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A facile synthesis of the hierarchical Ni/MgO catalyst is reported, with extremely fine dispersion of Ni nanoparticles
(NPs) and high surface oxygen mobility. The hierarchical Ni/MgO catalyst exhibits higher activity for CH4 formation
than that prepared by the impregnation method. The enhanced activity and thermal stability of the hierarchical Ni/MgO
catalyst is attributed to hierarchical MgO particles with a multilayer structure and high surface oxygen mobility. This
induces better metal-support interactions, high Ni dispersion to prevent Ni NPs sintering, and the high surface oxygen
mobility provides a high resistance to carbon deposition. Compared to the impregnated Ni/MgO catalyst, the hierarchi-
cal Ni/MgO catalyst exhibits a better fluidization quality and a higher attrition-resistance in a fluidized-bed reactor.
This approach to improve the catalytic activity by creation of hierarchical Ni/MgO particles is encouraging for the
design of novel catalysts for synthetic natural gas production, especially from the perspective of matching catalysts with
fluidized-bed reactors. VC 2017 American Institute of Chemical Engineers AIChE J, 63: 2141–2152, 2017
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Introduction

Natural gas is a highly efficient form of energy and the

cleanest fossil fuel by virtue of its high calorific value and

smoke- and slag-free combustion properties.1 Increased

demand for natural gas and increasingly strict environmental

emission standards have driven the pursuit of feasible

approaches for the production of synthetic natural gas (SNG).

There are challenges in the gasification of coal for the produc-

tion of syngas (H2/CO) and subsequent methanation.2,3 CO

methanation, as a key reaction during this transformation, is

highly exothermic and is accompanied by a large decrease in

the number of moles. Thermodynamically, this reaction is

favored at low temperatures, but kinetically, it is favored at

high temperatures. Heat removal to avoid hot spots, which

induce sintering of the active metal and/or support and carbon

deposition during the methanation reaction, has been a major

concern in industrial methanation processes.4–8 Consequently,

the major objectives of the development of a methanation

reactor are the efficient removal of the heat of reaction from

the reactor, to avoid hot spots, and to minimize the deactiva-

tion of catalysts. In the case of fixed bed reactors, several reac-

tors connected in series with intermediate cooling gas

components or product gas recycling are required to prevent

the formation of hot spots.2,9 This mode of operation con-

sumes high amounts of energy and is low in efficiency.
Methanation via fluidized-bed reactors has the advantage of

almost isothermal conditions in the reactor due to its superior

heat transfer capability. Fluidized-bed methanation reactors

have been investigated at a large scale and include the

multiple-feed fluidized-bed reactor process,10 the Bi-Gas pro-

ject,11 the Comflux process,12 and the biomass-derived SNG

process developed by the Paul Scherrer Institute (PSI).13 The

biomass-derived SNG process is now available on the market

and can be connected to any gasifier.14 However, the other

three fluidized methanation processes were halted due to eco-

nomical considerations11,12 and poor fluidization.10 In addition

to the catalytic activity, the better fluidization quality and

attrition-resistance of the catalyst particles play a positive role

in fluidized-bed methanation.15,16

Metal nanoparticles (NPs), such as Ru, Rh, Ni, and Co on

various supports have been proposed as effective catalysts for

methanation.17–20 Ru-based catalysts have shown high activity

for CO methanation. However, large-scale applications of

these catalysts are restricted due to the high cost. Catalysts

based on Ni NPs, with relatively high activity, are used exten-

sively in industrial applications. Ni on various supports, such

as TiO2, Al2O3, SiO2, ZrO2, and SiC,1,21–24 has been investi-

gated. It has been demonstrated that the catalytic performance

is related to the size and shape of the metal NPs and the metal-

support interactions.25–27 In general, CO methanation activity

is significantly higher for Al2O3 supports than for SiO2
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supports.28,29 Therefore, Ni supported on Al2O3 catalysts has
been explored extensively.30–32 However, these Ni NPs sup-
ported on Al2O3 catalysts tend to aggregate together to form a
random structure at high temperatures, resulting in rapid deac-
tivation of the catalyst.33,34 Further, carbon deposition and the
formation of the NiAl2O4 phase at high temperature reduce
the CO methanation activity.35 Consequently, several chemi-
cal approaches, such as anchoring36,37 or embedding38 metals
onto the support, the formation of core-shell and hollow struc-
tures,39–41 overcoating,42 and alloying,43 have been explored
to stabilize metal NPs and to improve the resistance to carbon
deposition. MgO was found to be an effective promoter to
avoid carbon deposition and to prevent the sintering of Ni par-
ticles.33 However, metals supported on individual MgO par-
ticles for catalytic CO methanation have not been fully
investigated in the literature, probably due to the low surface
area of MgO particles.44–46

In addition, most of the aforementioned catalysts have been

developed on the basis of fixed-bed methanation reactors.

