A robust metal-support
interaction accompanies this distribution.
Moreover, the reaction
(La203+C0O.—La,0.CO3) enhances the activity
of the lattice oxygen and facilitates the removal
of carbon species adsorbed on the Ni surface
due to La,0,CO; formation. This review will
focus on LaNiO; and its derivatives, which
exhibit robust catalytic reforming properties.
Table 1 summarizes a selection of perovskite-
type oxides recognized for their notable
catalytic capabilities, including the amount of
carbon deposition, surface area, conversion
rates, and the operating conditions applied.
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Table 1 Summary of Perovskite Catalysts Used for CDRM Reaction:

Catalyst Carbon deposits Surface

area (m2/g)

%CH,; % CO: Operating conditions Ref.

GdCoO5 (NH4)2 co3) _ 6.9
GdCoO5 aom) _ 6.6
CeNingZI'nAlog _ 9.35
CeNingZI'nAo7YnA0303 _ 1.27
CeNingZI'nAnsYnAn5O3 _ 1.62
CeNingZI'nAngYnAn7O3 _ 185
CeNingZI'nAmYn.ngo:s _ 2.66
CeNiO; _ 44.042
CeCOo.zNio.Sog.oﬁﬁ _ 38764
CECOU.GNio.403.2 _ 37.125
CeCOo.BNio.203.266 _ 36-610
LaAlO; _ 16
LaAlo.t)BRuo.ozos—G _ 4
LaAlo.()BPto.ong—G — 8.6
LaAlo.98Pdo.0203—6 — 8
GdFeO, _ 9.9
GdMno,zFeo.SO:; — 7.7
GdMno,sFeo,503 _ 7-8
GdMno sFeo..0; _ 8.1
GdMnO3 — 8'5
LaCro.95C00.0503—8 _ —
Lacro.gsRho.osogfﬁ _ —
Lacro.gslro.oso:;fﬁ _ —
GdFeO;; — 3
GdFeo.8C00.203 _ 7.24
GdF80.5COo.5O3 _ 7-4
GdFeo.2C00.803 _ 63
GdCoO, _ _
BaZro.8640Rho.135:03 0.0019 g.g! cat. 11.7
BaZro.s649R0.135:03 0.0027 g.g* cat. 12.8
BaZro,9272Pto,o72803 0.0094 g.g'l cat. 10.3
SI‘Tio,ngllo.oSOg—S — 13
SI‘Tio,SsRUO.lsog—S — 17
SI‘Tio,égRllo.mOg—G — 15
Cao.zLao.SNio.gAlo.702,9 — 3.5-9.5
Cao.5Lao,5Nio.3Alo.702,75 _ 3.59.5
Cao.SLao,zNio.3A10.702 0-71% 3.59.5
Sro.zLao.SNio,3A10.702,9 8.31% 3.5-9.5
SI‘o.5Lao,5Nio.3Alo.702,75 _ 3.59.5
Sro.8La0.2Nio3Alo,0 2.6 3.21% 3.5-9.5

97 99 T= 1173 KCO»:CH, =1 [72]
96 98

73 86 T= 800 °C [73]
61 75 GHSV= 42 L.g.h!

73 85 CH,4:CO2:N2=3:3:1

87 90

90 91

89 _ T= 700 °C [74]
55 CH,;:CO2=1:2

27

21

o) 15 T= 800 °C [75]
86 100 GHSV= 48000 h-!

60 100 CH,4:CO2:N2=1:1:8

65 80

45 60 T=950°C [76]
22 58 GHSV =1 L.h

43 45 CH4:CO. = 1:1

20 57

30 28

o 0 T=750 °C [77]
75 86 GHSV=4000 h

81 82 CH,4:CO:2:No=1:1:2

44.6 60.4 T= 950 °C [78]
97.7 100 CH,4:CO2=1:1

84.2 96.2

95.3 99.4

96.1 99.5

99 98 T=850-1150 K [79]
96 92 CH,4:CO.= 0.8; 1.0; 1.2;1.4

89 87 N. (L.min?)=0.3

91 95 T=1073K [80]
94 95.5 GHSV = 28800 h

92 95 CH,4:CO2:N.= 1:1:1

96 T=500-800 °C [81]
96 CH4:CO2:N» = 1:1:8

96

99 _

97 _

98 _

3.SYNTHESIS METHODS FOR La-Ni-
BASED PEROVSKITE CATALYSTS

The physicochemical characteristics of the
catalyst, such as its porosity and surface area,
redox potential, reducibility, size and
dispersion of active metals, oxygen vacancies,
metal-support interactions, etc., all impact how
effectively the catalyst works in the CDRM
process. Several techniques, such as optimizing
synthesis processes, can improve the
physicochemical characteristics of catalysts
[82]. Thus, the catalytic efficacy of methane
reforming catalysts is significantly influenced
by the synthesis process employed. Different
catalyst preparation methods yield catalysts
with distinct textural and structural properties,
which in turn affect their behavior.
Consequently, many methods, such as co-
precipitation, spray pyrolysis, surfactant-
assisted method, freeze-drying, and sol-gel
techniques, have been developed to improve
the specific surface area of perovskite-type
oxide catalysts [83]. Solution-based methods of
perovskite synthesis, such as co-precipitation,
complexation, sol-gel, and freeze/spray drying,
compared with solid-based synthesis methods,
produce perovskite-type oxides that decompose

at lower temperatures, have higher specific
surface area, and exhibit lower grain dispersion
[84]. Many researchers wused different
preparation methods for La-Ni-based
perovskites. For instance, Omari et al. [85]
prepared LaNi;—yCoxO; (0 < x < 0.6) oxides by
the sol-gel method, and characterization results
showed that the perovskite oxides were
successfully synthesized, with pure crystalline
phases obtained and uniform morphologies
[85]. Another study used the hydrothermal
method conducted by Ozbay et al. [86], which
successfully prepared LaNiO; and LaMnOj
perovskite catalysts by the hydrothermal
method, due to the distinctive properties that
this method provides for the prepared catalyst,
such as crystallization, greater yields, a cleaner
synthetic process, and shorter crystallization
time compared with other conventional
methods of preparation. Nevertheless, the
characterization results indicated that the
preparation method gave the desired crystalline
phases with small crystal sizes and a surface
area of up to 19 m2/g [86]. Several studies were
conducted using comparative preparation
methods. Touahra et al. [87], for example,
prepared LaCuO; and LaCuos3Nio 4,05 and
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studied the effect of preparation methods of
perovskite oxides using the sol-gel citrate
technique, whereas 5% NiO/LaCuOj; using the
impregnation method. The BET results
revealed that the impregnated sample (5%
NiO/LaCuOs) exhibited a higher surface area
than the sol-gel sample [87]. Sagar et al. [88]
prepared LaNi,Ce;-xO; (0<x<1) by the sol-gel
method and compared their activity with that of
samples prepared by the hydrothermal method.
They found that the sol-gel method had
advantages over the hydrothermal method in
terms of higher surface area and higher activity,
as shown in Fig. 3. The catalyst prepared by the
sol-gel method exhibited a 95% CO., conversion
rate, while the one prepared by the
hydrothermal method was 87% after one hour
of reaction, and the same for CH, conversion.
As well as showing better coke resistance and Ni
dispersion. The catalysts have higher surface
areas, greater Ni dispersion, and are less prone
to coking. LaNi,,CeocO; catalyst has the
highest activity. It maintains reasonable
stability during the reaction [88]. Chawla et al.
[89] prepared LaNiO; and LaCoO5 by sol-gel
and co-precipitation methods. LaNiO; prepared
by the two methods showed higher conversions
than LaCoOs3; this can be attributed to the
smaller Ni particles, which provide abundant
active sites on the catalyst surface, and to
LaCoOj's lower reducibility. In addition, the
results showed that LaNiO; prepared by the co-
precipitation method had a higher conversion
than that prepared by the sol-gel method [89].
Another important study was conducted by
Pereniguez et al. [90] to synthesize LaNiOg
samples using four preparation methods. These
methods were hydrothermal (HT), combustion
(CM), spray pyrolysis (SP), and spray pyrolysis-

combustion (SPCM) methods. This study
examined the physicochemical and catalytic
properties of Ni/La,O; catalysts prepared by
reducing four LaNiO5 samples and found that
the physicochemical properties varied with the
preparation method. A crystalline LaNiO,
rhombohedral phase and a significant amount
of amorphous NiO were observed in XAS and
TPR measurements; the amount of NiO varied
depending on the preparation technique.
However, following oxidative treatment can
reduce the NiO proportion. The lower amount
of amorphous NiO phase resulted in a higher
CDRM conversion, which made the Ni/La,O4
samples perform effectively during the CDRM
process [90]. Rivas et al. [91] prepared a series
of LaNiO; perovskite oxides and studied the
effect of different preparation methods and
nickel substitution with rhodium on LaNiO,
performance in the CDRM reaction. They used
sol-gel and co-precipitation methods for
preparing the perovskites, the surface area for
both catalysts obtained by the co-precipitation
method was higher than those obtained by the
sol-gel method, this difference proportional to
crystal and grain sizes, large sizes result in
smaller surface area. In addition the
modification by Rh addition, resulted in
improving the catalytic performance and this
can be related to nickel dispersion and
reduction enhancement [91]. As such, catalysts
synthesized using various methods have
varying Ni particle sizes, rates of Ni particle
dispersion, and interactions between the Ni
atoms and the support, thus exhibit different
catalytic activity, sintering resistances, and
performance stabilities [92].
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Fig. 3 Conversion Profiles of the LaNi, 4Ceo.603 Prepared by Sol-Gel and Hydrothermal Methods, (a)
CO, Conversion and (b) CH, Conversion [88].

