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Abstract

CO, reforming of CHa, also referred to as the Dry Reforming of Methane (DRM), is
considered an excellent method to produce H, and CO (syngas), which are known to be used
for the production of higher alkanes and oxygenates. Despite nickel’s moderate toxicity, Ni-
based heterogeneous catalysts are considered excellent candidates for use in DRM due to
their reasonable performances and economic advantages. However, these materials also
present severe drawbacks, such as sintering of the active phase and coke (carbon)
deposition, which may, in certain cases, lead to severe catalyst deactivation. Several
synthesis strategies, mostly based on the stabilization of nickel through oxide support, have
been developed to overcome these issues. Silica-based materials are investigated widely due
to their availability, high surface area, and the confinement capacity conferred by their
controlled porosity. The present review summarizes the progress in the design of Ni/silica-
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based catalysts for the dry reforming of methane between the years 2015 and 2018. The
different strategies implemented are discussed to assist future research works in designing
the anti-coking and anti-sintering nickel-silica-based catalysts.

Keywords
Ni-silica; CH4 reforming; CO2; Ni

1. Introduction

Given the abundance of methane (CH4) and the diversity of its sources [1-3], along with its
greenhouse gas character (second after carbon dioxide [4] but 25 times more specific [5]), the
development of efficient strategies to take advantage of its energetic and chemical properties
appears to be essential. Methane conversion is achieved through direct or indirect pathways. The
direct pathway of combustion is the main approach followed to generate heat and electricity.
However, the conversion of CHs through the indirect pathway of reforming processes, which
produces syngas, which is further converted to valuable liquid and chemical intermediates, is also
one of the possibilities considered [6]. Indeed, methane can react with the oxidants, such as H;O,
CO,, and O, to produce syngas that is composed of dihydrogen and carbon monoxide in different
molar ratios (Equation 1).

CH, + (H,0 or CO, or 0,) - xH, +y CO (Equation 1)

Among the most important applications of syngas, the Fischer-Tropsch synthesis (FTS) reaction,
which involves the conversion of CO and H; into valuable products, particularly alkanes, is of
particular interest. However, FTS requires an H,/CO reactant ratio of less than 1, and such a
composition can neither be achieved directly through the partial oxidation of methane (H,:CO = 2)
nor through steam reforming (most often H;:CO = 3); it can be achieved only after additional
treatments, such as the use of selective membranes, which lead to additional costs and greater
time consumption. Therefore, Dry Reforming of Methane (Equation 2, with CO;), which produces
the lowest H,:CO ratio, appears to be a more convenient and direct approach. Besides the
economic and energy benefits, DRM provides an important added advantage of environmental
protection as it consumes another greenhouse gas, i.e., carbon dioxide [7-18].

CH, + CO, —» 2H, + 2CO (Equation 2)

Unfortunately, DRM is a highly endothermic reaction requiring high temperatures to reach the
desired conversion levels. According to thermodynamic simulations, the maximal CH4 conversion
possible at 650 °C is approximately 80%, and a total conversion can be achieved only when the
reaction temperature exceeds 800 °C [12, 16]. A major objective of the research works conducted
on dry methane reforming is the development of stable catalysts that enable achieving high
conversion rates at the mildest possible operating conditions and allow, under the stream, a
constant selectivity in CO and H,. However, syngas production is accompanied by side reactions,
such as methane decomposition, the Boudouard reaction, and the Reverse Water Gas shift

Page 2/38



JEPT 2021; 3(1), doi:10.21926/jept.2101007

reaction. The supporting noble metals, such as Rh, Ru, and Ir, are considered highly active,
selective, and stable catalysts for DRM [19, 20]. However, due to economic concerns, the
substitution of these noble metals with the less expensive and more abundant metals such as Ni
that can demonstrate comparable catalytic activities is considered advantageous [21], even
though Ni-based catalysts result in higher sintering and carbon deposition and also exhibit a
certain level of toxicity [22].

The size of the metal particles, the physicochemical properties of the support, and the
metal/support interaction are crucial parameters to be considered to optimize the stability of the
catalysts. A wide number of oxides are used as supports, including SiO;, La;0s, ZrO;, TiO;, CeO,,
Al>03, and MgO [22]. Among these, SiO; has been investigated widely in terms of application in the
preparation of nickel-based catalysts for the DRM reaction. Indeed, it is possible to prepare SiO;
supports with high surface areas, tunable nanoscale pore structures/sizes, and variable accessible
morphologies with the potential benefits of Ni dispersion and confinement. Moreover, it is
supposed that the mechanism of the DRM reaction in the presence of SiO, support follows a
mono-functional pathway, where both the reactants are activated by nickel alone [22]. This fact is
crucial when studying the intrinsic activity of nickel. Although there are several published reviews
on DRM [22-27], there is none that considers Ni-based-siliceous support catalysts specifically. In
this context, the present bibliographic survey examines the current diversity of the Ni/SiO;
catalysts. First, the advances in the Ni size control and confinement methods are discussed,
following which different Ni-promoter combinations are explored. Next, the recent pathways used
for the design of Ni/SiO, core-shell are highlighted while emphasizing their advantages and
inconveniences. Particular focus is placed on the catalytic performance of these different systems
evaluated according to the gas hourly space velocity (GHSV) used during their catalytic evaluation.

2. Ni Size Control/Confinement Strategies with Silica

In DRM, the use of small Ni nanoparticles is often preferred due to their known resistance
toward coke deposition (Table 1, entries 1 and 2) [28, 29]. However, optimizing the size of these
particles and keeping them relatively unchanged during the whole reaction is difficult.
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Table 1 A selection of recent papers dealing with nickel size control and confinement within silica [28-48].

Total
) NiO or . i GHSV i i
Ni 0 Siliceous Preparation flow 1 Weight T Time CO, o
Year (Ni°) Lgth . CH4% Objectives Ref
(wt.%) (hm) support Method (mL 1 (mg) (°c) (h) %
min?)
Use of a chelating agent
to incorporate smaller
2017 7.5 (4.1) SBA-15 IWI 30 22.5 80 700 50 79 85 . . [28]
nanoparticle in  the
porosity
Preparation through solid
SBA-15, -
o grinding for better
2017 5 (3.2) MCM-41,  WI, Griding 30 22.5 80 700 100 77 86 ) . [29]
dispersion and smaller
KIT-6 .
particles
SBA-15, Comparative study of
2017 11 (12) Al-MCM- WI with ethanol 100 150 40 750 23 91 94 micro and mesoporous [30]
41 materials
Influence of operation
conditions such as
2017 10 27 SBA-15 IWI 60 24 150 750 4 90 92 . [31]
reaction temperature
and gas feed
Effect of carbon chain
72, 36, .
. number  and amine
2015 4,5,10 3.8 M. SiO, IWI 60 16, 50 800 20 70 78 . . [32]
144 concentration of  Ni-

aliphatic amine complex

Page 4/38



10

11

12

13

2015

2017

2017

2017

2017

2016

2016

2016

10

2.5-15

0.16-
0.32

10

5,10

10

(8.2)

(3.9)

(2.6)

(5-9)

3.3(5)

(2.5)

6.6
(5.7)

Mi. SiO2

HMS

np SiO;

np SiOz

SBA-15

np SiO;

M. SiO,

SBA-15

Electrospinning

OopP

Ni  Deposition+  Si
Coating

Ultrasonic assisted | +
Glucose

TS

Wi

IWI

Modified IWI

30

20

40

60

60

60

50

48

22.5

12

12

180

144

72

100

100

80

100

200

20

25

50

30

700

700

800

700

650

600

700

750

100

100

40

12

12

100

30

58

85

39

72

63

80

76

77

76

61

81

68

n.d.

83

85

Confinement of nickel
inside nanofiber through
electrospinning
preparation

Development of active
catalysts via simple route

Particles size effect on

the catalytic
performances

Promotion of the
catalysts using

pretreatments by CO2, N2
and H; before test

Influence of the
calcination (rate and
atmosphere)

Influence of the
pretreatment (reduction-
oxidation-reduction)

Hydrogen treatment
before calcination
Ni-

Hexamethylenetetramine
as precursor for better
confinement

Page 5/38

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]



14

15

16

17

18

19

20

2015

2015

2017

2016

2016

2018

2015

0.5-2

2.5-7.5

10

n.d.