However, the fluidization quality and attrition strength of the

nanosized catalysts in fluidized-bed reactors are critical for

obtaining high reactivity and a long lifespan, especially for the

highly exothermic methanation reaction accompanied by a

large decrease in gas volume.8,47–49 Therefore, it is important

to develop a highly active catalyst that is not only stable

against sintering and carbon deposition but also able to fluid-

ize sufficiently in fluidized-bed reactors.
Herein, we explore the idea of hierarchical particles self-

assembled by metal NPs with a high thermal stability and suit-

able for fluidized CO methanation during SNG production. In

this study, the performance of Ni NPs supported on hierarchi-

cal MgO particles was investigated for the production of SNG

via CO methanation. The hierarchical Ni/MgO catalyst exhib-

its much higher activity and a stronger resistance to attrition

and carbon deposition compared to the catalyst synthesized by

the conventional impregnation method.

Experimental Methods

Catalyst preparation

The hierarchical Ni/MgO catalyst was fabricated through

a simple hydrothermal precipitation route. In a typical syn-

thesis procedure, Mg(NO3)2•6H2O (AR grade, J&K Corp),

Ni(NO3)2•6H2O (AR grade, J&K Corp), and urea (AR grade,

J&K Corp) were dissolved in 50.0 mL deionized water with

[Mg21] 5 0.2 mol/L, n(Ni):n(Mg) 5 1:10, n (Urea) 5 2.0 mol/L.

The solution was poured into a 100 mL Teflon bottle. Subse-

quently, the Teflon bottle containing this solution was held in a

stainless steel autoclave, which was sealed tightly. Then, the

autoclave was transferred into a temperature-controlled electric

oven and was subjected to hydrothermal treatment at 2008C for

24 h. After the hydrothermal treatment, the solution was cooled

to room temperature naturally. The Ni-Mg precursors were

obtained after a treatment process consisting of filtration, wash-

ing, and drying. Finally, the as-obtained Ni/MgO precursors were

calcined at 5008C for 5 h. The as-obtained hierarchical Ni/MgO

NPs are denoted as MSP.
For comparison, a Ni/MgO catalyst was prepared by incipi-

ently impregnating the support of MgO NPs with an aqueous

solution using Ni(NO3)2•6H2O as the precursor to NiO with a

loading of 10 wt %. This was followed by calcination in air at

5008C for 5 h. The sample was designated as IMP.

Catalyst characterizations

The X-ray diffraction (XRD) patterns were recorded on an
X-ray diffractometer (XRD, X’Pert MPD Pro, Panalytical,
Netherlands) with Cu Ka radiation (k 5 1.5408 Å) at 40 kV
and 40 mA.

The Brunauer-Emmett-Teller (BET) specific surface area,
total pore volume, and average pore diameter were determined
from N2 adsorption/desorption isotherms at liquid-N2 tempera-
ture using Micromeritics Flow Sorb II 2300. Before each mea-
surement, the sample was degassed in a vacuum at 3008C for
3 h.

The morphology of the as-synthesized catalysts was charac-
terized using a JSM-7001F (FESEM, JEOL, Japan) scanning
electron microscope (SEM) and a JEM-2010F transmission
electron microscope (TEM) equipped with an energy disper-
sive X-ray spectroscopy (EDS) detector (INCA X-Max). The
metal particle size was measured using a high-angle annular
dark field scanning TEM (HAADF-STEM, JEM ARM200F,
JEOL, Japan) operated at 200 kV. The size distributions of
metal particles on the catalyst surface were obtained on the
basis of statistical analysis of SEM and TEM images.

