methane

Review

Modification Strategies of Ni-Based Catalysts with Metal
Oxides for Dry Reforming of Methane

Xingyuan Gao /%3

check for
updates

Citation: Gao, X,; Lin, W.; Ge, Z.; Ge,
H.; Kawi, S. Modification Strategies
of Ni-Based Catalysts with Metal
Oxides for Dry Reforming of
Methane. Methane 2022, 1, 139-157.
https:/ /doi.org/10.3390/methane
1030012

Academic Editor:

Mateusz Wnukowski

Received: 7 April 2022
Accepted: 2 June 2022
Published: 21 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Weihao Lin !, Zhiyong Ge !, Hongming Ge ! and Sibudjing Kawi 3*

Department of Chemistry and Material Science, Guangdong University of Education, Guangzhou 510303,
China; gaoxingyuan@gdei.edu.cn (X.G.); linweihao@gdei.edu.cn (W.L.); gezhiyong@gdei.edu.cn (Z2.G.);
gehongming@gdei.edu.cn (H.G.)

Engineering Technology Development Center of Advanced Materials and Energy Saving and Emission
Reduction in Guangdong Colleges and Universities, Guangzhou 510303, China

Department of Chemical and Biomolecular Engineering, National University of Singapore,

Singapore 117585, Singapore

*  Correspondence: chekawis@nus.edu.sg; Tel.: +65-6516-6312

Abstract: Syngas generated from the catalytic dry reforming of methane (DRM) enables the down-
stream production of Hj fuel and value-added chemicals. Ni-based catalysts with metal oxides, as
both supports and promoters, are widely applied in the DRM reaction. In this review, four types of
metal oxides with support confinement effect, metal-support interaction, oxygen defects, and surface
acidity /basicity are introduced based on their impacts on the activity, selectivity, and stability of the
Ni-based catalyst. Moreover, the structure-performance relationships are discussed in-depth. Finally,
conclusive remarks and prospects are proposed.
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1. Introduction

CO; and CH4 are two main sources of greenhouse gases released from industry
and human activities, which adversely influences the natural environment and biological
diversity [1-4]. A promising strategy to address the above issues is conversion of both gases
into valuable products, such as syngas—a mixture of CO and H;, which can be further
transformed into pure H, via separation membranes or value-added chemicals (e.g., acetic
acid, methanol, oxyalcohol, dimethyl ether, and long-chain hydrocarbons) via combination
reactions [5-10].

Due to the strong endothermic forward reaction, a high temperature (600-800 °C) is
usually needed to activate the reactant molecules. The utilization of catalysts certainly
lowers the activation barrier and changes the reaction pathway. Noble metals exhibit a
high conversion and anti-coking property; however, the limited reserve and high cost
hinder their large-scale applications. In comparison, Ni-based catalysts are low cost and
comparable catalytic activities, thus presenting a competitive application potential in
the DRM reaction [11-13]; however, owing to the intensive reaction conditions, metal
sintering is more likely to occur than in mild conditions, resulting in a loss of surface
area and an activity drop. Additionally, coke formation from CH4 decomposition and CO
disproportionation easily covers the active sites and blocks the reactor [14-17]; therefore,
modifications are necessary to develop a highly active and robust Ni-based catalyst.

Since CO, can be adsorbed and activated at the metal and oxygen ions, metal oxides (e.g.,
basic oxides, rare earth metal oxides, transition metal oxides, and mixed oxides) with oxygen
defects and surface basicity are widely applied as supports or promoters [18-22]. In particular,
strong basicity enhances the CO, conversion efficiency and facilitates the dissociation of CO,
into CO and O radicals, leading to immediate carbon removal [23-25]. On the other hand,
the existence of oxygen defects accelerates the surface oxygen mobility and lattice oxygen
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migration, thus realizing an effective coke elimination [26-30]. In addition to the CO,
conversion, CHy prefers to adsorb onto the Ni surface and undergoes the activation to
produce CHy and H atoms. Thus, a highly dispersed Ni particle with a small size and
large exposed area favors a fast CHy conversion [31-33]. To ensure a well-distributed and
unchanged particle size, metal oxides can be added to interact strongly with Ni sites by
forming the solid solution or spinel phase. Moreover, Ni nanoparticle migration could be
retarded by the physical steric hindrance provided by the ordered porous or hierarchical
metal oxide structures. Based on the above discussion, metal oxides play a crucial role in
affecting the physicochemical properties and catalytic performances of Ni-based catalysts
in the DRM reaction.

In recent years, reviews on the catalysts for the DRM reaction mainly focus on specific
metal or support materials, such as Ni-based catalysts [34], transition metal catalysts [35],
Ni/Al,Os5 catalysts [36], silica-based catalysts [37], Lanthanoid-containing Ni-based cat-
alysts [38], metal carbides [39] and alloy catalysts [40]. Very few works are focused on
the applications of metal oxides in Ni-based catalysts relating to the modification impacts
on the size, morphology, surface, and interface properties that are based on the catalytic
activities and anti-deactivation behaviors in the DRM reaction; therefore, this review sum-
marizes the state-of-art developments of Ni-based catalysts regarding the modification
strategies (support confinement, metal-support interaction, oxygen defects, and surface
acidity /basicity) of metal oxides (basic oxides, rare earth metal oxides, transition metal
oxides, and mixed oxides) on the activity, selectivity, stability, and deactivation resistance
in the DRM reaction. Moreover, the reaction and deactivation mechanisms of Ni catalysts
in the DRM reaction are illustrated in detail. In addition, the structure-performance re-
lationships are critically discussed in depth. Finally, conclusive remarks and prospects
are proposed.

2. Reaction and Deactivation Mechanisms
2.1. Catalytic Reaction Mechanism

In the DRM reaction, an equal amount of CO, and CHy are transformed into syngas.
Due to the strong C-H bonds in CHy, and the highest valence state of C in CO, [41,42], the
DRM reaction possesses a highly endothermic nature, as presented below [43]:

CHy + CO, — 2CO + 2H, AHYgg = 247.3 kJ /mol 1)

As for the reaction mechanisms, mono-functional (on metals only) and bi-functional
mechanisms (on metals and supports) are proposed as follows [44]. In the mono-functional
pathway (Equations (2)—(10)), the dissociation of CH, and CO, takes place simultaneously,
producing CO, O, H, and CHy species. Subsequently, CHx combines with O atoms to
form CO and H atoms, whereas two H atoms combine to generate H, molecules. In the
meantime, hydroxyl groups are produced by the combination of O and H atoms. After
hydrogenation, -OH is converted to H,O as a side product.