(4.6)

4.2
(3.3)

4.3
(8.5)

5.7
(3.7)

SBA-15

M. SiO;

SBA-15,
SBA-15-
TMB

SBA-15

SBA-15,
M. SiO;

SBA-15,
M. SiO,

SBA-15

IWI

IWI

Immobilization
poly(ethyleneimine)
(PEI)

PVP assisted WI

IWI + ultrasound DP

IWI and DP and RM

via

n.d.

60

50

62.5

88

100

36

72

20

75

52.8,
264

240

20

n.d.

50

150

50

100

20

n.d.

600

700

750

750

500

750

850

50

16.6

40

25

12

35

24

60

70

85

80

69

60

65

n.d.

72

87

88

63

88

NisOs cluster as Ni
precursor for  better
incorporation and
confinement

Use of OAm/OAc organic
pair toward anti-coking
Ni/SiO2

Confinement of Ni
particles inside different
pores sizes

PVP-assisted
impregnation of nickel
for better dispersion and
confinement

Confinement of nickel
using SBA-15

Confinement of nickel
inside the porosity of
SBA-15 or SiO>

Non-conventional
impregnation method for
better confinement and
dispersion

Page 6/38

[41]

[42]

[43]

[44]

[45]

[46]

[47]



. Encapsulation in
M. SiO,

21 2018 4.9 (2.3) i (0] 66.6 40 100 700 200 72 81 dendritic mesoporous [48]
dendrites sio
2

E: Entry; M.: Mesoporous; Mi.: Microporous; np: Non-Porous; TS: Two solvents; l.: Impregnation; IWI: Incipient wetness impregnation; WI: wet
impregnation; DP: deposition-precipitation; OP: one-pot; RM: precipitation in presence of ascorbic acid; PVP: Polyvinylpyrrolidone; KIT: Korean
Institute  of  Technology = mesoporous  siliceous  support; HMS: Hollow  mesoporous  silica; n.d.: Not  determined.
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Examples of the studies concerning nickel and silica alone are presented in Table 1. The size
control and stabilization of the nanoparticles are achieved mainly by confining the metal into the
channels of porous silica supports (Figure 1). Various preparation methods are listed in Table 1
(entries 3-6) [30-33]. This strategy is quite promising as it protects the nanoparticles, particularly
against the growth of carbon filaments [49, 50], without any decrease in their activity that might
otherwise occur due to mass transfer limitation or due to coverage of the active sites as the nickel
particles remain accessible to the reactants in the pores of the sample (Table 1, entry 7) [34].

Method X
/ * & Coke
O
%&

deposition and
W BQ\){\O(\ sintering
O 3(\0‘\

$27 .00
P \cl\“a‘\o Bad Confinement
I

Nj
) sojgﬁe""s Coke and
'm, Ion ) >
&> i L
v P~ @
' (e
\ Method Y Good Confinement /

Figure 1 lllustration of the effect of nickel confinement in porous siliceous supports on
nickel particle dispersion and DRM side reactions.

A few examples of efficient control of the particle properties using non-porous silica involve the
dispersion of preformed Ni NPs (colloids) in such support (Table 1, entry 8) [35]. It is noteworthy
that the modifications in the calcination step (heating rate, under air or inert gases, etc.) and
certain pretreatments after the original preparation procedure (with Hy, N2, CO,, etc.) may also
impact the nickel particle size and dispersion (Table 1, entries 9 to 12) [36-39].

2.1 Examples with Non-Porous Supports

Woo Han et al. (Table 1, entry 8) [35] prepared dispersions of Ni nanoparticles of highly
uniform sizes centered on 2.6, 5.2, 9.0, and 17.3 nm, using a procedure that involved nickel
acetylacetonate, trioctylphosphine, and oleylamine, and demonstrated that these colloids could
be homogeneously deposited on non-porous silica spheres (400 nm) using ultrasonic-assisted wet
impregnation. The obtained materials with Ni wt.% ranging between 0.16% and 0.32% were used
in DRM at 800 °C to study the effect of the Ni NP size on the catalytic performances. The results
revealed that the Ni nanoparticles of size 2.6 nm led to a 4-times higher turnover frequency for
methane conversion compared to the NPs of size 17.3 nm (61.7 s vs. 15.1 s!). The small Ni
nanoparticles were definitely more advantageous in ensuring high activity and selectivity (39% and
65% of CH4 and CO; conversion, respectively, with H,/CO = 0.7 for 2.6 nm colloids vs. 15% and 22%
and H,/CO = 0.5 for the 17.3 nm ones) as long as their size was preserved. However, it is
noteworthy that the Ni/silica catalysts reported by Woo Han et al. were evaluated under a rather
low GHSV (12 Lgt h'l).
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Non-porous siliceous supports were also utilized by Li et al. (Table 1, entry 9) [36], who
demonstrated that Ni/C-SiO2 (10 wt.%) catalysts prepared using an in-situ reduction impregnation
method involving glucose solution were characterized (using XRD analysis) as having smaller and
greatly dispersed NPs compared to those obtained using a traditional incipient impregnation
method without glucose. However, the preparation procedure involving glucose initially led to
poor catalytic performances due to carbon deposition associated with the use of an organic
additive. Therefore, the authors had to use several pretreatments (during the preparation) to
overcome such limitations. After optimization, the CO; pretreated catalyst was observed to exhibit
higher coke deposition resistance due to the ability of CO2 to eliminate carbon deposition under
high temperature (CO, + C — 2CO). However, the catalyst performances (70% conversion of CHa
and CO; at 700 °C) were evaluated under quite low GHSV (12 L g h'?). In another study, Lovell et
al. (Table 1, entry 11) [38] demonstrated that a reduction-oxidation-reduction (ROR) pretreatment
(reduction followed by oxidation, and then re-reduction again) of calcined Ni-based solid might
exert a significant impact on Ni-non-porous SiO; (Ni-SiO;) catalysts prepared using an
impregnation method involving Ni wt.% of 5 and 10. This pretreatment has been applied to
different supported metals to generate small particles with high metal-support interaction. For
instance, ROR method was used for the activation of cobalt catalysts used in the Fischer-Tropsch
reaction [51]. After the ROR pretreatment, the Co species were re-dispersed, resulting in the
formation of smaller Co deposits with stronger metal-support interaction. In other examples, the
ROR pretreatment resulted in a reduction in the Ni deposit size for Ni-SiO; [52] or an increase in
the dispersion of Ru in Ru-Co/Al>03, which ultimately increased the CO conversion in the Fischer-
Tropsch reaction [53]. In comparison to the samples that were just reduced without any
pretreatment (R samples), Lovel et al (Table 1, entry 11) showed that the ROR pretreated samples
were characterized by smaller and greatly dispersed Ni (12.8 nm for calcined vs. 8.7 nm for ROR
pretreated 10 wt.% Ni-SiO;). Using a rather important GHSV of 144 L g h'l, the authors revealed
that after the ROR pretreatment, an enhancement occurred in the CHa4 conversion (from 57% to 68%
at 800 °C), particularly for the solid containing 10 wt.% of Ni. Such improvement was attributed to
the increased active metallic surface area caused by this type of pretreatment. However, the
pretreatment did not lead to better stability in the 5 and 10 wt.% Ni-SiO, R and ROR samples (at
600 °C under GHSV of 144 L g h'!), with the particles exhibiting a dramatic decrease (= 30%) in
activity after approximately 3-4 h of run time.