Although these preparation methods are
efficient, applying them has some limitations.
For example, sol-gel is efficient for preparing
La-Ni-based perovskite catalysts, but the
process is complex. It involves many steps, such
as gel production, aging, drying, and
calcination, which can take a longtime. In
addition, controlling particle size can make it
difficult to achieve uniformity,
consequently affecting catalytic efficiency [93].
The same applies to the hydrothermal method,
which improves the catalyst’s performance
[94]; however, it has certain drawbacks. The
resulting catalysts have a low surface area,
which may restrict both catalytic activity and
profitability [51]. Also, the solid-phase
crystallization  and  resultant  catalytic
characteristics can be strongly influenced by
the form and structure of the parent
nanoparticles created by hydrothermal
synthesis [95]. While wet impregnation is easy
and efficient for loading large amounts of metal,
it often produces larger particles and less
dispersion than other methods. According to
literature [96], the citrate complex approach
produced Ni particles that were one-third the
size of those produced via impregnation.
Additionally, impregnation may result in
partial development of the required perovskite
structure, potentially impacting the catalyst's
performance [97]. The co-precipitation method
has several drawbacks for producing La-Ni-
based perovskite catalysts. Although it is
capable of creating catalysts with large surface
areas (33—44 m2/g) [98], compared to other
methods, the process may produce large
particles.  Co-precipitation  favors  the
production of the La(OH); phase, which is less
beneficial for anti-coking [99]. For the other
method, combustion, there are benefits and
drawbacks to the process for creating La-Ni-
based perovskite catalysts. In dry methane
reforming, this method may yield highly

dispersed nickel nanoparticles with superior
anti-coking properties [99]. However, the fuel
used and the heat released during combustion
significantly affect the crystal structure and
particle size of the resulting powders [100].
However, synthesis parameters, such as pH and
the citric acid-to-metal cation ratio, can
significantly affect the final physicochemical
and catalytic properties [101]. In addition,
although the spray pyrolysis method is a
versatile technique, it has drawbacks for the
production of perovskite catalysts for the dry
reforming of methane. The method's efficacy
depends on several variables. However, it can
yield high-surface-area catalysts with enhanced
shape and performance [102]. The precursor
feed rate during spray pyrolysis also influences
support properties, which in turn affect nickel
dispersion and catalytic activity [103]. Several

synthesis parameters affect the
physicochemical properties and catalytic
performance of perovskite catalysts (e.g.,
precursor stoichiometry, calcination

temperature, oxygen content, and solvent type),
and many studies have reported their effects on
catalyst performance. For example, Sagar et al.
[104] investigated the incorporation of Zr in the
LaNiO; catalyst with different stoichiometric
amounts (LaNixZr;-xO3: 0 < x < 1). They found
that at x = 0.2, the pyrochlore phase (La,Zr,0,)
was formed, and at x = 0.8, the pyrochlore
phase disappeared as the Ni concentration
increased, and the LaNiO; perovskite oxide
phase formed. During reduction, the catalyst
with a high x value (x = 0.8) produced well-
dispersed Ni metal species supported by La,Os.
The catalyst with x = 0.8 exhibited better
performance than other LaNiyZr;-xO4 catalysts
in terms of CH, and CO. conversion efficiency,
as well as higher surface area [104]. Jahangiri
et al. [105] synthesized a series of Sm-doped
LaNiO; perovskites using a modified citrate sol-
gel method. They used different stoichiometric
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amounts of La and Sm, and the samples were
denoted as La1-xSmxNiOx-6 (x = 0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1). According to the
characterization results, the XRD patterns
shown in Fig. 4 revealed that, as the Sm content
increased, the intensities of the crystalline
phase diffraction lines (La.NiO, and NiO)
increased. Also, TPR results, as shown in Fig. 5,
proved that with increasing Sm content the
surface area increased thereby improving the
catalytic performance, in which the LaNiO,
sample is reduced in two stages. The first
reduction area appears at low temperatures
(573-723 K), indicating the reduction of Ni3+ to
Ni2+ and the formation of La,Ni,Os. The second
peak area appears above 723 K, indicating the
reduction of Ni2+ to Ni¢ and the deposition of
metal nickel on lanthanum oxide [105]. These
results verified the catalytic nature of LaNiO5 in
CH, reforming, as reported by Rivas et al. [106]
and Provendier et al. [107]. Another study
reported by Gallego et al. [108] prepared La;-
ANiO5.5 (A = Pr, Ce) perovskites by the auto-
combustion method with different
stoichiometric ratios and investigated their
performance as catalyst precursors in the
CDRM reaction. The incorporation of Pr and Ce

in the LaNiOj; structure showed an increment in
the surface area as well as the catalytic activity
and stability, and a decrease in the carbon
deposition [108]. As a result, varying the
stoichiometric amounts can enhance the
catalyst's properties and their performance.
Lima and Assaf reported that varying the
calcination temperature and studying its effect
were also important [109]. The authors
synthesized LaNiO;, LaNi;«FecO; and LaNi,.
xCox03 (x = 0.4 and 0.7) by precipitation and
employed these materials for methane
reforming. They investigated the effect of
different calcination conditions (800 °C for 5 h,
900 °Cfor 5h, 10 h, and 15 h). They showed that
the ideal structure developed at calcination
temperatures as low as 800 °C. However, with
increasing calcination times and temperatures,
the structure became slightly more crystalline
and more similar to the standard phase. These
results demonstrated that oxides with the
required structure and significant features for
application in heterogeneous catalysis could be
produced by appropriately combining the
preparation process with calcination conditions
(time and temperature) [109].
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Fig. 4 XRD Patterns of La;.«SmNiO4.s Samples after Calcination at 800 °C. (Perovskite (P), Spinel (S),
NiO (¥*), and Sm,0; (#)) [105].
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Fig. 5 TPR Profiles of Different La; «<SmNiO;.s Catalysts Calcined in Air at 800 °C [105]

Another preparation variable was investigated
by Blasco et al. [110]. The authors studied the
oxygen current flow during calcination to
investigate the influence of oxygen content on
the properties of LaNi1-xMnxO;. The
characterization showed that the crystal
structure of the samples depended on the
oxygen content, and that preparing mixed
oxides with Ni*3 ions required strong oxidation
conditions, high oxygen pressure, and low
temperature. On the other hand, preparing the
LaMnOj; phase required an inert atmosphere.
In this instance, the use of an oxidative
atmosphere resulted in the production of non-
stoichiometric LaMnO;. Also, the Mn
substitution affected cell volume; as Mn content
increased, cell volume decreased [110]. The
type of solvent used in the preparation
procedures also has an effect on the textural
properties of La-Ni-based perovskite catalysts.
For example, Mousavi and Pour [111]
synthesized LaNiO5; and LaNi,;Co0;05 by the
co-precipitation method using distilled water
(W) and magnetized distilled water (MW).
From the results they got, the amount of carbon
deposited on the catalysts' surfaces was in this
order: LaNiO5; (W) >LaNiO; (MW) > LaNiCoO,4
(W) > LaNiCoO5 (MW). Also, the surface area
of the samples prepared with MW was lower. In
addition, the XRD results indicated that the
crystalline phases of NiO and La203 in the
MW-prepared samples were lower than those
in other samples [111]. Moradi et al. [112]
prepared catalysts LaNiO5/c-Al.O5 with 10, 15,
20, and 25 weight percent Ni, using a
combination of the sol-gel method, with
ethanol as a solvent and the addition of acetic
acid (LNA-eth), as well as propionic acid as a
solvent and an impregnation process (LNA-
acid). They found that impregnating LaNiO5 on
a c-Al,O; support with ethanol solvent resulted
in significant Ni dispersion on the catalyst
surface. They found that the 20LNA-eth

catalyst, prepared by impregnation with
ethanol as solvent, exhibited better catalytic
activity for methane at all reaction
temperatures and a higher H,/CO ratio than the
20LNA-acid catalyst, prepared by sol-gel with
propionic acid as solvent. On the other hand,
the 20LNA-acid catalyst provided a higher CO,
conversion than 20LNA-eth. This results can
be atributed due to better dispersion of Ni on c-
Al,O; for 20LNA-eth thanoLNA-acid [112].
Another report was established by Moradi and
Parvati [113]; the researchers developed
LaNiAl,.«O5 (0.1<x<0.9) perovskite systems by
the sol-gel method using propionic acid as
solvent. Their catalysts showed good resistance
to carbon deposition and strong interactions
with the reactants. Also, they achieved good
performance, with 98% methane conversion
and 95% CO yield [113]. The literature indicates
that the solvent type used in the preparation
step can be a critical parameter for the desired
perovskite. In summary, synthesis methods
such as sol-gel, hydrothermal, and co-
precipitation significantly affect the catalytic
performance of La-Ni-based perovskite
catalysts by controlling surface area and
porosity, with high surface area and porosity
providing a large number of active sites. The
stoichiometry of perovskite compositions can
also be controlled during preparation to achieve
the desired stoichiometry and optimal
performance. In  addition, calcination
temperature, oxygen content, and solvent type
can all be controlled by choosing the
appropriate synthesis method for La-Ni-based
perovskite catalysts.

4.CATALYTIC PERFORMANCE OF La-Ni
BASED PEROVSKITE CATALYSTS IN
CDRM:

Nowadays, there is significant interest in
catalytic precursors with perovskite structures,
particularly La-Ni-based perovskite catalysts.
Unlike  other  perovskite-type  oxides,
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lanthanum nickelates exhibit high reducibility
and oxygen storage/release capacity [114]. Also,
during the reforming reaction, CO, interacts
with La,O; to produce La,0,CO;. The
oxycarbonate interacts with carbon-containing
molecules at the nickel contact, producing
carbon monoxide. In which La,0.CO; is
primarily responsible for the stable and carbon-
resistant properties, hence good catalytic
performance [115]. As a result, using the
LaNiO; structure improves the activity and
long-term stability of the Ni-based catalysts
[116, 117]. La-Ni-based perovskite catalyst’s
surface adsorbs CH, and CO,, in which the Ni
site activates the (C-H) bond in CH4, leading to
the formation of CO and H,, and the
dissociation of CO, forms CO and oxygen [69].
In more detail, La-Ni-perovskite catalysts
activate CH, and CO. via the nickel redox cycle,
in which Ni is oxidized and reduced during the
reaction, enabling efficient charge transfer and
reaction promotion. While the La component
stabilizes oxygen vacancies to enhance
transport and catalyst stability, the vacancies
maintain a constant redox activity of Ni2*/Ni3*,
The cooperation between metal and oxide
components promotes high catalytic efficiency
in producing syngas (CO and H,) [118]. Several
researchers studied La-Ni-based catalysts due
to their high activity and stability at high
reaction temperatures. For example, Da Silva
et al. [119] synthesized LaNiO; and evaluated its
activity and stability in oxy-CO, reforming of
methane. The catalyst showed good catalytic
activity with low carbon deposition [119].
Another study reported by Li et al. [120]
presented the formation of a LaNiO; phase on a
Ni/La,O4 catalyst. They showed high catalytic
activity with 50 hr of time-on-stream stability.
The prepared catalyst exhibited a high surface
area and a large pore volume, providing more
catalytically active Ni sites for reactants and
thereby increasing reforming activity. Carbon
deposition and Ni metal sintering were
substantially decreased on the mesoporous
Ni/La,04 catalyst with La,O5;-m support [120].
Oliveira et al. [121] synthesized the LaNiO,
catalyst via a one-step method and evaluated its
performance in the CDRM reaction. The
catalyst showed good catalytic stability and
high CH, and CO. conversions to about 95%
and 90% at 800 °C, respectively, with good
levels of H, and CO yields, as shown in Fig. 6.
The catalysts showed high stability for a long
time at different temperatures and good
products yield percentages, as well as good
resistance to carbon formation due to the
presence of the La,0,COj3 [121]. Dacquin et al.
[122] used SBA-15 as a support for LaNiO; to
prepare  20LaNi-SBA(10) nanocomposite,
which exhibited high CH, and CO. conversions
at about 75% and 85%, respectively. They
showed that the catalyst remained stable during
48 hr of reaction, and the product syngas CO

