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ARTICLE INFO ABSTRACT

Keywords: The abrupt and massive deactivation of methane dry reforming catalysts especially Ni-based is still a monu-
Methane reforming mental impediment towards its industrialization and commercialization for production of value-added syngas
Deactivation via Fischer-Tropsch process. The need for further and more critical understanding of inherent and tailored
DFT . interactions of catalyst components for performance and stability enhancement during reforming reaction
gsggzriltes cannot be over-emphasized. This review provides a contemporary assessment of progresses recorded on sy-
Syngas nergistic interplay among catalyst components (active metals, support, promoters and binders) during dry re-
Review forming using state-of-the-art experimental and theoretical techniques. Advancements achieved during interplay

leading to improvements in properties of existing catalysts and discovery of novel ones were stated and ex-
patiated. Reaction pathways, catalytic activities, selection of appropriate synthesis route and metal/support
deactivation via sintering or carbon deposition have over time been successfully studied and explained using
information from these crucial component interactions. This perspective describes the roles of these interactions
and their applications towards development of robust catalysts configurations for successful industrial appli-

cations.

1. Introduction

It was estimated at the beginning of 2016 that a total of 6879 trillion
cubic feet natural gas (NG) has been discovered in its associated and
non-associated form [1]. Fast depleting crude oil reserves and stringent
environmental regulations on emission control has diverted attention to
NG as a source of energy for heat, power and vehicular applications.
Setbacks to NG for these applications are its characteristic low energy
density, low critical temperature, high cost of storage and transporta-
tion. As a result of these challenges, utilization of abundant NG reserves
as fuel is low resulting to flaring of large volume during exploration of
crude oil. Anthropogenic production and emission of greenhouse gases
(CH4, CO,, Hy0 vapour, NOx) have been established to be responsible
for the menace of heat trapping in the Earth's atmosphere known as

global warming [2]. As at 2011, the World Meteorological Organization
(WMO) assessment revealed the atmospheric concentration of CH, and
CO, as 1.8 and 393.1 ppm respectively [3]. Despite the low methane
concentration relative to that of carbon dioxide, its global warming
potential (GWP) is 28-36 times higher than that of CO,, hence con-
tributing severely to Earth's radiative imbalance [4,5]. CO, emission
poses the greatest threat due to its high energy absorbing efficiency
attributed to its large-scale emission and long-term duration in the at-
mosphere. Capture, sequestration and utilization of CO5 have been the
most effective abatement strategies towards combating this trend [6].
Despite the successes attained in Carbon capture and sequestration
(CCS), Utilization of immensely stored CO, has found limited applica-
tion. In an effort to curb underutilization, reduce wastage and control
generation of greenhouse gases from gas flaring, CO, and NG
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containing mainly CH,4 are converted to synthetic gas (syngas), an im-
portant platform chemical intermediate for production of useful che-
micals and synthetic fuels through distinct processes such as steam
reforming, autothermal reforming, dry CO, reforming, oxidative cou-
pling, partial and electrochemical oxidation [7,8]. The choice of any of
these processes depends on raw materials, target products and reaction
conditions, each with its characteristic merits and setbacks as itemized
in Table 1.

Methane conversion to synthesis gas (syngas) by CO,, dry reforming
is a catalytic induced process producing syngas (a gaseous fuel mixture
containing primarily H,, CO and traces of CO,) used as a sustainable
fuel alternative to fossil fuel and also a precursor for important che-
micals such as methanol, ammonia and synthetic hydrocarbon fuel
production [9,10]. Advantages of this technology are its suitability for
low calorific value CO,-rich NG, utilization and conversion of CH4 and
CO, which are both gases with significant greenhouse tendencies,
production of eco-friendly fuel products and their subsequent conver-
sion to liquid fuels through Fischer-Tropsch synthesis to address the
inherent storage and transportation problems associated with gaseous
fuels [11-13]. The utilization of cheap and readily available DRM
catalysts with performance to maximally produce syngas has been the
focal point of research and development in recent times. Despite its
economic and environmental potentials, DRM is still an immature in-
dustrial process due to the problem associated with catalyst develop-
ment with a long life-span on stream at a cheap price suitable for profit-
oriented commercialization [14,15].

In 2015, Linde group revealed the pioneer pilot plants for dry re-
forming of methane (DRM). It was a product of concerted research ef-
fort in partnership with BASF and others. The Linde Pilot Reformer
(LPR) is located near Munich and it uses two catalyst materials; a
Nickel-based and a Cobalt-based. The aim is to test-run the LPR to
obtain data at longer-term and longer-scale using pilot facility to in-
vestigate and optimize different approaches which could be used to-
wards design of a commercial plant for the DRM [16]. Obviously, the
LPR not only inspired greater research efforts in DRM catalyst design
and development, but it is a step further towards commercial utilization
of DRM catalysts for syngas production [17,18]. The other two in-
dustrial pilot plants successfully implemented are the SPRAG and
CALCOR projects [18].

Contemporary design of DRM catalysts involved principally the
utilization of inherent properties of catalyst components and under-
standing their complex synergistic interactions for optimum perfor-
mance and longevity using state-of-the-art theoretical and analytical
characterizations. Different catalyst configurations, morphologies and
topologies have overtime been tested to evaluate how synergistic
component interactions affects active metal dispersion, basicity, redox
property, oxygen mobility, particle size, size distribution, reducibility
and mass transfer limitations of catalysts [19,20]. These interactions
have been linked towards predicting the pathways for establishing DRM
reaction kinetics, thermodynamics, mechanisms and reactor design.
Trade-offs between catalysts cost and their respective activity, se-
lectivity and stability is the main challenge facing syngas production by
dry reforming. Base metals are cheap and abundant catalyst precursors
currently applied in dry reforming of methane (DRM) as a replacement
to noble metals but their accelerated deactivation due to catalyst sin-
tering, coke formation and deposition on catalyst surface at reforming
conditions constitute a major challenge. Catalysts from noble metal
precursors such as Ir, Pd, Pt, Rh and Ru have proven to manifest higher
activity, selectivity and stability during DRM. Their viability for large
scale industrial application is however not economical, attributed to
their high cost and scarcity [21,22].

In a typical DRM system, syngas is produced from endothermic re-
action of CH, and CO, (Eq. (1)) at a lower syngas ratio (H,/CO = 1) in
comparison to steam reforming (H,/CO = 3) or partial oxidation (Hy/
CO = 2) making a suitable path way to Fischer-Tropsch synthesis [23].
This endothermic nature of DRM requires high temperature for activity
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which implies high energy consumption and thus high operating cost.
Production of syngas by DRM is however affected by competing side
reactions which aid carbon formation and deposition on catalyst such as
methane decomposition (Eq. (2)), Boudouard reaction (Eq. (4)) and
reverse water-gas shift (RWGS) reaction (Eq. (3)) [12].

CH4 + CO, = 2CO + 2H, AH39sx = 260.5kJ/mol @)
CH, = C + 2H, AH%9gx = 75.0 kJ/mol )
CO, + Hy = CO + H,0 AH3gg¢ = 41.0 kJ/mol 3
2C0 = C + CO, AHggx = —173.0kJ/mol 4)

From the stoichiometry of the DRM reaction, CO, and CH4 con-
versions are expected to be equal and the syngas ratio also to be unity.
Presence of side reactions and the extent with which they occur are
measured by the deviation from products formed from the ideal stoi-
chiometry. RWGS reaction can be confirmed by presence of water at the
outlet of the reactor and higher stoichiometric conversion of CO, than
CH,4, Boudouard reaction by disproportionation of CO formation and
CH,4 decomposition by CH4 conversion higher than CO, conversion
[21].

Suitability of different catalysts for DRM has been thoroughly in-
vestigated. However, their application has recorded limited successes
for commercialization due to their susceptibility to deactivation caused
by coke formation and sintering [24,25]. Research attention has shifted
from noble metals to base metals for economic reasons. Ni-based cat-
alysts have been found to be competitive with noble metals in their
catalytic activities at affordable costs [19]. To overcome challenges of
coke deposition and sintering of Ni catalyst, various factors have been
considered and investigated for their reduction or elimination. These
include nature of active metal, incorporating promoters with basic
properties, interactions between active metals and support, particle size
reduction, change in pre-treatment and preparation route and viability
testing for different combinations of metals and supports [26-28]. Lots
of researches carried out in DRM have shown that achieving an ideal
carbon-resistant and heat stable catalyst by exclusive adjustment of a
single parameter is difficult to achieve. Therefore, it is imperative to
consider the collaborative association of various parameters in the de-
sign of a robust and efficient DRM catalyst. Attempts to improve coking
resistance and catalytic activity have also been made via combination
of two or more active metals, support and/or promoters [29].

Several astounding reviews have been produced on various break-
throughs recorded in catalysts development for DRM reactions with
emphasis in the last decade mainly on catalysts configuration [30],
noble metal catalysts [31], influence of process parameters [23], coke
deposition and management [32], development of oxygen carriers in
chemical looping DRM [33], Ni and Ni-based catalysts [34], low tem-
perature dry reforming [35] and advances in synthesis of catalysts with
mesoporous SBA-15 support [36]. Nevertheless, it is imperative to
produce a research report on synergistic interactions of catalyst com-
ponents such as active sites, basicity, oxygen vacant sites, metal-support
interactions, oxygen carriers by chemical looping, core-shell config-
urations and deactivations using facts and findings from theoretical and
experimental data. These aspects of DRM catalysts have been the focus
of recent research outputs in search of efficient DRM catalysts.

2. Active sites

It has been established in literature that the presence of active sites
facilitates dissociation of reactants to produce species that subsequently
combine to yield the desired product [37]. DRM occur via bi-functional
active sites approach such that the active sites for CO, are on acidic/
basic supports while metals are active sites for CH, dissociation. Cata-
lysts with an inert support such as silica follow a mono-functional
pathway where both CO, and CHy are activated on active metals [31].
Various mechanisms have been proposed in an effort to explain the



A. Abdulrasheed, et al.

Renewable and Sustainable Energy Reviews 108 (2019) 175-193

Table 2
Energy to overcome activation barrier for forward and reverse elementary dry reforming of methane reactions [40,41].
No. Elementary reaction Pt Ni
Eq forwara (€V) Eq reverse (€V) Eq forward (€V) Eq reverse (V)

1 CH4* + * — CHz* + H* 1.01 1.19 0.91 0.90
2 CH3z* + * — CHp* + H* 1.39 1.36 0.70 0.63
3 CHy* + * — CH* + H* 0.45 1.70 0.35 0.69
4 CH* + * — C* + H* 2.27 1.20 1.33 0.81
5 COy* + * = CO* + O* 1.81 0.38 0.67 1.65
6 CO,* + H* — COOH* + * 0.75 0.32 1.13 0.85
7 COOH* + *— CO* + OH* 1.55 0.65 0.57 1.65
8 CO,* + H*— HCOO* + * 3.64 1.97 1.13 0.85
9 HCOO* + * — CHO* + O* 1.12 0.46 na na
10 CHO* + * — CO* + H* 0.55 0.70 0.57 1.65
11 CH* + O* — CHO* + * 1.46 2.94 1.53 1.08
12 CH* + O* -COH* + * 1.725 4.205 na na
12 CHO* — CO* + H* 0.55 0.70 0.20 1.48
13 CH* + OH* — CHOH* + * 0.70 1.46 1.48 0.80
14 CHOH* + * — COH* + H* 0.86 1.52 0.15 0.86
15 C* + O*— CO* + * 1.43 5.36 1.59 2.94
16 C* + OH* — COH* + * 0.76 3.68 1.46 2.01
17 COH* + * — CO* + H* 1.15 1.79 0.20 1.48
18 O* + H* - OH* na na 1.35 1.16
19 OH* + H* — H,0* na na 1.33 0.92
20 H,0* — H,0(g) na na 0.29 0.00
21 H* + H* — Hy* na na 0.92 0.06
22 Hy* — Ha(g) na na 0.22 0.00
23 CO* — CO(g) na na 1.92 0.00

interactions between reactants for reforming and active sites on cata-
lysts through experiments, characterizations, DFT and micro-kinetic
computations [38,39]. Energy requirements to overcome Ni activation
barriers for each elementary step for forward and reverse reaction were
determined and compared with that of a regular noble metal in Table 2,
both based on in silico DFT calculations obtained from the work of Niu
et al. [40] and Zhu et al. [41]. Activation barriers for Ni catalysts are
lower than those of Pt for most of the steps, implying stronger ten-
dencies for conversion at same reaction conditions. For successful and
sustainable bond dissociation, it is preferable to have barrier energy for
forward reaction to be lower than the reverse. Activation energies for
the Ni and Pt metals in each step are endothermic, which is responsible
for their suitability in DRM reactions at elevated temperatures. Ac-
cording to DFT, dissociative adsorption pathway of CH, takes place
directly on the active metal surface [38,40,42] producing H, and CH,4
species at the beginning. CO, is activated on active metals or supports;
however, pathway for its activation is debatable nonetheless. Niu et al.
[40] proposed three plausible pathways to CO, activation and dis-
sociation (Egs. (5)-(7)) of which the pathway with the lowest activation
barrier is more likely to occur.

CO,* + * — CO* + O* 5)
CO,* + H* — COOH* + * — CO* + OH* ©)
CO,* + H* — HCOO* + * — CHO* + O* %)

Presence of mobile lattice oxygen on catalyst supports which ori-
ginated from carbonates on basic supports and hydroxyls on acidic
supports have been found to immensely contribute to DRM activity.
Mobile lattice oxygen species aid the activation of C—H bond on CH,4
molecule. Lattice oxygen with less activity towards C—H bond activa-
tion but active to surface carbon deposit prevents the accumulation of
graphitic and filamentous carbon on metal surface [43].

The activity of well-defined nickel aluminates prepared by Pechini
method with different spinel compositions were studied based on
structure and composition of their active sites [44]. From results ob-
tained, the nature of active sites, activity and possibility of carbon
formation during DRM reactions are dependent on the type of spinel
formed. Four-fold coordinated Ni phases on NiAl,O, and NiAl,O, are

discovered to be the active sites for dry reforming with low carbon
deposition which is in contrast to Ni,Al,O5 spinel. From the work of
Sutthiumporn et al. [45], comparative studies on effect of partial sub-
stitution of different metal (Bi, Co, Cr, Cu and Fe) on Ni™ sites of
Lag gSrp.2Nig gO3 perovskite catalysts were carried out on DRM activity.
Cu-substituted catalyst produced the highest initial activity and mobi-
lity of lattice oxygen albeit a low stability of Ni due to poor metal-
support interaction. Fe-substituted on the contrary showed the highest
stability, less mobility of lattice oxygen species, lattice oxygen species
having less activity for activation of C—H bond and more active towards
formation of La,0,CO3 on reaction with CO,. Vasiliades et al. [46] also
proved that abundant lattice oxygen of Ceg 35Zrg ¢202.5 supported Ni
catalyst play a crucial role in carbon-path towards CO formation and
inhibition of inactive carbon deposition. CH,4-TPR and H,-TPR are ef-
fectively used in evaluating the role of surface and lattice oxygen
groups on catalyst activity using CH, [45,47] and H, [46,48,49].

3. Surface acidity/basicity of catalyst

The acidity/basicity of catalyst surface has been found to play a
decisive role on the performance of catalysts for DRM [50]. The acidity
and basic properties of the global catalyst structure are contributed by
one or a synergistic effort from the support, active metal or promoting
agent. Acidity of catalyst was said to inhibit dissociative chemisorption
of CO, onto catalyst surface due to accretion of dehydrogenated carbon
deposits on catalyst surface resulting to aging and graphitization of
carbon deposits making it inactive. Concentration of these inactive
carbon residues block catalyst sites responsible for CO, adsorption and
activation leading to swift catalyst loss of activity [51]. Basicity of
catalyst however was found to improve adsorption of CO, which fa-
cilitates gasification of carbon deposited preventing any possibility for
growth and graphitization. Chemisorbed CO, becomes activated on
catalyst support in the presence of surrounding Ni and other active
metal particles to form intermediate carbonate specie which on con-
tacting CH4 molecules result to formation of CO [52,53]. Attraction of
acidic CO, molecules is driven by the basic nature of catalyst, thus
increasing the CO, surface coverage and reduction in carbon deposition
through Boudouard reaction [54].
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Basic catalyst property was observed to increase the activity of DRM
by lowering the activation energy of the reactants as depicted in the
work of Abdullah et al. [34]. CH4 is more stable than CO, and thus,
require higher energy for activation. Activation barrier was found to be
sensitive to catalyst basicity making it also a fundamental determinant
for catalyst activity. Basicity can be increased by application of supports
or promoters with strong basicity.