CH, > CHyi) + (4 — ) H ) 2)
2Hni) <> Ho(gas) 3)

COy(gas) < COxni) 4)
COy(gas) ¢+ COpni) + O )
O(Ni) + CHx(Ni) — CO(Ni) + xHny) 6)
COi) © CO(gas) @)

Hni) + Oy < HOw 8)

Hni) + HOiy ¢ H2O(gas) 9)
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OH(Ni) A Ho(support) (10)

In the bi-functional mechanism (Equations (11)-(26)) [45], the activation of CO; occurs
on the support, whereas that of CHy takes place at the Ni surface. In addition, O atoms can
be generated from both the -OH decomposition at the Ni sites and the reaction between CO,
and O?~ ions at the support. Subsequently, CO can be produced from both the oxidation of
CHy at the metal surface and the dissociation of HCO, ™ from the support derived from the
hydrogenation of CO32~ and HCO; ™. Instead of the combination of -OH and H atoms in
the mono-functional mechanism, two -OH groups react with each other to form the side
product H,O.

CHy activation at Ni sites:

CHy > CH ) + (4 — x)H ) (11)
2H i) > Hgas) (12)
OH (qupport) <> OHni) (13)
OH (i) ¢ Honi) + O (14)
OH i) + Hni) ¢ H2O (g (15)
Omi) + CHyi) <> COmip) + xHni) (16)
COi) ¢+ CO(gas) (17)

CO; activation on support sites:
COx(gas) < CO2(support) (18)
COx(support) + Ofzapport) < CO3support) + Oni) (19)
COxsupport) + OH {0 < HCOZ gyonore (20)
Hni) ¢ Hsupport) (21)
CO%(_support) + 2H(support) ¢ HCOZ_(Support) + H2Osupport) (22)
HCOZ g mport) € COtsupport) + OHlgyoorn (23)
CO(support) +* CO(gas) (24)
20H ;1 00rt) < H2O(support) + O%s_upport) (25)
HoO(support) < H2O(gas) (26)

2.2. Deactivation Mechanisms
2.2.1. Coking

In the DRM reaction, coke formation can be caused by CH, cracking (Equation (27))
and CO disproportionation (Equation (28)) [46,47], which covers the Ni surface and blocks
catalyst pore structures [46]. The impacts of carbon deposits depend on the structure.
o-carbon is usually amorphous and mostly formed at the Ni sites with a small size and
high dispersion, which is easily gasified during the reaction. In comparison, large Ni
particles favor the formation of 3-carbon, which is not active as x-carbon, and is possibly
transformed into y-carbon. As the most inert and ordered phase, y-carbon is in the form of
graphite and exerts the most detrimental effect on catalytic activity and stability [48,49].

CHy <+ C +2H, AH)oq = 74.9 kJ /mol (27)

2CO ¢ C +CO; AH)og = —172.2 k] /mol (28)
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The factors determining the coke formation include the particle size, metal-support in-
teraction (MSI), temperature, space-time, and the surface property of catalysts. For example,
a large particle size favors the carbon deposition, especially in the form of inert graphitic
carbons encapsulating the active sites. As for the MSI, a strong MSI mostly facilitates the
coke removal, owing to the interface synergy; however, an excessively strong MSI might
lead to the coverage of carbon nanotubes on the active centers. Moreover, a high reaction
temperature probably inhibits the carbon formation because the CO disproportionation is
greatly prevented; however, the catalyst should be carefully designed to gasify the carbon
derived from methane decomposition. Moreover, at a low space-time, a serious deposition
of filamentous and encapsulated carbons occurs; at a high space-time, more encapsulated
cokes are eliminated, especially with the temperature increase. Finally, a basic and oxygen-
deficient catalyst surface enables high CO, adsorption and activation with a rapid oxygen
migration, which promotes the coke gasification.

2.2.2. Sintering

In high temperature conditions, a large Ni particle is generated following either Ost-
wald ripening or particle migration mechanism. In Ostwald ripening (atomic migration),
which occurs at a relatively higher temperature and has a longer duration, the particle
emitted from the metal is captured by another one to form a larger size. In comparison,
in particle migration, which prefers lower temperatures, two particles move on the sur-
face of the support and combine to produce a larger particle [50]. Apart from the metal
sintering, support sintering is possibly caused by phase transformation or the evapora-
tion/condensation of volatile molecules/atoms [46]. For example, 6-phase Al,O3; was
transformed into a-phase when the temperature increased from 1000 to 1125 °C, resulting
in a reduction in surface area [51]. According to the authors, the reduction of surface area
was due to the micropore collapse and dense hcp phase formation. Notably, the transition
temperature change initiated by the spinel formation might also be a driving force of the
phase transformation.

In addition to the temperature effect, an ordered mesoporous support or a hierarchical
structure offers a confinement effect, so as to hinder the random movement of metal
particles; however, if the precursor concentration is very high, some metal ions fail to enter
the pores and accumulate on the support surface, which easily agglomerate with each
other during the subsequent high temperature treatment. Moreover, a fast flow rate of the
reducing stream may eliminate the heat generated on the catalyst bed, thus enhancing the
metal dispersion.

2.2.3. Poisoning

Due to the existence of impurities (e.g., sulfur species) in the raw feed, metallic Ni is
easily converted to sulfides via a reaction with HyS (Equation (29)) [52]. As a result, the
adsorption and activation of CHy are inhibited. In addition to the sulfidation mechanism,
side reactions or carbon formation might be favored under the coverage of sulfur species.

Ni+HyS= Ni—S+H, (29)

To address the poisoning issues, the increase in reaction temperature is effective to
break the Ni-S bond; in other reports, however, a high temperature causes irreversible S
layers to form on the active sites, whereas a low temperature favors polysulfide formation,
which is easily removed by H,. As well as the temperature, the introduction of O, or steam
could alleviate this poisoning effect; however, the oxidation of Ni metals into oxides or
sulfates leads to the loss of active sites [50,52]. Moreover, the doping of noble metals may
protect the Ni active sites from being poisoned.

