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ABSTRACT: Ni-based catalysts dispersed on different supports
(MgO-α-Al2O3, CeO2, SBA-15, and MgO-SBA-15) were prepared by
the impregnation method. Characteristics of the catalysts, including
specific surface areas (N2 physisorption), crystalline phase composi-
tions (powder X-ray diffraction, Raman spectroscopy), reducibility
(hydrogen temperature-programmed reduction, H2-TPR), and
morphology (scanning electron microscopy (SEM) and transmission
electron microscopy, TEM)) were investigated. The activity and
stability of the catalysts were tested for the combined steam and CO2
reforming of methane at 700 °C in a microflow system. The results
show that the catalysts exhibit high activity in the BRM reaction. At
700 °C, the conversion of CH4 and CO2 reached 86−99% and 67−
80%, respectively, in which the Ni/Mg−SBA catalyst is the best with
conversions of CH4 and CO2 reaching 99% and 80%. Coke accumulation on the surface of the catalysts for 100 h time on stream
(TOS) was evaluated by the temperature-programmed oxidation (TPO) technique. The major cause of the catalytic deactivation
was elucidated by combining the determination of the amount and type of deposited coke with the changes in the physicochemical
properties of the catalysts after the long-term reaction. Almost complete loss of activity was observed on Ni/Mg−Al catalyst after
100 h TOS, while the activity drop was slow on the Ni/Mg−SBA sample, about 15−20% of the total value. Otherwise, the Ni/CeO2
and Ni/SBA catalysts firmly retained their stable activity for 100 h TOS due to the minimal carbon deposition and stability of these
catalysts’ structure. The highly considerable formation of inert Cγ carbon and sintering over Ni catalyst supported on MgO-α-Al2O3
were responsible for the lower stability of this catalyst compared to those supported on CeO2 and SBA-15.

1. INTRODUCTION
The combination of steam reforming (eq 1) and CO2
reforming (eq 2) of CH4 in bireforming (eq 3) has been
particularly interesting because, on one hand, it converts the
two main greenhouse gases (GHG) CO2 and CH4 to hydrogen
(H2) and syngas and, on the other hand, has a lower reaction
heat (+220 vs +247.3 kJ/mol) than dry methane reforming
(DRM).

F+ + Δ = +HCH H O CO 3H 206.3 kJ/mol4 2 2 298
(1)

F+ + Δ = +HCH CO 2CO 2H 247.3 kJ/mol4 2 2 298
(2)

F+ + +

Δ = +H

3CH CO 2H O 4CO 8H

220 kJ/mol
4 2 2 2

298 (3)

However, the problem with catalyst deactivation by coke
accumulation via the Boudouard reaction, CH4 decomposi-
tion,1 and metal sintering due to the catalysts’ poor thermal
stability under a high processing temperature has limited the
commercial application of methane reforming. To overcome

these disadvantages of Ni-based catalysts in CH4 reforming,
changing the support and/or adding a promoter to modify the
physicochemical properties of the catalysts could be applied.2

Among the methods, changing the support seems to be a
simple and efficient way to prevent catalysts from deactivation
by coke formation and Ni sintering. It has been shown in
numerous publications that the support acidity3 and the
dimensions of the catalytically active components strongly
influenced carbon deposition.4 Wang et al.5 stated that the Ni/
La2O3, Ni/α-Al2O3, Ni/SiO2, and Ni/CeO2 catalysts exhibited
very high activity and moderate deactivation, while the Ni/
MgO and Ni/TiO2 samples had lower activity and better
stability. The amount of coke formed after the dry reforming of
methane depended strongly on the nature of the support and
decreased in the following order Ni/La2O3 > Ni/α-Al2O3 >
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Ni/SiO2 > Ni/MgO > Ni/CeO2 at 700 °C. Al2O3 is usually
utilized as a support for Ni-based catalysts during reforming
reactions. However, several issues such as carbon deposition,
loss of active phase, and formation of inactive spinel phase such
as nickel aluminate (NiAl2O4) leading to catalyst deactivation
need to be overcome.6 Recently, the mesoporous support SBA-
15, which has a well-ordered, two-dimensional hexagonal
porous network, thick pore walls (3.1−6.4 nm), and
thermostability, has been of interest to be used as a support
for Ni catalysts in methane reforming.7 The uniform
mesoporous channels of SBA-15 can anchor the metal particles
inside the pores, conduct a confinement effect, and restrict
their mobility. As a result, the sintering resistance of the
catalyst at high temperature would be improved.8 Furthermore,
SBA-15 is a material with a large specific surface area, large
pore size, and strong metal to support interaction, supplying a
high dispersion of the active metal on the surface, which give
good catalytic activity and stability.9