2.2 Examples with Porous Supports

Mesoporous supports provide a huge specific surface area, which facilitates metal dispersion.
However, most of the available surface area has to be accessible to the metal precursors, which
implies that dispersion strategies have to be implemented to take full advantage of these supports.
Significant efforts have been put into utilizing original nickel precursors or the assistance of ligands
or organic molecules. Certain authors also investigated the impact of support properties. The
effects of the impregnation conditions have also been studied. Most of the works discussed in this
section concern the materials obtained through the impregnation of preformed supports,
although certain examples concerning one-pot strategies for Ni incorporation are presented as
well.
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2.2.1 Use of Original Nickel Precursors or the Assistance of Organic Molecules

One approach for controlling the size of the targeted Ni® NPs prepared using impregnation
techniques is the use of specific nickel precursors. Li et al. prepared and utilized a
hexamethylenetetramine (HMA) Ni(ll) complex (referred to as (NOs)2Ni(H20)s(HMA),-4H,0 by the
authors), the formation of which could be attested using FTIR spectroscopy (Figure 2), to improve
the insertion of Ni into mesoporous support of type SBA-15 (Table 1, entry 13) [40].

e Impregnation
%
R Calcined/Reduced
-3 y ".-'. '. < /
o . | > 5
- [y, \[) X
3 WegeSJ 7\ /| \\....\ !
& A ] !
® l. d | \'_....z\
g Al | seses
s v Vo 1Yo ©s2%°
¥ ~ y -
] O k. ATV WY
Y | /1 /
. 1% r”!' | /1 \/‘,
L 2 | [ | |
mo W SIRY | |
gl 3 J
I {

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ) NVSBA-15

Figure 2 Left: The FTIR spectra of a: the as-synthesized (NO3),Ni(H20)s(HMA),-4H,0
complex and b: HMA; Right: The schematic illustration of the improved Ni dispersion
for HMA@Ni/SBA-15 compared to Ni/SBA-15 [40].

HMA@Ni/SBA-15 (10.5 wt.% of Ni) was prepared through the incipient wetness impregnation
of SBA-15 with the minimum amount of (NO3);Ni(H20)s(HMA),-4H,0 solution. For comparison,
another material, Ni/SBA-15 (12.7 wt.% of Ni), was synthesized in a similar manner using a nickel
nitrate aqueous solution. Smaller Ni NPs were observed for HMA@Ni/SBA-15 (4.9 nm) compared
to Ni/SBA-15 (7.5 nm). Better incorporation of Ni, less porosity plugging, and higher dispersion
were also deduced from the results of TEM analysis, N, physisorption analysis, and XRD
measurements for HMA@Ni/SBA-15. Therefore, HMA@Ni/SBA-15 was a promising catalyst in
good agreement with the characteristics of the materials used. At 750 °C, under a relatively high
GHSV of 100 L g h'l, HMA@Ni/SBA-15 exhibited a considerably good stability during 30 h, with
the CH4 and CO2 conversion rates of 76% and 85%, respectively. On the contrary, the CH4 and CO;
conversion rates achieved with Ni/SBA-15 derived from the nickel nitrate agueous solution
decreased from 71% and 77% to 65% and 68%, respectively.

In another study, the controlled formation of nickel oxide nanoparticles on SBA-15 was
achieved through incipient wetness impregnation of the support using NisOas cluster as the
precursor (0.5 < Ni wt.% < 5) (Table 1, entry 14) [41] generating Nis/SBA-15. The use of such a
ligand-stabilized cluster enabled the deposition of four Ni ions in close proximity on the silica
support, which in turn, according to the authors, led to the formation of small and highly-
dispersed NiO NPs after heat treatment. These clusters would exert a significant influence on the
generation of NiO NPs compared to a conventional nickel(ll) salt such as Ni(OAc),. The utilization
of the cubane NisO4 precursor would result in, as the author hypothesized, a faster formation of
small and highly-dispersed NiO nanoparticles, although the mean size and dispersion of the
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particles were not reported. Undoubtedly, the resulting materials demonstrated enhanced
stability toward DRM. Further precisely, at 550 °C, Nis/SBA-15 (1 wt.%) led to 23% CH4 conversion
even after 20 h, while a reference material Ni/SBA-15 containing 1 wt.% of Ni (1-Ni/SBA-15) was
completely deactivated under similar conditions [41]. However, these results must be considered
with a critical mindset as the DRM tests in both the evaluations were performed under a rather
modest GHSV (36 L g h'l) compared to that used in work reported by Li et al. (Table 1, entry 13).

Organic additives may also be useful in this regard. Gao et al. (Table 1, entry 15) [42] prepared
5% Ni/SiO; catalysts promoted with oleylamine (OAm) and/or oleic acid (OAc) using an incipient
wetness impregnation method. In this approach, OAm and/or OAc were used as surfactants,
ligands, and/or reducing agents added on purpose to the solution of nickel nitrate prior to the
impregnation in order to improve the dispersion of Ni on silica due to the strong interaction of the
Ni precursors with OAm and OAc. Using a mixture of OAm and OAc with the spheres of
mesoporous silica (particles size = 40-60 mm, specific surface area = 753 m? g'!, mean pore size =
7.5 nm) produced, after calcination, small NiO particles in the Ni/SiO-OAmc material, and
therefore, after reduction by Hz, to small Ni® NPs (Table 1, entries 5, 15) [32, 42]. Using this
approach, the authors managed to achieve 5% Ni/silica with a nickel dispersion of c.a. 22% (mean
diameter of the particles: 4.6 nm). The Ni dispersion was only 11.5% (8.8 nm particle diameter size)
with OAc only (Ni/SiO2-OAc). Accordingly, Ni/SiO,-OAmc presented the highest conversion rate
values in the series (CHa: 73%, CO2: 75%, with a rather good GHSV of 72 L g* h!) and the best
stability (a decrease of 3%-5% after 17 h).

Zhang et al. evaluated certain other ligands, such as ethylenediamine (en) and citric acid (cit),
which are known to be strong chelating agents, with aqueous Ni(NOs3),.6H.0, to generate metal
chelates prior to the impregnation of SBA-15 (7.5 wt.% of Ni) (Table 1, entry 1) [28]. The DRM
catalysis tests with the corresponding materials revealed that ethylenediamine (en) and citric acid
(cit) play a positive role in promoting the dry reforming of CHa. Basically, the strong coordination
ability of these ligands would inhibit the aggregation of the nickel species in the early stage of
catalyst preparation, thereby contributing to the formation of well-dispersed Ni particles with low
diameter size [below 6 nm for 7.5 wt.% Ni/SBA-15(en)] compared to the 18.9 nm diameter size of
a reference Ni/SBA-15 prepared using a more conventional impregnation method [7.5 wt.%
Ni/SBA-15(IWI1)]. Again, the better dispersion obtained in the presence of chelating agents led to
improved catalysis results [45% vs. 12% for CHa and 55% vs. 25% for CO; conversions at 600 °C for
Ni/SBA-15(en) and Ni/SBA-15(IWI), respectively]. It is noteworthy that the GHSV used was more
modest (22.5 L g* h!) compared to the one in the study by Gao et al. (72 L g* h?), who used
oleylamine and oleic acid. However, Zhang et al. performed the stability test for a longer duration
(50 h) without observing any significant decreases in the CH4 and CO; conversion rates.