Das et al. [55] investigated effects of acidic/basic SiO5 and Al,O5
based support on Ni catalyst activity by establishing a synergistic cor-
relation between support acid-base properties with catalyst activity and
deactivation. Their findings revealed that excessive acid sites on sup-
port favours catalyst deactivation by coke formation and deposition,
excess of basic sites support the occurrence of RWGS reaction and
formation of metallic oxides via oxidation which are also causative to
catalyst deactivation. Concentration and distribution of acidic and basic
sites were varied based on methods adopted for catalyst supports pre-
paration. It was discovered that homogenous acidic and basic sites
distribution at a moderate concentration obtained from one-step
synthesis of support improves the CH, reforming process with less side
reactions and high stability of catalyst. Stepwise synthesis produces
irregular distribution of acidic and basic sites at high concentration
favouring formation of side reactions and fast catalyst deactivation. It
was concluded that a balance must be established on a moderate acid-
base sites providing minimum equivalent activation energy for CH, and
CO,, towards dry reforming at the least chance of catalyst deactivation.

In an effort to control acidity of catalyst supports, various promoters
have been introduced to the catalyst structure to improve basicity
which eventually reduce coking and deactivation. From the work of
Alipour et al. [56], basic oxide promoters from alkaline earth metals
(MgO, BaO and CaO) were doped on Al,O3 support by impregnation to
influence basicity of Ni catalyst. Their introduction subdued carbon
formation and deposition while also boosting catalytic activity. Simi-
larly, Mg and Ca were added to Ni catalyst on Al,O3 support by one-pot
synthesis [57], Na on MCM-41 supported Ni [25], La, Mn and Al on Ni
supported on Fe modified clay [58] and MgO coated on Ni/SBA-15
[59]. There are however few exceptions to this trend as obtained from
the work of Titus et al. [60] where MgO-ZrO, supported NiO catalyst
was prepared at different MgO loadings. On characterizing the acidity
and basicity of the support using TPD-NH3 and TPD-CO,, respectively,
there was no correlation between MgO loadings and acid-base proper-
ties. Densities of acidic and basic sites are found to be more dependent
on calcination temperature. These findings were further supported in
the work of Ozdemir et al. [61] on effects of calcination temperature on
structural and catalytic properties of Ni/MgAl,0,. Calcination tem-
perature enhances basicity to acidity ratio which as a result improves
metal oxides support interaction. Increasing the calcination time causes
severe Ni sintering which results to higher turnover frequency (TOF)
but also at higher carbon deposition.

Catalyst acidity and basicity in relation to its overall properties is a
function of the mean electronegativity and/or the nature and extent of
adjustment experienced on the surface acidic and basic sites for DRM
[62]. These can be characterized based on their respective interactions
with probe molecules such as CO, NHj3, and pyridine for acidic sites and
CO,, for basic sites on temperature-programmed desorption (TPD) and
density-functional theory (DFT) computations. Selection of a particular
probe molecule is accompanied by its distinct advantages and dis-
advantages. CO being a weak electron donor is frequently used for
probing acidic sites of metallic oxides based on their electrophilicity
and availability of localized d-electrons for back-donation into the CO
orbital. NH; and pyridine with more basicity than CO interacts stronger
with surface acid sites and stronger sensitivity towards probing
Brgnsted acid sites. CO, is popularly applied for studying surface ba-
sicity forming carbonates on interaction with basic O,-groups.

Catalyst deactivation as associated with acidity or basicity of cata-
lysts has been theoretically studied using the density functional theory
(DFT) computations. Effects of carbon deposition on Ni catalyst were
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studied with DFT taking into consideration carbon accumulation on Ni
surface and sub layer. The results depicted that both sub-surface and
surface carbon deposits disrupt chemisorption and dissociation of me-
thane species in comparison to clean Ni surface [63]. From the pro-
jected density of state (PDOS) analysis, deposited carbon atoms mod-
ified Ni electronic structure thus drastically reducing the activity of the
bonded Ni particles. The computations also reveal that the presence of
C atoms increase CH, activation barrier necessary for dissociation due
to C-Ni induced electronic deactivation and a repulsive C-CH, interac-
tions. Ni polluted with carbon has a characteristic down shift of its D
band leading to less reactivity.

Strong basicity of catalyst favours RWGS reaction leading to water
formation as a by-product [55]. Water molecules are found to inhibit
activity of certain catalysts depending on the basicity of the support or
active metals as investigated in the work of Lalik et al. [64] using DFT
calculations. The relationship between water poisoning and deactiva-
tion of SiO, and Al,O3 supported metallic and bimetallic catalysts were
established on DFT using the Turbomole code (local cluster model) for
its implementation. Effects of water on each metal cluster were com-
puted based on binding energies of water-metal and water-water energy
interaction. Alumina support catalyst having a stronger basicity showed
more susceptibility to water poisoning and deactivation than silica
supported counterpart.

4. Oxygen vacancy

Oxygen vacancy is a prototype representation of inherent point
defects on metallic oxide catalysts developed in the process of synthesis
due to exposure to elevated temperatures and a reducing atmosphere
[65]. Stability and diffusivity of oxygen vacancies play a crucial role in
physical and chemical properties of metallic oxide supported catalyst
[66]. Consequently, ability of catalyst support to release oxygen under a
reducing environment and storing oxygen under oxidizing atmosphere
causes the formation and filling of oxygen vacancies [67,68]. Supports
and promoters are mostly materials with high capacity for oxygen
storage which when combined with active metals increase mobility of
oxygen atoms through the crystal lattice and promote formation of
oxygen vacancies [52]. Presence of oxygen vacancies in DRM catalyst
serve as sites for CO, activation and C—O bond cleavage, thereby in-
creasing the pool of oxygen atoms on catalyst surface [31]. Mobile
oxygen species also reduce the chance of catalyst deactivation due to
carbon accumulation by oxidizing surface carbon to CO.

In recent times, efforts have been put into the maximization of
oxygen vacancies for increased CO, dissociation and activation to
produce CO. Quest for catalyst supports with special redox properties
and exceptional O, storage capacity (OSC) is still ongoing in the field of
catalysis for DRM. High O, retention potential of substances results to
higher reducibility thus, more mobile oxygen atoms flow from the
lattice to the catalyst surface for oxidation of carbon deposits and
creation of vacancies on supports for CO, activation. Ceria and ceria-
containing materials have been extensively applied as an excellent
support for CO, activation. This is attributed to their strong re-
ducibility, high OSC, release of mobile oxygen pool and generation of
extensive vacant sites as depicted in Fig. 1. From the work of Makri
et al. [49], the effects of lattice oxygen and oxygen defect sites on re-
actants activation with respect to their reaction rates were investigated.
The high lattice oxygen content and defects from Ceq gPrg 205 5 support
was also responsible for the noticeable low carbon formation and de-
position. Ay and Uner [67] investigated the activities of CeO5 supported
Ni-Co bimetallic catalysts on DRM. Coke deposition was observed to
decrease with increase in calcinations temperature of catalyst caused by
reduction of Ce** to Ce®** in association with the formation of oxygen
vacancies. The influence of ceria-zirconia on alumina supported Ni
catalyst was investigated in the work of Faria et al. [69]. From results
obtained, addition of CeO,-ZrO, at the proportion Ni/Ce,ZrO;_,/Al,03
(x =0.5, 0.75 and 1.0) improved the OSC of the global catalyst
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Fig. 1. Schematic representation of mechanistic reaction step for CH, and CO, activation on 5 wt% Ni/Ceg gPr 202 5 catalyst. Modified from Ref. Makri et al. [49].

Catalyst Support

Fig. 2. Mechanistic steps for methane reforming reaction involving: (a) che-
misorption and dissociation of CH4 and CO, on metal-support interface, (b) fast
rate of H, and CO desorption, (c) hydrogen and oxygen spillover forming sur-
face hydroxyls, (d) oxidation of hydrogen-depleted CHx species by surface
hydroxyls and oxygen groups to produce H, and CO. Modified from Ref.
Aramouni et al. [20].

structure which is an indication of large surface coverage of CeZrO, on
alumina causing increased labile oxygen mobility and development of
large oxygen vacancies as depicted from X-ray diffraction (XRD) and
temperature-programmed reduction (TPR) data. Synergy between ceria
and zirconia as catalyst support, binder or promoter in solid solutions
yielded abundant oxygen vacancies which enhanced catalyst redox
property and also improving significantly the metal-support interaction
[49,70-72].

For further understanding on the presence and role of oxygen va-
cancies in DRM activity, application of DFT computations for this study
has gained serious attention lately. Insights into relative stability and
localization of f electrons of oxygen vacancy on catalyst support surface
and sub-surface sites is still a controversy. Fan et al. [73] used DFT
calculations to study O, and H,O interactions with reduced CeO, sup-
port surface with the aid of their various adsorption energies, geome-
tries and reaction barriers. It was observed that diffusion of sub-surface
oxygen vacancies to the surface are promoted by adsorption of O, on
the supporting ceria surface. Diffused oxygen vacancies to the surface
sites are healed by adsorbed O, thus oxygen adatom are left behind on
support surface. The prospects of production, diffusion and aggregation
of oxygen vacancies on neutral amorphous SiO, was investigated by
Munde et al. [74] through application of an electric field using DFT to
optimize their geometries, compute their electronic structures and fi-
nally study the properties of active and neutral oxygen vacant sites. The
electric field application reduced the energy barrier for intrinsic
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electron trapping on silica surface. DFT has also been used effectively to
study interplay between oxygen vacancies and Fe/CeO, [75], Mo/TiO4
[76], Ni/ZrO, [77], Ni/CeO, [78], V505/TiO5 [79]. Other than metal
oxides, thermal and chemical resistant refractory compounds like hex-
agonal boron nitride (h-BN) nanosheets and halloysite clay with
abundant vacant defect sites have been successfully applied in tuning
electronic state and activity of 2D Ni catalysts during DRM reaction
[80,81]. The defect-induced efficiency of these catalysts is attained by
confinement of Ni nanoparticles in the defect sites of the support. Cao
et al. developed a coke-resistant catalyst by Ni enclosure on h-BN va-
cancies thus, improving metal-support interaction via redox mechan-
isms which favour reactant chemisorption and activation. Lu et al.
conducted similar work by confining Ni on defect sites of halloysite clay
nanosheets. This phenomenon is a potential pathway for development
of DRM catalysts with excellent carbon resistance.

5. Metal-support interaction

It is an established fact from literature that positive interaction
between active metal and support play a crucial role in enhancement of
catalytic activity and reduction of catalyst deactivation via coke for-
mation and active metal sintering especially at high temperature DRM
[9]. The support properties determine the DRM reaction pathway
especially for Ni-based catalysts by initiating the adsorption and acti-
vation step (Fig. 2). Activation of CH, on active metal and CO, acti-
vated on mildly acidic (Al,03) or basic (CeO,, La,03) support is a ty-
pical bi-functional DRM reaction pathway whereas catalyst supported
on inert silica-based materials follow the mono-functional pathway
such that both CH4 and CO, activation are on active metal surface [31].
Catalysts with strong metal-support interaction develops thermal re-
sistance to Hiittig and Tamman temperature limitations which is a semi-
empirical indicator of temperature at which sintering starts [52]. Strong
interaction between metal and support enables the dispersion of active
metal to maintain its uniform small size at high DRM temperature
[77,82]. The stronger the metal-support interaction, the higher the
temperature needed for the metal to break free and combine with the
neighbouring metal particle thereby inhibiting agglomeration. Weaker
interaction between active metal and inert support makes it more sui-
table than acidic/basic supports for bimetallic catalysts. This is because
it was reported to provide better metal-metal interaction [31].

Catalyst synthesis methods were used to control the location and
localization of active metals in the support skeletal structure which
subsequently explain the interaction that transpires. In recent times,
different synthesis routes have been applied towards developing cata-
lysts with excellent coke and sinter resistance by Ni particles im-
mobilization with varied degree of success. Notable ones are via alloy
formation with a promoter [83-86]; confinement within mesosilica
shell structure [87]; polyol-assisted immobilization in channels of me-
soporous SiO, [88]; sublimation-deposition [89]; and aerogel
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Fig. 3. Core-shell structure of silica-supported Ni catalyst encapsulated in ceria for protection against sintering and coke deposition. Modified from Ref. Das et al.

[197].

confinement [90,91]. Wang et al. [92] investigated the effect of metal-
support interaction of Ir/Ceq oPry10- catalyst by tuning their different
mode of synthesis on catalytic performance and stability. Ir/
Ceg.oPro.10, synthesized by deposition-precipitation produced the
highest performance and stability, followed by sequential precipitation
and lastly by co-precipitation. The best performance is attributed to Ir/
Ceg.oPro.10, having Ir nanoparticles uniformly dispersed on catalyst
surface while for the other two, Ir was partially or fully confined in Ce-
Pr-O mixed oxide matrix. Aghamohammadi et al. [93] conducted si-
milar research to evaluate the influence of metal-support interaction on
catalyst Ni/Al,03-CeO, prepared by facile sol-gel and impregnation
method. Their results indicated a higher distribution of active phase
with smaller particle size in sol-gel method than impregnation as ob-
tained from FESEM, BET and FTIR results. Effect of addition of CeO,
promoter on Ni/Al,03; metal-support interaction is more evident in sol-
gel preparation than impregnation.

Weak metal-support interaction has been a major challenge also to
noble metal catalysts despite their strong resistance to coke formation
and deposition. Their catalytic activity and stability over long exposure
to reaction conditions decline due to noble metal sintering caused by
their ease delocalization on support surface thereby facilitating their
agglomeration. Increase in interaction between noble metals and sup-
port have been achieved by introduction of promoters to the catalyst
structure as obtainable from the work of Wang et al. [92]. Beltran et al.
[94] compared the performance of Rh supported on Al,O3 with that
promoted by ZrO, addition. It was concluded that the interaction be-
tween Rh and support is a function of surface coverage of Al,0; with
ZrO, and the phase orientation of ZrO, in the grafted support system.
These imply that high alumina coverage with zirconia signifies strong
metal-support interaction and the interaction of Rh is stronger with the
tetragonal phase of ZrO, than the monoclinic phase of which the former
increases with increased zirconia loading in the grafted support and
thus increased metal-support interaction.

DFT calculations have been increasingly applied to provide further
insights on metal-support interactions with the aim of opening new and
better routes for tuning the existing interactions. Activation and de-
composition of CH, is the most challenging step during the DRM pro-
cess as a result of high stability of its C—H bonds. However, calculations
from DFT predicts low activation energy requirement for splitting C—H
bonds of adsorbed CH4 molecules on catalyst with strong metal-support
interaction. Strong perturbation of electrons in the active metal parti-
cles which are produced by the support of different stoichiometry and
reducibility is the driving force responsible for the chemical change
towards CH, adsorption and decomposition for DRM [95,96]. This
phenomenon investigated at molecular level using DFT indicated that

small coverage of active metals on support is responsible for the low
energy barrier C—H bond dissociation which is a function of the surface
coverage of metal on support. Further works on the effect of metal-
support interaction on CH, activation via DFT studies are obtained from
the works of Das et al. [97] for Ni on surface modified alumina and
Larmier et al. [98] for cobalt on Y-alumina.