Ceria (CeO2) is considered to be an “active support” which
is able to improve the dispersion of the active metal10 and
enhance the performance of transition metals through strong
metal−support interactions.11 Furthermore, CeO2 is known to
be a material with high oxygen storage; its redox properties
(Ce4+ ↔ Ce3+) promote the formation of oxygen vacancies,
thus enhancing the mobility of surface oxygen.12 Besides, the
reduced CeO2−x species accelerates the transfer of activated
oxygen from H2O and CO2 to the catalyst surface on which the
coke is gasified into CO and CO2.

13

The activity and stability of nickel catalysts in methane
reforming can be further enhanced by modifying the support
with other active metal oxides. There have been several studies
showing that a basic catalyst could decrease coke formation by
promoting the reaction between coke formed and CO2 in the
feed.14 Introducing basic alkaline or earth alkaline oxides such
as K, Mg, Ba, or Ca as promoters for the Ni catalyst can reduce
the acidic sites of the catalyst and favor the adsorption of CO2
species.15 The promoter MgO is able to enhance the basicity
and Ni dispersion of Ni catalysts via a metal−support
interaction.16 The strong basicity of Mg is able to increase
CO2 adsorption that eliminates carbonaceous species such as
CHx at the catalyst surface, enhances carbon gasification,15 and
avoids CO disproportionation, thus improving coke resist-
ance17 and catalyst stability.18 The high activity and stability of
Mg-modified Ni/Al2O3 catalysts are due to the beneficial
effects of MgO such as enhancement of steam adsorption,
basic property, nanosized NiO crystallite, and strong
interaction between Ni and the support.19

In our previous studies, NiO catalysts supported on various
supports such as α-Al2O3 promoted by MgO,20 CeO2 of
different morphologies,21 mesoporous nanosilica SBA-15,22

and MgO-promoted SBA-1523 have been prepared and
investigated for dry and bireforming of methane. The results
show that the superior activity of NiO supported on CeO2-
nanorods (CeO2-NR) has been attributed to the stronger
interaction of NiO with CeO2-NR. In addition, the optimal
composition of the catalyst and the most favorable calcination
and reduction conditions for catalyst synthesis in the reforming
reaction have been determined. The optimal compositions of
the catalysts were determined to be as follows: 5.2 wt % Ni/
(8.0 wt % Mg + α-Al2O3), 7.8 wt % Ni/CeO2-NR, 31.2 wt %
Ni/SBA-15, and 31.2 wt % Ni/(9 wt %Mg + SBA-15). Among
these samples, the most suitable calcination temperature is 900
°C for the first catalyst and 800 °C for the remaining catalysts.

It was indicated that these catalysts exhibited high performance
in DRM and BRM. The optimal composition and calcination
conditions determined in those studies will be applied in the
synthesis of the catalysts in this study. However, in these
investigations, the stability of the catalysts and the cause of
catalyst deactivation have not been surveyed. Catalyst stability
and deactivation are important properties of the catalysts, and
without a thorough understanding of these issues, commercial
catalysts cannot be fabricated.
On the basis of the results obtained in the prior

publication,23 in this report, long-term stability tests of Ni
catalysts supported on CeO2, SBA-15, MgO-α-Al2O3, and
MgO-SBA-15 in the BRM reaction have been conducted. The
carbon deposited and the changes of the catalyst’s character-
istics during the reaction have been investigated. In addition,
through the combination and comparison, the relationships
between the catalysts’ composition, properties, activity,
stability, and coke deposition will be elucidated. Consequently,
the influence of coke and the carrier on the properties of the
nickel catalyst system for the BRM reaction will be clarified.