Furthermore, functionalized polymers are employed for improving the incorporation of Ni
precursor without affecting the dispersion of the resulting Ni(0) particles. Polyethyleneimine (PEl),
which is used as a stabilizer, reducing agent, and capping agent for the synthesis of nanoparticles
in aqueous solutions [54, 55], was evaluated by Kang et al. (Table 1, entry 16) [43] for the
introduction of nickel(ll) within hexagonally-ordered mesoporous materials such as SBA-15 and
the mesocellular foams such as SBA-15-TMB. PEI was first dissolved in deionized water and then
contacted with Ni(NOs3)2.6H,0 to obtain PEI-Ni complexes prior to the impregnation of the
supports up to 7 wt.% (inorganic weight percentage), producing PEI-Ni/SBA-15 and PEI-Ni/SBA-15-
TMB, respectively. In the impregnation step, PEI-Ni complexes were expected to develop strong
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interactions with the mesoporous silica. The best nickel incorporation was achieved for SBA-15-
TMB, probably due to a better fit between the mean pore diameter and the PEI-Ni complexes.
Both PEI-Ni/SBA-15 and PEI-Ni/SBA-15-TMB exhibited reasonable performances [c.a. 85% for CHa
and CO2 conversions] and acceptable stability. A decrease of only 5% to 8% was observed in the
CHa and CO; conversion rates within 40 h. However, it is noteworthy that the authors used a
rather low GHSV (20 L g h). In a parallel investigation, Yang et al. (Table 1, entry 17) [44]
investigated the influence of poly(N-vinyl-2-pyrrolidone) (PVP), another nonionic polymer [56], on
the Ni dispersion of the materials upon the wet impregnation of SBA-15 using Ni(NO3)2.6H,0 as
the nickel source. Here, similar to the previous examples, which involved PEI, PVP was used as a
ligand of Ni?* during its incorporation onto silica. In order to better understand the potential role
of PVP, the authors varied the amounts used, for which they prepared a series of Ni/SBA15-PVP
materials targeting 5 wt.% of Ni (PVP not included) with different nPVP/nNi molar ratios (1/X =
1/7500, 1/5000, 1/2000, 1/1000, 1/100, etc.) and one reference sample (Ni/SBA15, no PVP). The
TEM, H; sorption, and XRD measurement results demonstrated that the 1/X ratio influenced the
nickel confinement and dispersion. Therefore, the Ni/SBA15-PVP solids with 1/X = 1/5000, 1/2000,
and 1/1000 presented the dispersion values of 12.5%, 11.8%, and 12.2%, respectively and small
Ni® particles (8, 8.5, and 8.2 nm, respectively), while Ni/SBA15, Ni/SBA15-PVP (1/7500), and
Ni/SBA15-PVP(1/100) presented larger aggregates and bigger particles on the external surface of
the support. These characteristics were in agreement with the catalysis performances exhibited by
the materials measured under a reasonable GHSV (75 L g h). Under these conditions, the
Ni/SBA15-PVP solids with 1/5000, 1/2000, and 1/1000 ratios exhibited rather good stability at
750 °C after 25 h on stream, with almost no decrease in the CH4 and the CO; conversions (stable at
80% for both), while with Ni/SBA15, Ni/SBA15-PVP (1/7500), and Ni/SBA15-PVP(1/100), the
activity decreased by 15% after 25 h. A detailed study of the solids recovered at each step of
catalyst preparation, i.e., at impregnation, drying, and calcination, generated results that were
compatible with the formation of specific complexes of Ni by its coordination to the N and O
atoms of PVP, which would reduce the redistribution of the metal, resulting in better dispersion
and stabilization of the metal.

2.2.2 Impact of Supports and Impregnation Conditions

The silica support may itself play an important role in the control and confinement of nickel NPs.
Certain works concerning the influence of the porosity of the supports (either micropores vs.
mesopores or among mesopores with different sizes) on the nickel size and dispersion are
discussed ahead.

In 2017, Drobna et al. (Table 1, entry 3) [30] reported a complete study that involved the use of
zeolites such as MFI and FAU, Al,0s, mesoporous aluminosilica such as AI-MCM-41, or mesoporous
silica such as SBA-15, coupled with Ni, to investigate the relationship between the catalysis
performances and the textural properties of the supports. The Ni-based catalysts with 11 wt.% of
Ni were prepared through wet impregnation in ethanol, although such a loading did not allow all
the Ni NPs to be confined within the porosity even in the cases of Ni/SBA-15 and Ni/Al-MCM-41.
Nevertheless, both Ni/SBA-15 and Ni/AI-MCM-41, with Ni particle sizes of 11 nm, exhibited the
best performances in DRM (approximately 80% CHas conversion) after 20 h on stream under a
GHSV of 150 L g* h'’. In the case of Ni/MFI with the nickel particle size of 29 nm, the conversion
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value was 55%, which appeared to be rather unusual with such size and under such harsh test
conditions.

Similarly, Zhang et al. (Table 1, entry 2) [29] reported a study focusing on ordered mesoporous
silica materials with either different pore diameters (Ni-SBA-15 vs. Ni-MCM-41) or different pore
structures (hexagonal vs. cubic such as KIT-6) and used an original Ni incorporation method based
on solid-state grinding. The materials with 5 wt.% of Ni were prepared from the mixtures of the
support and the Ni source (Ni(NOs),.6H,0) without any significant degradation in the textural
properties of the support compared to the reference ones obtained using conventional
impregnation. The Ni particles on the Ni-SBA-15 samples prepared using this solid-state grinding
method were among the smallest ones obtained in the study (compared to MCM-41 and KIT),
implying that the nickel species were much more dispersed and in apparently greater interaction
with the SBA-15 support, as a consequence of which, the Ni-SBA-15 sample exhibited the lowest
decrease in activity (approximately 3% to 4% in general) in the DRM reaction after 100 h at 700 °C
compared to 14%-15% decrease obtained for the Ni/SBA-15 sample prepared using an
impregnation method. The catalytic activity and stability were observed to decline in the following
sequence: Ni-SBA-15 > Ni-KIT-6 > Ni-MCM-41 > conventional Ni/SBA-15. However, the GHSV used
in this work was relatively low (22.5 L g* h'!). Therefore, Zhang et al. suggested that the solid-state
grinding method improves the dispersion of the active component on carriers, although they did
not report measuring the Ni dispersion.

Structured mesoporous materials provide high specific surface areas and high pore volumes
that should facilitate high metal dispersions. However, the impregnation method used might be
quite determining, as demonstrated in various previous studies. In the study reported by Kaydouh
et al. (Table 1, entry 18) [45], who claimed to have prepared a series of Ni/SBA-15 catalysts with
2.5 < Ni wt.% < 7.5% with improved metal insertion into the pore structure, better confinement of
the metal in comparison to that obtained using the conventional incipient wetness impregnation
was achieved by using, for the first time, “Two-Solvents” (TS) impregnation. The innovation
resided in the protocol, which involved: i) suspending the siliceous support in an apolar organic
solvent (cyclohexane) and ii) adding a volume of an aqueous solution containing the adequate
qguantity of Ni precursor that was precisely equal to the pore volume of the support. Owing to the
extremely low miscibility of water with the organic solvent, the agueous solution containing the Ni
precursor was supposed to penetrate the porosity more easily compared to its penetration in the
absence of the organic co-solvent [57]. The success of the procedure was confirmed by the TEM
and SEM results, particularly for the materials with 2.5 and 5 wt.% of Ni. The resulting catalysts
reduced under H, at 650 °C and tested in DRM exhibited rather high activity and considerably
good stability for 12 h (GHSV =52.8 Lg* h'l).

Other approaches that have been implemented include the deposition-precipitation (DP)
method, originally reported by Geus et al. [58]. Practically, the preparation of Ni/SiO catalysts
using the DP method involves the precipitation of the nickel species onto the silica surface via an
increase in the pH of the Ni salt solution used for impregnation. Subsequently, Ni-anchoring
occurred on the basis of the kinetic competition between two types of reactions, the Ni-O-Si
heterocondensation/polymerization and the Ni-OH-Ni olation/polymerization, which lead to the
formation and growth of nickel phyllosilicate and nickel hydroxide, respectively [59]. Rodriguez et
al. (Table 1, entry 19) [46] prepared four materials with up to 10 wt.% of Ni impregnated onto
SBA-15, and another mesoporous SiO; support using either the DP method (in the presence of

Page 13/38



JEPT 2021; 3(1), doi:10.21926/jept.2101006

urea) or the incipient wetness impregnation (IWI) combined with ultrasound. The TEM images
(Figure 3) depicted fibrous structures for SBA-15-DP and SiO,-DP calcined samples, while no such
observations were made when the IWI impregnation was used.

; i Ni/SBA-15 D.P
3 Ni/ SiO, D.P
Y

g w0 Ni/SBA-15 IWI
5 »

v T | R | T T
0 300 600 900 1200 1500 1800 2100

Time (min)

Figure 3 Left - TEM images of reduced: a: Ni/SBA-15 DP, b: Ni/SiO; DP, c: Ni/SBA-15 IWI,
and d: Ni/SiO; IWI; Right - CH4 conversion in the reaction of DRM at 750 °C under one
of the best GHSV (240 L g h'?) reported [46].