6. Core-shell configuration

For practical and large-scale application of catalytic DRM, catalyst
deactivation due to thermal sintering, severe carbon deposition and re-
oxidation are still the main setbacks to cheap and readily available Ni
and Ni-based catalysts as alternatives to exorbitant noble metal cata-
lysts. Several researches have been carried out to proffer solutions to
these setbacks, several of which are clearly described in the review of
Abdullah et al. [34]. In recent times, attention has shifted towards
development of catalysts with a core-shell structure by tuning the
synthesis method [99]. The core-shell structure was achieved through
coating of active metal with a support shell mostly with high surface for
effective metal surface dispersion [100-102]. Encapsulation of nickel
surface within the pore structure of the support protects the active
phase from coke deposition and also limiting agglomeration of confined
and dispersed nickel particles [57]. The structure is produced by an
initial reaction to form seeds of active metal particles as the ‘core’ and
subsequent addition of separate reactants to form the ‘shell’ coating the
core [103,104] as a protective shield illustrated in Fig. 3. Due to their
structural set-up, core-shell structural property is also referred as yolk-
shell in some literature [35,90,99,105-107]. The motive is to synthe-
size nickel-based catalysts having an inherent control of its size and
particle distribution to achieve sintering and coking resistance
[108,109]. The core-shell morphology can be confirmed through
characterization by transmission electron microscopy (TEM), as ob-
tained in the work of Ding et al. [110] for Ni@SiO, catalyst.

Jabbour et al. [111] conducted astonishing performance compar-
isons of Ni/Al,O3 catalysts prepared by one-pot evaporation-induced
self-assembly (EISA) method with impregnated and non-porous nickel-
alumina catalysts. Core-shell Ni/Al,O3; obtained after in situ surface
reduction produced the highest stability and activity along a run of
40h at 800 °C DRM. These are attributed to the strong Ni-support in-
teraction facilitated by encapsulation and uniformly dispersed Ni par-
ticles thus reducing the propensity of coke formation. High dispersion
of Ni particles was also obtained during one-pot EISA synthesis within
Niyoe (x: 5-10 wt %) and Nise, Mse, (M: Ca or Mg) supported on Al,O3
with high activity and stability [57]. The method was also effective on
composite NiSiAl oxide frameworks such that nickel and alumina are
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encapsulated in mesoporous silica skeleton thereby sustaining their
stability and catalytic activity over 100 h at 700 °C than NiAl solid so-
lution. The confinement is responsible for uniform dispersion of Ni and
impeding transformation of amorphous Al,O3 to Y-Al,O3 [112]. Fur-
thermore, Synthesis of core-shell catalyst by one-pot aids the formation
of more basic sites on support structure than other methods as reported
in the work of Wang et al. [59] where MgO was coated on the walls of
mesoporous Ni/SBA-15 through one-pot synthesis after 10 wt% Ni im-
pregnation. Synthesized catalyst was compared with Ni/MgO-SBA-15
prepared by conventional impregnation in which MgO coated Ni/SBA-
15 produced more medium basic sites, higher surface area and superior
order in its mesoporous structure than MgO impregnated sample as
obtained from characterizations. Stronger basicity of MgO-coated cat-
alyst than MgO-impregnated is attributed to better dispersion of MgO
by in situ coating over impregnation.

Most of catalyst prepared with core-shell morphology were carried
out on mesoporous supports with high surface area for monodispersion
of Ni in the core. Notably are active metals encapsulated in the core of
pure SiO, [102,104,108,113]; Aly05 [57,114-116]; MCM-41 [25]; SBA-
15 [117]; Fibrous KCC-1 [118,119]; and SiO,-Al,O5 [112]. Ordered
structures of solid solutions have also been synthesized with core-shell
structure by one-pot to provide uniform dispersion and confinement of
small Ni particles [109,120]. Besides being time and energy efficient,
one-pot synthesis has proven to generally enhance catalytic activity,
reduce active metal sintering and inhibit coke deposition. This method
is therefore imperative to the quest for industrial and commercial
production of syngas through DRM.

7. Redox potential

Reduction/oxidation (redox) potential of materials have been
exploited for improved activity and stability of catalysts during DRM
reactions. Profound investigations have been carried out to evaluate the
extent and effects of redox properties of different materials as a catalyst
support or promoter on performance during dry reforming. Materials
prominently known and tested for redox potential are TiO,, CeO,, and
ZrO5 [121]. CeO, as a support or promoter for catalysts has proven to
be the best and most widely used among others for application on Ni-
based catalysts. This is attributed to its higher oxygen storage capacity
(0SC) providing the required catalyst stability via coke gasification
[122-124]. It has been established also that mixed redox oxides pro-
mote lesser carbon deposition that their respective individuals espe-
cially the filamentous or graphitic carbon that can result to permanent
catalyst deactivation [125,126]. Materials with redox properties im-
prove catalyst stability by reacting directly with carbon-containing re-
actants and intermediates to produce CO and H,, thus minimizing
carbon formation and deposition [127]. Redox oxides such as CeO,
have been reported to undergo reduction during DRM at high tem-
perature from CeO, to a non-stoichiometric CeO,., (Egs. (8) and (9))
and are re-oxidized back to CeO, by reacting with produced CO, and
H,O (Eq. (10)) [128].

CeO, + xCH4 — CeO,4 + xCO + 2xH, 8)
C602 + XH2 — C602_x + XHzo (9)
Ce0,4 + xCO,5 — CeO, + xCO (10)

High OSC of redox oxides aids easy storage and release of oxygen
due to the stable and variable transition state of their constituent me-
tals. Their oxygen-cushion effect allows mobility of lattice oxygen thus,
creating an oxygen pool and oxygen vacant sites needed for DRM re-
actant activation and gasification of deposited carbon by oxidation to
form CO [123,129].

Several researches have shown that redox oxide properties can be
used to enhance performance and stability. These are used as support
structure such as Ni/CeO, [130,131]; Pd/CeO, [132]. Higher activity
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was attributed to strong interaction between the support oxides and
loaded metal while the stability is from the oxygen transfer properties
of the support. Singha et al. [132] reported high catalyst activity of Pd/
CeO, at low temperature of 350 °C, redox property and strong inter-
action of CeO, are responsible for the result obtained. Addition of redox
oxides as promoters has helped to significantly mitigate catalyst deac-
tivation due to carbon deposition and sintering especially to vulnerable
Ni-based catalysts at high temperature. Reducibility of ceria (CeO,)
increases the lifespan of highly unstable Ni/Al,O5 catalyst due to its
characteristically low acidity and high OSC. This will go a long way in
minimizing carbon formation or oxidizing the eventual carbon formed
[133]. The reduced form of redox promoters has been found to also
improve activity of Ni catalysts via facilitating reduction of Ni?* to Ni®,
increase intensity of basic sites and aid creation of active sites at low
temperature [35]. This phenomenon was also noticed when Ni atoms in
the B-site of perovskites are partially substituted by metals with redox
properties. From the work of Valderrama et al. [134], Mn substitution
of Ni in the LaNiO3 perovskite oxide widens reduction temperature of
Ni** to Ni° leading to the formation of more and highly dispersed Ni°
particles on La;0,C0O3-MnO-Mn,03 matrix which is the site responsible
for higher activity and resistance to coking. Metal oxides with distinct
and synergistic redox properties have been used as support for Ni cat-
alysts [135]. Ni loading on TiO,-CeO, at optimal Ti/Ce ratio improve
catalytic performance and stability during DRM. The enhanced stability
is attributed to the super-reducibility of the catalyst while higher ac-
tivity is as a result of great dispersion of Ni crystallites on Ni/TiO,-
CeO,. Besides their redox properties, performance of CeO, have been
found to be morphology dependence which validated its application
over the past decade as catalyst support [136,137]. Shape and size of
ceria are tuned by changing their synthesis route and formulations
depending on the target application.

With the aid of DFT computations, role of redox CeO, in Pt-Co/CeO-
during DRM was studied [138]. CeO, was found to favour CO, acti-
vation by supplying the catalyst surface with oxygen defects thus,
promoting DRM with high entropy to recompense its higher activation
barrier. Similar trend was noticed with CeO,-supported Pt-Ni for dry
reforming of ethane and butane [139]. DFT attributed the increased
activity from Pt addition to formation of bimetallic surface which de-
crease activation energy for reactant dissociation via reduction of NiO
to Ni° and CeO,, from Ce** to Ce®*. Resistance of anatase TiO (0 0 1)
to carbon formation was also evaluated using DFT calculations mea-
sured by surface coverage of carbon on catalyst. These computations
were carried out on the basis of surface OH™ groups present, relative
stability of (0 0 1) and (1 0 1) anatase surfaces and possibility for
surface reconstruction of the (0 0 1) phase. From the computations, C
and CH were less stable than CH, and CH;3 on TiO, surface and hy-
drogenation of CH, CH, and CHj3 radicals at substantial rate took place
right from 900, 900 and 600K respectively [140]. These findings
clearly indicate strong and sustained coking resistance of the highly
reducible TiO, anatase during DRM. Using Ni/Al,O3 as a research basis,
Foppa et al. [141] discovered that supporting transition metals on
redox oxides for enhanced stability prompts modification of the original
metal reactivity. Multi-scale DFT/microkinetic modelling was used to
evaluate the reactivity of Ni/Al,O3 interfaces formed. It was deduced
that the role of this interfaces in DRM cannot be fully comprehended in
terms of adsorption/dissociation energies and elementary steps only. It
is imperative to also take into account the population of surface species
and preferred reaction pathways.

8. Chemical looping dry reforming of methane catalysts

Chemical looping dry reforming of methane (CLDRM) is a con-
temporary innovative technology which uses the principle of chemical
looping combustion (CLC) to carry out CH, reforming by exposure of
catalysts to the reactants (CH4 and CO») in a cyclic form (Fig. 4). This is
an attractive, auspicious and alternate technology for DRM such that
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Fig. 4. Schematics of DRM by chemical looping technology. Modified from Ref. Kang et al. [191].

heterogeneous metallic oxide (MeO) catalyst serves as an oxygen vector
that reacts with CH, to selectively produce syngas and gets reduced in
the process [142]. The reduced catalyst (Me) is re-oxidized in the
second stage by CO, which is a catalyst regeneration process
[33,143,144]. The catalyst regeneration is simply the recovery of most
lattice oxygen consumed from CO, to form an intermediate oxygen
carrier state (MeO;_s) thus reducing CO, to CO. The MeO, 5 recovers the
remaining lattice oxygen via air oxidation in the air reactor to be finally
at its initial state (MeQ) [145,146]. CLDRM process is similar to the
conventional DRM such that the net reaction of both pathways pro-
duces syngas having the same stoichiometric ratios (Eq. (11)) but
CLDRM is targeted at the optimization of CO, activation while high
yield of syngas is the main target for DRM [145]. Eq. (11-14) depicts
the catalytic redox CLDRM reaction steps. From the reaction pathways,
CLDRM evade direct contact of CH,, CO, and catalyst thereby elim-
inating the possibility of side reactions like RWGS, Boudouard and
coking reactions which are the major drawbacks of DRM [147]. Coking
is avoided during regeneration cycle due to carbon oxidation, RWGS is
suppressed when produced H, is not in contact with CO,, and thus
selectivity to syngas production is optimized.

Reduction: CH; + MeO — CO + 2H, + Me an
Oxidation: Me + CO, — CO + MeO,_s (12)
Air oxidation: 2MeO,_5 + 80, — 2MeO (13)
Net reaction: CH; + CO, — 2CO + 2H, 14)

Several researches have been recently conducted over selection of
an efficient metal oxide and improvement of its activity. Nickel-based
oxides are most frequently used as CLDRM oxygen carriers and catalysts
due to their documented high CH,4 conversion and prolonged thermal
stability over harsh conditions [142]. Low syngas selectivity and asso-
ciated high cost of nickel has hampered its widespread applications.
The prospect of Fe-based oxides has been studied as an alternative to
nickel oxides because of their relatively lower price but at a penalty of
lower reactivity in comparison to Ni [148]. Support materials are being
introduced to iron oxides to overcome these setbacks. Lately, sy-
nergistic effect between Fe and Ni is being harnessed due to the fact
that Fe is very reactive to CO, but low reactivity towards CH4 while Ni
is highly active for CH, dissociation but is not oxidized with CO,. More
et al. [149] investigated the effect of Fe-Ni alloy on CLDRM and dis-
covered that the reactivity of each metal combined synergistically
during CL reforming process. It was also discovered that activation of
carrier for CH, conversion is effective even at low of Ni loadings, which
is made possible due to repeated re-oxidation of Ni by CO, in the
presence of Fe.
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9. Catalysts deactivation

Long-term stability of catalyst is a significant challenge in the de-
velopment of new and robust catalysts for industrial syngas production
through DRM. Regardless of the active metal and support structure
applied, serious deactivation has been reported during DRM reactions
involving Ni and Ni-based catalysts. This is attributed generally to
carbon species deposition, sintering and/or oxidation of active metal
particles [150]. Despite the fact that catalyst deactivation is inevitable
during dry reforming, its immediate and far-reaching effects can be
reversed, postponed or even avoided [151]. There have been decades of
conspicuous development reported in the science of catalyst deactiva-
tion notably via books [152-154] and comprehensive reviews
[32,151,155,156]. These efforts were carried out with the sole aim of
providing a critical understanding of deactivation process models, de-
sign of highly stable catalyst and optimization for slower catalyst de-
activation. In a typical DRM reaction conducted at high temperatures,
catalyst deactivation is mostly caused by growth of active crystallite
size, carbon and coke formation, collapse of support pore structure and/
or solid-state reactions between active metal phase with support or
promoter [157].

9.1. Carbon/coke formation

The only distinction between carbon and coke is that carbon is
formed as a result of CO disproportionation while coke is a product of
hydrocarbon condensation or decomposition on catalysts surface con-
sisting of typically polymerized long-chain hydrocarbons [3]. Tendency
of deactivation by carbon deposition from steam reforming of methane
(SRM), DRM and partial oxidation are compared and estimated based
on their stoichiometric O/C and/or H/C ratios in the feed [23,158]. The
lower the feed H/C and/or O/C ratio, the greater the possibility of
carbon deposition. As such, DRM (H/C = 2, O/C = 1) is the most sus-
ceptible to carbon deposition in comparison to SRM (H/C =6, O/
C=1) and partial oxidation (H/C = 4, O/C = 1). In addition, feed
composition, catalyst type and reactor conditions are also very crucial
in determining the rates and chemical structures of carbons and cokes
formed during DRM reaction [159]. Wang et al. [27] discovered that
feed composition (CH4/CO5 ratio) greatly influenced the chemical in-
ertness and morphology of accumulated carbon. Out of the whisker,
amorphous and encapsulating carbon visibly deposited on Ni-CaO-ZrO,
catalyst as visible in high-resolution transmission electron microscopy
(HRTEM) result on the spent nickel catalyst sample, encapsulating
carbon was found to be the most likely carbon connected to the catalyst
deactivation. Reaction temperature [157], nature of support [160] and
promoters [161,162] have been found to determine the type of carbon
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Fig. 5. Carbon formation, deposition and transformation pathways on Ni-based catalyst. Produced with information from Ref. Argyle and Bartholomew [165].

formed and their resultant effect on deactivation.

Deactivating carbon (coke) formed are deposited on supported
metal surface through (1) encapsulation of metal particles as a result
deactivating them completely, (2) monolayer chemisorption or physical
adsorption in multilayers in both cases blocking accessibility of reactant
gases to active metal sites, (3) continuous build-up of active filamentous
carbon in pores of support materials to the point of stressing and sub-
sequently fracturing the support. Thereby causing attrition of catalyst
pellets and plugging of reactor void space [32]. Carbon formation,
deposition and transformation mechanisms on metallic catalysts de-
veloped by CO disproportionation and hydrocarbon cracking are illu-
strated in Fig. 5. CO when in contact with active metals dissociates to
produce adsorbed atomic carbon species, C, with repeating units re-
acting together to form polymeric carbon filaments, Cp. At elevated
temperatures, C, and Cg which are highly reactive are converted to less
active graphitic carbon, C,. As a matter of fact, some carbon form cause
catalyst deactivation while some do not, depending on their relative
deactivation rate. Deactivation rate is measured as a difference in the
rate of coke/carbon formation and gasification (rq = 1¢ - rz). Carbon/
coke is deposited when the rate at which carbon precursors are formed
is higher that their rate of gasification (r¢ > r,). Therefore, catalyst de-
activation by carbon/coke formation is avoided in temperature regions
where their formation rate is less than gasification rate [163]. Carbon/
coke formation is also known to be sensitive to nature of metal crys-
tallite and support structure since the formation of a carbon type in-
volves the formation of C—C bonds on the number of available sites
[156].