and H. also remained stable with a CO/H., ratio
of less than 1. They also observed low-carbon
deposition on the catalyst surface due to the
presence of LaOx species, which can reduce
carbon poisoning and the restriction effect of
the mesoporous SBA-15 material, thereby
reducing metallic particle sintering [122]. De
Araujo et al. [123] prepared perovskite-type
oxides LaRuxNi;-xO5 (0.0 < x < 1.0) and tested
their catalytic performance in the CDRM
process. The results indicated that the LaNiO,
catalyst showed high activity and stability for 14
hr time on stream, as well as, the selectivity, and
were stable for the 14 hr as shown in Fig. 7. The
catalytic activity curves indicate that all
catalysts were active in methane dry reforming,
but they had various performances. The LaNiO,
demonstrated significant activity and stability.
However, when partly modified catalysts were
activated under identical conditions (at 750 °C
for 3 h), no activity was found. Increasing the
activation temperature to 800 °C activated the
catalysts, resulting in a greater than 50% rise in
conversion during the first 4 hours of the
reaction followed by stable values. The rapid
increase in conversion suggests that active sites
formed during the process rather than during
activation with hydrogen. Because the
ruthenium had stronger Ru-O-La bond
strength made the metal reduction more
difficult in comparison to the Ni—O—-La bond.
Anothor advantageous of this catalysts, the
formed coke was filamentous that is not
harmful to the catalysts [123]. A study reported
by Lima et al. [124] aimed to investigate the
addition of cerium at the A-site of LaNiO;. They
prepared La,«CeNiO; (x = 0, 0.05, 0.4, and
0.7) by the citrate method and used them in the
CDRM reaction. The activity results showed an
increase in catalytic activity and stability, which
exhibited a stable performance during (15-20)
hr time on stream. Also, they observed an
increase in the inhibition of coke formation.
This good performance was due to the reverse
water-gas shift (RWGS) reaction, which was
enhanced by catalyst surface enrichment with
Ce [124]. Batiot-Dupeyrat et al. [68] prepared a
LaNiO; catalyst using the auto-ignition
method. The catalyst demonstrated high
activity, stability, and resistance to carbon
deposition during the CDRM reaction. Due to
the formation of La,0,COg which can inhibit
the carbon deposits in the nickel phase. The
CH, and CO, conversions were 90% and 87%,
respectively, with a H,/CO molar ratio of 1, and
the catalyst remained stable for more than 100
hr [68]. Other nickel and lanthanum-based
catalysts showed lower catalytic performance in
comparison to La-Ni-based perovskite
catalysts. For example, Dhillon et al. [125]
synthesized NiFe/TiO. and investigated its
catalytic performance in the CDRM reaction.
The catalyst exhibited unstable performance,
with conversion decreasing over time on
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stream, and low CH4 and CO2 conversions of
34% and 37%, respectively, after 6 h on stream.
The decrease in conversions may be related to
the Fe metal, despite its ability to reduce carbon
deposition [125]. Gonzalez-Delacruz et al. [126]
prepared a Ni—CeO, catalyst with a Ni wt%
loading of 13% and employed it in the CDRM
reaction. The catalyst showed decreases in
activity, stability, and selectivity for H2 and CO
over 12 hrs of reaction due to the formation of
carbon nanofibers [126]. Another important
study reported by Zhang et al. [127] compared
LaNiO3 perovskite with conventional nickel-
based catalysts (Ni/y-Al.O3, Ni/CaO/y-Al.Os,
and Ni/CaO). They observed that the
conventional Ni-based catalysts suffered from

constant deactivation with time on stream. On
the other hand, the LaNiO; catalyst showed
stable performance with time on stream. The
enhancement in the rate of reaction over the
Ni/La,O; catalyst during the reaction is
positively correlated with the concentrations of
formate and La,0,CO; on the support,
indicating that these species could be involved
in the surface chemistry that generates
synthesis gas. A novel kind of synergetic sites in
the Ni-La,O, interfacial area is suggested to be
created by the interaction of nickel and
lanthanum species, providing a stable and
active carbon dioxide reforming of methane to
synthesis gas across the specified catalyst [127].
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5.FACTORS AFFECTING THE
CATALYTIC ACTIVITY

A number of factors influence the catalytic
activity of La-Ni-based perovskite catalysts.
Each factor plays a significant role in
determining its efficacy in catalyzing CDRM
reactions. This section discusses the effects of
partial substitution at the A-, B-, and both A-and
B-sites, and the influence and importance of
support addition for La-Ni-based perovskite
catalysts. Understanding and studying these
factors is important for optimizing catalyst
design and performance. Substituting the A
and/or B sites of the LaNiOj structure can
modify the electronic properties. This alteration
influences the distribution of charge carriers, as
well as the band structure and catalyst stability.
Partial substitution can improve catalytic
activity by enhancing synergistic interactions
between the catalyst’s active sites and the
substituted elements. The other factor we
discussed in this section is the support addition.
Support materials can improve and stabilize the
structure of La-Ni-derived perovskite catalysts
and protect them from deactivation, such as
sintering, during the CDRM reaction. These
materials provide better dispersion of the active
sites on the catalyst surface, thereby enhancing
catalytic activity and stability. In addition, the
high surface area of supports can increase the
catalyst's surface area, enhancing the
dispersion of active sites and thereby improving
catalytic activity.

5.1.Effect of Partial Substitution

The catalytic performance can be significantly
influenced by the partial substitution of each A
& B site [128]. Plenty of studies have been
conducted on the impact of partially
substituting elements in either the A-site (such
as Pr, Ce, Na, Ba, and Sr) or the B-site (such as
Mn, Cu, Mg, Zr, Zn, and Co) of the LaNiO,
perovskite structure as a catalyst for methane
reforming. Partial substitution is used to
improve catalytic activity, increase specific
surface area, or enhance resistance to carbon
deposition [83, 129], which is an additional
advantage of perovskite-type structures, as they
provide a more dispersed active phase with
higher coke resistance [130]. This modification
affects the catalytic activity and stability of the
components [131]. Furthermore, the catalyst's
stability can be enhanced by the synergistic
effect of nickel and the metal at the B site of the
LaNiOj; perovskite structure [111].
5.1.1.A-Site Partial Substitution

Partial substitution at the A-site of La-Ni-based
perovskite with rare-earth metals, alkaline-
earth metals, and transition metals can improve
catalyst properties and enhance -catalytic
performance during reactions. Several studies
investigated the effect of partial A-site
substitution on the catalytic properties of
LaNiO;. For instance, Su et al. [132] studied the
influence of the partial substitution of Ni by Ce.

The LaNiO; and La;«CexNiO; (x<0.5) were
prepared by the Pechini method to inhibit the
accumulation of carbon and the agglomeration
of nickel species. The presence of lattice oxygen
vacancies in Ce facilitated the activation of Ce-
H bonds, resulting in an enhanced selectivity of
H. as shown in Fig. 8. This figure indicates that
the H, selectivity over the LaooCeo:NiO;
catalyst improves from 57 to 61% at 600 °C
(x=0, 0.1). Lay4Ceo.:NiO; may increase the
progressive breakdown of CH, into surface CH
(CH4;—~CH3;—CH,—CH) and hydrogen while
also providing extra oxygen atoms for CHO
formation. Then, CHO dissociates into CO and
H.. CO selectivity rises with Ce replacement.
They also obtained LaNiO; and La;«CexNiOs
(x<0.5) catalysts in fiber form, and the
formation of carbon structures was observed
after the reforming reaction. With a carbon
whisker structure, the carbon structures had a
greater diameter than the -catalyst fibers
LaNiO3 and La1-xCexNiO3. Fortunately, the
reactant gases were not prevented from
reaching this whisker's catalytic surface,
preserving stability and high activity [132].
Similar results were observed by Lima et al.
[133], indicating that the addition of Ce
improved the stability and selectivity of the
catalysts. As a result, partial substitution with
rare-earth metals, such as Ce, yielded good
results. Partial substitution with alkaline earth
metals (Ba, Sr, Mg, and Ca) improved the
perovskite structure, leading to better catalytic
activity and stability, along with lower coke
deposition; this improvement was attributed to
the presence of oxygen vacancies. For instance,
Trevisani and Batista [117] conducted a study
on the substitution of the three alkaline-earth
elements (Ca, Ba, Sr) in MyLa,«NiO; (x = 0.0,
0.3, and 0.5) doped perovskites. They were
successfully synthesized by the citrate method
as catalyst precursors to get high catalytic
activity and stability in the CDRM process. The
Ca, Ba, and Sr partial substitutions had a major
effect on the reduction behavior of (Ca, Ba,
Sr)iLa;«NiO; perovskites (x = 0.3 and 0.5).
Doping with (Ca, Ba, Sr) yielded a more stable
LaNiO; perovskite with broad peaks of H,
consumption at higher temperatures, as shown
in Fig. 9. The figure displays all H,-TPR
patterns of (Ca, Ba, Sr)iLa,xNiO; perovskites.
The LaNiO; perovskite (x = 0.0) experienced
Ni3+ reduction to Ni2+ at 460 °C, and converted
LaNiO; to La,NiO, or La,Ni,Os. Ni2+ is then
reduced to Ni¢ at 640 °C, while the remaining
was supported by lanthanum oxide. However,
increasing the content of these elements above
0.5 decreases activity [117]. The same
observations were reported by Dezvareh et al.
[134], who applied La,.«CexNi;.yZr,O; perovskite
catalysts in the CDRM reaction. The TPR test
indicated a reduction of Ni3+ to Ni2+, which
was related to La,Ni,O; formation. Another
study reported by Gomes et al. [135] aimed to
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evaluate the impact of Barium substitution in
the A-site of LaNiO; perovskite catalyst. It
appeared that an activity decay occurred,
attributed to Ba substitution due to structural
changes. Also, as shown in Fig. 10, the presence
of BaCOj; at temperatures above 610 °C induced
an orthorhombic-to-hexagonal phase
transition. This led to reduced coverage of the
active sites and restrained interactions between
the reactants and the active sites. Nevertheless,
Ba substitution showed a stable behavior, with
higher resistance to carbon formation,
sintering, and poisoning [135]. De Lima et al.
[136] examined the effect of La substitution
with Ca when preparing La,«CaxNiO; (x = 0.0,
0.05, 0.1, 0.3, 0.5, and 0.8). After substitution,
the catalytic activity increased during the

reaction period, and the conversion of CO, and
CH, for most catalysts began to increase and
approached a steady state. However, only the
unsubstituted sample (LaNiO;) and the sample
with x = 0.3 showed a little decline in methane
conversion with time. The slight decrease in
activity is most likely due to the buildup of
carbon that forms on the surface from the
impact. It was also observed that CO.
conversion was consistently higher than CH,
conversion due to the occurrence of the reverse
water-gas shift reaction. However, better coke
resistance was observed for the Ca-substituted
samples, with resistance dependent on Ca
content [136]. As a result, alkaline earth metals
showed enhanced catalytic activity, stability,
and resistance to carbon deposition.

100 .

m LaNiO3

= La0.9Ce0.1NiO3
= 80 La0.7Ce0.3NiO3
f—; ® La0.5Ce0.5NiO3
T 60
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z
2 40
D
K]
Y20
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Fig. 8 Selectivity of H, of La;«CexNiO5 Catalyst (x < 0.5) [132].
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Fig. 9 H,-TPR Profiles of M(Ca, Ba, Sr)xLa;«NiO; (x = 0.0, 0.3, 0.5) Perovskites [117].
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Fig. 10 X-ray Diffractograms for the Catalysts under the Reaction Atmosphere of La, sBa, .NiO; at

Different Oxidation Temperatures

A-site substitution with some transition metals
was also investigated. The influence of
zirconium-substituted perovskite reported by
Talaie et al. [137] gained undesirable effects
since the partial substitution of La3+ by Zr4* in
the La,.«ZrNiO; structure reduced the mobility
of oxygen towards the solid's surface, and the
yield of H, and CO is decreased. Also, CH, and
CO, conversions were higher with pure
perovskite than with multi-phase catalysts, as
demonstrated in Fig. 11. The research also
showed that, for all catalysts, CH, and CO.