3. Impacts of Metal Oxides

To promote the adsorption and activation of reactant molecules and prevent the
deactivation of Ni catalysts, metal oxides can be added as either a support or a modifier
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so as to confine the Ni particles within the pores or core-shell structures, to anchor the
Ni metals via a strong metal-support interaction (MSI), to improve the CO, adsorption at
the abundant basic sites, and to facilitate the oxygen mobility so as to oxidize the carbon
and sulfides. Commonly used metal oxides include basic oxides, rare earth metal oxides,
transition metal oxides, and mixed oxides. In the following sections, the impacts of metal
oxides on the physicochemical properties and catalytic performances of Ni catalysts in the
DRM reaction will be discussed in four categories (support confinement, metal-support
interaction, oxygen defects, and surface acidity /basicity).

3.1. Support Confinement

Many oxides with a porous structure exhibit the support confinement effect on the
dispersion of metal sites. For example, ordered mesoporous silica materials provide an
abundant confined space for inhibiting the metal migration. Benefiting from the ordered
channels of SBA-15, negligible metal sintering occurred over a 40 h reaction [53]; however,
the other two silica supports (MCM-41 and KIT-6) suffer from the poor structure stability
and micropore blocking, resulting in a low activity but high coke formation [54,55]. Simi-
larly, with the silica materials, a metal oxide with ordered porous structures can effectively
accommodate the Ni species and prevent the migration of Ni particles, thus improving the
anti-sintering property and maintaining the activation of CHs. Compared with non-porous
Al O3, the 2D hexagonal Al,O3 support prepared by the “one-pot method” possessed
abundant mesopores, offering a confined space for accommodating Ni-Fe alloy particles.
The resultant highly dispersed Ni-Fe active sites stabilized the conversion efficiency with
negligible metal growth or carbon deposition after 13 h during the DRM reaction at 700 °C
(Table 1) [33]. With CeO, doped into the framework, the CeO,—-Al,O3 mesoporous support
structures prevented Ni nanoparticles from migration and agglomeration, keeping the
active sites exposed to the reactant molecules. At 700 °C, the CHy conversion was as
high as 78% over 80 h for the CeO,-modified catalyst [56]. As well as the 2D morphology,
by carefully controlling the pH value in synthesis, the formed mesoporous Al,O3; with a
cubic phase provided steric hindrance to confine the Ni metals within the support matrix.
Owing to the strong resistance against coking and sintering, an excellent conversion of
CO, and CH4 were obtained (97% and 99%, respectively), with only 5% coke formation
over a 210 h DRM reaction at 700 °C (Table 1) [31]. To simultaneously improve the Ni
dispersion and mass diffusion, a hierarchically porous Al,O3 structure with bimodal pore
distribution (macropore structure and mesoporous channels) confined the Ni nanoparticles,
and allowed the fast diffusion of intermediates and products, thus facilitating the CHy4
activation and carbon removal [57].

Table 1. A summary of representative Ni-based catalysts modified with metal oxides for DRM
reaction.

Catalyst

Temperature

((®)

CH,4 Conversion CO, Conversion

CH,/CO, (%) (%)

H,/CO Remark Ref

Fesy,Nisy, Al,O3

700

NiFe alloy particles were
1.8:1 50 89 1.1 confined within the ordered [33]
mesoporous AlO3 frameworks.

Ni/Al,O3

850

Cubic and mesoporous Al,O3
confined Ni particles and
exhibited strong sintering

resistance over 210 h.

1:1 99 9% 0.89 [31]

Ni*CEOZ /5102

700

High Ni dispersion on CeO, and
1:1 77 85 0.95 abundant Ni-CeQ, interfaces [58]
enhanced the coke resistance.

Ni / Laz 03

650

Ni agglomeration was alleviated
1:1 30 68 0.9 over 50 h due to the La, O3 [59]
mesopore confinement.

Ni /Yz Og—ZI‘Oz

700

Ni particle size was reduced over
1:1 67 71 0.85 8 h due to re-dispersion and [60]
strong MSI with Y,03 doping.
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Table 1. Cont.

Catalyst

Temperature

Q)

CH,4 Conversion CO, Conversion

CH,/CO, P P

H,/CO Remark Ref

LaNig34Co0.33Mng 3303

800

MnO enhanced the interaction
1:1.05 94 925 1.15 between the metal and La,O3 [61]
support.

Ni /Alz O3—La203 CO3

650

La,0,CO3 increased the number
1:1 61 65 0.85 of Ni active sites by inhibiting the [32]
NiAl,O4 formation.

Ni/MgO-ZrO,

800

ZrO; tuned the MSI in Ni/MgO

11 68 75 0-89 and enhanced the reducibility.

[62]

1.5CeO,_x-NSNT

750

Ni silicate nanotubes (NSNTs)
reacted with CeO; to produce
Ce®* and oxygen defects,
inhibiting the coke formation.

1:1 82 88 0.91 [28]

Cep.70Lap20Nip1002- 5

750

Oxygen defects and La,0,CO3
1:1 73 84 0.88 contributed to the improved coke [29]
resistance.

La(Cop.1Nig9)o5Feos03

750

Co partial substitution generated
oxygen vacancies and enhanced
the amount of surface oxygen
species.

1:1 70 80 0.89 [30]

Lag.4CegNips5Feo503

750

Reversible redox reaction and
undercoordinated B-site cations
increased oxygen defect
concentration.

1:1 62 72 0.91 [63]

Co-Ni/Sc-SBA-15

700

More basic sites were generated
11 72.5 79 091 with the Sc doping, reducing the [19]
inert carbon amount.

SmCoQO3

800

Co activated CH4 and Sm;0,CO3

1 %3 90 L1 removed carbon intermediates.

[24]

Ni/A1203—MgO

800

MgO enhanced the concentration

of medium and strong basic sites,

thus alleviating the encapsulated
carbon formation.

1:1 40 52 0.7 [25]

Y-doped Ni-Mg-Al
double-layered
hydroxides

700

Weak and medium basic sites
were introduced by Y,03,
promoting reversible CO,

adsorption and desorption.