According to DFT, coke formation is dependent on the extent with
which C-H oxidation pathway dominates with respect to the overall
oxidation reaction and also the barrier to CO dissociation. Probability of
coke formation is measured as the rate ratio of C-H oxidation pathway
to C oxidation. For Ni-based catalysts, DFT revealed that flat Ni surface
(Ni (1 1 1)) is the most resistant to coke formation. Stepped surfaces of
nickel (Ni (2 1 1)) and nickel carbide (NisC (1 1 1)) however are very
vulnerable to coke formation. Dominance of C-H oxidation and high
energy barrier of CO dissociation are responsible for the coking re-
sistance of Ni (1 1 1) surface [163].

9.2. Metal sintering

Catalyst sintering, another thermal induced catalyst deactivation
leading to reduction in catalyst surface area as a result of metal particle
growth. Sintering can also be attributed to support pore collapse on
metals of the active phase. It is a result of surface energy reduction of
kinetically favoured crystallites and their size-dependent movement on
catalyst support [156]. Metal sintering predominantly occur at high
DRM reaction temperatures usually higher than 700 °C and are gen-
erally promoted by the presence of moisture produced mostly from
RWSG reactions. The pathways to the growth of active metal crystallites
during DRM at high temperature proceeds in two principal mechanisms
on support as described in the schematic diagram in Fig. 6 namely: (1)
atomic migration by coarsening and Ostwald ripening and (2) crystal-
lite migration in the form of coalescence [164]. During atomic
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migration, metal atoms are detached from the crystallite and migrated
over the support surface before eventually got captured by larger
crystallites. Agglomeration due to crystallite migration involves mobi-
lity of whole crystallite across support surface through collision and
coalescence. From a practical point of view, the possibility of both
mechanisms occurring simultaneously through some intricate physico-
chemical steps cannot be overlooked. These steps involve: (1) disen-
gagement of metal atoms from its crystallite, (2) adsorption and en-
trapment of the metal atoms in the pores and external surfaces of
catalyst support, (3) diffusion of entrapped atoms across support pores
and surfaces, (4) wetting of support pores and surfaces by metal par-
ticles, (5) nucleation of metal particles, (6) coalescence between metal
particles and (7) capture of metal atoms by larger metal particles [165].
Processes involved in metal sintering occur at a slow rate especially at
mild reaction temperatures but are however generally difficult to re-
verse. This is why prevention of sintering is less complicated than its
cure.

9.3. Regeneration of spent catalyst

To address the inevitability of DRM catalysts getting deactivated
after some time of reaction due to particles sintering and coke forma-
tion, it is therefore imperative to choose among available alternatives of
discarding, recycling or regenerating the catalysts. Regeneration is the
most preferred option for economic and environmental reasons but
regeneration ability is totally dependent on the reversibility of the
cause and source of deactivation [165,166]. Reactivation of sintered
catalysts has proven to be strenuous due to its irreversibility with the
exception of some selected noble metals. Deposition of most carbo-
naceous materials are reversed with relative ease by in-situ/ex-situ,
onsite/offsite or batch/continuous heat treatment and oxidation
[32,113,164]. Regeneration by temperature-programmed oxidation
(TPO) takes place in the presence of gasifying agents such as air
[167,168]; COy [169]; O5 [170]; steam [171] and hydrogasification
[172] at temperatures ranging mostly from 300 to 500 °C and followed
by reduction. The low gasification temperature was to allow recovery of
catalyst without causing destruction or modification to the catalyst pore
structure or disruption in its composition.

Recently, Theofanidis et al. [169] studied carbon removal by gasi-
fication from Fe-Ni catalyst on MgAl,O,4 support with the regeneration
process studied by operando time-resolved XRD and temperature-pro-
grammed oxidation (TPO) in a mechanistic pathway shown in Fig. 7
showing the sensitivity of distant and localized carbon to gasification.
Gasification by O, (Fig. 7b) is characterized by (1) oxidation of active
Ni and Fe particles, (2) gasification of carbon species on metal surface
via lattice oxygen, (3) migration of particles to the point of contact
between active metals and isolated carbon species which is made pos-
sible due to increase in local temperature from oxidation of surface
carbon and (4) oxidation of the isolated carbons by lattice oxygen from
oxides of active metals. During gasification by O,, Ni and Fe are oxi-
dized to NiO and Fe,O3 prior to oxidation of carbon species. CO, ga-
sification (Fig. 7a) occur in two distinct and parallel processes: (1) CO5
dissociation over Ni surface resulting to oxidation of carbon by surface
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Fig. 6. Pathway to sintering of catalyst via crystal growth by (A) atomic migration, (B) crystallite migration. Modified from Argyle and Bartholomew [165].

oxygen, Os (2) oxidation of Fe by CO,, followed by oxidation of carbon
deposited by lattice oxygen from the Fe;0,4 thus, reduced back to Fe.
Amorphous and graphitic carbon types were noticeable on the catalyst
during gasification with the aid of temporal analysis of products (TAP)
pulse response, a transient response technique. Carbon gasification due
to O, spillover was considered negligible during regeneration.

Regeneration ability of spent Ni hydroxyapatite-based catalyst using
air and CO, as gasifying agent after DRM was investigated and com-
pared in situ at a temperature of 700 °C from the work of Vasconcelos
et al. [167]. Results obtained from both gasification atmospheres after
three successive reaction cycles showed high regenerability with small
portion of noticeable deactivation proven to be irreversible. The irre-
versible deactivation was found to be triggered by core-shell coke for-
mation and nickel particles agglomeration.

The choice of method for carrying out regeneration depends largely

co CcO
() . .

Coke on
support

N\

(b)

Carbon
migration

on the type, design and configuration of catalyst reactor. For commonly
used fixed bed reactors, deactivated catalysts are usually regenerated ex
situ with removal only possible after completion of one cycle of reac-
tion. This is typically suitable for slow deactivating catalysts. In situ
regeneration is necessary for fast deactivating catalyst and are operated
in a system such that DRM proceeds at the same time with catalyst
oxidation with CO,. In so doing, carbon formation, deposition and ga-
sification occur simultaneously. Carbon gasification is strongly exo-
thermic thus, leads to increment in catalyst bed temperature [169].

10. Crystalline oxides catalysts

Crystalline oxides nanoparticles have been rarely applied as support
for DRM reactions due to the inertness of their bulk structure.
Nevertheless, their crystalline well-defined structure can be utilized to

CO, co co,

Olattice

Carbon

migration

Fig. 7. Schematic representation of deposited carbon removal with (a) COs, (b) O, as the gasifying agents over MgAl,O, supported Fe-Ni catalyst. Modified from Ref.

Theofanidis et al. [169].
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Fig. 8. Pictorial diagram of pyrochlore structure (A,B.X;) depicting positions of A, B and O sites in the lattice. Modified from Ref. Perriot and Uberuaga [205].

accommodate catalytically active metals to produce DRM catalysts with
high thermal stability and metal dispersion. Metals on these types of
supports are bound within the support structure and their subjection to
a reduced environment triggers migration of metal atoms to the surface
of crystalline oxide precursors [173,174]. These oxides are known to
mostly have oxygen vacant sites developed from inherent oxygen mo-
bility which is a strong inhibitor for carbon deposition. The available
oxygen vacancies are favoured by substitution of metal atoms and their
subsequent migration to the surface [31]. Examples of crystalline
oxides that have so far been employed as supports for active metals in
DRM catalysts are pyrochlores, perovskites, spinels, fluorites and hex-
aaluminates. Besides producing a coke-resistant catalyst, combination
of elements from mixed metal oxides promotes stability of dispersed
active metal phases as a result of partial substitution of incorporated
cations.

Pyrochlores are enthralling group of ternary crystalline oxide mi-
nerals with a 3-D structure comprising of a rare-earth or transition
metal species connected by oxygen atoms (Fig. 8). They are generally
represented in the form of A,B,X,, where A and B represents sites oc-
cupied by transition or rare-earth metal while X is the bridging oxygen
atoms [175]. The anion deficient, cation ordered pyrochlores with high
thermal resistance and a lattice framework comprising of La and Zr in
the ‘A’ and ‘B’ metal sites (La,Zr,0,) have displayed long-term stability
over a wide range of fuel conversion reaction conditions [176,177]. The
propensity of these minerals to allow partial substitution of their ‘A’
and/or ‘B’ sites in the lattice with different metals have been exploited
in tailoring their structure for catalytic application [175,178]. As a
result, these materials have received significant attention in DRM for
providing the much sought-after stability at high temperatures. Two
important properties possessed by these minerals making them suitable
for this reaction are: (1) characteristic oxygen ion conductivity with
resultant oxygen vacancies developed during synthesis. Oxygen atoms
migration inhibits coke deposition during CH, activation, (2) iso-
morphic substitution potential of catalytically active metals into the ‘B’
site thus, preventing their sintering at high DRM temperatures [47].
The substitution of metals in the A/B site reduces the bond energy for
A—O and B—O lattice bond causing release of oxygen from the lattice.

Over the past decade, Spivey and co-workers have made astonishing
contributions towards exploring the potentials of pyrochlores as cata-
lyst support DRM. Gaur et al. [178] conducted DRM on Rh, Ni and Ca
supported on La,Zr,0; by partial substitution of A and B sites with the
three active metals. From the results obtained, Rh substituted
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pyrochlore produced the highest activity and selectivity for syngas
production over Ni catalyst. This was attributed to higher carbon de-
position (1.4 g/g...) for Ni substituted catalyst (LayZr, 4NiyO;.5) over
Rh substituted (La,Zr,_,Rh,O,.s) and Rh-Ca substituted (La; o5Cag o5Zro-
xRhx07.5) with 0.44 and 0.26 g/g... carbon deposition respectively.
Replacement of La®>* with Ca?* was found to improve oxygen mobility.
Activation energy for CO, and CH, conversion rates for substituted
pyrochlore also depends largely on the nature of active metal [179]. For
comparison study between Ru and Pt as substituted metals, rate of re-
actants conversion is lower in Ru substituted than Pt on ‘B’ sites of
pyrochlore. Temperature-programmed oxidation (TPO) for both cata-
lysts showed that total carbon formed decreased as the temperature of
reaction increased. Stability of carbon formed however increased as the
reaction temperature increased. In an effort to improve the perfor-
mance of pyrochlores for DRM, the best substituted metal (Rh) catalyst
was further studied for its characterizations [180]; reaction mechan-
isms [176]; kinetics and mechanistic studies [47].

Theoretical studies using DFT was also carried out to identify the
favourable reaction sites and calculate their respective activation en-
ergies to determine the primary reaction pathway [177]. According to
DFT, plane (111) is the catalytically active site for DRM and the pre-
sence of Rh reduces the activation barrier including the rate limiting
steps barrier for CHO dehydrogenation and CH, oxygenation. This is in
agreement with experimental results obtained. For validations of de-
ductions from DFT calculations and direct measurement of some key
mechanistic kinetic parameters, steady-state isotopic transient kinetic
analysis (SSITKA) study was effectively used to study the kinetics of
active sites which are not accessible at steady-state conditions [176].
Kinetic isotopic effects and isotope responses were analyzed with the
aid of reaction mechanisms obtained from DFT studies on surface re-
actions.

Perovskites are a family of structured oxides with a cubic structure
and having a general formula of ABO3, where ‘A’ site represent the
lanthanide elements such as Pr, La, Ce and ‘B’ is a site for mostly
transition elements such as Ni, Pt, Rh [181,182]. Larger cations located
on ‘A’ site are mostly irreducible thus, always in their oxide forms and
are responsible for providing thermal resistance to the material (Fig. 9).
Cation B is however reducible and provides the activity on the catalyst
[183]. Advantages of perovskites in DRM catalyst structure are: (1) high
oxygen storage capacity and their mobility in the lattice owing to its
well-defined bulk structure, (2) tenability of the composition of ‘A and
B’ sites by partial or total substitution with different elements but all
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Fig. 9. Pictorial diagram of a partial unit cell of perovskite with ABO3 arrangement in the lattice. Modified from Ref. Gupta et al. [206].

with the same basic structure, (3) exceptional redox properties, (4)
good thermal stability with control over their valency, vacancy and
stoichiometry [184]. Due to their relatively lower cost and high thermal
resistance, structured perovskite oxides have particularly proven at-
tractive as precursors for DRM catalysts. Among numerous perovskite
materials available, LaNiO3 and similar compounds have received ap-
preciable attention as a result of their notable stability and activity
during harsh DRM reaction [117].

High dispersion of active metals is expected on perovskite oxides
even when subjected to arduous redox reactions at high temperatures.
Strong resistance to coking and sintering is attributed to the placement
of active metal phase within the perovskite lattice. This help in raising
the reduction temperature closer to the DRM temperature. On reduc-
tion, some atoms of the homogeneously dispersed active metals migrate
to the surface from the bulk crystalline lattice [30]. Thus, a highly
dispersed metal phase with minimal coke formation, increased metal-
support interaction and thermally stable catalyst is obtained. Kiihl et al.
[183] produced Ni/La,Os3 catalyst from LaNiOs precursor for high
temperature DRM. Addition of Ru results to Ni-Ru alloy formation and
enhanced stability of the perovskite structure. This prevents the de-
composition of catalyst into NiO and Ruddleden-Popper mixed oxides
(La, +1Ni O3, +1) as obtained for the Ru-free catalyst. Ru introduced
also reduced the proneness to coke formation. When subjected to a
reducing environment, the precursor was partially reduced to an in-
termediate of the form LaNiO, 5 and the La,O3; supported Ni metal re-
duction was found independent of Ru content in the catalyst. Sub-
stitution of LaNiO3 with Ce high in OSC produces higher oxygen vacant
sites in the lattice needed for C—H bond activation. This improved the
H, selectivity from 57 to 61% at 600 °C [185]. Basicity of perovskite
catalyst improved significantly by addition of promoters through partial
substitution of its ‘A’ site as obtained from the work of Yang et al. [186].
They investigated the influence of partial substitution of La by Ca or Sr
and Ni by Fe in the ‘B’ site. They found that Lag¢Cag.1Nig sFe 503
catalyst exhibits superior catalytic performance and stability over the
unsubstituted and other prepared perovskite catalysts. Promoters added
improved considerably the catalyst basicity which facilitates CO, ad-
sorption, activation and desorption on catalyst surface. This is re-
sponsible for the increased conversion on promoted catalysts. Partial
substitution of Ni by Zn in LaNiO3; was found to increase the reduction
peak temperature [187]. This led to a perovskite structure with im-
proved stability than LaNiOs. From TGA results obtained, La-
Nig gZng 203 developed better resistance to coke formation than LaNiO5
after 75h time on stream.

Besides their usage as supports for active metals, perovskites have
also been supported on highly porous materials to improve their
characteristic low surface areas which is the bottleneck of their appli-
cation in the field of catalysis. Wang et al. [117] conducted comparative

studies on LaNiO; loaded on different silica source (SBA-15, MCM-41
and SiO,). They were synthesized by filling the pores of silica support
with citrate complex precursors of Ni and La, with further treatments
leading to formation of LaNiO3 in the pores and channels of the various
silica materials. LaNiO3 supported on MCM-41 produced the highest
catalytic performance having the best dispersion of Ni. In terms of
stability, SBA-15 supported LaNiOs; outperforms LaNiO3/MCM-41
which is attributed to more stable silica matrix preventing Ni crystallite
sintering.