(800, 610, and 460) [135].

conversions increase with temperature.
Nevertheless, compared to CO, CH,
conversions are lower. This might be the result
of a reverse water gas shift reaction. In addition,
as the reaction temperature increases, the
yields of CO and H, both increase [137], and the
results are comparable to those of Aghabozorg
et al. [105]. Table 2 summarizes the recent
studies, including the amount of carbon
deposition, surface area, conversion rates, and
the operating conditions applied.
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Fig. 11 CH, and CO. Conversions, and H. and CO Yields for La,xZrxNiO3; Samples, as a Function of
Reaction Temperature [137].
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Table 2 La-substituted Based Perovskite Catalysts for CDRM Reaction:

Catalyst Carbon deposits  Surface area (mz/g) %CH,; % CO- Operating Conditions Ref.
LaNiO; 4.5 mg. g cat. _ 31 33 [117]
Cao.3Lao,NiO; 0.37 mg. g™ cat. _ 73 81 T= 700 °C

CaosLaosNiOg 0.14 mg. g cat. _ 53 64 CH4:CO2=1:1

Bao3Lao,NiOg 0.06 mg. g cat. _ 55 66

BaosLaosNiOs 0.08 mg. g cat. _ 42 50

Sro.3Lao,NiO; 0.24 mg. g cat. 65 67

Sro5LaosNiO; 0.07 mg. g cat. _ 47 60

LaNiO; 1.64 mg. g cat. 6 48 61 T= 700 °C [135]
Lao.osBao.osNiO;  0.08 mg. g cat. 4-6 _ _ GHSV =2 *105 NL.h-1.kg
Lao.yBaoiNiO; 0.16 mg. g cat. 4-6 35 49 CH,:CO:2:Ar=1:1:2

Lao.sBao.=NiOs 0.03 mg. g-1 cat. 4 33 45

LaNiO; _ 3 99 100 T= 600-800 °C [137]
Lao.gZro.1NiO3 _ 5 47 50 WHSV=15 L.g*.h
Lao,ZrosNiOs  _ 3 15 30 CH4:CO.= 121

Lao.5Zro.5NiO3 _ 2 10 20

LaNiO; _ 6.9 95 93 T = 400-800 °C [132]
Lao.9Ceo.1NiOg _ 28.6 94 94 GHSV =10,000 ht

Lao.,CeosNiO; _ 92 92 CO::CH4=1:1

Lao5CeosNiO3 _ _ 93 93

LaNiO, _ _ 37 46 T= 650 °C, 700 °C and [138]
Lao,gBaOJNiOg _ _ 64 57 750 °C. CH4IC022H8=11118
Lao,SBao.zNiO;; _ — 51 —_

Lao;BaosNiO; _ _ 29 —

LaNiO; 65.7% 0.21 86 86 T= 750 °C [123]
LaNio.gRuo.:0; 20.3% 1.9 85 88 CH4:CO:2=1:1

LaNio.SRuO_203 6.86% 1.9 80 84

Laz sRu,05 0.938% 1.2 76 83

5.1.2.B-Site Partial Substitution

Partial substitution of B-site cations is more
challenging than that of A-site cations. Because,
in some cases, the addition of reducible metals
produces a metal-Ni alloy, making the
reduction process more difficult. In contrast,
because the substituted element is inert,
reducing the catalyst produces nickel
nanoparticles supported by a mixture of oxides
[139]. The partial substitution of nickel by
manganese on the B-site to produce bimetallic
catalysts has been studied by Bhavani and Wani
[139]. They synthesized Ni-substituted
lanthanum manganite with the formula of
LaMn,«NiyO; (x = 0.2, 0.4, 0.5, 0.6, 0.7), using
the sol-gel method. This procedure produced a
single-phase perovskite structure, thereby
enhancing physicochemical properties,
including crystallinity, surface area, pore
volume, and Ni particle size. Increasing the
level of Ni substitution was found to optimize
surface area, pore volume, and metallic surface
area, thereby enhancing stability [139]. The
good results can be attributed to high nickel
dispersion caused by manganese addition [84].
Nickel substitution with cobalt or copper
improves carbon resistance. Several
researchers studied this kind of metal. For
instance, Messaoudi et al. [140] studied the
effect of partial substitution in the B-site with
(Co, Cu). They prepared LaNi, oM,..05 (M = Co,
Cu) using the sol-gel method and found that
replacing nickel with copper lowers the
temperature and decreases the methane
activation temperature. On the other hand, the
cobalt-substituted catalyst exhibited enhanced
stability and catalytic activity, and syngas
generation attributed to the synergistic

interaction between nickel and cobalt, as well as
low carbon deposition [140]. Touahra et al. [87]
synthesized perovskite oxide LaCuO; and
LaCuo53Nio 4,05 using the sol-gel citrate
technique, while 5% NiO/LaCuO, was created
using impregnation. They found that at 700°C,
the amount of CH, consumed was at its lowest
in the presence of LaCuOj. At the same time,
the CH, conversion increased to 60% with the
LaCuo.53Nio 4,05 precursor. Also, it showed
better resistance to carbon formation [87].
Valderrama et al. [141] synthesized LaNi,-
«Cox04 (x= 0, 0.2, 0.4, 0.6, 0.8, 1) perovskite-
type oxides by the sol-gel resin method. The
catalysts showed high activity, with conversions
and selectivities approaching 100%. As shown
in Fig. 12, the Ni (x<0.6) rich solids have strong
selectivity for forming syngas, with CH,
conversions somewhat greater than CO,and H,
selectivities a little higher than CO. This
performance can be attributed to the Nio-Co°
particle formation, which was highly dispersed
on La,0,CO;5 and inhibited the coke formation.
Doping with Co stabilizes Ni° particles,
reducing coke formation, whereas tiny amounts
of Ni promote Co reduction and accelerate solid
activation [141]. From the literature above, we
can say that cobalt doped catalysts showed
similar results to copper doped catalysts in
terms of catalytic activity. Partial substitution
of the B-site with Fe produces a bimetallic
catalyst that enhances catalytic activity and
stability. Song et al. [142] conducted a study on
the partial substitution of Fe in LaNiO; and
La,NiO, perovskite precursors, as these
structures were unstable and reduced
completely in the CDRM reaction, forming Ni
particles as the active metal and La,O; as the
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support. They prepared (La.NiosFeo;0, and
LaNi,;Feo503) using the wet impregnation
method, and the results showed an
improvement in the stability and carbon
resistance of these catalysts. The increased
metal-support interaction led to smaller
particle sizes and improved Ni dispersion [142].
Similarly, to investigate the impact of Fe
loading on the perovskite catalyst, Jahangiri et
al. [143] prepared LaNiO,; and LaNi,.xFe,O; (x
= 0.2, 0.4, 0.6, 0.8, and 1) perovskites by the
citrate sol-gel method. Their results showed
that as x increased, a NiFe204 phase formed at
high temperatures, delaying the atomic nickel
synthesis. The order of activity was LaNiO; >
LaNio_4Feo,6O3 > LaNio_éFeo,403 > LaNio_sFe0.203

> LaNiy.Fe,30; > LaFeO;. The LaNiO,
exhibited the highest activity and stability, and
this behavior was attributed to the formation of
small nickel particles [143]. Another study
reported by De Lima and Assaf [144] examined
LaNi1-xFe,O; (x=0, 0.2, 0.4, and 0.7)
perovskite oxides to increase the -catalytic
activity, stability, and coke resistance of
LaNiO;. The addition of Fe decreased the
activity of both CH, and CO,, but increased the
catalyst's stability [144]. Previous literature
indicates that La-Ni-perovskites with Fe
incorporation exhibit improved stability during
the CDRM reaction. Table 3 provides an
overview of the relevant research.
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Fig. 12 (a) CH, and CO, Conversions of LaNi,«CoxO3, (b) CO and H., Selectivities Obtained for LaNi,-
xCoxO5 [141].
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Table 3 Ni-Substituted Based Perovskite Catalysts for CDRM Reaction:

Carbon

Surface

Catalyst Hepoms T () %CH,; %CO: Operating conditions Ref.
LaNio..Zro.803 13.14% 14 7.5 [104]
LaNio.3Zro0.,03 7.89% 12 7.5 11.25
LaNio4Zro.s0; 5.93% 7 16.25 21 gﬁg%’(;%q 11
LaNio.6Z10.405 3.56% 3 25 27 A e
LaNio.8Zro.205 3.51% 5 37 50
LaNio.05Cro.9503 0.02 mg. gicat.h! 9.7 12 34 [145]
LaNio.Cro.90;3 negligible 9.4 84 87 T= 750 °C
LaNi..Cro.80; 15 mg. g'cat.h! 7.2 84 85 GHSV=12 L.g.h
LaNio 3Cro.,03 25 mg. g'cat.h 9.4 85 86 CH4:CO.=1:1
LaNio 4Cro603 64 mg. g-icat.h 9.9 90 79
LaNio5Cro503 76.2 mg. g-icat.h 9.5 87 86
LaNiO; _ 7.2 89 93.5 [84]
LaNio.sMno .03 _ 17.1 94 87.5 T = 600-800 °C
LaNiosMno40; _ 22.0 95 94 GHSV= 15 L.gt.h
LaNio4Mno0; _ 22.4 95 93 CH4:CO2:N.=1:1:2
LaNio.-Mno.gO3 _ 21.3 95 89
LaMnOs; _ 19.3 93 87
LaNiO; non-treat 23.7 g. g cat. 4.9 68 72 [111]
LaNiOj treat 19.1g. g cat. 4.4 65 70 T =823-1073 K )
: ) GHSV =18 L.gtht
LaNlo.5COo4503 non-treat 18.2 g.g? cat. 38 59 68 CH.:CO.=1:1
LaNio5C00.503 treat 15.2 g g cat. 3.2 57 63 + ’
LaNiO, _ _ 61 75 [131]
LaNio.Szno.203 _ _ 86 93
LaNio.6Z10.403 _ _ 76 86 T=750°C
LaNio.4Zno.605 _ _ 14 16 CH,4:CO::He=1:1:1
LaNio.2Zno.805 _ _ 13 15
LaZnO; _ _ 5 6
LaNio.sFeo03 _ 18 60 90 T= 800 °C GHSV=13.7 [146]
LaNio.SMno_203 _ 18 80 95 L.g'l.h'1 CH4:C02:1:1
LaNio.5C00.503 _ 5-9 83.7 88.5 T=800 °C GHSV=12 L.g- [147]
LaNio.34C00.53Mn0.3303 _ 5-9 93.7 92.5 tht
CH,4:CO2:N»=1:1.05:1