According to the XRD, XANES, and EXAFS results, these observed structures corresponded to Ni
phyllosilicates that are formed upon calcination of dried impregnated solid and, which, after
reduction, produce small and well-dispersed Ni NPs (mean size of approximately 4.4 nm as
confirmed by the particles size distribution measurement using TEM). The authors stated that the
use of DP impregnation led to the confinement of the nickel particles at the inner surface of
Ni/SBA-15, rendering them much more active (60% for CHa conversion) compared to those
prepared using a conventional approach (35%-40%) and also more stable [no deactivation in the
case of Ni/SBA-15-DP vs. a 20% deactivation in the other case (IWI)] (Figure 3). These results
demonstrated that the confinement of nickel prevents sintering and coke deposition. Moreover,
the GHSV value used in that work is one of the highest ones (240 L g h) reported in the
literature.

Galvez et al. (Table 1, entry 20) [47] also attempted to evaluate the influence of the preparation
method on the synthesis of 10 wt.% Ni/SBA-15. Three different synthesis methods were evaluated,
i.e., the incipient wetness impregnation (IW1), the deposition-precipitation (DP), and precipitation
in the presence of ascorbic acid as a reducing agent (RM). In the last method, the catalyst was
prepared following a procedure quite similar to the conventional DP method, except for the
addition of ascorbic acid to the support suspended in distilled water after the introduction of urea.
The authors of this work demonstrated that the physicochemical features of the obtained
materials were influenced strongly by the preparation procedure used. The DP and RM methods
led to the Ni particles being confined in the mesopores of SBA-15 (verified by TEM), while the
simple IWI method led to the Ni particles being mostly deposited on the outer surface of the silica
grains. The dispersion values of the Ni(0) phase obtained from the H; chemisorption experiments
were observed to be enhanced for the DP (8.5%) and RM (8.7%) catalysts in comparison to the IWI
catalyst (2.7%). Such differences were also reflected in the activity, selectivity, and stability
exhibited in the DRM. After 24 h on stream, under a relatively modest GHSV (20 L g h), the
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Ni/SBA-15-RM prepared using ascorbic acid produced a CH4 conversion rate (65%) that was quite
close to the conversion rate obtained with Ni/SBA-15-DP (67%) and significantly higher than the
rate obtained in the presence of the solid prepared using the IWI method (40%) that underwent
rapid deactivation. Therefore, the authors concluded that the addition of a reducing agent during
the precipitation synthesis method led to the catalyst exhibiting improved stability, relatively
higher activity, and enhanced selectivity toward DRM. It is, however, noteworthy that the
dispersions of nickel on the solids prepared using the DP and RM methods were quite similar,
although the TPR results revealed higher reduction temperatures in the case of the DP catalyst,
which was attributed to better metal-support interactions. The authors concluded that the
decrease in the textural properties upon Ni addition was due to the incorporation of Ni inside the
pores. However, such decrease (approximately 65% and 50% of the specific surface area and the
pore volume, respectively) can rather be explained by a certain level of degradation of SBA-15 due
to the presence of urea, which when thermally decomposed, generates NHsz that might be
responsible for the alkaline attack of silica [59].

2.2.3 One-Pot Strategies for Ni Incorporation

One-pot (OP) incorporation of Ni is an alternative strategy that involves incorporating the nickel
source directly into the silica's synthesis gel. This strategy could be promising in terms of simplicity
and nickel dispersion throughout the resulting material. However, the one-pot preparation
method is limited by the partial incorporation of the metal cation, particularly during the synthesis
reactions performed under acidic conditions. Another strong limitation of this method when
applied to mesoporous materials is associated with the decrease in the textural properties of the
resulting samples. Indeed, when the metal salt is added directly into the synthesis gel, the
structuration of the pores could be modified in comparison to the use of the silica precursor alone.
For instance, while a decrease of approximately 20% could be achieved in the Sger with the use of
post-synthesis methods such as TS, IWI, etc. [45-47] for metal introduction, a worse deterioration
(approximately 80%) is achieved with OP pathways [12, 17]. In this section, a few examples of the
works concerning the successful preparation of Ni-based silica using the one-pot strategy are
discussed.

Wang et al. (Table 1, entry 7) [34] evaluated the OP procedure with HMS mesoporous silica
obtained using an S°° assembly pathway [60]. Four HMS samples (denoted as xNi-HMS)
incorporating different Ni loadings (x = 2.5%, 5%, 7.5%, 10%, and 15%) were synthesized using
dodecylamine as the structure-directing agent, followed by a comparison of these samples with
Ni/HMS (7.5 wt.% of Ni) prepared through incipient wetness impregnation (IWI). The authors
indicated different advantages of using the one-pot strategy with HMS. First, such a synthesis was
considered time-saving and convenient in operation. Second, the xNi-HMS materials were
prepared at room temperature without hydrothermal crystallization, which minimized energy
consumption. Third, the template used for HMS was a primary amine, which is much less
expensive compared to block polymers such as Pluronic 123 (used for SBA-15) and can be
recovered through solvent extraction. Wang et al. reported that highly dispersed/confined small
and homogeneous particles of Ni were observed in the xNi-HMS samples. However, the CO
chemisorption results revealed that the dispersion range obtained for these solids was between
6.9% and 5.2%, which are not adequately high values. Moreover, the dispersions appeared to be
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close to the one obtained with impregnated Ni/HMS (4.3%). The 2.5Ni-HMS exhibited the highest
Ni dispersion (6.9%) and led to higher catalysis performances in DRM compared to its analogs with
x =5, 7.5, 10, and 15 wt.% of Ni as well as to the reference solid 7.5Ni/HMS. According to Wang et
al., the solids obtained using this one-pot approach exhibited excellent stability, with
approximately 90% of CHs and CO; conversion rates, respectively, at 800 °C, due to the strong
anchoring effect of the silica wall that improved the resistance of the particles toward coking and
sintering. However, it is noteworthy that these conversions were obtained under a rather low
GHSV (22.5Lg'h?).

Tian and co-workers (Table 1, entry 21) [48] also used a one-pot synthesis to obtain Ni@SiO;
catalyst for DRM, beginning with Ni nanoparticles encapsulated in dendritic silica structures.
Ni@SiO> with 4.9 wt.% of Ni thus prepared exhibited a better dispersion of Ni with smaller
nanoparticles (2-3 nm) compared to the reference material (4.8 Ni wt.% with 16 nm particles)
obtained using a conventional impregnation method. In the latter, the Ni NPs were observed at
both inner and outer surfaces, and the resulting solid underwent a total deactivation at 700 °C
after 50 h on stream, while the material prepared using the one-pot synthesis exhibited high
stability (81% and 72% for CO, and CHa conversions, respectively, after 50 h) although at a rather
low GHSV value (40 L g hl). Using theoretical calculation, the authors determined the formation
energy of the different C clusters on the Ni particles, revealing that the growth of carbon
nanotubes was difficult on the surface of small and confined nanoparticles obtained using the one-
pot strategy.

3. Promoters and Bimetallic Ni-silica based Catalysts

Combining nickel with other metals or oxides may lead to synergistic effects as it would change
the surface properties of Ni, thereby conferring better catalytic performances than exhibited when
using Ni alone [26]. In this section, the contribution of the various additives that were used to
promote nickel-silica based catalysts in the DRM reaction is presented (Table 2).
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Table 2 A selection of papers dealing with promoters and bimetallic catalysts published between 2015-2018 [45, 61-92].