11 76.2 80.8 0.92 [64]

Apart from Al,O3, CeO; can provide a confinement effect on the Ni particles. Via the
one-step colloidal solution combustion method, highly dispersed Ni nanoparticles were
formed due to the spatial confinement by CeO,. During the reaction, Ni migration and
agglomeration were greatly inhibited, producing a particle size of less than 5 nm. Owing
to the small Ni metal size and abundant Ni-CeO; interfaces, only 1.8% carbon deposition
was observed over a 20 h DRM reaction at 700 °C (Table 1) [58]. Similarly, mesoporous
LayO3; was synthesized with SBA-15 as the hard template. As shown in Figure 1, large
Ni particles were formed with an average size of 13.7 nm; in comparison, much smaller
Ni nanoparticles with a size of 4.6 nm were highly dispersed and confined within the
mesopores of LayO3. After 50 h of the DRM reaction at 650 °C, serious Ni agglomeration
took place in the 5Ni/LayO3-n catalyst, such that the particle size was increased to 17.1 nm,
whereas for the mesoporous La;O3 supported Ni catalyst, a lower degree of metal growth
was presented, in that the spent Ni size was 5.5 nm. As well as the abundant active sites
for CHy activation, a higher dispersion and smaller size of Ni provided more Ni-Lay;O3
interfaces, where CO, adsorption, bidentate carbonate formation, and coke removal were
facilitated (Table 1) [59]. Different from a mesoporous structure, as a protective layer, ZrO,
was proven effective in confining the Ni particles. By coating a porous ZrO; shell onto Ni,
the metal phase agglomeration was significantly prevented, leading to a much smaller size
(6 vs. 170 nm) over 20 h during the DRM reaction at 700 °C [21].
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Figure 1. TEM image of a reduced (a) 5Ni/La;O3-n catalyst (from nitrate) and (b) a 5Ni/LayO3-m
catalyst (with template). Reproduced with permission from [59]. Copyright 2019, Elsevier.

3.2. Metal-Support Interaction

Apart from the physical steric hindrance from the support via confinement effect, the
chemical interaction between the Ni and support strengthens the contact at the interface and
generates a synergy, thus alleviating the Ni agglomeration and promoting the activation of
reactants. For example, unlike other reports where spinel phases are prone to deactivating
the catalysts, in Jabbour’s study, the NiAl,O4 spinel phase was formed under air calcination
at 700 °C, which enhanced the interaction between Ni and Al,O3, producing a small Ni
size of only 5 nm. As mentioned earlier, amorphous carbon species prefer to form at small
metal sites, which are easily removed during the reaction; therefore, the carbon deposition
was as low as 3.8% over the 20 h DRM reaction at 700 °C. Moreover, the CO, and CHy
conversions were both enhanced up to 85.4% and 77.6%, respectively, owing to abundant Ni
active sites and large specific surface area [33]. In another work, an interesting finding was
presented, stating that Ni metals were partially extracted from the NiAl,Oy spinel phase,
and the resulting Ni active sites were likely anchored by the deficient NiyAl,O; structure
(defective Al;03-NiO solid solution) with multiple Ni?* defects, and thus they favored the
strong MSI and coke resistance. Compared with 37% carbon deposition in the controlled
Ni/AlyOs, the partially reduced NiAl,O4 exhibited a much lower coke formation (8%)
over the 100 h DRM reaction at 700 °C [65]. In addition to the NiAl,Oy4 spinel formation,
the MSI could be improved when Y,03 was doped in the Ni/ZrO;. In particular, the
reduction temperature ([3-peak) shifted to higher temperature regions and the total peak
intensity decreased compared with the undoped Ni/ZrO; (0.37 vs. 0.62 mmol H,/g),
which indicated that the enhanced MSI derived from the formation of the NiO-ZrO, or
NiO-Y;03 solid solution. Owing to the strong MSI and Ni re-dispersion, the Ni particle
size in the Y,O3z-promoted Ni/ZrO, catalyst decreased from 16 nm to 10 nm, whereas the
pristine Ni/ZrO; catalyst exhibited a severe metal growth from 12 nm to 24 nm over the
8 h DRM reaction at 700 °C. Moreover, the coke formation of the Y,O3-modified sample
was only 1.0%, much smaller than that of the unmodified counterpart (3.7%) (Table 1) [60].
As well as Y,Os3, the MSI was strengthened when the Ni/C catalyst was doped with CeO,.
The average Ni particle size was reduced from 31.1 nm to 27.6 nm and negligible metal
growth was presented after the reaction (27.6 nm vs. 27.9 nm) [66]. The enhanced MSI was
also observed when CeO, was added into Ni/SiO;, leading to the formation of smaller Ni
particles [67]. The promotional effect of MSI was discussed in depth based on the Ni/LayO3
catalyst where the CO, activation and coke removal were improved [59]. In detail, as
shown in Figure 2, the adsorption energy of CO, on the pure La,O3; support to form
monodentate carbonate was similar to the adsorption energy generated when producing
bidentate carbonate (—0.94 eV vs. —1.05 eV). In comparison, the CO, adsorption energy
produced when forming bidentate carbonate at the Ni-La, O3 interface was —2.64 eV, which
is much lower than that generated when forming monodentate carbonate (—0.12 eV), thus
suggesting a greater potential of producing bidentate carbonate upon CO, activation at the
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interface, rather than the support. Based on the in situ DRIFTS measurement during the
adsorption of CHy, which reacted with the surface carbonates, the intensity of monodentate
carbonate was almost unchanged, whereas that of bidentate carbonate showed a gradual
decrease, indicating the consumption of carbon intermediates and suppression of cokes at
the bidentate carbonate sites. Since bidentate carbonate prefers to form at the Ni-LayO3
interface, a strong MSI in Ni/La;O3 favored the generation of abundant interfaces, thus
potentially reducing the coke formation [59].

Figure 2. DFT calculations of two modes of CO, activation: (a,c) bidentate carbonate and (b,d)
monodentate carbonate. Colors: Ni—steelblue; C—gray; La—cyan; O—red and orange. Reproduced

with permission from [59]. Copyright 2019, Elsevier.

In addition to the rare earth metal oxides, the in situ formed MnO in the Co,Mn-co-
doped LaNig 34Co 33Mny 3303 perovskite structure, strengthened the interaction with both
Ni and La; O3, thus promoting the coke gasification at the Ni surface. On the contrary, the
controlled sample without MnO possessed a relatively weak MSI and suffered from the
Ni detachment by the carbon species, subsequently retarding the coke elimination with
the nearby O atoms (Figure 3a). In addition, compared with co-doped and unmodified
counterparts, LaNip 34Cog 33Mng 3303 exhibited a higher H, /CO ratio over the 14 h DRM
reaction at 800 °C, which could be attributed to the rapid CO, conversion and inhibited
RWGS reaction at the surface (Figure 3b) (Table 1) [61].