LaNio.8Ti0..03 2.21% 3.4 62 57.9 [148]
LaNio.6Ti0403 0.63% 4.4 67.4 65.4 o . o~
LaNio5Ti0.503 0.84% 3.8 73.4 76.4 ’(I)‘=8§;)8'(()3 goz.CH4.02—
LaNio 4Tio603 2.11% 9.1 69.8 71.5 e
La.Ti.O, 0.12% 4.1 47.1 41.4
LaNiO; 0.0048 __molcarbon .2 85 44 [143]

mol (CH4+CO07).h
LaNio4Feos0; 0,0143m 5.4 80 42

mol (CH4+CO2).h
LaNio.6Feo,403 O.OOSSM 70 40 T=800 °C WHSV=15 Lg'

mol (CHy+C02)h t.h1 CH4:C02:0.=1:1:0.5
LaNio.SFeO_203 0.0132M 7.6 30 o

mol (CHy+CO3).h
LaNio.zFeo.803 mol carbon 68 33

0'0134mol (CH4+CO,).h

5.1.3.Both A & B Sites Partial
Substitution

As with A-site and B-site substitutions, a
number of researchers studied the effects of
partial substitutions at both A and B sites in the
ABO; structure. These researchers aimed to
improve the performance of the perovskite
catalysts. For instance, Abasaeed et al. [118]
synthesized MNi, ¢Zr;—xYxOj5 catalysts (M = Ce,
La, and Lay6Ceoy; X = 0.00, 0.05, 0.07, and
0.09) using the sol-gel method. The study
demonstrated that substituting 0.1% of Ni with
Zr in the LagCeo4NiO5 catalyst resulted in
excellent catalytic activity, achieving an 83%
hydrogen production at 800°C. This good
performance was attributed to the presence of
reducible NiO species that interacted strongly
with the support (produced after reduction)
and to the redox reactions, which were
generated from substituting Zr and Y for Ni in
the CeNiOj catalytic system results in NigY,
since a stable metallic Ni for CH,

decomposition, and cerium yttrium oxide
phases, which provide significant redox input
[118]. Several researchers studied the effect of
strontium incorporation; for example, Das et al.
[149] investigated the mechanism of CDRM
reaction on Lag ¢Sr.1NiO4 and
Lay ¢Sro.NipsFeos05. They observed that
Lao.¢Sro1NipsFeo 505 may partially retain a
perovskite structure even after reduction and in
a CDRM atmosphere, and that it exhibits higher
coke resistance than Lag ¢Sr,.NiO;. The study
showed that lanthanum oxycarbonates
activated CO., and oxidized carbonaceous
intermediates from methane on the
Lao.oSro.:NiOj; catalyst. On the other hand, the
oxidation of carbonaceous intermediates
occurred only through the MvK-type redox
mechanism by support lattice oxygen in
Lao.oSro.:Nio sFeo 505 [149]. Dezvareh et al. [134]
prepared La;«CexNi;.yZryO3 (x=0.1, y=0.1, 0.2)
by the citrate sol-gel method; according to the
results of morphology investigations, particles
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in the nanometer range were produced,
resulting in homogeneity. In accordance with
the TPR results shown in Fig. 13, the reduction
of LaNiO; perovskite involved two stages. The
peaks' maxima were observed at 408 and 505
°C. The first peak indicates the reduction of Nis+
to Ni2+, resulting in the formation of La,Ni,Os.
The second peak resulted from the reduction of
Ni2+ to NiO. Cerium-doped perovskites (La;-
xCexNiQ;) exhibit a small shift towards lower
temperatures in the TPR profile2; the reduction
process occurred at higher temperatures and
became more difficult as the Zr doping level
increased. To activate the active sites for the
reforming reaction in La;xCeNiiyZryO4
samples, they must be reduced. This results in
highly scattered Ni and Zr on a matrix of La-Ce-
O, resulting in the production of a metal
catalyst. The catalyst LaooCeo1Nio.sZro.204
perovskite exhibited the highest catalytic
activity with more than 60% for CH, and more
than 70% for CO, [134]. La;«CexNio 4Feo.605 (x
= 0.1, 0.2, and 0.3) perovskite nanostructures
were synthesized and characterized by
Dezvareh et al. [150]. They obtained a well-
crystallized perovskite structure at doping
levels of up to x = 0.2. The catalytic activity of
developed samples at temperatures ranging
from 600 to 800°C was investigated through
the CDRM process. The CH, and CO.
conversions, as well as the H, and CO yields in
the presence of La,;«CeNi, Feo605 at various
temperatures, are shown in Fig. 14. The figure
shows that increasing temperature leads to
both CH, and CO., conversions rising, with CO,
conversions consistently exceeding CH,
conversions. The consumption of CO, in the
reaction may be the reason behind this
behavior. Additionally, as the reaction
temperature increased, the yields of both H2
and CO increased, with CO yields exceeding H2
yields when the catalyst La1-xCexNi, 4Feo.60;
was present. The higher the temperature, the
more prominent this behavior is. A partial
doping level of x = 0.3 in La,.«CeNio4Feos03
samples has not resulted in substantial CH, and
CO, conversions or product yields at any
temperature. Where Ce addition to La..
<CexNio 4Feo 605 increased the catalytic activity
up to x = 0.2, but decreased considerably when
x > 0.2 [150]. Yang et al. [151] prepared
Lao oMo .1NiosFeo 505 (M = Sr, Ca) perovskite
catalysts by the ethylene diaminetetraacetic
Acid-cellulose method (EDTA) to investigate
the influence of partial substitution of A- site by
Sr/Ca. Partial substitution of the A site with Ca
or Sr affected the basicity and crystalline phases
of the catalysts, resulting in better performance.
Lao oCa,.:Niy sFeo ;05 catalyst exhibited the best
catalytic performance among the prepared
perovskite catalysts, owing to improved carbon
resistance during the reaction. The two
catalysts showed good  metal-support
interactions due to Fe substitution, which

offered high resistance to sintering and carbon
deposition [151]. Sutthiumporn et al. [152]
deVelOped Lao,SSro,gNio,SMo,zo:g (LSNMO)
perovskite precursors for the CDRM process
(where M = Bi, Co, Cr, Cu, and Fe). They found
that the Cu-substituted Ni catalyst precursor
exhibited the highest initial catalytic activity
due to the largest accessible Ni surface area and
the presence of mobile lattice oxygen species
capable of activating C—H bonds. However, the
Fe-substituted Ni catalyst exhibited the highest
catalytic stability because of strong metal-
support interaction and presence of the
abundant lattice oxygen species. Which reacted
with CO. to generate La,0.CO; and minimized
carbon production by reacting with surface
carbon to form CO [152]. In conclusion, it is
generally believed that oxygen vacancy
formation, associated with A-site substitution,
improves carbon resistance. On the contrary, B-
site  substitution with reducible metals
frequently produces a synergistic effect that can
be advantageous or disadvantageous. Further
investigation would help address the issue, as
the process of partial substitution of both the A
and B sites and its subsequent effects on DRM
remain unclear.

5.2.Effect of Support Addition

Support materials are essential for enhancing
catalytic activity and preventing carbon
deposition during the CDRM reaction, given
the low surface area of perovskite oxides (<10
m2/g) and the high reaction temperatures
required for endothermic reforming. Coke
production occurs primarily through the
decomposition of CH, at high CDRM reaction
temperatures [153]. In addition to their weak
mechanical strength and susceptibility to SO2
poisoning, these limitations limit their
potential applications [112]. Therefore, the
demand for promising techniques to overcome
these challenges is significant, as they are
needed to create a well-dispersed perovskite on
a support with a high specific surface area and
good thermal stability to prevent active metal
sintering [83]. The introduction of support
modifies the product distribution, increases the
surface area of the active phase, and enhances
thermal stability. Many types of support have
been studied, including alkaline oxides (MgO
and CaO), y-Al.O;, oxygen-binding affinity
materials (CeO,, Fe,O3;, MnOyx, and La,05), and
zeolites (ZSM-5, SBA-15, and MCM-41).
Compared with other supports, zeolites are
considered the best materials due to their
unique properties, such as crystallinity, well-
ordered micropores, and large surface area
[154]. The support is an essential component of
supported catalysts, as its selection plays a key
role in determining catalytic performance. The
kind and nature of the support significantly
affect the dispersion, stability, and heat transfer
performance of active components [155].
Besides, the redox characteristics of the support
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can reduce carbon deposits on the catalyst
surface. In addition, as dry reforming reaction
requires adsorption and activation of CO., the
basic support may enhance the activity of Ni-
based catalysts [156]. Some catalysts exhibit

interactions between the metal and the support
[153], and several investigations have
demonstrated that small nickel particles and
stronger metal-support interactions improve
catalytic activity and stability [153, 157].
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Fig. 13 TPR Profiles of La,.¢Ceo.1Ni;-yZryO5 Calcined at 800 °C [134]
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Fig. 14 Conversions of (a) CH, and (b) CO, as a Function of the Reaction Temperature for La,-

xCexNio 4Feo.603 Samples [150].
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Several reports investigated the influence of
support additions on La-Ni-based perovskite
catalysts. Silica-based mesoporous materials
were used as supports with different surface
areas and pore diameters. For example, a
monolithic silicon carbide foam (SiC-foam)
structured nickel and lanthanum oxide (Ni-
La,03) nanocomposite catalyst is synthesized
and characterized by Zhang et al. [158]. This
catalyst  significantly = improved  coke-
depositing/Ni-sintering resistance compared to
unmodified Ni-La,O; nanocomposites, owing
to their homogeneous component distribution
and strong Ni-La203 interactions. In contrast,
Ni-La203/alumina (Al203) showed better coke
and sintering resistance due to enhanced
interactions after support addition [158]. In
another work by Zhang and Liu [159], LaNi,-
xCox0; perovskite (x = 0, 0.05, 0.1, 0.2) was
inserted into mesostructured cellular foam
silica structure support (MCF). The La,O; and
Ni-Co alloy crystallites with close contact were
widely distributed throughout the MCF
support's windows and cells, as shown in Fig.
15. The La,O; species may serve as both a
physical barrier and a CO., methanation
promoter for the Ni-Co/MCF catalyst,
enhancing its stability and catalytic activity. To
study the effect of MCF support material, they
found that LNo0.95C0.05/M exhibits lower
agglomeration and better anti-sintering
efficiency during lifetime testing than the LaNi,-
xCox0; catalyst [159]. A noteworthy study
conducted by Sellam et al. [160] included the
preparation of LaNiO; and silica-supported
LaNiO; perovskite catalysts (20LaNiO;/SiO.
and 40LaNiO5/Si0.) by the auto-combustion
method. The results showed high catalytic
activity for 40LaNiO5/SiO, and a higher surface
area (32 m2/g) than for unsupported LaNiO; (9
m2/g). However, there is a considerable
decrease in pore volume and size, perhaps due
to partial blockage of the original pores by
mixed oxides. Also, CH, and CO, conversions
obtained from 40LaNiO;/SiO, were higher. The
20LaNiO5/SiO, catalyst has a low specific
surface area and large NiO particles. This result