. Total
NiO
. - . flow GHSV . .
Ni or Promoters Siliceous Preparation 1 Weight T Time CHs CO: L.
Year 0 (mL L g . Objectives Ref
(wt.%) (Ni°) element support method min- bl (mg) (°C) (h) % %
(nm) 1y
Co (0-10 SiO; from Ni-Co alloy derived from
2017 0-10 (5.7) o HM 30 60 30 750 100 86 89 . [61]
wt. %) phyllosilicates phyllosilicates
Co Bimetallic Ni-Co for
2018 2.5-10 n.d. (0-10 SBA-15 Co-P 60 72 50 700 50 70 60 higher activity and [62]
wt.%) stability
OAm/OAc organic pair
Co 5 Spherical for the improvement of
2017 45  nd. (5 Spheric IWI 60 72 50 700 30 79 g2 Of ‘heimprovement of .o
wt. %) M.SiO> performances of Ni-Co
bimetallic catalysts
C Ni/SBA-15 ted b
2018 255 169 Ol SBA-15 Wi 60 36 100 750 4 8o 90 N/ Promoted BY 641
1-5 wt. %) Co
Hierarchical Ni and Ni-
Ccu Cu/SiO2 derived from
Spherical phyllosilicates
2015 20.9 (8) (0-16 i HM 20 13.3 90 700 30 71  n.d. ) [65]
Wt.%) np SiO2 (nanoparticles
' embedded in
nanosheets)
2.5- Ce SBA-15, 52.8, Confinement of nickel
2016 5 . TS 88 20,100 500 12 69 63 . [45]
7.5 (6 wt.%) M. SiO; 264 using SBA-15
Ce, Zr Examination of the
2017 10 5.3 (CezZr both npSiO; Wi 60 144 25 700 24 50 n.d. intricate relationship [66]
57-84 between support
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E: Entry; M.: Mesoporous; np: Non-Porous; TS: Two solvents; I.: Impregnation; IWI: Incipient wetness impregnation; WI: wet impregnation; Co-P: Co-
precipitation; DP: deposition-precipitation; OP: one-pot; P: precipitation; HM: hydrothermal method; n.d.: Not determined; OAc: Oleic acid; OAm:
Oleylamine
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Metals, such as Pt, Ru, and Ir, have been well-recognized as DRM catalysts for decades,
demonstrating higher activity and better resistance to carbon compared to Ni [93-97]. When
associated with Ni, a small amount of noble metal usually assists in promoting the reducibility of
nickel due to the higher affinity of the noble metal toward H; and the increase in the number of
active sites [98-107, 108]. For instance, when Pt is added to nickel-based catalysts, a significant
decrease in the barrier energy of CO; dissociation was observed [109, 110].

In the literature between 2015 and 2018, not many examples concerning the use of noble
metals as promoters for Ni-silica based catalysts are available. Other metals, such as Co, Mg, Cu,
and In, are preferred for DRM application. The combination of Ni and Co, for example, has been
studied extensively. Bian et al. (Table 2, entry 1) [61] and Xin et al. (Table 2, entry 2) [62]
separately demonstrated that the Ni/Co ratio, in a Ni-Co alloy, is crucial for the catalytic
performances of the resulting Ni-Co-silica catalysts. It was reported that 7Ni3Co exhibits high and
stable activity, while 5Ni5Co, 3Ni7Co, and 10Co exhibit severe deactivation (e.g., CHa4 conversion
after 30 h on stream decreased from 60% to 40% in the case of 10% Ni/SBA-15, while it remained
stable (65%) for 50 h in the presence of Co [62]). Gao et al. (Table 2, entry 3) [63] observed small
shifts in the binding energy values in the XPS (increase for Co and decrease for Ni compared to
isolated Co and Ni, respectively), and emphasized the existence of an electron transfer from Co to
Ni when both are combined, thereby revealing an intimate interaction between the two [111, 112].
According to the authors, the higher electron density in Ni would improve the metal-support
interaction and protect Ni from sintering during the DRM reaction (Table 2, entry 4) [64, 113-115].
In addition, the better affinity of Co toward the oxygen species leads to an excellent coke
resistance, resulting in a catalyst with higher stability and reactivity (Table 2, entries 2 and 4) [62,
64].

Wu et al. (Table 2, entry 5) [65] proposed Cu-Ni alloy nanoparticles species supported on silica
nanosheets using a phyllosilicate intermediate, prepared using nickel and copper nitrate salts.
Such a preparation method resulted in much higher metal-support interaction compared to the
conventional impregnation methods, thereby producing finely-divided Cu-Ni nanoparticles with an
average diameter of ca. 7 nm. However, the CuNi3/SiO, catalyst [containing 5.5 wt.% and 20.9 wt.%
of Cu and Ni, respectively] led to a slightly higher CH4 conversion (72%) compared to that observed
for Ni/SiO; [20.9 wt.% of nickel (66%)]. Indeed, the activation energy for CHa4 conversion derived
from the slope of Arrhenius plots (logarithms of the conversion rates vs. 1/T at a temperature
range of 500-700 °C) was similar for Ni and CuNix, when x was larger than 3. On the other hand,
there was a significant impact on the stability and the minimization of carbon whisker formation
after 30 h on stream at 700 °C, although this was achieved using a relatively low GHSV (13.3Lg* h
1). The authors explained that Cu would assist in promoting the sintering resistance of the alloy
nanoparticles, although for Cu-overdosed materials, the activation energy for CH4 conversion was
apparently higher.

Various other elements or their oxides/nitrides have also been investigated previously as
promoters to improve the stability of nickel-based catalysts toward coke deposition, such as Ce
(Table 2, entries 6-13) [45, 66-72], La (Table 2, entries 14-18) [73-77], Sm (Table 2, entries 19-21)
[78-80], Titanium nitride [81], Gadolinium [82], Ferrite [83], Sc [84], and boron nitride [85], (Table
2, entries 22-26), etc. In a study, Yao et al. [86] (Table 2, entry 27) studied Ni-Zr-silica catalysts
prepared through impregnation of the SiO, support with an aqueous solution containing Ni(NO3),
and Zr(NOs)s and demonstrated that such materials were catalytically more active in the DRM
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reaction at low temperatures compared to their non-promoted counterpart Ni/SiO,. Such a
behavior could be related to the high activation ability of the Ni-Zr/SiO; materials for both CH4 and
CO.. Therefore, the activation energy values obtained with Ni-Zr/SiO, were much lower than those
obtained with Ni/SiO2 [30.0 (CH4) and 21.9 (CO3) kJ mol? vs. 473.9 (CH4) and 704.6 (CO) kI mol?,
respectively]. According to Yao et al., Zr-promoted catalysts would facilitate the activation of the
CH bond in CH4 and activate CO, by forming significant proportions of carbonates (Table 2, entry
27) [86]. In addition, the Ni-Zr/SiO; catalysts exhibited CHs and CO2 conversions of only 4.5% and
9.1%, respectively, at 450 °C. Unfortunately, these authors did not work under high GHSV values
(only 14.4 L g* h'Y). Kérolyi et al. (Table 2, entry 28) [87] combined Ni with Indium (In) on SiO>
support using a deposition-precipitation method, which involved the mixing of the Ni and the In
precursors. The presence of 2 wt.% of In on the surface of 3 wt.% Ni/SiO, prevented coke
formation in the DRM at 675 °C for 24 h under an acceptable GHSV of 40 L g h}, as evidenced by
the TPO curves of the spent catalysts. The improved stability exhibited by Ni-In/SiO> compared to
Ni/SiO; was also related, as stated by the authors, to a change in the nickel adsorption properties
[and its electronic structure] when indium was used as the promoter.

Oxides, such as MnOy (Table 2, entries 29-31) [88-90], CaO, MgO, Y;03, and Sm;0s3, have also
been evaluated for improving the performances of Ni catalysts. For instance, Amin et al. (Table 2,
entry 32) [91] concluded that the introduction of CaO to Ni-based mesocellular silica foams using a
sol-gel method renders the obtained catalyst more stable toward the DRM limitations. Similarly,
MgO-promoted Ni/SiO2 was evaluated by Zhang et al. (Table 2, entry 33) [92], who demonstrated
that the uniformly-dispersed MgO basic promoter resulted in an increased CO;-adsorbing affinity.
Moreover, the formation of Mg-phyllosilicate induced CO, activation by the support, thereby
improving the catalytic activity and coking resistance of the resulting material.