1.24

(b)

-
-
i

CH,

sz
p —a— LNO-H2/CO

ry Y W I A R
. Time (h)
Figure 3. (a) Schematic illustration of catalyst deactivation by coking. (b) H,/CO ratio of

LaNio.34C00.33Mn0.33O3 (LNCMO), LaNi0_5C00_5O3 (LNCO) and LaNiO3 (LNO) Reproduced with
permission from [61]. Copyright 2019, Elsevier.

|—e— LNCMO-H2/CO
—o— LNCO-H2/CO

HleO ratio
5

o
w0
i

However, an excessively strong MSI may decrease the active site concentration and
intensify the metal agglomeration due to the poor reducibility and too high reduction tem-
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peratures [68]. To address this issue, CaO was added to Al;O3 to form calcium aluminate,
thus weakening the NiO-Al,Oj3 interaction in the spinel phase. Owing to the moderate
MSI, abundant Ni active sites were produced for a highly active CHy conversion. With the
continued increase of CaO loading, however, the interaction between the Ni and support
became too weak to anchor the Ni nanoparticles, thus causing Ni agglomeration and sur-
face area reduction; moreover, higher electron density at the Ni surface limited the CHy
activation, thus deteriorating both the activity and stability [22]. In addition to CaO, rare
earth metal oxide LapyOj3 can be utilized as a modifier to adjust the MSI in Ni/Al,O3. For
example, the monolayer of LayOs strengthened the Al,O3-LayOs interaction and inhibited
the Ni migration; however, the coverage on the Ni sites reduced the effective exposure of
active centers to the reactants. Under CO, treatment, La,O,CO3; was formed rather than
Lay O3 on the Al,O3 surface, which increased the amount of active Ni sites by preventing
NiAl,Oy spinel phase formation. At 650 °C, 61% CHy, and 65% CO, conversions were
achieved with only 4% carbon formation (Table 1) [32]. La,O3 was also used to tune the
MSI of Ni/ZrO,, that is, a moderate MSI was provided, and the reducibility was enhanced,
which produced more active sites for the CO, and CHjy activation, thus resulting in an
admirable conversion of CO, (>70%) and CHy (>60%) at 700 °C; however, CHy direct
decomposition was promoted by La;O3 and carbon filaments and fibers at the Ni sur-
face, which gradually caused the activities to deteriorate over the 67 h DRM reaction at
700 °C [69]. Moreover, La;O3, ZrO,, and CeO, were compared in terms of their adjustment
of MSI in the Ni/MgO catalyst. In detail, a higher reducibility was achieved with ZrO,, and
the amount of Ni active sites was much higher than that of Ni/CeO,-MgO (8.12 x 10~7 vs.
393 x 10~7 Zmol/ &cat)- As a consequence, more CHy molecules were activated with ZrO,,
and more H; gas was generated based on the higher H, /CO ratio of 0.89, compared with
that of Ni/CeO,-MgO (0.78) (Table 1) [62].

3.3. Oxygen Defects

Metal oxides with redox property and oxygen defects accelerate the lattice and surface
oxygen migration and enhance the surface oxygen concentration. In both mono-functional
and bi-functional mechanisms, the dissociated CHy intermediates will be effectively gasified
by O radicals to produce CO and H adsorbed on the metal sites, thus inhibiting the carbon
deposition. Moreover, the high oxygen concentration and fast oxygen mobility benefit
the S removal and facilitate the sulfide conversion. For example, the CO; adsorption and
dissociation were promoted on the ZrO, surface with a redox property, thus inhibiting the
coke formation [70]. Moreover, H,-treatment generated more oxygen vacancies in ZrO,
compared with N, and O, calcination, which enhanced the CO, activation by forming
monodentate and bidentate carbonates, thus releasing oxygen species to eliminate the
carbon deposits [71]. Similarly, when TiO, was doped in Ni/Al,Os, the carbon deposition
was alleviated owing to the redox ability of TiO,; however, an excessive amount of TiO,
might lead to Ni agglomeration, coverage of active sites, and titania structure shrinkage [72].
Apart from the transition metal oxides, CeO, presents an impressive oxygen storage
capacity and a redox pair of Ce3* /Ce**, which interacts with Ni via the d—d orbital electron
transfer from CeO; to Ni. During the reaction, the adsorbed CO, will dissociate into
CO and O radicals, which oxidizes the carbon species (e.g., CHy) to produce CO and H
atoms (combining to generate H;); in the meantime, CO; reacts with Ce;O3 to generate
CO and CeO,. Subsequently, carbon species from CHy activation are oxidized by CeO; to
produce Ce,O3 and CO, thus completing the redox cycle of Ce®*/Ce** and removing the
carbon deposits [73]. Additionally, due to the oxygen defects and redox pair of Ce3*/Ce?*,
the surface oxygen mobility is promoted, and the content of surface oxygen becomes
higher, thus eliminating the carbon effectively [74]. Moreover, owing to the enhanced
surface oxygen species in the presence of CeO,, CO; is adsorbed on the surface in the
form of bidentate carbonate, which easily combines with carbons so as to maintain the
active site as being free from cokes, and to achieve a high conversion efficiency in the
DRM reaction [12,75]. When CeO, was doped into Ni/Al;O3, the CeAlO3/CeO, redox
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pair was formed, producing abundant oxygen defects and surface oxygen species. Due
to the promoted oxygen migration to the interface between Ni and supports, carbon
elimination was effectively facilitated, keeping the active sites exposed to the reactants.
Moreover, surface carbonates were generated from the reaction between CO, and CeOs,
which improved the CHy conversion and coke resistance. When the Ce loading was
increased up to 15 wt%, only 0.29 g/gcat carbon deposition was produced over a 250 h
DRM reaction at 800 °C [76]. Similarly, when Ni silicate nanotubes (NSNTs) were doped
with CeO,, both Ce** and oxygen defects were generated from the interface reaction of
CeO; and NSNTs. Benefiting from the oxygen migration from the adsorbed CO; and
unidentate carbonate to the CHy and C species at the nearby Ni sites, only 6% carbon
deposition was produced after 100 h DRM reaction at 750 °C (Table 1) [28]. Despite the
abundant oxygen vacancies and promoted oxygen mobility, a careful control of the CeO,
concentration doped in the catalyst is required because the addition of CeO, may reduce
the metal-support interaction and produce large metal crystal sites, which lowers the CHy
activation and causes coke deposition.