2. EXPERIMENTAL SECTION
Catalyst Preparation. The catalysts with the optimal

composition were prepared using the procedures in previous
studies.20−22 The nonmodified catalysts, i.e., 7.8 wt % Ni
supported on CeO2-NR (Ni/CeO2) and 31.2 wt % Ni on SBA-
15 (Ni/SBA), were prepared by the impregnation method
according to the procedure described in detail in refs 21 and
22. The catalysts supported on Mg-modified carriers, including
5.2 wt % Ni and 8.0 wt % Mg on α-Al2O3 (Ni/Mg−Al) and
31.2 wt % Ni and 9.0 wt % Mg on SBA-15 (Ni/Mg−SBA),
were synthesized by the coimpregnation method of Ni(NO3)2
and Mg(NO3)2 solutions onto the corresponding supports.
After vaporization and drying, the catalysts were calcined in an
air stream at 900 °C for 3 h for the Ni/Mg−Al catalyst, 800 °C
for 2 h for Ni/Ce, and 800 °C for 0.5 h for two SBA-15-
supported catalysts.

Catalyst Characterization. The crystalline structures of
the prepared catalysts were investigated by X-ray diffraction
(XRD) using a Bruker D2 Phaser powder diffractometer with
Cu Kα radiation (λ = 0.15406 nm) varying 2θ in the range of
10−80°. The Raman spectra were obtained at room temper-
ature with a laser Raman spectrometer (Invia, Renishaw, UK).
The hydrogen temperature-programmed reduction (H2-TPR)
was carried out in a gas mixture of 10% H2/N2 at a flow rate of
30 mL/min, and the temperature was raised from room
temperature to 900 °C with a heating rate of 10 °C/min. The
morphology of the catalysts and the particle size of the active
phase were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).

Catalyst Performance Evaluation. Before reaction, the
catalyst was reduced in situ in pure H2 (3 L/h) for 2 h at 800
°C. The activity for BRM of the prepared catalysts was tested
in a microflow reactor under atmospheric pressure at 700 °C,
and the molar ratio of CH4/CO2/H2O in the feed was
3:1.2:2.4 as detailed in a previous report.24 Steam was supplied
as a saturated vapor in the N2 gas stream. The catalyst stability
over 100 h TOS in the BRM reaction was carried out under
similar conditions with a feed flow rate of 15 L/h and catalyst
mass of 0.5 g. The reaction mixture was analyzed on an Agilent
6890 Plus Gas Chromatograph (HP-USA) using both a TCD
detector (capillary column HP-PLOT Molesieve 5A) and a
FID detector (capillary column DB624). The amount of coke
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formed for 100 h TOS was determined by the temperature-
programmed oxidation (TPO) in air flow (3 L/h) in velocity.
In this process, the temperature was raised from room
temperature to 600 °C with a heating rate of 10 °C/min.
After that, the temperature was kept at 600 °C for 120 min to
ensure complete burning of coke. The coke burning temper-
ature did not exceed 600 °C to avoid damage to the catalyst
structure and a change in the physicochemical properties at a
high temperature in air.

3. RESULTS AND DISCUSSION
3.1. Properties of Studied Catalysts. The physicochem-

ical properties of the Ni/Mg−Al, Ni/CeO2, Ni/SBA, and Ni/
Mg−SBA catalysts have been already reported in our previous
publications20−22 and are summarized in Table 1 and Figure
S1. Briefly, in the NiO catalysts supported on α-Al2O3 and
CeO2, nickel oxide exists in an amorphous phase or as highly
dispersed crystals.20,24 Meanwhile, on SBA-15-supported
catalysts, NiO exists in the crystalline phase,23 which was
characterized by diffraction peaks at 2θ = 37.3°, 43.3°, and
62.9° corresponding to the (111), (200), and (220) planes of
cubic NiO (JCPDS 78-0643), respectively (Figure S1a). The
average crystallite sizes of NiO determined from the XRD
patterns using Scherrer’s equation at 2θ = 43.3° are 18.4 nm in
Ni/SBA and 14.5 nm in Ni/Mg−SBA catalysts. The α-Al2O3
and CeO2 supports are in the crystalline phase characterized by
diffraction peaks at 2θ = 25.5°, 35.1°, 37.8°, 43.32°, 52.5°,
57.5°, 61.3°, 66.5°, 68.2°, and 76.8° (JCPDS 46-1215) and 2θ
= 28.5°, 33.1°,47.5°, 56.4°, 59.1°, 69.4°, 76.7°, and 79.1°
(JCPDS 34-0394), respectively. Meanwhile, the silica frame-
work of the SBA-15 support is verified by the broad
amorphous silica peak located at 20−30° 25 on the XRD
patterns of two SBA-15-supported catalysts.22,23