In another study, Taherian et al. (Table 2, entry 19) [78] compared the effect of three oxides (3
wt.%) on a 10 wt.% Ni/SBA-15 catalyst. The authors used zirconia (ZrO,), yttria (Y203), and samaria
(Sm203), and the precursors of these were added using the “two-solvent” method. The activity
tests, which used a rather low GHSV (12 L g h'!) and the TPO revealed that the incorporation of
samaria i) improved the metal-support interaction and the dispersion of Ni, leading to high
methane conversion (approximately 75%) and ii) decreased the coke formation. The addition of
yttria increased the CH4 conversion, although it also enhanced the coke formation, unfortunately.
Several other oxides of rare earth elements have been used in association with silica. Oemar et al.
(Table 2, entry 16) [75] added La203 onto Ni/SBA-15 and demonstrated that the quantity of oxide
has to be adjusted. Only a small amount of La (approximately 1 wt.%) was necessary to obtain the
best catalytic performances [83% of CH4 conversion at 700 °C for 10 h under a reasonable GHSV
(72 L gt hl)]. The 1% La-promoted Ni/SBA-15 material was much more active and stable
compared to the un-promoted one. These authors concluded that in the presence of La, the
highly-dispersed Ni catalyst was very active in the decomposition of CHa, resulting in higher CH4
conversion. In addition, the La oxide also actively adsorbs CO; and would assist in the removal of
the deposited carbon on the catalyst surface, resulting in high catalytic stability. In addition, the
presence of La was demonstrated to strongly inhibit the RWGS reaction (Table 2, entry 14) [73].

Ce has also been often employed as a promoter for the Ni-silica based catalysts. The synthesis
of such catalysts is performed, for example, by using natural illite clay, which is a low-cost
precursor (Table 2, entry 10) [69], or, more often, by beginning with non-natural silica supports.
Irrespective of the structure (mesoporous, core-shell, or aerogels), the incorporation of Ce in the
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catalyst formulation improved its performance in the DRM reaction (Table 2, entries 6-13) [45, 66-
72]. Ce introduction also conferred self-decoking properties and favored the formation of small
highly-dispersed Ni particles and the strengthening of the interaction between the metal and the
support (Table 2, entries 8-13) [67-72]. It is noteworthy that more complex catalyst formulations,
such as the combination of Ce and Zr, were considered to synthesize a silica/ceria-zirconia support
for Ni deposition (Table 2, entry 7) [66]. Another rare-earth element, gadolinium has been tested
successfully for the promotion of Ni/ZSM-5 in DRM (Table 2, entry 23) [82]. Sarkar et al. reported
the formation of GdNi5 alloy with a particle size of 2-10 nm. In this case, the strong interaction and
charge transfer from Gd to Ni, as evidenced by the XPS results, explained the low carbon
deposition and the sintering of Ni.

4. Ni@silica Core-Shell Nanoparticles

One possible physical protection to prevent carbon deposition and efficiently inhibit the
sintering of the metal (Table 3, entry 1) [116] is to cover the metal particles with at least one
microporous oxide material that allows the access of the DRM reactants. This approach was tested
with various materials, ranging from core-shell structures involving silica particles to porous
materials that incorporate, into their walls, the metal introduced during the synthesis of the silica
support (Figure 4). The latter has already been described in Section 2.2.3 and will not be discussed

below.

Embedded in
siliceous structure

Typical Core-shell or also called
Core-shell Multiple Cores-shell

Figure 4 Different approaches leading to the physical protection of nickel by porous
silica.
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Table 3 A selection of papers dealing with core-shell catalysts published between 2015-2018 [66, 68, 71, 116-122].

NiO Total
. - . GHSV . .
Ni or Promoters Siliceous Preparation flow ~ Weight T Time CHs CO; . L.
Year 0 L g . Objectives Ref
(wt.%) (Ni°) element support method (mL 11 (mg) (°C) (h) %
(nm) min-?)
016 18 g5 M& BLo g HM 30 60 30 750 72 85 sg Me phyllosilicates |,
18.8 ' 9.2 wt.%) e @silica used as catalyst
Ce, Zr Examination of the intricate
(CeZr both ) relationship between
2017 10 53 np SiO; WI 60 144 25 700 24 50 n.d. [66]
57-84 support  structure and
wt. %) catalytic performances
Ce 43 Design of NiCe@m-SiO;
2016 10 (18) Wt.%) M. SiO; n.d. 30 12 150 750 40 89 97 core-shell structure for [68]
7 better confinement
Immobilizing Ni in the
M. SiO orosity of SiO; mesopores
2015 10 (2.3)  Ce (3 wt.%) 2w 30 12 150 750 20 90 g5 POrostty of Sibamesop [71]
nanospheres and preparation of
modified Ce-SiO; support
NiO
Mi. and M. suspended Preparation of core-shell
2015 29 10 No . . 40 48 50 750 25 54 66 . [117]
SiO; in CTABr structure for better stability

then coated
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6 2017
7 2018
8 2018
9 2018
10 2017

5 (4.3) No

10 (5-6) No

3-7 (4  No

25 (5-8) No
26 Lo N
28 ©

Mi. SiO;

silica nano-
capsule

np SiO;

SiO»
nanotubes

np SiOz

by SiO,

OopP

Reverse
micelle
approach

opP

HM

IWI

15

80

30

n.d.

n.d.

18

48

60

36

50

100

30

n.d.

800

800

700

800

700

800

100

325

23

70

500

88

75

45

81

90

89

80

55

78

89

One-pot core-shell
structure for better
confinement

Siliceous nanocapsule for
the confinement of nickel

Sandwich-Like
Silica@Ni@Silica Multicore-
ShellCatalyst: Confinement
effect against coke
deposition

Confinement of Ni particles
in silica nanotubes

Core-shell structure using
thin-felt microfibrous-
structured
Ni@SiO2/Al,03/FeCrAl
fabricated by one-step

[118]

[119]

[120]

[121]

[122]

E: Entry; M.: Mesoporous; Ma: Macroporous; np: Non-Porous; Mi: Microporous; IWI: Incipient wetness impregnation; WI: wet impregnation; OP: one-

pot; HM: hydrothermal method; n.d.: Not determined.
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Core-Shell Nanoparticles (CSNs) are a class of nanostructured materials that have been
receiving increasing attention recently due to their important roles in various catalytic processes
[123]. As discussed earlier, promoters are often added to the catalyst formulation to improve the
performance of Ni in the DRM reaction. This strategy has also been considered in the approaches
involving Ni/silica core-shell particles. The available examples in the literature deal with Ce (Table
3, entries 2-4) [66, 68, 71], Zr (Table 3, entry 2) [66], and Mg (Table 3, entry 1) [116]. The following
paragraph presents a few examples of core-shell systems with varying scales of complexity. In all
the cases, the ordered porosity of silica is generated using organic structure-directing agents that
are later removed through calcination.

In a quite interesting work reported by Zhang et al. (Table 3, entry 5) [117], core-shell
NiO@SiO; nanoparticles were prepared from the commercially available NiO NPs (10-20 nm)
added to a silica precursor dispersed in a cetyltrimethylammonium bromide solution to construct
a mesoporous silica framework around the NiO NPs, thereby preventing the formation of carbon
species on their surface. The mesopores were generated after removing the surfactant molecules
through calcination. As expected, the shell of silica suppressed the sintering of Ni and the growth
of carbon filaments, while the mesopore channels allowed the reactants to diffuse with no
limitation toward the surface of Ni, which could also be encouraging for other reactions such as
CO; methanation. In DRM, coke deposition was demonstrated to be negligible after 39 h on
stream at 850 °C under an acceptable GHSV (40 L g h'!), while the catalyst was relatively stable
for 24.5 h. In addition, it was demonstrated that the catalytic performance of Ni@SiO, materials
could be further improved by optimizing the microstructure of the core-shell nanoparticles and
the surface of the Ni NPs inside the shell. Promotion with cerium was evaluated, for example, with
the NiCe@m-SiO; catalyst containing 10.6 wt.% of Ni and 4.3 wt.% of Ce (Table 3, entry 3) [68].
The material was prepared through the hydrolysis and condensation of silica precursors added to
a reverse microemulsion obtained by dispersing aqueous Ce(NO3)3.6H20 and Ni(NOs); ina mixture
of cetyltrimethylammonium bromide, 1-butanol, and cyclohexane. NiCe@m-SiO; with nickel
particle size ranging between 14 and 24 nm was tested for 40 h at 750 °C, and it proved to be a
better catalyst (90% CHaconversion) compared to NiCe/SiO. prepared through the impregnation
of silica (75% of CHa4 conversion). However, the GHSV value (12 L g*h?) used in the study was
quite low.