To further enhance the oxygen defect concentration, ZrO, was integrated with CeO,
to produce a homogeneous solid solution, CeZrO,, based on the peak at 29.4° in Figure 4a.
Given that there were more oxygen defects than CeO,, as reflected by the higher oxygen
storage capacity (165 vs. 125 umol/gca+ oxygen uptake), the carbon deposition was allevi-
ated according to the higher intensity ratio of the D-band at 1356 cm~! (amorphous carbon)
to G-band at 1580 cm ™! (ordered carbon) (Figure 4b). Moreover, the Ni oxidation was also
inhibited since the oxygen species were consumed by the redox cycle and the oxygen vacan-
cies of the mixed oxides [77]. Similar to CeZrO,, another mixed oxide Ceg 7gLag »0Nig.1002-5
was applied in the DRM reaction, owing to the oxygen defects formed when the lattice
expansion and partial dissolution of La** occurred. Additionally, more oxygen vacancies
were produced with the increase in reduction temperatures. Benefiting from the oxygen
defect, lattice oxygen migration from CeO, was accelerated, oxidizing Ni-C to produce
Ce3* species, Ni metals and CO molecules. Moreover, carbon deposits could be converted
to CO by reacting with La;O,COs. As a result, zero coke formations were observed over
the 50 h DRM reaction at 750 °C (Table 1) [29].
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Figure 4. (a) XRD patterns of fresh support materials. (b) Raman spectra of used catalysts. Repro-
duced with permission from [77]. Copyright 2014, Elsevier.

In addition to CeO;, other rare earth metal oxides are characterized with a good
oxygen storage capacity and redox potential. For example, the addition of Y,O3 enhanced
the surface oxygen concentration and accelerated the oxygen transfer to the carbon species,
thus effectively eliminating the cokes and retaining the catalytic stability [78]. As well as the
intrinsic oxygen defects, more oxygen vacancies could be generated due to the Ni?* /Sm3*
ion exchange. As a result, SmyO3-modified Ni catalysts exhibited a low carbon formation
and stabilized CHjy activation [79]. Zhang et al. [80] compared a series of rare earth metal
oxides with the promoter of Ni/ZrO,, based on the impact on the oxygen defects. The
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Y-doped catalyst possessed the largest amount of surface oxygen species, followed by
Ni/ZrO, doped with Sm, La, Ce, and no dopant. Although the activation of CH4 and CO,
were facilitated in the presence of oxygen species, the coke deposition and elimination did
not follow the same trend. In particular, at a low reaction temperature (e.g., 600 °C), CHy
activation at the surface oxygen sites dominated the reaction pathway so that the formed
carbon species might not be immediately removed, thus producing carbon deposits. On
the contrary, when the reaction temperature was high (e.g., 800 °C), CO; activation caught
up with the CHy dissociation, effectively removing the carbon species.

Different from above cases, LaAlO3 perovskite mixed oxides were formed when
Ni/Al,O3 was doped with LayOs. Compared with pristine Ni/Al,Os, the NiO-Al,O3
interaction was weakened due to the oxygen defects of LaNiO3, and more active sites were
produced for a better C-H activation, delivering a 37.2% increase of the H; yield over
the 20 h DRM reaction at 700 °C. Interestingly, both unmodified and modified catalysts
exhibited the formation of carbon nanotubes (CNTs); however, unlike most of the reported
works, the catalytic activity of LaNiO3 was promoted by CNTs in this instance, since the Ni
active sites were located at the tip of CNTs due to the weakened MSI and metal detachment
from the support surface, thus being fully exposed to the reactant molecules. In comparison,
the Ni metals were anchored on the Al,O3 support surface for the Ni/ Al,O3 catalyst, which
resulted in metal growth from the neck (34.9 vs. 16.1 nm after the 10 h reaction) and possible
coverage by the carbon clusters (Figure 5a) [81].
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Figure 5. (a) Carbon nanotube formation scheme on Ni/Al,O3 modified with La;O3. Reproduced
with permission from [81]. Copyright 2018, Elsevier. (b) XPS profiles of O 1s of the (b) fresh and (c)
spent La(CoxNij_y)o5Feg 503 with x = 0.0, 0.1, 0.3, and 1.0. Reproduced with permission from [30].
Copyright 2019, Elsevier.

As for the perovskite structures, B-site modification is proven effective to enhance
the oxygen defects. In the Fe-doped LaNig gFe,0j3 catalyst, FesO4 was formed during
the Fe oxidation by CO,. Subsequently, La;O3 reacted with Fe3O4 to form LaFeO5_s with
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lattice distortion. To compensate for the low valence state of Fe ions, oxygen defects were
generated and promoted with the coke elimination [82]. To further modify the perovskite
structure of LaNig sFey 503, a series of Co was doped to substitute the B site ions. According
to Figure 5b,c, Op at 531.4 eV referred to the surface oxygen species (e.g., carbonate and
hydroxyl groups), whereas Oy at 528.9 eV represented the lattice oxygen. A higher ratio of
Op /O indicated a higher percentage of surface oxygen, which could be ascribed to the
in situ formed oxygen defects of LaFeO3 perovskite mixed oxides and undercoordinated
B-site cations [63,83]. Moreover, the partial substitution of Co ions (0.1 and 0.3) exhibited
the largest amount of oxygen defects due to the multiple spin and oxidation states of Co
species. Furthermore, the LayO3 derived from the reduction of LaNixCoj_yFey 503 reacted
with adsorbed CO; to form LayO,CO3, which also contributed to the oxygen species
during the reaction [84]. Owing to the facilitated oxygen mobility and enhanced surface
oxygen concentration, La(Cog1Nigg)ps5Feq503 and La(Cog3Nig7)os5Feqs503 exhibited a
stable conversion of CHy (70%) and CO, (80%) over the 30 h DRM reaction at 750 °C
(Table 1). More excitingly, the coke formation was as low as 0.8 and 1.5 mgc/gcat for
La(Coy1Nig9)p5Fep 503 and La(Cog3Nig 7)o5Feq 503, respectively [30]. Similar to the Co
and Fe dopings, when Ni ions were partially replaced by Mn ions, the concentration of
monoatomic oxygen defects (O™) was increased and higher oxygen mobility was achieved.
Compared with undoped LaNiO3, the peak of graphitic carbon at 1583 cm~! disappeared
in the Raman spectra and the intensity of amorphous carbon at around 1300 cm ! was also
considerably lowered [85]. In addition to the transition metals, the doping of Ru produced
the perovskite structure Srg 92 Y 08 Tip.98Ru0.02034 /5. Since the p-band of oxygen shifted
to the Fermi level, the formed Ru-O bond was weaker than the Ti-O bond, reducing the
formation energy of oxygen defects and increasing the surface oxygen concentration [86].