Tests of H2-temperature-programmed reduction (TPR) were
conducted using a chemisorption apparatus (ChemBet 3000,
Quantachrom, USA). The sample (200 mg) was pretreated
with a pure He flow at 3008C for 60 min, followed by cooling
to room temperature. Then, the sample was heated to 9008C at
a constant heating rate of 108C/min, using a H2/He flow (5%
H2, vol %) at a rate of 100 mL/min. Changes of the hydrogen
signal were monitored by an on-line GC (Shimadzu GC-8A)
with a TCD detector.

H2-temperature-programmed desorption (H2-TPD) tests
were also performed on the Quantachrom ChemBet 3000.
Before a H2-TPD test, the sample (200 mg) was pre-reduced at
6008C for 2 h under a 10% H2/Ar flow and then for another 90
min in pure Ar to minimize the H2 spillover. The sample was
then cooled down to room temperature, and a H2-TPD experi-
ment was performed at a heating rate of 108C/min under a
pure Ar flow.

CO2-TPD was performed on the same Quantachrom Chem-
Bet 3000. Catalyst samples (200 mg) were pretreated at 5008C
for 1 h under a pure He flow. After cooling to room tempera-
ture in He, 10% CO2/He adsorption was performed at 808C for
1 h. The catalysts were then purged with He at a rate of
100 mL/min for 1 h to remove the physisorbed CO2. The tem-
perature was increased from 80 to 8008C at a rate of 108C/min
under a pure He flow.

The attrition-resistance of the catalysts was evaluated by a
modified air-jet attrition test, according to the ASTM method
(ASTM D5757-00), which is widely employed to measure the
attrition of FCC catalysts. For the attrition test, a 30 g sample
of 30–100 lm was placed in an air flow of 9 L/min at room
temperature for 4 h. After the test, catalyst particles smaller
than 30 lm remaining in the attrition tube and those collected
by a thimble filter at the outlet of the settling chamber were
defined as fine particles. The attrition index (AI) is defined as
follows:

AI (%) 5 [total fine particles collected in 4 h (g)/initial sam-
ple amount (30 g)]/4 3 100%.

Catalyst test

The methanation performance of the catalysts was per-
formed in a fluidized-bed reactor system, including a gas
feeding subsystem, a fluidized-bed reactor (i.d. of 16 mm)
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collocated with a heat furnace, and a GC (M3000) analyzer.
The bed pressure drop was measured by a differential pressure
transducer equipped with high/low pressure ports, which was
placed at the bottom of the fluidized-bed reactor. The reactions
were tested over the temperature range of 200–5008C. The
temperature of the furnace was controlled by a K-type thermo-
coupler located outside the fluidized-bed reactor, and the tem-
perature of the catalyst bed was also monitored by another
K-type thermocoupler inserted in direct contact with the cata-
lyst bed to determine the real temperature of the methanation
reaction. The gas hourly space velocity (h21) was selected to
be 30,000 h21 under atmospheric pressure. The gas velocity
(u) was 0.02 m/s under standard conditions (u/umf 5 4).

Table 1. Physicochemical Properties of the MSP and IMP

Catalysts

Catalysts MSP IMP

Bulk density (kg/m3) 1160 600
BET (m2/g) 225 63.8
Average pore diameter (nm) 9.8 30.2
Metal particle sizea (nm) 4.8 5.8
Ni dispersionb (%) 32.6 11.5
Attrition index (%) 2.5 5.8

aMetal particle sizes were estimated by TEM.
bBased on H2 chemisorption, assuming Had/Nis 5 1.

Figure 1. Hierarchical MgO particles (a) and their enlarged SEM image (b), Ni/MgO particles (c) and their enlarged
SEM image (d) calcined in air at 5008C for 5 h, (e) cross-sectional map of Ni/MgO NPs and (f) enlarged
image of the white region in (e).
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The particle size of the catalyst was in the range of 25–100
lm, with an average size of 45 lm. For the reaction, 2.0 g of
the catalyst particles were loaded into the fluidized-bed reactor
with a settled bed height of 9.0 mm for MSP and 16.0 mm for
IMP, based on the weight of catalyst loaded and the bulk den-
sity in Table 1. Prior to the reaction, the catalyst particles were
pre-reduced using H2 (100 mL/min) at 6008C for 4 h. After the
reduction, syngas with CO/H2/N2 5 1:3:1 was introduced into
the reactor to start the methanation test. The outlet gas stream

was cooled by an ice trap. To determine the composition of
the outlet gas, the gas product (H2, N2, CH4, CO2, and CO)
was collected after steady-state operation for 0.5 h at each
temperature and analyzed by the GC analyzer. The CO con-
version, CH4 selectivity, and yield were calculated as follows:

CO conversion : XCOð%Þ 5
VCO;in2VCO;out

VCO;in
3100 (1)

CH4 selectivity : SCH4
ð%Þ 5

VCH4;out

VCO;in2VCO;out

3100 (2)

CH4 yield : YCH4
ð%Þ 5

VCH4;out

VCO;in
3100 (3)

where X is the conversion of CO, S is the selectivity of CH4, Y
is the yield of CH4, Vi,in (mL/min) and Vi,out (mL/min) are the

inlet and outlet volumetric flow rate of each respective species

i (i 5 CO, CO2, H2, and CH4).

Results and Discussion

Characteristics of hierarchical Ni/MgO catalyst

The hierarchical MgO precursor, synthesized by the hydro-

thermal precipitation route, was calcined at 5008C for 5 h to

remove CO22
3 and OH2 and to obtain the hierarchical MgO

particles. Individual MgO particles display a pentagonal

dodecahedron-like morphology and a multi-layered structure

(Figure 1a), formed via self-assembly from many octahedral

nano-crystals (Figure 1b). This hierarchical structure is still

well-preserved after the introduction of Ni21 into the MgO

nano-crystals (Figures 1c–d). The cross-section of the struc-

ture of Ni/MgO particles was also characterized using a JSM-

7001F (FESEM, JEOL, Japan) SEM, as shown in Figure 1e.

Figure 1f shows the enlarged image of the boxed area in Fig-

ure 1e. It can be observed that the Ni/MgO particles consist of

multilayer structures.
The NiO/MgO particles exhibit a high porosity with a short-

range ordered mesoporous structure, as shown by the TEM

image in Figure 2a. The strong diffraction peak at approxi-

mately 1.038 (d 5 8.5 nm), as characterized by the small-angle

Figure 2. (a) TEM image of Ni/MgO particles calcined at 5008C for 5 h, with the inset showing the small angle XRD
pattern of Ni/MgO particles. (b) STEM images of Ni/MgO particles reduced at 6008C for 4 h, with the inset
showing the size distribution of Ni NPs. (c) XRD patterns of the Ni-Mg particles calcined at 5008C for 5 h
(a0) and its form after reduction at 6008C for 4 h (b0). (d) EDX spectra of the white region in (a).

[Color figure can be viewed at wileyonlinelibrary.com]
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XRD pattern (Figure 2a, insert), shows the formation of meso-

structures, which is consistent with the TEM observations.

The powder XRD data (Figure 2c, a0) shows only peaks for

MgO with good crystallinity and no other lines from Ni-

containing phases. However, the EDX spectra in Figure 2d

indicate that the Ni/MgO particles consist of 5% Ni, 41% Mg,

and 49% O by atomic ratio. These findings indicate unambigu-

ously the formation of the NiO–MgO solid solution. When the

NiO/MgO particles were subjected to H2 reduction at 6008C

for 4 h, no phase from metallic nickel was detected (Figure 2c,

b0), indicating that the Ni NPs are extremely small and well-

dispersed on the MgO layers. This is also confirmed by the

STEM image that shows well-dispersed Ni nanocrystals (Fig-

ure 2b) with particles sizes of 3–6 nm (mean 5 4.8 nm) (Fig-

ure 2b, insert).
Figure 3a shows STEM images of Ni nanocrystals on the

hierarchical MgO particles. The Ni NPs are very small and

embedded on the hierarchical MgO particles. The Ni EDS

mapping results reveal that there are Mg elements around the

Ni NPs. This indicates that the Mg elements are pinned

between the Ni NPs to prevent further sintering of the Ni NPs

(Figures 3b–c). The STEM image in Figure 3d shows that the

individual Ni crystal is piled by Ni atoms in the rhombic form,

with an angle of 1088. The exposed face of the Ni crystal is the

Ni (111) face, which is undoubtedly active in the catalytic

reaction.44

The N2-isothermal adsorption–desorption and pore size dis-

tribution (BJH method) curves of Ni-Mg particles are illustrat-

ed in Figure 4. The nitrogen adsorption–desorption isotherm

exhibits a type IV curve with an H1-shaped hysteresis loop,

suggesting that the mesopores are uniform (Figure 4a). The

pore size distribution curve indicates an extraordinarily narrow

pore-size distribution centered at 9.8 nm (Figure 4b). The

average thickness of the MgO layer was estimated from the

TEM characterization to be ca. 6.1 nm, which is likely benefi-

cial for full exposure of the active sites.
The BJH pore diameter and the specific BET surface area as

well as the metal size and dispersion are summarized in Table

1. It is clear that MSP has a large BET surface area of 225 m2/

g and a high Ni dispersal of 32.6%. The BET surface area of

MSP is much greater than those of NiO-MgO catalysts

reported previously.8,45,46,50–55 This is attributed to the multi-

layer structure of MgO, with its highly-corrugated surfaces.