On the Ni/Mg−Al catalyst (Figure S1a), magnesium exists
in the form of MgO crystallites at 2θ = 36.9°, 42.9°, 62.3°,
74.7°, and 78.6°) (JCPDS 79-0612 and the mixed metal oxide
phase (MgxNi1−xO) at 2θ = 19.1°, 31.5°, and 65.4°.26

Furthermore, according to the intensity of the reduction
peak on the H2-TPR profiles (Figure S1b), nickel exists mainly
in the mixed metal oxide phase (MgxNi1−xO) with a maximum
reduction temperature (Tmax) of 875 °C27 and in a small
amount in the form of NiO with Tmax = 337 °C.8 The existence
of the MgxNi1−xO phase on this catalyst is consistent with the
results of XRD analysis and also proved by the appearance of
thin films in the TEM image.20 Meanwhile, in the XRD pattern
of NiO/Mg−SBA (Figure S1a), the characteristic peaks for
MgO crystals and a solid mixture of NiO−MgO at 2θ ≈ 37°
and 62.4° 28 are very weak, suggesting a high dispersion of
magnesium oxide on the support.
On the Ni/CeO2 sample, nickel species exist in three forms:

small particles in the outer pore surface strongly interacting

with CeO2, small particles in the inner pores, and bulk NiO,
which are reduced at maximal temperatures of 330, 352, and
395 °C respectively21 (Figure S1b). On the basis of the area of
the reduction peaks, it was asserted21 that NiO particles
located inside the pores are dominant, resulting in the high
sintering resistance of the Ni/CeO2 catalyst. On this sample
ceria occurs as CeO2 or NiCeO2 spinel, which is reduced at
816 °C. Furthermore, the existence of the cubic fluorite phase
of CeO2 is confirmed by the strong peak located at around 450
cm−1 29 in the Raman spectra of the Ni/CeO2 sample21

(Figure S1c). Introduction of Ni ions into the ceria cubic
fluorite structure increases the thermal stability of poorly
thermostable CeO2.

30 Besides, the presence of oxygen
vacancies on the Ni/CeO2 catalyst are proved by a broad
weak reduction peak at around 250 °C on the H2-TPR
profiles31 and by the appearance of the bands around 625
cm−1 32 on the Raman spectrum.21 The existence of oxygen
vacancies on the Ni/CeO2 catalyst can create a unique surface
state which enhances the surface Ce atom exposure and
improves the stability of the catalyst.33

Compared to the nonpromoted Ni/SBA sample, all
reduction peaks for Mg-promoted Ni/SBA shift toward
lower temperature and the amount of Ni° reduced was higher
(Figure S1b). This means that the reducibility of the Ni/SBA
catalyst is enhanced by introduction of MgO due to the
reduction of the crystalline size and particle size of the Ni/
Mg−SBA sample (Table 1). In addition, a small new reduction
peak appearing at 270 °C shows the reduction of easily
reducible NiO species, which have the weakest interaction with
the support.7 This fact is consistent with the absence of a solid
mixture of NiO−MgO phase in the Ni/Mg−SBA catalyst as
demonstrated in the XRD analysis. Besides, the distribution of
types of NiO species changes drastically when MgO is added in
the catalyst. In the nonpromoted Ni/SBA sample, nickel
species exist mainly in bulky NiO sitting outside of the SBA-5
channels (the first reduction peak is dominant) (Figure S1b).
Meanwhile, on the Ni/Mg−SBA catalyst, three types of NiO
species, outer bulk NiO, NiO particles strongly interacting with
support, and NiO particles anchored inside the channels of
SBA-15, exist approximately in the same amount. At the same
time, the average crystal size and particle size of NiO decrease,
demonstrating that MgO increases the dispersion of NiO.
The SEM and TEM images (Figure S2) demonstrate that

the rod-shaped structure of CeO2 still exists in the Ni/CeO2
sample.24 The preservation of the ordered hexagonal channels
of the SBA-15 support after impregnation of nickel and
magnesium precursors and high-temperature treatments22,23

ensures the good stability of the prepared SBA-15 support.
However, the shift of the diffraction peak at 2θ = 0.9° to a
higher value (2θ = 1.1°) on the narrow-angle XRD pattern of
Ni/SBA22 indicates the grafting of NiO onto SBA-15. Due to