Multiple-cores@shell catalysts comprising multiple Ni nanoparticles as the core and
microporous silica as the shell (M-Ni@SiO;) may also be synthesized using a one-pot reverse-
phase microemulsion strategy. As an example, in the work of Peng et al. (Table 3, entry 6) [118],
the M-Ni@SiO> material containing 5 wt.% of nickel was prepared by introducing concentrated
ammonia and tetraethoxysilane into a reverse microemulsion prepared by dispersing an aqueous
Ni%* solution in a mixture of polyethylene glycolmono-4-nonylphenyl ether (NP-5) and cyclohexane.
Following two days of hydrothermal treatment, the particles were destabilized using ethanol and
then collected through centrifugation at 10000 rpm, followed by calcination at 800 °C and vacuum
drying. In the freshly calcined Multiple-NiO@SiO, samples, the particle size of the ultra-fine Ni
cores was approximately 4.3 nm, while the total average size of the core-shell particle was 30 nm
and the pore size of the microporous shell was 1.5 nm. Peng et al. demonstrated that after in situ
reduction, M-Ni@SiO; exhibits good catalytic activity and stability (90% and 92% for CH4 and CO;
conversions, respectively, after 100 h). No carbon species could be detected in TGA-DSC after 100
h of DRM at 800 °C, although the GHSV worked with was quite low (18 L g* h'!) (Figure 5). M-
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Ni@SiO; led to a CHa conversion quite similar to that of Ni/SiO, prepared using a conventional
impregnation method and that of the commercial Ni/Al,Os. However, Ni/SiO> and Ni/Al,03
presented more coke deposition, as revealed in the TGA characterization of the spent catalysts. In
the case of M-Ni@SiO;, all the Ni particles were confined in the microporous silica shell, which led
to a lack of physical space for the growth of carbon species, particularly the filamentous and
encapsulating carbon. However, it is noteworthy that the comparison was not really fair as the Ni
particles in M-Ni@SiO, were smaller than those in the other catalysts, which could also have
contributed to the superior carbon resistance ability of the core-shell catalyst.

100
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~ 80
=
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g 70
>
: D mean= 2.4 nm (B) g
o
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Figure 5 A and B: TEM and Ni particle size distribution of M-Ni@SiO, and C:
comparison of the stability of different Ni-based silica or alumina catalysts toward the
CHa conversion [118].

Further sophisticated objects have also been designed, such as hollow silica capsules, including
Ni nanoparticles (work of Wang et al.) (Table 3, entry 7) [119]) or the sandwich-like
Silica@Ni@Silica Multicore-shell systems (Table 3, entry 8) [120]. The latter were synthesized by
Bian et al. using a four-step approach, in which SiO; nanospheres were prepared first, which were
then covered by Ni phyllosilicates (PS) that were further protected by a silica shell and reduced
under Hy. In a similar approach, Z. Li et al. (Table 3, entry 9) [121] developed an original method
that involved using Ni phyllosilicates nanotubes as precursors to obtain, after H, treatment, small
and well-dispersed nanoparticles (5-8 nm) of Ni° confined in the SiO, nanotubes with a porous
shell having a thickness of 26.1 nm. The strong interaction with the support produced Ni
nanoparticles that were resistant to the migration in the silica tubes, and consequently, to
sintering. However, the dispersion estimated using H. chemisorption was quite low (3.7% for the
highest one). The catalysts led to 81% and 78% conversions for CO, and CHa, respectively, after 70
h at 700 °C under a relatively modest GHSV of 36 Lg* h™.

Bian et al. (Table 3, entry 1) [116] also worked on a multicore-shell material with Mg as a
promoter, which was synthesized successfully through the silica coating (thickness of 10 nm) of Ni-
Mg phyllosilicate nanotubes (PSNTS). The authors reported that the thermal stability of the
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catalyst was significantly improved due to the confinement of nickel and good interaction
between Ni and the nanotubular support (core@tube confinement).

Despite the promising advances brought by the use of core-shell structures, the limitations of
severe intra-bed and intra-particle heat transfer are nonetheless encountered with the Ni@oxide
nanostructured catalysts that are implemented for the DRM process due to their poor thermal
conductivity that generates cold-spots. According to the thermodynamic studies, cold spots not
only decrease the reactor conversion, but they also facilitate carbon deposition, particularly on Ni-
based catalysts. In this context, Chai and co-workers [122] (Table 3, entry 10) proposed the
Ni@SiO,/Al,03/FeCrAl-fiber catalysts where the FeCrAl-alloy-based microfiber (referred to as
FeCrAl-fiber) is an attractive material for the preparation of structured catalysts owing to its high
temperature tolerance, mechanical robustness, high permeability, and particularly high heat
transfer [124]. Ni@SiO2/Al,0s/FeCrAl-fibers were prepared using a one-step, top-down, macro-
micro-nano organization with the aid of cross-linking molecules, followed by a calcination
treatment. The prepared fibers exhibited good activity (95% and 98% for CH4 and CO; conversion,
respectively, at 800 °C) and remained stable for 500 h due to their enhanced resistance to coke
and Ni sintering resulting from their core-shell-like nanostructure. However, the reaction
conditions tested were not so harsh (800 °C, GHSV =5 L g h'l, CH4/CO; = 1.0/1.1 (Table 3, entry
10) [122]).

Different structures have been obtained by following this strategy. However, it should be noted
that in certain cases, this method may lead to a loss in the active sites due to the decreased
accessibility of nickel. In addition, the synthesis of core-shell catalysts is difficult and the
preparation methods are not so easy to implement. Moreover, only 10% of the reports involved
GHSYV values higher than 60 L g h'. Evidently, this approach allows close control of the nature of
the catalyst, which is of fundamental interest, although one may wonder regarding the
applicability of such a synthesis approach in large-scale catalyst production. Therefore, metal
deposition onto silica using conventional approaches, followed by coating with a porous silica
layer, is perhaps a more practical solution in this regard.

5. Conclusion

Small Ni NPs confined in porous silica are capable of resisting against coke deposition and
sintering by increasing the interactions with the support and/or exploiting the presence of physical
barriers that reduce the migration of atoms and consequently their growth under harsh conditions.
However, the conventional impregnation of porous silica is usually not sufficient to obtain the
right materials. The key factor is the control of the interface between silica and nickel, which may
rely heavily on the deposition method used. In the present review, several combinations of “nickel
sources/support/impregnation methods” were discussed. Certain strategies beginning with
original nickel precursors and/or implementing impregnations assisted by ligands or organic
molecules appear to be complicated and are not always environment-friendly.

Therefore, it appears better to emphasize the use of the traditional deposition-precipitation
method in combination with SBA-15 support [46], which generates a 10 wt.% catalyst that remains
stable for 35 h under quite a high value of GHSV (240 L g h'l). One-pot approaches that
incorporate nickel precursors in the synthesis gel of mesoporous supports, which are in the initial
stages of development, could also be promising as they confer protection to nickel particles by a
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porous silica coating. Combining Ni with promoters generates active and stable Ni-silica catalysts
for DRM. The reasons for the improved stability of nickel vary with the nature of the promoter
used. However, the addition of such species renders the preparation as well as the
characterization of the catalysts further difficult. In addition, adding promoters may increase the
cost of the catalysts. A simple comparison of Table 1 and Table 2 reveals that both the strategies
(confinement and promoters) generate catalysts with good performances. However, just 8% of the
reports concerning the use of promoters involved GHSV values higher than 100 L g** h*}, while only
22% of the reports concerned the strategy of controlling the nickel particle size/confinement. In
consideration of these remarks, it could be considered that the control of particle size and
confinement might be more interesting provided that it is realized with an approach that is less
complex and more feasible with industrial application.

The core-shell structure design is another approach that appears to be efficient for confining
nickel nanoparticles in porous silica. The materials resulting from this approach appear to be quite
interesting for DRM due to the possibility of nickel stabilization and the possibility of using
different combinations with promoters.
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