The potentials of other perovskites have been recently tested for
DRM with various degrees of improvement in activity and stability of
catalysts recorded [188,189].

11. Prospects

Recent progresses have this far been recorded as a revolutionary
development of DRM catalysts through controlled synthesis route,
comprehensive material characterization at atomic and molecular le-
vels using real-time reaction conditions and state-of-the-art theoretical
modelling and simulation with the aid of computer software systems.
These advances converge on development of a new paradigm for robust
DRM catalysts research based on novel insights into relationships be-
tween catalyst structure with activity, selectivity and stability of active
sites as highlighted in Table 3. Concerted efforts have been made to-
wards understanding of interactions among active metals, supports,
reactant gases and reaction conditions for discovery of better catalysts.
This era of catalysis in DRM reaction is stimulated by progresses re-
corded so far in theoretical and experimental methods.

In recent times, remarkable breakthroughs have been recorded by
changes in active metals loading via atomic layer deposition [195,199]
and in situ exsolution [200,201]. Loading metals by ALD in the field of
DRM especially for Ni-based provides a protective layer of support
shield on metal surface thus preventing susceptibility to agglomeration
and carbon deposition. Unlike ALD technique, ex-solved active metal
particles are socketed into the parent support structure thereby pro-
viding the much-needed resistance to coking and sintering. Exsolution
has recently been used to synthesize catalysts with exceptionally high
metal-support interaction by solid-phase crystallization on ordered
crystalline oxide precursors. These methods have produced better sta-
bility over conventional techniques with superficial interaction be-
tween metal and support. The improved resistance to coking and sin-
tering does not in any way compromise catalytic activity. To improve
metal dispersion, basicity, oxygen mobility, oxygen vacant sites, mass
transfer and porosity which are supportive to enhanced catalytic ac-
tivity, morphology of support have been increasingly tailored. Meso-
porous support such as MSN [202], SBA [114], KCC-1 [203] and MCM
[30] produced improved performance due to their enhanced
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Table 3 (continued)

Ref

Key findings

Reactor type

Preparation method

Catalyst

[198]

The novel synthesis method enhanced significantly the stability and dispersion of Ni crystallites over fumed silica

Continuous flow fixed-bed quartz reactor

Pressure dilution

Ni/fumed silica

in comparison to conventional impregnation. Consequently, nickel dispersion was increased from 19% to 61% as

a result of 5000 psi pressure applied on nickel during synthesis which is also responsible for the increased

stability.
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mesoporosity.

In contemporary DRM catalyst development, there is complimen-
tary spectra obtained from IR, X-ray absorption, Raman, NMR, UV and
others produced in operando mode giving a clear and concise in-
formation about the sites and reaction mechanisms, integrating these
techniques with other characterizations. Parallel to these, significant
progress has been made in theoretical methods to validate and allow
advanced interpretation of experimental results using first-principle
calculations in silico. Theoretical computational software programs play
crucial role in the search for new opportunities for catalyst discovery
such that it provides a prompt and inexpensive way to screen candidate
DRM catalysts. DFT is a powerful and famous tool for theoretical
computations of bond energies and activation barriers of reactants,
intermediate and products [204]. Other software tools have been re-
cently used to compliment DFT such as CatApp, vienna ab initio simu-
lation package (VASP), artificial neural network, B3LYP level theory
and CFD calculations [26,38,40].

12. Research outlook

In the quest for industrial application and commercialization of
syngas production via methane dry reforming, it is imperative to de-
velop cheap, sustainable and robust catalysts with high performance
and long-term stability. Doing requires in-depth, comprehensive and
state-of-the-art understanding of synergistic interactions of all catalyst
components at atomic and molecular levels using experiments and in
silico theoretical computations. Proper tuning of these interactions is
the sure way of producing catalysts with requisite selectivity, stability
and conversion. Research flashlight of DRM catalysts is focused on
areas as highlighted.

The main driving force for DRM reactions is the presence of active
sites for CH,4 and CO,, dissociation. Bi-functional active sites utilize both
loaded metal and support as sites for reactant activation, common for
most catalysts with basic support. In mono-functional pathway, both
reactants activation take place on the active metal as is the case for
most catalyst with inert support. Basicity of catalyst contributes to its
activity by facilitating chemisorption, activation and subsequent de-
composition of acidic CO, gas in the presence of active metal phase.
Thus, this increases the surface coverage of CO, on catalyst, reduces
carbon deposition from Boudouard reaction and lowers the reactant
activation barriers. Oxygen vacant sites are generated from the ability
of support to release oxygen atoms under reducing environment and
store it under oxidizing condition. The oxygen defects also serve as sites
for C—O bond cleavage for CO, activation which consequently generate
a pool of oxygen atoms on catalysts surface. These O species provide
resistance of catalyst to deactivation by oxidizing carbon initially des-
tined for deposition. More oxygen vacant sites are expected from cat-
alyst with high oxygen storage capacity which is a measure of surface
oxide reducibility. Strong and positive interactions between metal-
support, metal-promoter and other component of the catalyst is very
crucial for enhanced catalytic activity and resistance towards deacti-
vation at high DRM reaction temperature. Properties exhibited by cat-
alysts depend strictly on the extent and manner with which its con-
stituent components interact with one another. Strong metal-support
interaction requires high temperature for metal to break-free and ag-
glomerate with neighbouring metal crystallite thus, inhibiting metal
sintering. Another approach towards the search for the most suitable
catalyst for sustainable DRM application is the modification of metal-
support configuration. Various configurations have successfully been
retrofitted to DRM reaction with promising results, notable among them
are the core and shell, CLDRM and ordered crystalline oxide config-
uration. Deactivation of DRM catalysts were studied with emphasis on
their source, effects, development and control. In recent times, me-
chanistic study of deactivation pathways was carried out with the aid of
experimental and theoretical studies. In an effort to further understand
and explain the various interplay between active metal and support
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structure, powerful tools have been employed. The most notable is the
DFT calculations to validate and compliment information from ex-
perimental data.

13. Conclusion

This review entails the various advances achieved towards devel-
opment of a robust DRM reaction catalyst for sustainable application in
the quest for its full-fledged industrialization. It highlighted the sy-
nergistic interplays among constituting components of catalyst and
their role towards enhancement of catalytic activity and stability
especially for Ni and Ni-based catalysts. Salient properties and inter-
actions of catalysts such as basicity, oxygen vacancy, active sites, metal-
support interaction, redox potential, crystalline oxides, chemical
looping, core-shell configuration and inherent resistance to deactiva-
tion to coking and metal sintering have been studied and tailored to-
wards performance enhancement in the astute design of Ni catalysts.
Thorough understanding of these interactions and their corresponding
effects on catalyst performance have been consistently carried out with
the aid of state-of-the-art experimental procedures using sophisticated
equipment. There is also the need to go beyond experimental ex-
planation of the catalyst interactions and reaction mechanisms espe-
cially at atomic level by complimenting with state-of-the-art theoretical
computations such as DFT. For theoretical computations, DFT was used
to compliment information obtained from experimental data by pro-
viding additional information on spectroscopic and mechanistic prop-
erties of catalyzed reactions and interactions at electronic and sub-
electronic levels.

Despite the tremendous successes recorded in tuning catalyst com-
ponent interactions for enhanced catalyst performance, there have al-
ways been cases of antagonistic relationship between activity and sta-
bility. Trade-offs between the two key performance parameters have
been the regular decision to make during catalyst design depending on
application and economy of scale. Successful development of Ni catalyst
with excellent activity and sustained stability over a long period of time
is the key towards industrialization and commercialization of syngas
production from DRM technology. Despite the tremendous successes
recorded overtime in catalysts development with excellent activity and
stability results, the search for novel and economically viable catalysts
with improved properties and performances is imperative for successful
industrialization and commercialization of the process. Research focus
are still very much on material development and tuning of relevant
properties and interactions suited for the desired catalyst activity and
long-term stability. However, concerted research effort is also necessary
on catalyst lifespan based on recuperative and regenerative potential;
comparative economics of synthesis routes and widespread application
of theoretical DFT studies to cover all aspects of heterogeneous catalysis
for DRM reactions.

Acknowledgements

A part of this work was supported by the Fundamental Research
Grant Scheme (No. FRGS/1/2017/STG01/UTM/01/1(4F934)) from
Ministry of Higher Education, Malaysia, the Research University Grant
(No. 19HO04) from Universiti Teknologi Malaysia and National
Economic Empowerment and Development Strategy (NEEDS)
Assessment Intervention Fund for Abubakar Tafawa Balewa University
Bauchi, Nigeria.

References

[1] Huang K, Miller JB, Huber GW, Dumesic JA, Maravelias CT. A general framework
for the evaluation of direct nonoxidative methane conversion strategies. Joule
2018;2:349-65.

Cooper SA, Raman KK, Yin J. Halo effect or fallen angel effect? Firm value con-
sequences of greenhouse gas emissions and reputation for corporate social re-
sponsibility. J Account Public Policy 2018;37:226—40.

[2]

190

[31

[4

=

[5

=

[6]

[7

—

(81

[91]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]
[33]
[34]

[35]

Renewable and Sustainable Energy Reviews 108 (2019) 175-193

Wang C, Sun N, Zhao N, Wei W, Sun Y, Sun C, et al. Coking and deactivation of a
mesoporous Ni-CaO-ZrO, catalyst in dry reforming of methane: a study under
different feeding compositions. Fuel 2015;143:527-35.

Elvidge CD, Bazilian MD, Zhizhin M, Ghosh T, Baugh K, Hsu FC. The potential role
of natural gas flaring in meeting greenhouse gas mitigation targets. Energy Strateg
Rev 2018;20:156-62.

Song C, Liu Q, Ji N, Deng S, Zhao J, Li Y, et al. Alternative pathways for efficient
CO,, capture by hybrid processes—a review. Renew Sustain Energy Rev
2018;82:215-31.

Wang M, Joel AS, Ramshaw C, Eimer D, Musa NM. Process intensification for post-
combustion CO, capture with chemical absorption: a critical review. Appl Energy
2015;158:275-91.

Wang B, Albarracin-Suazo S, Pagan-Torres Y, Nikolla E. Advances in methane
conversion processes. Catal Today 2017;285:147-58.

Bian Z, Kawi S. Highly carbon-resistant Ni-Co/SiO, catalysts derived from phyl-
losilicates for dry reforming of methane. J CO, Util 2017;18:345-52.

Zain MM, Mohamed AR. An overview on conversion technologies to produce value
added products from CH,4 and CO, as major biogas constituents. Renew Sustain
Energy Rev 2018;98:56-63.

Paksoy Al, Selen B, Aksoylu AE. A study on characterization and methane dry
reforming performance of Co — Ce/ZrO, catalyst. Appl Catal B Environ
2015;168-169:164-74.

Rafiee A, Panahi M, Khalilpour KR. CO, utilization through integration of post-
combustion carbon capture process with Fischer-Tropsch gas-to-liquid (GTL)
processes. J CO, Util 2017;18:98-106.

Pal DB, Chand R, Upadhyay SN, Mishra PK. Performance of water gas shift reaction
catalysts: a review. Renew Sustain Energy Rev 2018;93:549-65.

Dahan M, Komarala E, Fadeev L, Chinnam AK, Shlomovich A, Lipstman S, et al.
Methane dry reforming catalyst prepared by the co-deflagration of high-nitrogen
energetic complexes. J Mater Chem A 2019;7:141-9.

Park J. Dry reforming of methane over Ni-substituted CaZrNiOx catalyst prepared
by the homogeneous deposition method. Catal Commun 2019;120:1-5.

Das S, Shah M, Kumar R, Bordoloi A. Enhanced dry methane reforming over Ru
decorated mesoporous silica and its kinetic study. J CO, Util 2019;29:240-53.
Schodel N, Schunk SA, Milanov A, Schwab E, Behrens A. Dry reforming and re-
verse water gas shift: alternatives for syngas production? Chem Ing Tech
2015;87:347-53.

Jarvis SM, Samsatli S. Technologies and infrastructures underpinning future
CO2value chains: a comprehensive review and comparative analysis. Renew
Sustain Energy Rev 2018;85:46-68.

Er-Rbib H, Bouallou C, Werkoff F. Production of synthetic gasoline and diesel fuel
from dry reforming of methane. Energy Procedia 2012;29:156-65.

Zhang Z, Liu L, Shen B, Wu C. Preparation, modification and development of Ni-
based catalysts for catalytic reforming of tar produced from biomass gasification.
Renew Sustain Energy Rev 2018;94:1086-109.

Abdel N, Aramouni K, Touma JG, Tarboush BA, Zeaiter J, Ahmad MN. Catalyst
design for dry reforming of methane : analysis review. Renew Sustain Energy Rev
2018;82:2570-85.

Serrano-Lotina A, D L. Influence of the operating parameters over dry reforming of
methane to syngas. Int J Hydrogen Energy 2013;39:4089-94.

Khajeh Talkhoncheh S, Haghighi M. Syngas production via dry reforming of me-
thane over Ni-based nanocatalyst over various supports of clinoptilolite, ceria and
alumina. J Nat Gas Sci Eng 2015;23:16-25.

Usman M, Daud WMAW, Abbas HF. Dry reforming of methane: influence of
process parameters — a review. Renew Sustain Energy Rev 2015;45:710-44.
Gurav HR, Dama S, Samuel V, Chilukuri S. Influence of preparation method on
activity and stability of Ni catalysts supported on Gd doped ceria in dry reforming
of methane. J CO, Util 2017;20:357-67.

Lovell E, Jiang Y, Scott J, Wang F, Suhardja Y, Chen M, et al. CO, reforming of
methane over MCM-41-supported nickel catalysts: altering support acidity by one-
pot synthesis at room temperature. Appl Catal A Gen 2014;473:51-8.

Alvarez M A, Bobadilla LF, Garcilaso V, Centeno MA, Odriozola JA. CO, reforming
of methane over Ni-Ru supported catalysts: on the nature of active sites by oper-
ando DRIFTS study. J CO, Util 2018;24:509-15.

Wang N, Xu Z, Deng J, Shen K, Yu X, Qian W, et al. One-pot synthesis of ordered
mesoporous NiCeAl oxide catalysts and a study of their performance in methane
dry reforming. ChemCatChem 2014;6:1470-80.

Li L, Anjum DH, Zhu H, Saih Y, Laveille PV, D'Souza L, et al. Synergetic effects
leading to coke-resistant NiCo bimetallic catalysts for dry reforming of methane.
ChemCatChem 2015;7:427-33.

Guharoy U, Le Saché E, Cai Q, Reina TR, Gu S. Understanding the role of Ni-Sn
interaction to design highly effective CO, conversion catalysts for dry reforming of
methane. J CO, Util 2018;27:1-10.

Muraleedharan Nair M, Kaliaguine S. Structured catalysts for dry reforming of
methane. New J Chem 2016;40:4049-60.

Pakhare D, Spivey J. A review of dry (CO,) reforming of methane over noble metal
catalysts. Chem Soc Rev 2014;43:7813-37.

Muraza O, Galadima A. A review on coke management during dry reforming of
methane. Int J Energy Res 2015;39(9):1196-216.

Tang M, Xu L, Fan M. Progress in oxygen carrier development of methane-based
chemical-looping reforming: a review. Appl Energy 2015;151:143-56.

Abdullah B, Abd Ghani NA, Vo DVN. Recent advances in dry reforming of methane
over Ni-based catalysts. J Clean Prod 2017;162:170-85.