is due to the development of well-crystallized
mixed oxide LaNiO,, which has a low specific
surface area and contains free oxide NiO [160].
In a comparative study, Wang et al. [83] used
mesoporous carrier supports (SBA-15, MCM-
41, and SiO,) for LaNiO; perovskite. The
catalytic activity tests in Fig. 16 showed that the
CH, and CO, conversion rates for the
LaNiO3;/MCM-41 and LaNiOs;/SBA-15 catalysts
were greater than 75% and 70%, respectively.
They were comparatively stable at 700 °C for 60
hours on stream, with LaNiO3;/SBA-15
exhibiting greater stability than LaNiO;/MCM-
41. However, LaNiO;/MCM-41 had higher
initial catalytic activity due to higher Ni
dispersion. On the other hand, LaNiO;/SBA-15
surpassed LaNiO;/MCM-41 in long-term
stability, probably due to its stable silica matrix,
which impeded nickel species agglomeration
and could have been caused by the superior
binding effect. In addition, the poorest stability
was for bulk LaNiO; sample. Also,
LaNiO3;/MCM-41 and LaNiO;/SBA-15 showed
similarly H, selectivity, but LaNiO5/SiO,
showed decreased selectivity comparable to the
LaNiO; catalyst [83]. Rivas et al. [161]
investigated the performance of LaNiO,,
LaosCap.NiO;, and  LagsCao.sNi.sC0o.40;
supported on SBA-15 mesoporous silica host.
They applied them as catalyst precursors in the
CDRM reaction to increase surface area, inhibit
carbon formation, and reduce the high energy
consumption required for the reforming
reaction. The result of the TPR test Fig. 17
showed a broad and low signal of the perovskite
at higher temperatures (maximum at 414 and
622 °C), revealing a strong interaction between
the Ni inside the perovskite and SBA-15 silica-
host, resulting in a higher temperature of
reduction compared to bulk perovskite.
However, a high conversion rates of CH, and
CO, for the supported catalysts were higher
than the unsupported ones [161]. From the
reported studies we can say that silica-based
support materials offer superior properties for
the supported catalysts that can influence their
catalytic performance.
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Fig. 17 TPR Profiles of Perovskite-Type Oxides: (A) Bulk and (B) Built-in SBA-15 Mesoporous Silica.
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15; (f) Lao.8Cao.»Nio 6C00.405/SBA-15 [161].

Other oxide materials were investigated as
supporting  materials for  La-Ni-based
perovskites. Yadav et al. [162] synthesized bulk
and supported LaNiFe, . O; catalysts by sol-gel,
incipient wetness impregnation (IWI), and co-
precipitation techniques. The results showed
that the inclusion of supports (AL.O;, SiO.,
MgO) enhanced the dispersion of the
perovskite phase, as well as the surface area and
pore size of the bulk perovskite catalysts [162].
Messaoudi et al. [156] synthesized bulk La,NiOy
and supported LaNiOy/MgAl.O, -catalysts
using sol-gel and impregnation techniques,
with x values of 1 or 2 and y values of 3 or 4. The
supported catalysts increased specific surface
areas, providing additional basic sites to
activate CO2 and increasing nickel dispersion.
Also, it exhibited greater activity and stability at
65 hr of reaction than bulk catalysts in the
CDRM reaction, due to better nickel dispersion
and smaller nickel particles, as well as the

beneficial effect of the basic support [156]. A
comparative study was conducted by Rabelo-
Neto et al. [163], in which LaNiO;,
LaNiO5/Al,O;, and LaNiO5;/CeSiO., were
synthesized to compare the effect of different
oxide supports. Good results were obtained for
the supported catalysts, which showed higher
catalytic activity and lower carbon deposition
than the LaNiO; catalyst. On the other hand, a
very low surface area of almost 10 m2/g was
observed for the unsupported LaNiO; catalyst.
The carbon content for LaNiO;/Al.O; was
almost one-third of that of unsupported
LaNiO;, and LaNiO3;/CeSiO, exhibited the
lowest carbon deposition. This could be
attributed to ceria's increased oxygen storage
capacity [163]. Moradi et al. [112] studied the
effect of y-Al,O; support on the activity of
LaNiO4 perovskite catalyst. They used several
Ni wt% (10, 15, 20, and 25) to obtain catalysts
with different Ni wt%. The catalytic activities of
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the prepared LaNiO,/y-Al,O4 catalysts (10, 15,
20, and 25) for CO, and CH, were examined. A
high nickel crystal dispersion (14—50) nm on
the y-Al,O; support for 20LaNiO;/ y-Al,O4
catalyst, since it showed high activity and high
resistance to carbon deposition during 75 hours
on stream, and the lowest activity was for
10LaNiO;/ y-Al,O3, which means that higher Ni
content gives better activity. According to their
tests, they also obtained a crystalline LaNiO3
structure well dispersed on y-Al,O3, which has
an amorphous structure [112]. Based on the
literature, the addition of support can be a
solution for many La-Ni-based perovskite
catalyst problems, such as low surface area, low
porosity, and rapid deactivation, since oxide-
supported materials provide better catalytic
performance with higher nickel dispersion and
surface area.
6.CHALLENGES AND FUTURE
DIRECTIONS
The primary challenges in the CDRM are
considered in this section. Particularly, aspects
of the reaction, such as carbon/coke deposition,
sintering, and poisoning, and the examination
of CDRM deactivation paths, are critical to
understanding the efforts made in recent years
to synthesize an effective and stable catalyst for
this reaction. One of the biggest challenges in
developing new, sustainable catalysts for
industrial syngas synthesis via the CDRM
process is catalyst deactivation. Deactivation,
caused by coking, sintering, or poisoning, is a
significant concern associated with using
nickel-based catalysts in the CDRM reaction.
Coking is a phenomenon that occurs when coke
covers the catalyst surface due to side reactions.
Sintering is a process of accumulation that
results in a decrease in the support's surface
area or in the crystallite development of the
catalytic phases. Poisoning occurs due to strong
chemisorption of substances on catalytic sites,
which inhibits catalytic activity [164].
Generally, a CDRM reaction is highly
endothermic; as a result, numerous side
reactions occur, leading to  catalyst
deactivation. At high temperatures, Ni
nanoparticles begin to sinter and expand,
reducing the active surface area and leading to
carbon deposition. This had a negative effect on
Ni-based catalysts during gaseous reactions at
high temperatures [85]. Using La-Ni-based
perovskite catalysts in theC catalytic dry
o
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reforming of methane (CDRM) presents several
challenges despite their promising catalytic
activity. Some of these challenges include:
6.1.Carbon or Coke Formation

Generally, the main challenge for Ni-based
catalysts is rapid deactivation caused by coke
formation resulting from side reactions during
the reforming process. These side reactions
include methane cracking (Eq. (a), present an
elementary step of CDRM that causes carbon
deposition on the surface. Therefore, methane
cracking must be considered as one of the basic
reactions in the formation of carbonaceous
deposits, as well as the deactivation by coking
and Boudouard reaction Eq. (b). The carbon
produced by these reactions deposits on the
metal surface, blocking the active sites. As a
result, catalyst deactivation and a decrease in
catalyst activity occur [53, 165].

CH, > Cuqs+2H,  AH,gg, = 75 kJ/mol (a)
2€0 - Cugs+ CO; AH'yo5 = —172 kJ /mol (b)
Given the thermodynamic nature of the CDRM
side reactions listed above, operating CDRM
over Ni-based catalysts at high temperatures
can increase syngas output while reducing
carbon formation. The optimum temperature
range for minimizing catalyst deactivation due
to carbon (coke) production is 870-1040 °C
[166]. There are three forms of solid carbon
deposits on catalytic surfaces, depending on
their oxidation temperature ranges: graphitic
carbon (C,), amorphous carbon (Cg), and
carbolic carbon (C,). These carbonaceous types
formed at the following temperature ranges:
(>600) °C, (450-550) °C, and (300-450) °C as
shown in Fig. 18 which illustrates the process by
which carbon forms, deposits, and transforms
on metal-based catalysts. Adsorbed carbon
atoms are produced when CO dissociates upon
coming into touch with the active metal
component, and C, interacts with its repeating
units to form polymerisation into Cgz. The more
active C, and Cj are changed into the less active
C, at high temperatures [45]. Graphitic carbon,
which is more difficult to remove than carbolic
and amorphous carbons, forms when carbon
atoms in close contact with metal nanoparticles
undergo graphitization. The distance between a
carbon atom and a metal nanoparticle has a
significant effect on the degree of graphitization
[167].

o9 0.,°
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Fig. 18 Forms of Solid Carbon Deposits on Catalytic Surfaces [45].
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The coking process in catalyst particles can be
extremely complex and follows three
mechanisms. First, the coke covers the active
sites, isolating them from reactants; second,
due to the large concentration gradients of coke
precursors in the particle, coke frequently
covers the inner surface non-uniformly. Then,
as coke agglomerates on the pore surface, it
narrows the pores and increases diffusion
resistance, further lowering the catalyst
particles' activity. Finally, coke can block pores,
leading to their complete deactivation [168].
The adsorption of carbonaceous deposits covers
the catalyst's active sites on the surface or in the
pore channels, making them difficult to access.
On the other hand, pore blockage stops
reactants from entering the pores and may
reduce the amount of carbonaceous deposits on
the catalyst [169]. Moreover, the composition of
carbonaceous deposits is greatly influenced by
the characteristics of the active sites, which
dictate the catalyzed reaction steps. In addition,
the size of coke molecules, a phenomenon
referred to as the confinement effect, is also
restricted by the pore size of porous materials,
since pore size is an essential property that
affects the physicochemical properties of
porous materials and the behavior of chemical
species within their pores. It can also
significantly =~ impact  diffusion,  phase
transitions, catalytic properties, and related
phenomena [170]. La-Ni-based perovskite
catalysts under the CDRM harsh conditions
lead to carbon formation, in which nickel,
particularly in its reduced state, assists in the
decomposition of methane into carbon atoms
[69]. These carbon particles can then settle on
the catalyst surface, forming carbonaceous
molecules such as graphitic carbon, carbide
species, and amorphous carbon [171].
According to some studies, CDRM employed
catalysts derived from perovskites to produce
hydrogen, but these catalysts also produced
filamentous carbon (also known as carbon
nanotubes). These studies also provided
important and pertinent information because
methane decomposition is one of the main
drivers of carbon production during methane
reforming. For example, in a study reported by
De Araujo et al. [172], the LaNiO; catalyst was
prepared by thermal decomposition and used in
the CDRM process. The catalyst showed the
deposition of filamentous carbon, with 65.7%
carbon and a low surface area. However, there
was no decrease in activity, even though carbon
encapsulation would be expected to reduce it.
Nevertheless, the authors suggested
incorporating noble metals, such as Ru, to
prevent carbon formation. In  which
LaNio gRue20;5 exhibited high resistance to
carbon deposition, the carbon percentage was
6.86% [172]. Another study, belonging to
Messaoudi et al. [140], examined the effect of
partial substitution of Co on the B-site.