The greater dispersal of Ni may be attributable to better con-

tact with the MgO support, which was further corroborated by

the TPR analyses. Figure 5 shows the H2-TPR profiles of the

MSP and IMP catalysts. According to previous reports,55 the

reducible NiO species are classified into three types: (1) a sur-

face “NiO-rich” MgO-NiO solid solution reducible in the low-

temperature region of 200–6008C; (2) a surface “MgO-rich”

NiO-MgO solid solution reducible in the high-temperature

region of 600–10008C; and (3) a “bulk” NiO-MgO solid solu-

tion, reducible at temperatures higher than 10008C. As

observed in Figure 5, the IMP catalyst shows a wide range of

reduction peaks at 747.58C, indicating the difficulty of reduc-

tion. However, the MSP catalyst exhibits a significantly cen-

tralized reduction peak at 547.78C, implying the high

dispersion of Ni NPs. Compared to the IMP catalyst, the MSP

Figure 3. High-angle annular dark-field (HAADF)-STEM image (a), Ni map (b), Ni-Mg mixed map (c), and Ni nano-
crystals (d) of the Ni NPs embedded on MgO nanoparticles reduced at 6008C for 4 h.

[Color figure can be viewed at wileyonlinelibrary.com]
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catalyst is much more abundant in “MgO-rich” NiO-MgO spe-
cies. The NiO in such species was easy to reduce at 6008C,
probably contributing to its high Ni dispersion.33

To elucidate the formation mechanism of Ni NPs on MgO

particles, Ni NPs obtained after different durations of hydro-

thermal treatment were analyzed by XRD, SEM, and EDS. No

peak for the NiO phase is detected, while only MgO diffrac-

tion peaks are observed on the Ni-MgO catalysts (Figure 6a).

The (200) peaks of MgO shift to a lower angle, and the (111)

peaks of MgO show an apparent decrease with increasing

duration of hydrothermal treatment, indicating that nickel

oxide is incorporated into the MgO lattice by replacing the Mg

atoms in the (111) crystal face, thus forming a surface “MgO-

rich” NiO-MgO solid solution. This agrees well with the result

of Figure 3d. Correspondingly, the Ni content increases con-

tinually with increasing duration of hydrothermal treatment

(Figure 6b).

Catalytic performance

The evaluation of initial catalytic activity of the hierarchical

Ni/MgO (MSP) and impregnated Ni/MgO (IMP) catalysts was

conducted in the fluidized-bed reactor. After the introduction

of syngas (CO and H2), the MSP exhibited a high CO conver-

sion and high selectivity and yield of CH4, with values very

close to the thermodynamic equilibrium values in the tempera-

ture range of 350–5008C (Figure 7a). However, when the

Figure 4. Isothermal adsorption–desorption curves (a)
and pore size distribution (b) of Ni-Mg par-
ticles.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. H2-TPR profiles of a hierarchical Ni/MgO cat-
alyst (MSP) and conventional impregnated Ni/
MgO (IMP) catalysts.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. XRD patterns (a) and Ni content (b) of the Ni/
MgO NPs obtained after different hydrother-
mal treatment times at 2008C and calcination
at 5008C for 5 h.

[Color figure can be viewed at wileyonlinelibrary.com]
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temperature was less than 3008C, both the CO conversion and
selectivity of CH4 were lower than the thermodynamic equi-
librium values. This is because of the lower activity of catalyst

and partial conversion of CO to by-products such as CO2 and
carbon solids via a reversed methane-CO2 re-forming reaction
and the CO Boudouard reaction at low temperature.56 Com-
pared to the impregnated Ni/MgO catalyst (IMP), the selectiv-
ity and yield of CH4 with the MSP catalyst were increased by

Figure 7. CO methanation of the hierarchical Ni/MgO
catalyst (MSP) and impregnated Ni/MgO cat-
alyst (IMP).