Wang Y, Yao L, Wang S, Mao D, Hu C. Low-temperature catalytic CO, dry re-
forming of methane on Ni-based catalysts: a review. Fuel Process Technol
2018;169:199-206.


http://refhub.elsevier.com/S1364-0321(19)30194-7/sref1
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref1
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref1
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref2
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref2
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref2
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref3
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref3
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref3
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref4
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref4
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref4
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref5
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref5
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref5
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref6
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref6
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref6
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref7
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref7
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref8
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref8
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref9
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref9
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref9
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref10
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref10
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref10
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref11
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref11
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref11
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref12
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref12
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref13
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref13
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref13
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref14
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref14
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref15
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref15
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref16
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref16
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref16
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref17
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref17
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref17
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref18
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref18
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref19
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref19
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref19
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref20
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref20
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref20
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref21
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref21
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref22
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref22
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref22
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref23
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref23
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref24
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref24
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref24
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref25
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref25
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref25
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref26
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref26
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref26
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref27
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref27
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref27
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref28
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref28
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref28
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref29
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref29
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref29
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref30
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref30
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref31
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref31
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref32
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref32
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref33
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref33
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref34
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref34
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref35
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref35
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref35

A. Abdulrasheed, et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Singh S, Kumar R, Setiabudi HD, Nanda S, Vo DVN. Advanced synthesis strategies
of mesoporous SBA-15 supported catalysts for catalytic reforming applications: a
state-of-the-art review. Appl Catal A Gen 2018;559:57-74.

Abdulrasheed AA, Jalil AA, Triwahyono S, Zaini MAA, Gambo Y, Ibrahim M.
Surface modification of activated carbon for adsorption of SO, and NOy: a review
of existing and emerging technologies. Renew Sustain Energy Rev
2018;94:1067-85.

Jiang S, Lu Y, Wang S, Zhao Y, Ma X. Insight into the reaction mechanism of CO,
activation for CH, reforming over NiO-MgO: a combination of DRIFTS and DFT
study. Appl Surf Sci 2017;416:59-68.

Xie Z, Liao Q, Liu M, Yang Z, Zhang L. Micro-kinetic modeling study of dry re-
forming of methane over the Ni-based catalyst. Energy Convers Manag
2017;153:526-37.

Niu J, Du X, Ran J, Wang R. Applied Surface Science Dry (CO,) reforming of
methane over Pt catalysts studied by DFT and kinetic modeling. Appl Surf Sci
2016;376:79-90.

Zhu Y, Chen D, Zhou X, Yuan W. DFT studies of dry reforming of methane on Ni
catalyst. Catal Today 2009;148:260-7.

Foppa L, Silaghi MC, Larmier K, Comas-Vives A. Intrinsic reactivity of Ni, Pd and
Pt surfaces in dry reforming and competitive reactions: insights from first princi-
ples calculations and microkinetic modeling simulations. J Catal
2016;343:196-207.

Akri M, Pronier S, Chafik T, Achak O, Granger P, Simon P, et al. Development of
nickel supported La and Ce-natural illite clay for autothermal dry reforming of
methane: toward a better resistance to deactivation. Appl Catal B Environ
2017;205:519-31.

Rogers JL, Mangarella MC, D'Amico AD, Gallagher JR, Dutzer MR, Stavitski E,
et al. Differences in the nature of active sites for methane dry reforming and
methane steam reforming over nickel aluminate catalysts. ACS Catal
2016;6:5873-86.

Sutthiumporn K, Maneerung T, Kathiraser Y, Kawi S. CO, dry-reforming of me-
thane over Lag gSrg oNig.gMo 203 perovskite (M = Bi, Co, Cr, Cu, Fe): roles of
lattice oxygen on C-H activation and carbon suppression. Int J Hydrogen Energy
2012;37:11195-207.

Vasiliades MA, Djinovi¢ P, Davlyatova LF, Pintar A, Efstathiou AM. Origin and
reactivity of active and inactive carbon formed during DRM over Ni/
Ceg.38Zr0.6202.5 studied by transient isotopic techniques. Catal Today
2018;299:201-11.

Pakhare D, Schwartz V, Abdelsayed V, Haynes D, Shekhawat D, Poston J, et al.
Kinetic and mechanistic study of dry (CO,) reforming of methane over Rh-sub-
stituted La,Zr,0; pyrochlores. J Catal 2014;316:78-92.

Tankov I, Arishtirova K, Bueno JMC, Damyanova S. Surface and structural features
of Pt/PrO,-Al,O3 catalysts for dry methane reforming. Appl Catal A Gen
2014;474:135-48.

Makri MM, Vasiliades MA, Petallidou KC, Efstathiou AM. Effect of support com-
position on the origin and reactivity of carbon formed during dry reforming of
methane over 5 wt% Ni/Ce; M,O,.5 (M = Zr**, Pr®") catalysts. Catal Today
2016;259:150-64.

Ni J, Chen L, Lin J, Kawi S. Carbon deposition on borated alumina supported nano-
sized Ni catalysts for dry reforming of CH4. Nano Energy 2012;1:674-86.

Phan TS, Sane AR, Régo de Vasconcelos B, Nzihou A, Sharrock P, Grouset D, et al.
Hydroxyapatite supported bimetallic cobalt and nickel catalysts for syngas pro-
duction from dry reforming of methane. Appl Catal B Environ 2018;224:310-21.
Budiman AW, Song SH, Chang TS, Shin CH, Choi MJ. Dry reforming of methane
over cobalt catalysts: a literature review of catalyst development. Catal Surv Asia
2012;16:183-97.

Quindimil A, De-La-Torre U, Pereda-Ayo B, Gonzélez-Marcos JA, Gonzalez-Velasco
JR. Ni catalysts with La as promoter supported over Y- and BETA- zeolites for CO,
methanation. Appl Catal B Environ 2018;238:393-403.

Corthals S, Van Nederkassel J, Geboers J, De Winne H, Van Noyen J, Moens B,
et al. Influence of composition of MgAl,0,4 supported NiCeO,ZrO, catalysts on
coke formation and catalyst stability for dry reforming of methane. Catal Today
2008;138:28-32.

Das S, Sengupta M, Patel J, Bordoloi A. A study of the synergy between support
surface properties and catalyst deactivation for CO, reforming over supported Ni
nanoparticles. Appl Catal A Gen 2017;545:113-26.

Alipour Z, Rezaei M, Meshkani F. Effect of Ni loadings on the activity and coke
formation of MgO-modified Ni/Al,03 nanocatalyst in dry reforming of methane. J
Energy Chem 2014;23:633-8.

Jabbour K, Massiani P, Davidson A, Casale S, El Hassan N. Ordered mesoporous
“one-pot” synthesized Ni-Mg(Ca)-Al,O3 as effective and remarkably stable cata-
lysts for combined steam and dry reforming of methane (CSDRM). Appl Catal B
Environ 2017;201:527-42.

Liu H, Hadjltaief HB, Benzina M, Galvez ME, Da Costa P. Natural clay based nickel
catalysts for dry reforming of methane: on the effect of support promotion (La, Al,
Mn). Int J Hydrogen Energy 2019;4:246-55.

Wang N, Yu X, Shen K, Chu W, Qian W. Synthesis, characterization and catalytic
performance of MgO-coated Ni/SBA-15 catalysts for methane dry reforming to
syngas and hydrogen. Int J Hydrogen Energy 2013;38:9718-31.

Titus J, Goepel M, Schunk SA, Wilde N, Gléser R. The role of acid/base properties
in Ni/MgO-ZrO, -based catalysts for dry reforming of methane. Catal Commun
2017;100:76-80.

Ozdemir H, Oksiizémer MAF, Giirkaynak MA. Effect of the calcination temperature
on Ni/MgAl204 catalyst structure and catalytic properties for partial oxidation of
methane. Fuel 2014;116:63-70.

Jang WJ, Shim JO, Kim HM, Yoo SY, Roh HS. A review on dry reforming of

191

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[871

[88]

[89]

[901]

[91]

[92]

R ble and S

ble Energy R 108 (2019) 175-193

methane in aspect of catalytic properties. Catal Today 2018:0-1.

Li J, Croiset E, Ricardez-Sandoval L. Effect of carbon on the Ni catalyzed methane
cracking reaction: a DFT study. Appl Surf Sci 2014;311:435-42.

Lalik E, Kosydar R, Tokarz-Sobieraj R, Witko M, Szumelda T, Kotodziej M, et al.
Humidity induced deactivation of Al,O3 and SiO, supported Pd, Pt, Pd-Pt catalysts
in H2 + O2 recombination reaction: the catalytic, microcalorimetric and DFT stu-
dies. Appl Catal A Gen 2015;501:27-40.

Gerosa M, Bottani CE, Caramella L, Onida G, Di Valentin C, Pacchioni G. Defect
calculations in semiconductors through a dielectric-dependent hybrid DFT func-
tional: the case of oxygen vacancies in metal oxides. J Chem Phys 2015;143.
Ong CB, Ng LY, Mohammad AW. A review of ZnO nanoparticles as solar photo-
catalysts: synthesis, mechanisms and applications. Renew Sustain Energy Rev
2018;81:536-51.

Ay H, Uner D. Dry reforming of methane over CeO, supported Ni, Co and Ni-Co
catalysts. Appl Catal B Environ 2015;179:128-38.

Gambo Y, Jalil AA, Triwahyono S, Abdulrasheed AA. Recent advances and future
prospect in catalysts for oxidative coupling of methane to ethylene: a review. J Ind
Eng Chem 2018;59:218-29.

Faria EC, Neto RCR, Colman RC, Noronha FB. Hydrogen production through CO,
reforming of methane over Ni/CeZrO,/Al,O3 catalysts. Catal Today
2014;228:138-44.

Wang F, Xu L, Yang J, Zhang J, Zhang L, Li H, et al. Enhanced catalytic perfor-
mance of Ir catalysts supported on ceria-based solid solutions for methane dry
reforming reaction. Catal Today 2017;281:295-303.

Bobrova LN, Bobin AS, Mezentseva NV, Sadykov VA, Thybaut JW, Marin GB.
Kinetic assessment of dry reforming of methane on Pt+Ni containing composite of
fluorite-like structure. Appl Catal B Environ 2016;182:513-24.

Laguna OH, Centeno MA, Boutonnet M, Odriozola JA. Au-supported on Fe-doped
ceria solids prepared in water-in-oil microemulsions: catalysts for CO oxidation.
Catal Today 2016;278:140-9.

Fan C, Zhu YA, Yang ML, Sui ZJ, Zhou XG, Chen D. Density functional theory-
assisted microkinetic analysis of methane dry reforming on Ni catalyst. Ind Eng
Chem Res 2015;54:5901-13.

Munde MS, Gao DZ, Shluger AL. Diffusion and aggregation of oxygen vacancies in
amorphous silica. J Phys Condens Matter 2017;29.

Tian D, Zeng C, Wang H, Cheng X, Zheng Y, Xiang C, et al. Effect of transition
metal Fe adsorption on CeO, (110) surface in the methane activation and oxygen
vacancy formation: a density functional theory study. Appl Surf Sci
2017;416:547-64.

Tsai M, Nguyen T, Akalework NG, Pan C, Rick J, Liao Y, et al. Interplay between
molybdenum dopant and oxygen vacancies in a TiO, support enhances the oxygen
reduction reaction. ACS Catal 2016;6(10):6551-9.

Han JW, Park JS, Choi MS, Lee H. Uncoupling the size and support effects of Ni
catalysts for dry reforming of methane. Appl Catal B Environ 2017;203:625-32.
Liu Z, Grinter DC, Lustemberg PG, Nguyen-Phan T-D, Zhou Y, Luo S, et al. Dry
reforming of methane on a highly-active Ni-CeO, catalyst: effects of metal-support
interactions on C—H bond breaking. Angew Chem Int Ed 2016;55:7455-9.
Kristoffersen HH, Neilson HL, Buratto SK, Metiu H. Stability of V,05 supported on
titania in the presence of water , bulk oxygen vacancies , and adsorbed oxygen
atoms. J Phys Chem C 2017;121(15):8444-51.

Lu M, Fang J, Han L, Faungnawakij K, Li H, Cai S, et al. Coke-resistant defect-
confined Ni-based nanosheet-like catalysts derived from halloysites for CO, re-
forming of methane. Nanoscale 2018;10:10528-37.

Cao Y, Maitarad P, Gao M, Taketsugu T, Li H, Yan T, et al. Defect-induced efficient
dry reforming of methane over two-dimensional Ni/h-boron nitride nanosheet
catalysts. Appl Catal B Environ 2018;238:51-60.

Debek R, Motak M, Galvez ME, Grzybek T, Da Costa P. Promotion effect of zirconia
on Mg(Ni,Al)O mixed oxides derived from hydrotalcites in CO, methane re-
forming. Appl Catal B Environ 2018;223:36-46.

Erdogan B, Arbag H, Yasyerli N. SBA-15 supported mesoporous Ni and Co catalysts
with high coke resistance for dry reforming of methane. Int J Hydrogen Energy
2018;43:1396-405.

Bao Z, Zhan Y, Street J, Xu W, To F, Yu F. Insight into the phase evolution of a
NiMgAl catalyst from the reduction stage to the post-reaction stage during the dry
reforming of methane. Chem Commun 2017;53:6001-4.

Bao Z, Lu Y, Han J, Li Y, Yu F. Highly active and stable Ni-based bimodal pore
catalyst for dry reforming of methane. Appl Catal A Gen 2015;491:116-26.
Abdollahifar M, Haghighi M, Babaluo AA. Syngas production via dry reforming of
methane over Ni/Al;03-MgO nanocatalyst synthesized using ultrasound energy. J
Ind Eng Chem 2014;20:1845-51.

Cao Y, Lu M, Fang J, Shi L, Zhang D. Hexagonal boron nitride supported meso
SiO,-confined Ni catalysts for dry reforming of methane. Chem Commun
2017;53:7549-52.

Xie T, Shi L, Zhang J, Zhang D. Immobilizing Ni nanoparticles to mesoporous silica
with size and location control via a polyol-assisted route for coking- and sintering-
resistant dry reforming of methane. Chem Commun 2014;50:7250-3.

Xie T, Zhao X, Zhang J, Shi L, Zhang D. Ni nanoparticles immobilized Ce-modified
mesoporous silica via a novel sublimation-deposition strategy for catalytic re-
forming of methane with carbon dioxide. Int J Hydrogen Energy
2015;40:9685-95.

Zhao X, Cao Y, Li H, Zhang J, Shi L, Zhang D. Sc promoted and aerogel confined Ni
catalysts for coking-resistant dry reforming of methane. RSC Adv 2017;7:4735-45.
Zhao X, Lu M, Li H, Fang J, Shi L, Zhang D. In situ preparation of Ni nanoparticles
in cerium-modified silica aerogels for coking- and sintering-resistant dry reforming
of methane. New J Chem 2017;41:4869-78.

Wang F, Xu L, Zhang J, Zhao Y, Li H, Li HX, et al. Tuning the metal-support


http://refhub.elsevier.com/S1364-0321(19)30194-7/sref36
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref36
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref36
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref37
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref37
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref37
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref37
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref38
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref38
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref38
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref39
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref39
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref39
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref40
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref40
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref40
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref41
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref41
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref42
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref42
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref42
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref42
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref43
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref43
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref43
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref43
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref44
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref44
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref44
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref44
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref45
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref45
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref45
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref45
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref46
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref46
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref46
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref46
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref47
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref47
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref47
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref48
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref48
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref48
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref49
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref49
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref49
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref49
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref50
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref50
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref51
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref51
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref51
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref52
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref52
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref52
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref53
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref53
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref53
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref54
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref54
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref54
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref54
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref55
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref55
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref55
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref56
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref56
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref56
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref57
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref57
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref57
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref57
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref58
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref58
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref58
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref59
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref59
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref59
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref60
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref60
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref60
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref61
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref61
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref61
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref62
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref62
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref63
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref63
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref64
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref64
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref64
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref64
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref65
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref65
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref65
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref66
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref66
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref66
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref67
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref67
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref68
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref68
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref68
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref69
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref69
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref69
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref70
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref70
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref70
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref71
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref71
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref71
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref72
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref72
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref72
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref73
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref73
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref73
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref74
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref74
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref75
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref75
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref75
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref75
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref76
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref76
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref76
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref77
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref77
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref78
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref78
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref78
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref79
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref79
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref79
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref80
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref80
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref80
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref81
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref81
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref81
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref82
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref82
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref82
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref83
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref83
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref83
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref84
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref84
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref84
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref85
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref85
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref86
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref86
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref86
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref87
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref87
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref87
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref88
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref88
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref88
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref89
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref89
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref89
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref89
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref90
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref90
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref91
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref91
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref91
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref92

A. Abdulrasheed, et al.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

[120]

[121]

interaction in catalysts for highly efficient methane dry reforming reaction. Appl
Catal B Environ 2016;180:511-20.