As well as the B-site substitution, partial replacement of La by Sr generated more
oxygen defects and accelerated the surface oxygen mobility due to the lattice distortion,
leading to an improved coke resistance; however, an excessive amount of Sr doping weak-
ened the Ni-La;O3 MSI, thus intensifying the metal sintering and particle growth [87].
In another study where LayZr; 44Nig 56074 was modified with Ca and Sr in the A-site,
more oxygen vacancies were generated in the Sr-substituted perovskite catalyst because
of the lower ZrO; concentration at the surface, which exerted a stronger shielding ef-
fect in terms of blocking the oxygen defects. As a result of the abundant Ni active sites
and more oxygen vacancies at the surface, trace amounts of soft filamentous carbons
(0.024 g/ gcat) were produced over the 100 h DRM reaction at 800 °C [88]. Apart from the
basic metal oxides, rare earth metal oxide CeO, also presented a promotional influence
on the catalytic performance as an A-site modifier in the LaNig5Fey 503 perovskite. In
particular, a reversible redox reaction occurred between (LaCe)(NiFe)Os and CeO,, where
oxygen defects were produced from the redox pair of Ce3* /Ce**. Additionally, the reduc-
tion of B-site cations into undercoordinated states was activated by the Ce®* ions, further
increasing the oxygen defect concentration. Owing to the above merits, CH4 conversion
was enhanced due to the metallic-like Ni, whereas CO, activation was promoted at the oxy-
gen vacancies. Moreover, the accelerated lattice oxygen migration favored the immediate
gasification of carbon deposits, thus maintaining catalytic stability. As a consequence, the
Lag 4Cep Nig 5Fe 503 mixed oxide delivered a quite stable conversion of CHy (62%) and
CO; (72%) over the 25 h DRM reaction at 750 °C (Table 1) [63].

Apart from the perovskite mixed oxides, the spinel phase possesses oxygen defects,
especially when Ni is doped. For example, Al,O3 dissolution in the MgAl,Oy spinel
phase was charge compensated by the cation and oxygen vacancies at the octahedral and
tetrahedral sites. The partial replacement of Mg by Ni introduced more oxygen defects in
the formed (Ni,Mg)Al,O4, which facilitated the CO, activation and coke removal during
the DRM reaction. When the (Cog 375Nig 375 Mg 25)Al, Oy structure was developed using
co-doping into the (Ni,Mg)Al,Oy4, 18% of oxygen ions were removed from the structure
under reduction, and a highly oxygen-deficient spinel phase was produced, where the
sulfur species at the corners, step edges, and facet edges of metal sites were easily oxidized



Methane 2022, 1

151

by the oxygen that migrated from the lattice and surface. As a consequence, after 12 h
of the DRM reaction at 850 °C, the activity only dropped by 4% under 20 ppm H,S [89];
however, oxygen defects might be only a partial explanation of the origin of sulfur-tolerance.
In another study, where 20-30 ppm sulfur was fed in the form of dimethyl sulfoxide
(DMSO), only NiCo/CeZr exhibited a quite stable CH4 conversion rather than Ni/CeZr
or NiCo/CelLa. Since CeLa also provided abundant oxygen vacancies, the origin of sulfur
resistance might not be the oxygen defects or mobility. In this case, Ni-Co synergy could
be a dominant factor. Moreover, the gradual decrease of H, /CO ratio suggested the more
rapid deactivation of DRM than the RWGS reaction under a sulfur environment [90].

3.4. Surface Acidity/Basicity

CHy4 prefers to be dissociated at the acidic sites at the surface, easily causing the carbon
deposition. To address the issue, a stronger basicity and more basic sites usually enable a
better adsorption and activation of CO,, and the produced O radicals effectively oxidize
the CHy and C species. For instance, carbon deposition could be initiated by the acidic
sites at the Al,O3 surface. To tune the surface acidity and basicity, LapO3 can be added to
AlyO3 to form a LayO3-doped Al,Os surface, thus balancing the CO; adsorption/activation,
coke elimination, and CHy4 dissociation. As well as the O radicals from the activation of
adsorbed CO; at the basic sites, the La;O,CO3 generated from the reaction between LayOs
and CO; favored the coke removal, producing La;O3 and CO [32,91]. In another study
when Ni/SiC-foam was doped with LayOs, the surface basicity was greatly enhanced
based on the much higher peak intensity in the CO,-TPD profile, owing to the formation
of Ni-LayO3; nanocomposites (Figure 6a). During the 50 h DRM reaction at 850 °C, less
carbon deposition was observed according to TEM (Figure 6b) and TG results (10.1% mass
loss) [92]; however, Ni agglomeration might be intensified in the presence of La,O,CO;3,
which adversely affected the catalytic stability in the DRM reaction. Apart from LayOs,
Sc;03 as a modifier was proven effective in enhancing the basicity of Ni-Co/SBA-15
catalyst. With the 5% and 10% Sc addition, the overall basicity was increased by 32% and
37%, respectively, especially for the medium basic sites. After the 40 h DRM reaction at
700 °C, the amount of inert carbon species was much less than the unmodified Ni-Co/SBA-
15, suggesting the ready transformation of graphitic carbon to amorphous carbon with Sc
doping was easily gasified to produce CO (Table 1) [19]. In another study where Ga;O3
was integrated with SiO,, the GayOs-rich surface adsorbed CO; in the form of carbonate
and bicarbonate species, which promoted the adsorption and activation of CO, compared
with the pristine SiO;, where CO; only physically or linearly interacted with the support.
During the 10 h DRM reaction at 700 °C, the carbon formation was reduced by 53% [20].
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Figure 6. (a) CO,—TPD profiles of spent catalysts. (b) TEM images of spent Ni-La,;O3/SiC-foam.
Reproduced with permission from [92]. Copyright 2021, Elsevier.

As well as the enhanced basicity of Al,O3 with La;O3 addition, the doping of Sr into
the A-site deficient Lag gCrg g5Nig 1503 produced Lag 4Srp2Crp g5Nip 1503, which enhanced
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the amount of both weak and strong basic sites. Owing to the improved CO, adsorption
and activation, CO; conversions were increased, and more oxygen radicals were generated,
which subsequently gasified the carbon species. In the meantime, CHy activation was
promoted by the sufficiently small Ni nanoparticles. During the 24 h DRM reaction at
750 °C, both CO, and CH, conversions reached a high value of 89%; more crucially, zero
coke formations were found with this condition [23]. In another study where SmCoO3
perovskite mixed oxides were applied as the catalyst, both medium acid and basic sites
were observed based on the CO,- and NH;3-TPD characterizations, relating to the SmyO3
and Co species, respectively. In particular, CHy preferred to be activated at the Co sites
where CHy intermediates and carbon deposits were formed. At the nearby basic Sm sites,
5Sm,0,CO3 was produced from the combination of Sm;O3; and CO,, which converted the
carbon intermediates and deposits into CO with a simultaneous Sm,O3 regeneration. As a
consequence, over 90% of the CH4 and CO, conversions were approached during the 30 h
DRM reaction at 800 °C (Table 1) [24].