(a) CO conversion, (b) selectivity of CH4, and (c) yield

of CH4. [Color figure can be viewed at wileyonlineli-

brary.com]
Figure 8. Stability tests of the hierarchical Ni/MgO

(MSP) and impregnated Ni/MgO (IMP) cata-
lysts during the CO methanation reaction.

(a) CO conversion, (b) selectivity of CH4, and (c) yield

of CH4. [Color figure can be viewed at wileyonlineli-

brary.com]
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Figure 9. The axial temperature profiles (a) and bed
pressure drop (b) over the MSP and IMP cat-
alysts during the CO methanation reaction at
3758C in the fluidized-bed reactor.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 10. XRD patterns of the fresh MSP (a) and spent
MSP (b), and the fresh IMP (c) and spent
IMP (d) catalysts after the stability tests.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 11. High-angle annular dark-field (HAADF)-STEM
image (a), HRTEM image of the spent MSP
(b), and spent IMP (c) catalysts after the sta-
bility tests.

The Inset in (a) is the particle size distribution of the

spent MSP after the CO methanation stability test. [Col-

or figure can be viewed at wileyonlinelibrary.com]
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8–15% (Figures 7b–c). Note that the MSP shows a light-off
temperature of �808C lower than the IMP catalyst while deliv-
ering a higher CO conversion at or below 3008C.

The stability test results over the MSP and IMP catalysts are
presented in Figure 8. The conversion of CO over the IMP cat-
alyst is comparable to that over the MSP catalyst in the first
2 h at 3758C, but the selectivity and yield of CH4 over the IMP

catalyst are much lower than those over the MSP catalyst.

After the methanation reaction for 36 h at 3758C, the MSP cat-

alyst still maintains a high CO conversion, high selectivity,

and CH4 yield. However, a dramatic decrease of the CO con-

version, selectivity, and CH4 yield are observed for the IMP

catalyst, e.g., the CO conversion and CH4 yield decrease to

less than 10%, as illustrated in Figure 8. Compared with the

IMP catalyst, the MSP catalyst shows much better catalytic

activity and thermal stability. This enhancement is mainly

attributed to the strong metal-support interactions, as evi-

denced from the H2-TPR characterization.

Enhancement in CO methanation

The axial temperature profiles for the MSP and IMP cata-

lysts are shown in Figure 9a. Good temperature control was

confirmed in the fluidized-bed reactors for both MSP and IMP

catalysts. The heights of the constant-temperature region,

approximately 13 mm for the MSP catalyst and 21 mm for the

IMP catalyst, are consistent with the height of the fluidized

bed. As shown in Figure 9a, the furnace temperature was con-

trolled at 3208C for the MSP catalyst and 3408C for the IMP

catalyst. Large increases in the reaction temperature are

observed for both catalysts due to the heat of the methanation

reaction. The most striking differences are that the MSP cata-

lyst shows a much higher increase of temperature than the

IMP catalyst, indicating a higher selectivity of CH4. The tem-

perature slopes in Figure 9a indicate cooling due to heat trans-

fer. According to the density and particle size of the catalysts,

as shown in Table 1, both catalysts seem to belong to the

Figure 12. CO2-TPD profiles of the MSP and IMP cata-
lysts.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 13. SEM images of the spent MSP catalyst (a) and its enlarged image (b), fresh IMP catalyst (c), and spent
IMP catalysts (d).
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Geldart A class of particles. As observed in Figure 9b, the
MSP catalyst exhibits better fluidization quality than the IMP

catalyst. This is suitable for avoiding the formation of hot
spots in the fluidized-bed reactor, thus inducing less carbon
deposition and higher selectivity of CH4. The fluidized bed

reactor used is too small to verify the effects of the fluidization
quality of catalysts on heat transfer. At a large scale, these

effects will play a more significant role in the removal of the
heat of reaction.