Aghamohammadi S, Haghighi M, Maleki M, Rahemi N. Sequential impregnation
vs. sol-gel synthesized Ni/Al,03-CeO, nanocatalyst for dry reforming of methane:
effect of synthesis method and support promotion. Mol Catal 2017;431:39-48.
Beltran Y, Camila F, Pecchi G, Romel J. Dry reforming of methane on grafted-
supported Rh catalysts: effect of the metal-support interaction on the reaction rate.
React Kinet Mech Catal 2017;120:459-75.

Lustemberg PG, Ramirez PJ, Liu Z, Gutiérrez RA, Grinter DG, Carrasco J, et al.
Room-temperature activation of methane and dry Re-forming with CO, on Ni-
CeO, (111) surfaces: effect of Ce>* sites and metal-support interactions on C-H
bond cleavage. ACS Catal 2016;6:8184-91.

Liu Z, Lustemberg P, Gutiérrez RA, Carey JJ, Palomino RM, Vorokhta M, et al. In
situ investigation of methane dry reforming on metal/ceria (111) surfaces: me-
tal-support interactions and C—H bond activation at low temperature. Angew
Chem Int Ed 2017;56:13041-6.

Das S, Thakur S, Bag A, Gupta MS, Mondal P, Bordoloi A. Support interaction of Ni
nanocluster based catalysts applied in CO, reforming. J Catal 2015;330:46-60.
Larmier K, Chizallet C, Raybaud P. Tuning the metal-support interaction by
structural recognition of cobalt-based catalyst precursors. Angew Chem Int Ed
2015;54:6824-7.

LuY, Guo D, Ruan Y, Zhao Y, Wang S, Ma X. Facile one-pot synthesis of Ni@HSS as
a novel yolk-shell structure catalyst for dry reforming of methane. J CO, Util
2018;24:190-9.

Li Z, Jiang B, Wang Z, Kawi S. High carbon resistant Ni@Ni phyllosilicate@SiO,
core shell hollow sphere catalysts for low temperature CH4 dry reforming. J CO,
Util 2018;27:238-46.

Liu W, Li L, Zhang X, Wang Z, Wang X, Peng H. Design of Ni-ZrO,@SiO, catalyst
with ultra-high sintering and coking resistance for dry reforming of methane to
prepare syngas. J CO, Util 2018;27:297-307.

Gunduz Meric G, Arbag H, Degirmenci L. Coke minimization via SiC formation in
dry reforming of methane conducted in the presence of Ni-based core—shell mi-
crosphere catalysts. Int J Hydrogen Energy 2017;42:16579-88.

Gilroy KD, Ruditskiy A, Peng HC, Qin D, Xia Y. Bimetallic nanocrystals: syntheses,
properties, and applications. Chem Rev 2016;116:10414-72.

Almana N, Phivilay SP, Laveille P, Hedhili MN, Fornasiero P, Takanabe K, et al.
Design of a core-shell Pt-SiO, catalyst in a reverse microemulsion system: dis-
tinctive kinetics on CO oxidation at low temperature. J Catal 2016;340:368-75.
Zhao X, Li H, Zhang J, Shi L, Zhang D. Design and synthesis of NiCe@m-SiO,, yolk-
shell framework catalysts with improved coke- and sintering-resistance in dry
reforming of methane. Int J Hydrogen Energy 2016;41:2447-56.

Pang Y, Zhong A, Xu Z, Jiang W, Gu L, Feng X, et al. How do core-shell structure
features impact on the activity/stability of the Co-based catalyst in dry reforming
of methane? ChemCatChem 2018;10:2845-57.

Pang Y, Dou Y, Zhong A, Jiang W, Gu L, Feng X, et al. Nanostructured Ru-Co@
SiO,: highly efficient yet durable for CO, reforming of methane with a desirable
H,/CO ratio. Appl Catal A Gen 2018;555:27-35.

Wang M, Zhang Q, Zhang T, Wang Y, Wang J, Long K, et al. Facile one-pot
synthesis of highly dispersed Ni nanoparticles embedded in HMS for dry reforming
of methane. Chem Eng J 2017;313:1370-81.

Elsayed NH, Roberts NRM, Joseph B, Kuhn JN. Low temperature dry reforming of
methane over Pt-Ni-Mg/ceria-zirconia catalysts. Appl Catal B Environ
2015;179:213-9http://dx.

Ding C, Gao X, Han Y, Ma X, Wang J, Liu S, et al. Effects of surface states over core-
shell Ni@SiO, catalysts on catalytic partial oxidation of methane to synthesis gas.
J Energy Chem 2015;24:45-53.

Jabbour K, El Hassan N, Davidson A, Casale S, Massiani P. Factors affecting the
long-term stability of mesoporous nickel-based catalysts in combined steam and
dry reforming of methane. Catal Sci Technol 2016;6:4616-31.

Xiang X, Zhao H, Yang J, Zhao J, Yan L, Song H, et al. One-pot synthesis of ordered
mesoporous NiSiAl oxides for catalyzing CO, reforming of CH,. Eur J Inorg Chem
2016;2016:3396-404.

Chen C, Wang X, Zhang L, Zou X, Ding W, Lu X. Synthesis of mesoporous Ni —
La03/Si0O, by ploy ( ethylene glycol ) -assisted sol-gel route as highly ef fi cient
catalysts for dry reforming of methane with a H,/CO ratio of unity. Catal Commun
2017;94:38-41.

Zhang Q, Zhang T, Shi Y, Zhao B, Wang M, Liu Q, et al. A sintering and carbon-
resistant Ni-SBA-15 catalyst prepared by solid-state grinding method for dry re-
forming of methane. J CO, Util 2017;17:10-9.

Duan Y, Shang R, Zhong X, Xie W, Wang X, Huang L. In-situ synthesis of Ni-Mo,C/
Al,03 catalysts for dry reforming of methane. Int J Hydrogen Energy
2016;41:21955-64.

Wei Q, Gao X, Liu G, Yang R, Zhang H, Yang G, et al. Facile one-step synthesis of
mesoporous Ni-Mg-Al catalyst for syngas production using coupled methane re-
forming process. Fuel 2018;211:1-10.

Wang N, Yu X, Wang Y, Chu W, Liu M. A comparison study on methane dry re-
forming with carbon dioxide over LaNiO3 perovskite catalysts supported on me-
soporous SBA-15, MCM-41 and silica carrier. Catal Today 2013;212:98-107.

Yu K, Zhang X, Tong H, Yan X, Liu S. Synthesis of fibrous monodisperse core-shell
Fe304/Si0,/KCC-1. Mater Lett 2013;106:151-4.

Peng H, Wang D, Xu L, Wu P. One-pot synthesis of primary amides on bifunctional
Rh(OH)x/TS-1@KCC-1 catalysts. Cuihua Xuebao/Chin J Catal 2013;34:2057-65.
Jafarbegloo M, Tarlani A, Mesbah AW, Sahebdelfar S. One-pot synthesis of NiO@
MgO nanocatalysts for CO, reforming of methane: the influence of active metal
content on catalytic performance. J Nat Gas Sci Eng 2015;27:1165-73.

Jha A, Lee YL, Jang WJ, Shim JO, Jeon KW, Na HS, et al. Effect of the redox

192

[122]

[123]

[124]

[125]

[126]
[127]
[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

ble and S

ble Energy R 108 (2019) 175-193

properties of support oxide over cobalt-based catalysts in high temperature water-
gas shift reaction. Mol Catal 2017;433:145-52.

Montini T, Melchionna M, Monai M, Fornasiero P. Fundamentals and catalytic
applications of CeO,-based materials. Chem Rev 2016;116:5987-6041.

Kawi S, Kathiraser Y, Ni J, Oemar U, Li Z, Saw ET. Progress in synthesis of highly
active and stable nickel-based catalysts for carbon dioxide reforming of methane.
ChemSusChem 2015;8:3556-75.

Yentekakis IV, Goula G, Hatzisymeon M, Betsi-argyropoulou I, Botzolaki G, Kousi
K, et al. Effect of support oxygen storage capacity on the catalytic performance of
Rh nanoparticles for CO, reforming of methane. Appl Catal B Environ
2019;243:490-501.

Wolfbeisser A, Sophiphun O, Bernardi J, Wittayakun J, Féttinger K, Rupprechter
G. Methane dry reforming over ceria-zirconia supported Ni catalysts. Catal Today
2016;277:234-45.

Chein R, Fung W. ScienceDirect Syngas production via dry reforming of methane
over CeO, modified Ni/Al,05 catalysts. Int J Hydrogen Energy 2019:1-13.
Mette K, Kiihl S, Tarasov A, Diidder H, Kéhler K, Muhler M, et al. Redox dynamics
of Ni catalysts in CO, reforming of methane. Catal Today 2015;242:101-10.
Laosiripojana N, Assabumrungrat S. Catalytic dry reforming of methane over high
surface area ceria. Appl Catal B Environ 2005;60:107-16.

Zhang M, Zhang J, Wu Y, Pan J, Zhang Q, Tan Y. Insight into the effects of the
oxygen species over Ni/ZrO, catalyst surface on methane reforming with carbon
dioxide. Appl Catal B Environ 2019;244:427-37.

Li M, van Veen AC. Tuning the catalytic performance of Ni-catalysed dry re-
forming of methane and carbon deposition via Ni-CeO,_y interaction. Appl Catal B
Environ 2018;237:641-8.

Pappacena A, Razzaq R, de Leitenburg C, Boaro M, Trovarelli A. The role of
neodymium in the optimization of a Ni/CeO, and Ni/CeZrO, methane dry re-
forming catalyst. Inorganics 2018;6:39.

Singha RK, Yadav A, Shukla A, Kumar M, Bal R. Low temperature dry reforming of
methane over Pd-CeO, nanocatalyst. Catal Commun 2017;92:19-22.

Stroud T, Smith TJ, Saché E, Le, Santos JL, Centeno MA, Arellano-garcia H.
Chemical CO, recycling via dry and bi reforming of methane using Ni-Sn/Al,O3
and Ni-Sn/Ce0,-Al,05 catalysts. Appl Catal B Environ 2018;224:125-35.
Valderrama G, Kiennemann A, de Navarro CU, Goldwasser MR. LaNi,_ Mn,O3
perovskite-type oxides as catalysts precursors for dry reforming of methane. Appl
Catal A Gen 2018;565:26-33.

Kim SS, Lee SM, Won JM, Yang HJ, Hong SC. Effect of Ce/Ti ratio on the catalytic
activity and stability of Ni/CeO,-TiO, catalyst for dry reforming of methane. Chem
Eng J 2015;280:433-40.

Du X, Zhang D, Shi L, Gao R, Zhang J. Morphology dependence of catalytic
properties of Ni/CeO, nanostructures for carbon dioxide reforming of methane. J
Phys Chem C 2012;116:10009-16.

Zhang D, Du X, Shi L, Gao R. Shape-controlled synthesis and catalytic application
of ceria nanomaterials. Dalton Trans 2012;41:14455-75.

Xie Z, Yan B, Kattel S, Lee JH, Yao S, Wu Q, et al. Dry reforming of methane over
CeO,-supported Pt-Co catalysts with enhanced activity. Appl Catal B Environ
2018;236:280-93.

Yan B, Yang X, Yao S, Wan J, Myint MNZ, Gomez E, et al. Dry reforming of ethane
and butane with CO, over PtNi/CeO, bimetallic catalysts. ACS Catal
2016;6:7283-92.

Huygh S, Bogaerts A, Bal KM, Neyts EC. High coke resistance of a TiO, anatase
(001) catalyst surface during dry reforming of methane. J Phys Chem C
2018;122:9389-96.

Foppa L, Margossian T, Kim SM, Mueller C, Copéret C, Larmier K, et al.
Confronting the role of Ni/Al,Oj interfaces in water-gas shift and dry reforming of
methane. J Am Chem Soc 2017;139(47):17128-39.

Luo M, Yi Y, Wang S, Wang Z, Du M, Pan J, et al. Review of hydrogen production
using chemical-looping technology. Renew Sustain Energy Rev
2018;81:3186-214.

Lofberg A, Guerrero-Caballero J, Kane T, Rubbens A, Jalowiecki-Duhamel L. Ni/
CeO, based catalysts as oxygen vectors for the chemical looping dry reforming of
methane for syngas production. Appl Catal B Environ 2017;212:159-74.
Protasova L, Snijkers F. Recent developments in oxygen carrier materials for hy-
drogen production via chemical looping processes. Fuel 2016;181:75-93.

Huang Z, Jiang H, He F, Chen D, Wei G, Zhao K, et al. Evaluation of multi-cycle
performance of chemical looping dry reforming using CO, as an oxidant with Fe-
Ni bimetallic oxides. J Energy Chem 2016;25:62-70.

Huang Z, He F, Chen D, Zhao K, Wei G, Zheng A, et al. Investigation on reactivity
of iron nickel oxides in chemical looping dry reforming. Energy 2016;116:53-63.
Lofberg A, Kane T, Guerrero-Caballero J, Jalowiecki-Duhamel L. Chemical looping
dry reforming of methane: toward shale-gas and biogas valorization. Chem Eng
Process Process Intensif 2017;122:523-9.

Lim HS, Kang D, Lee JW. Phase transition of Fe;O3 -NiO to NiFe,0O, in perovskite
methane catalytic chemical particles looping for enhanced reforming- decom-
position with CO, conversion. Appl Catal B Environ 2016;202:175-83.

More A, Bhavsar S, Veser G. Iron-nickel alloys for carbon dioxide activation by
chemical looping dry reforming of methane. Energy Technol 2016;4:1147-57.
Ochoa A, Barbarias I, Artetxe M, Gayubo AG, Olazar M, Bilbao J, et al.
Deactivation dynamics of a Ni supported catalyst during the steam reforming of
volatiles from waste polyethylene pyrolysis. Appl Catal B Environ
2017;209:554-65.

Mattos LV, Jacobs G, Davis BH, Noronha FB. Production of hydrogen from ethanol:
review of reaction mechanism and catalyst deactivation. Chem Rev
2012;112:4094-123.