LaNi0.9C00.103 was prepared by the sol-gel
method, and the cobalt-substituted catalyst
showed enhanced resistance to carbon
formation, resulting in improved stability over
time and better catalytic activity. This effect is
attributed to the synergistic interaction
between nickel and cobalt [140]. As with Ni-
based catalysts, the incorporation of a second
metal enhances carbon-deposition resistance,
as reported by Karolyi et al. [173]. They
prepared 3wt%Ni/SiO, and bimetallic 3wt%Ni-
owt%In/SiO, catalysts. Their goal was to
modify the Ni/SiO. surface area and the
carbon-deposition resistance, and this could be
achieved by introducing a second metal
(indium (In)), known for its resistance to
carbon deposition, into the Ni/SiO, structure.
They found that the 3 wt% Ni-2 wt% In/SiO2
catalyst showed no carbon deposits on its
surface compared with Ni/SiO2, due to indium
incorporation, which enhanced resistance to
carbon deposition by strengthening metal-
support interactions [173]. As a result, altering
the perovskite structure by substituting A or B
sites is an approach to improve -catalytic
performance [51]. Although the deactivation
mechanism involves the accumulation of
carbon, it can be reduced in various ways. One
method exploits the reversed segregation of Ni
into the perovskite lattice, enabling catalyst
regeneration via reoxidation [174]. Adding
promoters might enhance the coke resistance
and catalytic characteristics of Ni-based
catalysts. Furthermore, the addition and
selection of support materials can improve
oxygen mobility while reducing carbon
deposition [175]. Employing support materials
with an appropriate pore size can confine active
metal sites within a restricted structure,
thereby inhibiting the formation of many
aromatic carbon rings on the catalyst's surface
[170]. Since the coke formation depends on the
stability of the catalyst's active phase and
particle size, it is a highly structure-sensitive
reaction. To solve this issue, a metal can be
supported on oxides such as La203 and CeOz2,
in which the support type influences catalytic
parameters, including active-phase dispersion
and nickel particle size [119]. Also, the
characteristics of the metal-support interface
have a tremendous impact not only on nickel
particle stability but also on reactant
adsorption, thereby influencing the probability
of coke formation. Several researchers have
sought to overcome the carbon-deposition
problem with Ni-based catalysts. For example,
in a study reported by Tian et al. [176],
LaNiO,/ZSM-5 was prepared and applied in the
CDRM reaction. They compared its
performance with that of La.NiO,/MCM-41
and La.NiO,/y-Al.O; catalysts to examine
differences in catalytic activity. They showed
that LaNiOy/ZSM-5 exhibited less coke
deposition (5%) over 100 h of reaction. This
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behavior, attributed to the formation of La-Ni
active species in the ZSM-5 channel or on its
surface, was observed as La,03-NiO due to the
strong interaction between ZSM-5 and the
metal ions (Ni2+ and Las3+). Hence, choosing the
appropriate support is an important
consideration during catalyst preparation
[176]. La-Ni-based perovskite catalysts show
potential for dry methane reforming (CDRM),
but carbon deposition remains a challenge. In
which carbon deposition rises at higher
temperatures [177]. The high temperatures
during the CDRM reaction lead to carbon
accumulation on Ni-based -catalysts, as
reported by Buasuk et al. [178]. They conducted
a study to examine the effects of different
operating parameters associated with the
coking process on 5 wt% Ni/Al,O4. The results
showed that an operating temperature of 600 °C
led to the production of a large amount of coke.
Additionally, at 800 °C, coke production was
higher because the conversion was lower. Thus,
an operating temperature of 700 °C was the
optimum one because no coke production was
found [178]. However, the most
significant aspect of developing a dry reforming
system is producing a catalyst with high
resistance to carbon deposition, and
perovskite-type oxides have been employed as
catalyst precursors for dry reforming because
they are known to limit carbon formation.
Several studies proved the good performance of
perovskite catalysts. An important study was
conducted by Moogi et al. [99], prepared
LaCoO5; and LaNiO; catalysts. These catalysts
showed strong anti-coking performance due to
the formation of the La,0.CO; phase, which can
oxidize deposited carbon and act as a self-
regenerator, as well as to the high nickel
dispersion [99]. Singh et al. [179] prepared a
shape-controlled LaNiO; perovskite catalyst by
the modified hydrothermal and precipitation
methods. Resulting in three shapes (cubes,
spheres, and rods), they aimed to study the
effect of LaNiO4 shape on coke deposition. They
found that Ni/La,O; depended on the shape
and structure of LaNiO; nanoparticles. Also,
after 100 hr of reforming reaction, catalysts
derived from LaNiO; spheres and rods were
free of carbon deposition, while the catalysts in
cube shape had significant carbon deposition.
As a result, active and stable catalysts can be
formed by modifying the shape and structure of
perovskite catalysts [179]. In summary, cooking
is still a major problem, particularly at high
temperatures. Deactivation of the La-Ni-
perovskite catalyst may result from carbon
buildup on the catalyst surface, blocking active
sites. Thus, it will be necessary to address
carbon deposition by implementing anti-coking

methods, such as adjusting the perovskite
structure and introducing Ba, which can
enhance resistance to deactivation [175]. In
addition, catalyst regeneration via reversible
segregation of Ni from the perovskite structure
during the reduction and oxidation phases
enables catalyst regeneration after the coking
process [174]. Some strategies are needed to
improve the performance of La-Ni-based
perovskites. These strategies include altering
the A and B sites, designing supported and
porous structures to address low surface area,
and enhancing metal-support interactions
[180].

6.2.Sintering

In many catalytic processes that require high
temperatures, metal nanoparticles in a catalyst
tend to sinter, growing into larger particles and
reducing the catalyst's specific surface area.
Hence, catalyst sintering is a thermal process
that deactivates catalysts and reduces their
surface area by promoting the growth of metal
particles. Sintering can also promote pore
collapse on active-phase metals. It comes from
the kinetically preferred crystallites' surface
energy reduction and size-dependent migration
on the catalyst support. Generally, sintering
occurs when crystallites minimize their surface
energy, which is a thermodynamically favorable
process. Furthermore, the size-dependent
mobility of crystals on different supports plays
a key role in sintering [181]. During CDRM at
high temperatures, active metal crystallite
sintering occurred via two mechanisms on
support, as shown in the schematic diagram in
Fig. 19 [182]. Crystallite migration in a type of
coalescence, and Ostwald ripening [183]. The
coalescence mechanism involves two or more
metal nanoparticles moving across the surface
of a catalyst support by Brownian-like motion
until they collide and coalesce into a larger
particle. Particles diffuse faster when metal-
support interactions are weak, and coalescence
is faster when particles are closer together. In
the Ostwald ripening mechanism, single metal
atoms leave the surface of one nanoparticle and
join another nanoparticle via surface diffusion
on the support or by moving through the vapor
or solution phase. For supported catalysts, the
metal atoms move over the support surface
rather than through the vapor phase, unless
volatile compounds are involved. The active
component can lose mass by transferring the
metal atoms across the vapor phase. Because
larger particles have a lower chemical potential,
they are more likely to grow at the expense of
smaller particles, which shrink and eventually
disappear. However, Ostwald ripening often
leads to sintering of supported metal
nanoparticles [182].
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Fig. 19 Ostwald Ripening and Crystallite Migration in Type of Coalescence [182].

The sintering of La-Ni-perovskite catalysts
during methane dry reforming (DRM) is a
major concern since it affects catalytic
performance. Sintering reduces active surface
area and catalytic activity, which is principally
determined by structural characteristics and
the production of metallic nickel during the
process [22]. For example, Shahnazi et al. [102]
synthesized LaNiO,; perovskite catalysts and
used them in the CDRM reaction. The catalyst
sintered after 10 hrs of reaction due to its small
pore sizes [102]. Du et al. [184] prepared a
LaNiO; perovskite catalyst using the Pechini
method and tested its performance in the
catalytic dry-reforming reaction. The catalyst
underwent sintering during the high-
temperature reaction at 700 °C. Therefore, the
high CDRM reaction temperature is the
primary cause of sintering, particularly during
long reaction times [182]. Various approaches
have been studied to improve sintering
resistance, such as partial substitution of A or B
sites in the perovskite structure [51]. The
researchers investigated the partial
substitution of Ni by Zn in LaNiO,. This leads to
a lower reduction temperature for LaNiOs,
resulting in a more stable structure under
severe reaction conditions that can inhibit Ni
sintering. Because of this property, LaNi;-
ZnyO; samples (x<0.4) displayed an
improvement in catalytic activity and stability
in the CDRM reaction compared to LaNiOs.
Other researchers stated that La-Ni-derived
catalysts produce oxycarbonate species
(La20,C0O3) during the CDRM reaction, which
result from CO2 reacting with La203 and can
electronically stabilize Ni particles, thereby
preventing metal sintering [185]. Su et al. [132]
prepared LaNiO; and La,«CeNiO; (x <0.5).
The catalysts showed good resistance to
sintering due to the formation of La.0,COs,
which can inhibit sintering through the CDRM
reaction [132]. Using appropriate support is
one effective way to develop catalysts with
improved catalytic activity and resistance to
sintering and coking for the CDRM process.
Recently, an approach was offered to achieve
the goal, utilizing the strong metal-support
interaction. Also known as SMSI, it increases
the catalyst's resistance to sintering, which
requires proper support and appropriate
methods to achieve it [186]. For example, Ruan
et al [187]  successfully  prepared

LaAl, »5Nio 7505 perovskite catalyst with SBA-15
as a templating agent. The catalyst showed high
resistance to sintering due to enhanced
interaction between the Ni metal and the
support, leading to strong alkalinity and an
increase in the number of strong basic sites
[187]. Jing et al. [188] prepared LaosCao FeO,
and dispersed it on MgAl,O, spinel (MgAl)
support. The catalyst exhibited improved
sintering resistance due to chemical
modification of La,sCao.FeO; active sites by
MgAl [188]. Zhang et al. [189] reported a study
on Ni-SBA-15, Ni-KIT-6, and Ni-MCM-41
catalysts that demonstrated high stability,
attributed to improved nickel dispersion and
metal-support interactions. These results are
attributed to the hexagonal arrangement of the
large pore size of the mesoporous supports
[189]. To conclude, support addition alters the
reaction's thermal dynamics, leading to sinter
inhibition. Preparing bimetallic catalysts is also
an effective way to reduce catalyst sintering
compared to monometallic catalysts. Bimetallic
catalysts usually show higher activity and
improved anti-sintering properties after the
addition of a second metal species. Zhang et al.
[190] prepared Ni—-Me—Al-Mg—O composite,
Ni-Me (Me = Co, Fe, Cu, or Mn) bimetallic
catalysts. They showed that bimetallic catalysts
exhibited superior performance for CDRM
compared with monometallic catalysts due to
high metal dispersion, strong metal-support
interactions, and the formation of stable solid
solutions. This enhancement is related to the
good interaction between metals, which can
reduce the likelihood of metal oxidation. Also,
they indicated that the formed MgO phase in
the Ni-Mg catalyst has good resistance to
sintering due to its high melting point of 3073°C
[190]. The same is true for La-Ni-based
perovskite catalysts; the sintering process can
be reduced by using a bimetallic perovskite.
6.3.Poisoning