Highly dispersed Ni particles can inhibit carbon deposi-
tion,57 while these highly-dispersed Ni species are easy to

agglomerate during the reaction.58,59 In this study, the spent
catalysts after 36 h of CO methanation were characterized by

XRD and TEM to investigate the changes in the crystal size of
Ni in the MSP and IMP catalysts. The results show that both
spent MSP and IMP catalysts exhibit very good crystallinity

of MgO and no distinguishable Ni peaks (Figures 10a–d). This
reveals that the Ni NPs may be supported on MgO in an amor-

phous or a highly-dispersed state.
The STEM image of the spent MSP catalyst shows that the

average size of the crystalline Ni particles remains constant at
4.8 nm after the stability test (Figure 11a and inset in Figure

11a), indicating that Ni sintering can be neglected for MSP.
The TEM image of the spent MSP catalyst shows that no car-

bon deposition is detected around the Ni NPs (Figure 11b).
However, for the spent IMP catalyst, the Ni NPs are totally
encapsulated by amorphous carbon after the stability test (Fig-

ure 11c), thereby completely deactivating the catalytic Ni
sites. This severe carbon deposition on the Ni NPs is responsi-

ble for the deactivation of the IMP catalyst during long-term
stability tests. Such carbon depositions are commonly reported
for Ni catalysts subjected to steam re-forming above 700–

10008C.60,61

In general, carbon deposition is closely related to the cata-
lyst structure. Increased basicity of the support material pro-

motes CO2 chemisorption, which hinders the formation of
deposited carbon via reverse CO disproportionation. The order
of strength of the surface basic sites was determined to be the

following: O22 ions> oxygen in Mg21-O22 pairs> hydroxyl
groups, corresponding to the three desorption temperature

ranges in the CO2-TPD profiles, viz. 550–7508C (strong basic
sites), 300–5508C (medium basic sites), and 100–3008C (weak
basic sites), respectively.62 CO2-TPD measurements were car-

ried out to study the basic strength and CO2 adsorption capaci-
ty of the catalysts. As observed in Figure 12, the IMP catalyst
shows the presence of weakly basic sites that can be assigned

to the hydroxyl groups. Notably, the MSP catalyst exhibits a
strong peak centered at 6008C, corresponding to oxygen

vacancies. This indicates that the MSP catalyst abounds in sur-
face oxygen and has a high oxygen storage capacity, which is
of great importance for the dispersion of nickel metal and the

inhibition of carbon deposition.63,64 The high surface oxygen
mobility could help the activation of H2O, promoting the

water gas shift reaction and the oxidative removal of surface-
bound carbon on nickel nano-clusters via the reverse CO dis-
proportionation reaction, thus improving the selectivity and

stability of the reaction.
In addition to carbon deposition and Ni sintering, attrition

strength is another important property determining the utility

of a catalyst in fluidized-bed reactors.61 The measured AI
shown in Table 1 reveals that the MSP catalyst shows a lower
AI than that of the IMP catalyst, indicating a higher attrition-

resistance than that of the IMP catalyst. Compared to the

commercial c-Al2O3 powder used as a support for the FCC

catalysts,65 MSP also shows better attrition-resistance. From
Figures 13a, b, the MSP catalyst exhibits a high wear-

resistance, as no obvious change of the shape and edge are

observed after the fluidized methanation tests. However, the

surface of the IMP catalyst became quite smooth after 36 h of
fluidized methanation (Figures 13c–d). Although attrition due

to the rounding of edges might have a small contribution to

the total deactivation of the IMP catalyst, this attrition will
inevitably have a negative effect on the long-term stability.

Conclusions

We have developed a simple method to synthesize hierar-

chical Ni/MgO particles with high Ni dispersion and ordered
mesopores via the guest-host chemistry exchange route. The

hierarchical Ni/MgO particles show a very fine dispersion of

Ni NPs and high surface oxygen mobility. The hierarchical

Ni/MgO catalyst exhibits higher activity and stability for the
CO methanation reaction compared to the catalyst synthesized

by the conventional impregnation method. The enhancement

in activity of the hierarchical Ni/MgO catalyst and its high

resistance to coke-deposition are attributed to the multilayer
structure that creates better metal-support interactions, high Ni

dispersion to avoid sintering of Ni NPs, and high surface oxy-

gen mobility that provides a high resistance to carbon deposi-
tion. The hierarchical Ni/MgO catalyst also shows good

fluidization quality and a high attrition-resistance, making it

suitable for efficient methanation in a fluidized-bed reactor.

The proposed approach for improving catalytic activity by cre-
ating hierarchical Ni/MgO particles is encouraging in the con-

text of designing novel catalysts for SNG production, from the

perspective of matching the catalyst and the fluidized-bed

reactor.
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