The strength of basicity also determines the CO, adsorption and conversion as well as
the carbon elimination. For example, only weak basic sites were present on the unmodified
Ni/Al,O5 surface; when the MgO was added, the concentration of medium and strong
basic sites was increased, which promoted the CO, adsorption at hydroxyl groups and
activation into the oxygen radicals responsible for the coke removal. As a consequence,
the CHy4 conversion was enhanced up to 1780 Lcpy gni ' h™!, thus outperforming the
pristine Ni/Al,O3 by 26%. Moreover, 70% carbon reduction was realized and most of
the eliminated cokes were in the form of detrimental encapsulated carbons (Table 1) [25].
Although a higher basicity and CO, adsorption can be obtained with the addition of
MgO, the NiO-MgO solid solution may cause the MSI to be too strong, thus retarding the
reduction, limiting the active sites, and causing metal sintering due to the high reduction
temperature, which lowers the surface area and deteriorates the lifespan of the catalysts.
To balance the basicity and MSI, the ratio of MgO and Al,O3 was optimized to enable a
basic surface where coking was retarded and the RWGS reaction was inhibited, leading to
a stable conversion and high Hj selectivity. In particular, with the Mg/ Al ratio increasing
from 0.1 to 0.24, the coke formation was reduced by 2/3 due to the enhanced basicity;
however, an excessive amount of MgO (Mg/Al = 0.5) adversely affected the performance
since the surface area and mesoporous structure were both diminished [93]. Owing to the
strong basicity and well-retained mesopores, Ni-DS19 (Mg/ Al = 0.24) exhibited a better
stability (30 h without reactor plugging) and lower carbon deposition rate than its other
two counterparts (Figure 7). In addition to MgO, Y,O3 was doped to adjust the basicity of
Al,O3 by introducing more weak and medium basic sites. Benefiting from the reversible
CO; adsorption and desorption, coke deposition was significantly reduced, and negligible
activity degradation (0.8% for CO, and 1.1% for CH,) was observed during the 10 h DRM
reaction at 700 °C [64]. In another study, the total basic site concentration of Ni/ZrO, was
increased from 73 to 100 pmol CO, /g with the doping of Y,0O3. More importantly, the
percentage of weak and medium basic sites was enhanced from 79.9% to 87%, favoring
the formation of active surface carbonate species and subsequent oxidation of cokes [60].
Similarly, weak and medium basic sites were introduced to Ni/Mg-Al double-layered
hydroxides with the addition of Y,03. Owing to the promoted CO, activation, about a 10%
increase of CHy conversion was obtained in the 1.5 wt% Y,O3z-promoted catalyst at 700 °C.
Moreover, the conversion of CHy dropped by 4% over 10 h in the unmodified catalyst,
whereas that of the Y,O3-doped catalyst was only 1% [64].
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Figure 7. (a) CH, conversions and (b) carbon deposition rates of Ni-MG30 (Mg/Al = 0.5), Ni-DS19
(Mg/Al = 0.24), and Ni-DS09 (Mg/Al = 0.1). Reproduced with permission from [93]. Copyright 2020,
Elsevier.

4. Conclusive Remarks and Prospect

In this review, four modification strategies to improve the catalytic performances of
Ni-based catalysts in the DRM reaction are critically discussed based on four types of metal
oxides (basic oxides, rare earth metal oxides, transition metal oxides, and mixed oxides). In
the support confinement section, order porous support structures and hierarchical core-
shell designs are proven effective in controlling Ni size and dispersion in high temperature
conditions, thus maintaining the number of active sites for the activation of reactant
molecules. As for the metal-support interaction, solid solution or spinel phase formation
contributes to the highly distributed Ni crystals which strongly interact with the matrix via
chemical bonding, thus inhibiting the coke formation; however, when the MSI is too strong,
it may lower the reducibility and initiate the metal sintering. For the oxygen defects, redox
property and lattice distortion are the main origins of oxygen vacancies, which facilitate
the lattice and surface oxygen migration and enhance the surface oxygen concentration,
resulting in an efficient elimination of carbon deposits and metal sulfides. As to the surface
basicity, medium basicity might be favored in most cases since CO, only physically adsorbs
onto the weak basic sites, whereas activation is reluctant at basic sites that are too strong.
The reversible adsorption of CO; benefits the dissociation into CO and O radicals and
the formation of active carbonates, which further converts the carbon intermediates or
deposits into gaseous products. Despite the achievements in related fields, several issues
and possible solutions are proposed as below.

First, there is a debate regarding the impacts of NiAl,Oy. In particular, the Ni metal
particles extracted from the spinel phase may interact strongly with the matrix which
prevents the metal sintering; on the other hand, the low reducibility might be a concern for
effective activation during the reaction; therefore, efforts should be put into the clarification
of the effects of spinel phase on the concentration and agglomeration of active sites.

Second, the influences of in situ formed carbon nanotubes (CNTSs) are still unclear. In
certain scenarios where the Ni detachment occurs due to the weak MSI, the activity may
not be adversely affected since the Ni sites located at the tip still activate the CHy; however,
in other cases where metals are strongly anchored at the support surface, CNTs might cover
the Ni phase and intensify the metal growth from the neck, which would be encapsulated
by carbon clusters. An in-depth study is recommended to monitor the reaction progress
and elucidate the critical impacts of CNTs in different conditions.

Third, oxygen defects have been reported as being effective in improving sulfur
resistance when metal oxides with multiple valence states and redox properties are doped
in the catalysts; however, owing to the fact that some metal oxides with oxygen vacancies
still suffer the deactivation caused by the S poisons, other determining factors need to be
explored.

Fourth, CH, activation at the acidic sites and CO, dissociation at the basic sites need
to be well balanced with the help of multi-functional metal oxides, which possess both
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acidic and basic groups. To address the issue, the co-existence of these two types of sites in
mixed oxides or co-supports with Ni doping are promising solutions to simultaneously
activate the CH4 and remove the carbon intermediates.
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