Guisnet M, Ribeiro FR. Deactivation and regeneration of zeolite catalysts. Imperial


http://refhub.elsevier.com/S1364-0321(19)30194-7/sref92
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref92
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref93
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref93
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref93
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref94
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref94
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref94
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref95
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref95
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref95
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref95
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref96
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref96
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref96
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref96
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref97
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref97
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref98
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref98
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref98
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref99
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref99
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref99
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref100
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref100
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref100
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref101
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref101
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref101
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref102
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref102
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref102
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref103
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref103
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref104
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref104
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref104
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref105
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref105
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref105
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref106
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref106
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref106
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref107
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref107
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref107
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref108
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref108
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref108
http://dx
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref110
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref110
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref110
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref111
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref111
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref111
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref112
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref112
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref112
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref113
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref113
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref113
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref113
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref114
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref114
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref114
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref115
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref115
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref115
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref116
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref116
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref116
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref117
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref117
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref117
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref118
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref118
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref119
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref119
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref120
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref120
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref120
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref121
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref121
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref121
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref122
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref122
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref123
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref123
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref123
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref124
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref124
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref124
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref124
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref125
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref125
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref125
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref126
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref126
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref127
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref127
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref128
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref128
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref129
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref129
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref129
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref130
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref130
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref130
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref131
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref131
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref131
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref132
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref132
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref133
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref133
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref133
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref134
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref134
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref134
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref135
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref135
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref135
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref136
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref136
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref136
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref137
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref137
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref138
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref138
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref138
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref139
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref139
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref139
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref140
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref140
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref140
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref141
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref141
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref141
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref142
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref142
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref142
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref143
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref143
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref143
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref144
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref144
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref145
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref145
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref145
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref146
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref146
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref147
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref147
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref147
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref148
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref148
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref148
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref149
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref149
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref150
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref150
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref150
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref150
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref151
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref151
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref151
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref152

A. Abdulrasheed, et al.

[153]
[154]
[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]
[165]
[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

College Press; 2011.

Oudar J. Deactivation and poisoning of catalysts. Taylor & Francis; 1985.

Rase HF. Handbook of commercial catalysts vol. 12. 2005.

Saib AM, Moodley DJ, Ciobic IM, Hauman MM, Sigwebela BH, Weststrate CJ, et al.
Fundamental understanding of deactivation and regeneration of cobalt Fischer-
Tropsch synthesis catalysts. Catal Today 2010;154:271-82.

Tsakoumis NE, Rgnning M, Borg @, Rytter E, Holmen A. Deactivation of cobalt
based Fischer-Tropsch catalysts: a review. Catal Today 2010;154:162-82.

Valle B, Aramburu B, Olazar M, Bilbao J, Gayubo AG. Steam reforming of raw bio-
oil over Ni/La,03-Al,03: influence of temperature on product yields and catalyst
deactivation. Fuel 2018;216:463-74.

Németh M, Séfran G, Horvéth A, Somodi F. Hindered methane decomposition on a
coke-resistant Ni-In/SiO, dry reforming catalyst. Catal Commun 2019;118:56-9.
Sengodan S, Lan R, Humphreys J, Du D, Xu W, Wang H, et al. Advances in re-
forming and partial oxidation of hydrocarbons for hydrogen production and fuel
cell applications. Renew Sustain Energy Rev 2018;82:761-80.

Lee JH, You YW, Ahn HC, Hong JS, Kim SB, Chang TS, et al. The deactivation
study of Co-Ru-Zr catalyst depending on supports in the dry reforming of carbon
dioxide. J Ind Eng Chem 2014;20:284-9.

De Sousa FF, De Sousa HSA, Junior MCC, Ayala AP, Barros EB, Viana BC, et al.
Nanostructured Ni-containing spinel oxides for the dry reforming of methane:
effect of the presence of cobalt and nickel on the deactivation behaviour of cat-
alysts. Int J Hydrogen Energy 2012;37:3201-12.

De Sousa HSA, Da Silva AN, Castro AJR, Campos A, Filho JM, Oliveira AC.
Mesoporous catalysts for dry reforming of methane: correlation between structure
and deactivation behaviour of Ni-containing catalysts. Int J Hydrogen Energy
2012;37:12281-91.

Wang Z, Cao X, Zhu J, Hu P. Supporting information activity and coke formation
of nickel and nickel carbide in dry Reforming: a deactivation model from density
functional. Theory 2014;311:1-7.

Bartholomew C, Argyle M. Advances in catalyst deactivation and regeneration.
Catalysts 2015;5:949-54.

Argyle M, Bartholomew C. Heterogeneous catalyst deactivation and regeneration:
a review. Catalysts 2015;5:145-269.

Theofanidis SA, Galvita VV, Poelman H, Marin GB. Enhanced carbon-resistant dry
reforming Fe-Ni catalyst: role of Fe. ACS Catal 2015;5:3028-39.

Rego de Vasconcelos B, Pham Minh D, Sharrock P, Nzihou A. Regeneration study
of Ni/hydroxyapatite spent catalyst from dry reforming. Catal Today
2018;310:107-15.

Adesina AA. The role of CO, in hydrocarbon reforming catalysis: friend or foe?
Curr Opin Chem Eng 2012;1:272-80.

Theofanidis SA, Batchu R, Galvita VV, Poelman H, Marin GB. Carbon gasification
from Fe-Ni catalysts after methane dry reforming. Appl Catal B Environ
2016;185:42-55.

Theofanidis SA, Galvita VV, Sabbe M, Poelman H, Detavernier C, Marin GB.
Controlling the stability of a Fe-Ni reforming catalyst: structural organization of
the active components. Appl Catal B Environ 2017;209:405-16.

Izquierdo U, Garcia-Garcia I, Gutierrez A, Arraibi J, Barrio V, Cambra J, et al.
Catalyst deactivation and regeneration processes in biogas tri-reforming process.
The effect of hydrogen sulfide addition. Catalysts 2018;8:12.

Abdelsadek Z, Sehailia M, Halliche D, Gonzalez-Delacruz VM, Holgado JP, Bachari
K, et al. In-situ hydrogasification/regeneration of NiAl-hydrotalcite derived cata-
lyst in the reaction of CO, reforming of methane: a versatile approach to catalyst
recycling. J CO, Util 2016;14:98-105.

Kalai DY, Stangeland K, Jin Y, Yu Z. Active and stable hydrotalcite derived Ni
catalysts for CO, reforming of methane: comparison with catalysts by incipient
wetness. J CO, Util 2018;25:346-55.

Singh S, Zubenko D, Rosen BA. Influence of LaNiO3 shape on its solid-phase
crystallization into coke-free reforming catalysts. ACS Catal 2016;6:4199-205.

le Saché E, Pastor-Pérez L, Watson D, Sepulveda-Escribano A, Reina TR. Ni sta-
bilised on inorganic complex structures: superior catalysts for chemical CO, re-
cycling via dry reforming of methane. Appl Catal B Environ 2018;236:458-65.
Polo-Garzon F, He M, Bruce DA. Ab initio derived reaction mechanism for the dry
reforming of methane on Rh doped pyrochlore catalysts. J Catal 2016;333:59-70.
Polo-Garzon F, Pakhare D, Spivey JJ, Bruce DA. Dry reforming of methane on Rh-
doped pyrochlore catalysts: a steady-state isotopic transient kinetic study. ACS
Catal 2016;6:3826-33.

Gaur S, Haynes DJ, Spivey JJ. Rh, Ni, and Ca substituted pyrochlore catalysts for
dry reforming of methane. Appl Catal A Gen 2011;403:142-51.

Pakhare D, Shaw C, Haynes D, Shekhawat D, Spivey J. Effect of reaction tem-
perature on activity of Pt- and Ru-substituted lanthanum zirconate pyrochlores
(LayZr,05) for dry (CO,) reforming of methane (DRM). J CO, Util 2013;1:37-42.
Pakhare D, Wu H, Narendra S, Abdelsayed V, Haynes D, Shekhawat D, et al.
Characterization and activity study of the Rh-substituted pyrochlores for CO, (dry)
reforming of CH4. Appl Petrochem Res 2013;3:117-29.

Mesquita I, Andrade L, Mendes A. Perovskite solar cells: materials, configurations

193

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

R ble and S

ble Energy R 108 (2019) 175-193

and stability. Renew Sustain Energy Rev 2018;82:2471-89.

Saparov B, Mitzi DB. Organic-Inorganic perovskites: structural versatility for
functional materials design. Chem Rev 2016;116:4558-96.

Kiihl S, Diidder H, Girgsdies F, Kéhler K, Muhler M, Behrens M. Perovskites as
precursors for Ni/La,O5 catalysts in the dry reforming of methane: synthesis by
constant pH Co-precipitation, reduction mechanism and effect of Ru-doping.
Zeitschrift Fur Anorg Und Allg Chemie 2017:1088-95.

Grabowska E. Selected perovskite oxides: characterization, preparation and pho-
tocatalytic properties-A review. Appl Catal B Environ 2016;186:97-126.

Su YJ, Pan KL, Chang MB. Modifying perovskite-type oxide catalyst LaNiO; with
Ce for carbon dioxide reforming of methane. Int J Hydrogen Energy
2014;39:4917-25.

Yang EH, Noh YS, Ramesh S, Lim SS, Moon DJ. The effect of promoters in
Lag.oMo.1Nig sFep s03(M = Sr, Ca) perovskite catalysts on dry reforming of me-
thane. Fuel Process Technol 2015;134:404-13.

Moradi GR, Rahmanzadeh M, Khosravian F. The effects of partial substitution of Ni
by Zn in LaNiO; perovskite catalyst for methane dry reforming. J CO, Util
2014;6:7-11.

Dama S, Ghodke SR, Bobade R, Gurav HR, Chilukuri S. Active and durable alkaline
earth metal substituted perovskite catalysts for dry reforming of methane. Appl
Catal B Environ 2018;224:146-58.

Gangurde LS, Sturm GSJ, Valero-Romero MJ, Mallada R, Santamaria J,
Stankiewicz Al, et al. Synthesis, characterization, and application of ruthenium-
doped SrTiO3 perovskite catalysts for microwave-assisted methane dry reforming.
Chem Eng Process - Process Intensif 2018;127:178-90.

Hu J, Galvita VV, Poelman H, Detavernier C, Marin GB. Catalyst-assisted chemical
looping auto-thermal dry reforming : spatial structuring effects on process effi-
ciency. Appl Catal B Environ 2018;231:123-36.

Kang D, Lim HS, Lee M, Lee JW. Syngas production on a Ni enhanced Fe,03/Al,03
oxygen carrier via chemical looping partial oxidation with dry reforming of me-
thane. Appl Energy 2018;211:174-86.

Zheng Y, Li K, Wang H, Tian D, Wang Y, Zhu X. Designed oxygen carriers from
macroporous LaFeO3 supported CeO-, for chemical-looping reforming of methane.
Appl Catal B Environ 2017;202:51-63.

Alirezaei I, Ha A, Rahimpour MR. Syngas production in chemical looping re-
forming process over ZrO, promoted Mn-based catalyst. J CO, Util
2018;23:105-16.

Wang Z, Hu X, Dong D, Parkinson G, Li C. Effects of calcination temperature of
electrospun fi brous Ni/Al,O3 catalysts on the dry reforming of methane. Fuel
Process Technol 2017;155:246-51.

Shang Z, Li S, Li L, Liu G, Liang X. Highly active and stable alumina supported
nickel nanoparticle catalysts for dry reforming of methane. Appl Catal B Environ
2017;201:302-9.

Zhang X, Zhang L, Peng H, You X, Peng C, Xu X, et al. Nickel nanoparticles em-
bedded in mesopores of AISBA-15 with a perfect peasecod-like structure: a cata-
lyst with superior sintering resistance and hydrothermal stability for methane dry
reforming. Appl Catal B Environ 2018;224:488-99.

Das S, Ashok J, Bian Z, Dewangan N, Wai MH, Du Y, et al. Silica — ceria sand-
wiched Ni core — shell catalyst for low temperature dry reforming of biogas: coke
resistance and mechanistic insights. Appl Catal B Environ 2018;230:220-36.
Danghyan V, Calderon Novoa S, Mukasyan A, Wolf EE. Pressure dilution, a new
method to prepare a stable Ni/fumed silica catalyst for the dry reforming of me-
thane. Appl Catal B Environ 2018;234:178-86.

Gould TD, Montemore MM, Lubers AM, Ellis LD, Weimer AW, Falconer JL, et al.
Enhanced dry reforming of methane on Ni and Ni-Pt catalysts synthesized by
atomic layer deposition. Appl Catal A Gen 2015;492:107-16.

Neagu D, Oh TS, Miller DN, Ménard H, Bukhari SM, Gamble SR, et al. Nano-
socketed nickel particles with enhanced coking resistance grown in situ by redox
exsolution. Nat Commun 2015;6.

Zubenko D, Singh S, Rosen BA. Exsolution of Re-alloy catalysts with enhanced
stability for methane dry reforming. Appl Catal B Environ 2017;209:711-9.
Sidik SM, Triwahyono S, Jalil AA, Aziz MAA, Fatah NAA, Teh LP. Tailoring the
properties of electrolyzed Ni/mesostructured silica nanoparticles (MSN) via dif-
ferent Ni-loading methods for CO, reforming of CH4. J CO, Util 2016;13:71-80.
Peng H, Zhang X, Zhang L, Rao C, Lian J, Liu W, et al. One-pot facile fabrication of
multiple nickel nanoparticles confined in microporous silica giving a multiple-
Cores@Shell structure as a highly efficient catalyst for methane dry reforming.
ChemCatChem 2017;9:127-36.

Shirazi M, Neyts EC, Bogaerts A. DFT study of Ni-catalyzed plasma dry reforming
of methane. Appl Catal B Environ 2017;205:605-14.

Perriot R, Uberuaga BP. Structural vs. intrinsic carriers: contrasting effects of ca-
tion chemistry and disorder on ionic conductivity in pyrochlores. J Mater Chem A
Mater Energy Sustain 2015;3:11554-65.

Gupta S, Mahapatra MK, Singh P. Lanthanum chromite based perovskites for
oxygen transport membrane. Mater Sci Eng R Rep 2015;90:1-36.


http://refhub.elsevier.com/S1364-0321(19)30194-7/sref152
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref153
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref154
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref155
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref155
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref155
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref156
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref156
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref157
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref157
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref157
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref158
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref158
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref159
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref159
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref159
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref160
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref160
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref160
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref161
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref161
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref161
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref161
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref162
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref162
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref162
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref162
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref163
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref163
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref163
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref164
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref164
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref165
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref165
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref166
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref166
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref167
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref167
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref167
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref168
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref168
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref169
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref169
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref169
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref170
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref170
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref170
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref171
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref171
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref171
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref172
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref172
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref172
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref172
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref173
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref173
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref173
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref174
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref174
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref175
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref175
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref175
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref176
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref176
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref177
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref177
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref177
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref178
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref178
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref179
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref179
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref179
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref180
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref180
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref180
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref181
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref181
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref182
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref182
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref183
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref183
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref183
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref183
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref184
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref184
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref185
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref185
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref185
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref186
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref186
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref186
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref187
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref187
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref187
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref188
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref188
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref188
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref189
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref189
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref189
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref189
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref190
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref190
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref190
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref191
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref191
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref191
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref192
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref192
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref192
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref193
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref193
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref193
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref194
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref194
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref194
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref195
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref195
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref195
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref196
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref196
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref196
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref196
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref197
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref197
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref197
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref198
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref198
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref198
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref199
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref199
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref199
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref200
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref200
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref200
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref201
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref201
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref202
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref202
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref202
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref203
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref203
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref203
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref203
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref204
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref204
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref205
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref205
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref205
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref206
http://refhub.elsevier.com/S1364-0321(19)30194-7/sref206

	A review on catalyst development for dry reforming of methane to syngas: Recent advances
	Introduction
	Active sites
	Surface acidity/basicity of catalyst
	Oxygen vacancy
	Metal-support interaction
	Core-shell configuration
	Redox potential
	Chemical looping dry reforming of methane catalysts
	Catalysts deactivation
	Carbon/coke formation
	Metal sintering
	Regeneration of spent catalyst

	Crystalline oxides catalysts
	Prospects
	Research outlook
	Conclusion
	Acknowledgements
	References