Another major challenge for the CDRM process
is the influence of sulfur compounds on catalyst
activity. The poisoning of catalysts by sulfur
compounds results from strong chemisorption
of reactants, products, and contaminants,
which can alter the catalyst surface structure
and affect catalytic activity. Poisoning has an
operating meaning: when a species serves as a
poison, its influence on catalyst activity is
determined by its adsorption strength in
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comparison to the other species [191]. The
methane sources are natural gas and biogas,
which contain small amounts of H,S. Catalyst
poisoning due to impurity chemisorption on
catalyst active sites is unavoidable in methane
reforming operations. The surface coverage
results from the adsorption of H,S molecules
onto a metal surface. The H.S subsequently
dissociates, forming a bulk sulfide phase that
inhibits reactant access to the metal particles'
active sites, thereby suppressing surface
reactions [167]. Metal sulfides are formed
through the chemisorption of sulfur with the
active metal of a catalyst, such as nickel, via this
equation: H,S + Ni — Ni-S + H, [192]. Nickel
has been discovered to be more sensitive to
sulfur poisoning than other metals. The
established mechanism of sulphur poisoning
(the chemisorption of sulfur on the Ni surface)
means that the catalyst deactivates by
sulfidation of the active Ni particles and the
creation of Ni-S species that do not participate
in the reforming processes [193]. Depending on
the poison source, whether it is derived from
feed or created during the reaction, mitigation
techniques vary greatly. For feed poisons, pre-
treatment of the feed solution could be essential
before the reaction. For instance, sulfur
removal and similar sulfur species (e.g., HsS,
CS., SO,>~, and S.052°) from the feed are
common in petrochemical processes. This gives
these species the ability to irreversibly poison
metal-based catalysts [194]. In the same
manner, the presence of specific dissolved
cations, such as Na+*, K+, and Ca2*, can readily
contaminate [195] or deplete Brgnsted acid
sites via ion exchange. In this situation, the feed
could be pre-treated with ion-exchange
materials to remove these impurities [137]. The
high level of H.S in the feed has also been found
to accelerate coke formation on the catalyst by
affecting coke gasification reactions. Thus, both
the chemisorption of sulfur on metal sites and
fouling due to increased coke deposition lead to
rapid catalyst deactivation in the CDRM
reaction [196]. Generally, Ni-based catalysts
are rapidly poisoned and deactivated due to the
presence of trace sulfur found in the feed gas,
such as natural gas or biogas, the two most
prevalent methane sources, with
concentrations of H.S up to 200 ppm. More
accurately, the intense chemisorption of sulfur
on the nickel-based catalyst in the CDRM will
significantly affect the electronic structure
around metal atoms, thus affecting the original
capacity to dissociate or adsorb molecules.
Even when exposed to a low sulfur content, the
catalyst can be totally deactivated. Meanwhile,
the coverage of nickel-based catalyst by sulfur
is a function of both temperature and partial
pressure, represented by a ratio of H,S to H,
(PH,S)/PH,)), since low temperature and low
H. partial pressure will speed up the
deactivation process [197]. Numerous variables

influence the catalyst poisoning during the
actual reaction process, including reaction
temperature, gas composition, reactor
parameters, H,S concentration, and catalyst
type. Thus, due to the exothermic and
theoretical reversibility of the sulfur
chemisorption process, surface Ni—S can be
regenerated by either stopping H2S feeding or
elevating the temperature. Spinel Ni catalysts
are frequently regenerated via self-regeneration
(removal of H,S from the stream) or calcination
at elevated temperatures (>700 °C) in the
presence of air. Furthermore, it has been found
that at lower temperatures (<700 °C), Ni
catalysts poisoned with H.,S are typically not
recovered through self-regeneration. However,
at higher temperatures, recovery can be
achieved simply by eliminating H.S from the
feed stream [198]. An important study on the
effect of sulfur concentration in the feed was
reported by Gallego et al. They prepared a
LaNiO; perovskite catalyst precursor and tested
its tendency to H2S poisoning by subjecting the
catalyst to multiple H,S poisoning processes
before and after reduction, during the CDRM
reaction, at different H.S concentrations (o-
250 ppm). X-ray diffraction was used to
characterize the materials’ textural properties
[199], and [200] reported that both the metal
and the support were deactivated in all cases.
Three types of sulfides were observed:
lanthanum oxysulfide (La.0.S), lanthanum
sulfide (LaSy), and nickel sulfides with varying
stoichiometry  (NiSy). The experiments
indicated that the catalyst's catalytic activity
was affected by H2S poisoning, as higher H2S
concentrations increased the deactivation rate
[200]. To wunderstand the poisoning
mechanism, a noteworthy study reported by
Zhu et al. [201] investigated the reaction
mechanism and the SO. poisoning on the
LaCoO5/Al,O5 catalyst. They concluded that
some sulfates, such as La2(S0,);, formed on the
catalyst surface. The mechanism represented
SO, diffusion into LaCoOs film and reacted with
LaCoO; to produce Las(SO,);, Las(SOs)s,
La,0.S0,, and CoO composites in the internal
layer of LaCoOs;. The poisoning process
destroyed the LaCoO; structure, leading to a
decrease in the catalytic activity. They tested
catalyst poisoning at high temperatures and
found that high temperatures facilitate the
decomposition of sulfates and sulfite species,
but the perovskite LaCoO4 phase was destroyed
[201]. In addition to H.S, the poisoning by SO,
gained special attention due to the residual
sulfur present in the fuels, which is
unavoidable, and perovskite-type oxide
catalysts are affected by SO, due to their basic
properties, leading to sulfate formation, which
could prevent reactants from reaching the
perovskite surface and cause a change in the
surface properties. Even though, according to
current research, SO2 poisoning is still not
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addressed, some reports indicate that partial
substitution of perovskite cations, such as the
incorporation of Ce or noble metals (e.g., Pt,
Pd), would inhibit or slow the poisoning
process [202]. As well as for poisoning by H.S,
substitution in the B-site or A-site of the LaNiO4
perovskite leads to the creation of a bimetallic
catalyst in order to alter its reactivity to H.S
without affecting the CDRM reaction. For
example, Gallego et al. [108] investigated the
effect of Pr and Ce substitution to obtain La;.
xCexNiO; and La,«Pr«NiO; perovskites. The
Lao oPr,.:NiO5 showed higher catalytic activity
and stability with no carbon deposits observed
over 100 h of reaction. The reason behind such
limited poisoning is the presence of small nickel
particles, and the redox chemistry of the Pr.O,
produced after reduction treatment [108]. To
conclude, the  deactivation  problems
(carbon/coke formation, sintering, and
poisoning) observed in Ni-based -catalysts,
particularly in  La-Ni-based perovskite
catalysts, during the CDRM reaction are
significant challenges that should be addressed
to enhance catalytic performance. As the
investigation into La-Ni perovskite catalysts for
catalytic dry methane reformation (CDRM) is
advancing, several  promising  future
directions have been proposed. These include
improving catalytic performance through
structural alterations, such as partial
substitution of Ni or La by various metals,
including Mn, which has been demonstrated to
enhance structural stability and reduce carbon
deposition, thereby improving catalytic
performance [102]. And designing supported
and porous perovskite catalyststo overcome
low surface area issues, as well as investigating
innovative perovskite compositions for better
catalytic performance in CDRM [53]. In
addition, optimizing synthesis processes, such
as the co-precipitation method, can yield
mesoporous structures that enhance catalyst
resistance to coke formation and sintering
[203]. CDRM's potential for resource efficiency
and CO. utilization is one of its main benefits.
The method has the potential to reduce climate
change by converting two greenhouse gases
into beneficial products [204]. Furthermore,
CDRM can generate syngas with an H./CO ratio
of 1, which is challenging to achieve with other
techniques and has industrial relevance [205].
Nonetheless, additional research is required in
several areas to advance CDRM technology. For
example, development is needed to create
highly active and stable catalysts capable of
withstanding the high temperatures required
for CDRM and resisting coking [116].
7.CONCLUSIONS

To achieve the goal of commercializing and
applying CDRM for industrial syngas
production, it is essential to develop a catalyst
system that exhibits superior stability and
catalytic performance. According to this review,

La-Ni-based perovskite catalysts exhibit

notable performance in the CDRM reaction,

with both catalytic activity and stability. LaNiO,
perovskites exhibit strong metal-support
interactions and a strong affinity to produce

La,0.CO; by reacting La,O; with CO,. The

formation of La,0.CO; can enhance carbon

removal by providing oxygen species that react

with deposited carbon. Partial substitution of A

and B sites affects catalytic activity and

stability, another benefit of perovskite-type
structures.

e Lanthanum-nickel-based perovskite
catalysts have demonstrated superior
performance in catalytic dry reforming of
methane (CDRM) to produce syngas,
exhibiting high activity and stability when
compared to traditional catalysts.

e Different preparation methods can
influence La-Ni-based perovskite surface
area and porosity. Higher surface area and
appropriate porosity enhance activity by
providing more active sites. The
hydrothermal and co-precipitation
methods yielded the best characteristics for
La-Ni-based perovskite catalysts, including
high surface area and catalytic
performance.

e For A-site partial substitution with alkaline
earth metals such as (Ba, Mg, and Ca) gives
a perovskite structure with better catalytic
activity and stability, as well as lower coke
formation than the bulk LaNiO,, and this
can be attributed to the presence of oxygen
vacancies and the fast movement of lattice
oxygen from the bulk toward the surface of
the particle. The presence of Ba influences
Ni dispersion and accessibility, resulting in
a slight increase in particle size. As the
alkaline earth components move from
higher to lower positions on the periodic
table, the concentrations of La.NiO, and
NiO phases increase. In some cases, A-site
substitution can yield undesirable results,
as observed with Zr-doped perovskite, due
to difficulties in the reduction process,
which may be attributed to the presence of
oxides in forms other than perovskite.

e B-site partial substitution increases metal-
support interactions; thus, smaller particle
sizes can enhance the surface area,
crystallinity, and nickel dispersion. B-site
substitution with alkaline earth metals
(Mg, Sr, Ba, and Ca) yields high methane
conversion, especially with Ba, due to the
formation of La,NiO, and NiO phases. On
the other hand, B-site substitution with
other elements (e.g., Fe, Co, Ru, Mn) makes
the reduction process more difficult but
yields higher activity, as with Ru and Co.
The latter was due to the creation of Ni°-
Coo particles on the La,0.CO; matrix,
which prevents coke formation even under
severe conditions. Fe substitution results in
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decreased catalytic activity and increased
coke resistance compared to Mn-
substituted perovskite, which the presence
of an Fe-Ni alloy and strong metal-support
interactions can explain.

o The support addition plays a key role in
producing active perovskite catalysts with
high surface area, in which silica-based
materials are the best choice as supporting
materials for La-Ni-based perovskite
catalysts, which can influence their
catalytic performance.

e The deactivation challenges reported in La-
Ni-based perovskite catalysts during the
CDRM process underscore a crucial need
for different solutions. Several approaches
involve catalyst modification, reaction
condition optimization, the addition of a
support, or the use of a bimetallic catalyst.

However, numerous challenges remain to be

addressed, and more studies are needed to gain

a deeper understanding of how to produce a

perovskite catalyst with superior activity and

stability before considering whether this
structure is suitable for industrial DRM
applications.
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NOMENCLATURE

T Temperature, °C, k

P Pressure, atm

GHSV Gas Hourly Space Velocity, L.g.h-, h

WHSV Water Hourly Space Velocity ,L.g-.h

AH,eg Standard Enthalpy of Formation at 298 °C, kJ/mol
Greek symbols

C, Carbolic carbon, g/gca.

Cs Amorphous carbon, g/gcat.

c, Graphitic carbon, g/gca.
6 Oxygen deficiency, mol
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