Table 1. Textural Properties of the As-Prepared Catalysts

catalysts SBET
a (m2/g) dpor

a (nm) Vpor
a (cm3/g) dcry

b (nm) dNiO
c (nm) Tmax

d (°C) mNi°
d (mmol/g) mCO2

e (au)

Ni/Mg−Al20 7.1 2.02 0.002 25.6 (Al2O3) 20−30 337; 875 0.124 3.69
Ni/CeO2

21 46.8 2.15 0.023 23.7 (CeO2) 2−5; 10−20 250; 330; 352; 395; 816 0.266 9.83
Ni/SBA22 232.6 6.08 0.291 18.4 (NiO) 3−6; 10−20 369; 450; 620 0.814 9.77
Ni/Mg−SBA23 27.5 1.64 0.010 14.5 (NiO) 2−4; 20 270; 360; 440; 586 0.874 61.52

aBET surface (SBET), average pore diameter (dpor), and total pore volume (Vpor) were obtained from N2 adsorption isotherm analysis. bAverage
crystalline size (dcry) was estimated by the Scherrer equation from the XRD patterns. cThe NiO particle size (dNiO) was obtained from TEM
images. dThe maximal reduction temperature (Tmax) and number of reduced Ni0 (mNi°) were obtained from H2-TPR results based on H2

consumption. eThe desorbed CO2 amount (mCo2) was obtained from the CO2-TPD results.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01931
ACS Omega 2022, 7, 20092−20103

20094

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01931/suppl_file/ao2c01931_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the nanorod structure of CeO2 and the highly ordered
channels of the SBA-15 support there are two types of NiO
particles existing on the CeO2 and SBA-15 supports, namely,
NiO particles located inside of the pores with a size of 2−6 nm
and outer NiO particles having large and various sizes (10−20
nm). The successful dispersion of the metallic species inside of
the ordered pores of the CeO2 nanorods and SBA-15 restrains
their mobility due to the confinement effect that enhances the
sintering resistance of the catalysts. Meanwhile, NiO
aggregating into a big lump of 20−30 nm on the α-Al2O3
support was found.20

The average pore diameter of MgO-promoted catalysts is
much smaller than that of nonpromoted catalysts, as seen from
Table 1. Specifically, compared with the corresponding
nonpromoted samples, the dpor of the Ni/Mg−Al sample
decreases 2 times (from 4.0 to 2.02 nm) and that of Ni/Mg−
SBA drops 3.7 times (from 6.08 to 1.62 nm). The cause might
be due to the incorporation of a MgO particle onto the pore
channels of the support. Of the studied samples, the Ni/SBA
catalyst possesses the largest average pore diameter and pore
volume, reaching 6 nm and 0.291 cm3/g, respectively, while
the other three catalysts have a dpor value of about 2 nm and
much smaller Vpor. Even so, with this pore size, the diffusion of
CO2 and CH4 into the pores of all samples is favorable since
the kinetic diameters of CO2 and CH4 are 0.33 and 0.38 nm,
respectively.34

It can be inferred from the results in Table 1 that there is
proportionality between the specific surface area of the carriers
and the optimal loading of the active phase. The larger the
value of SBET of the support, the higher the optimal loading of
Ni and the higher the number of reduced Nio (mNi°) obtained.
The BET surface area of the SBA-15 support (639.1 m2/g35) is
much larger than those of CeO2 (71.8 m2/g)24 and α-Al2O3
(13.4 m2/g).20 Therefore, the optimal Ni loading on SBA-15 is
the highest, and the number of reduced Nio (mNi°) of this
sample is several times higher than catalysts supported on
CeO2 and α-Al2O3 (0.814 vs 0.266 and 0.124 mmol/g).
Although adding MgO additive results in a decrease of the
specific surface area of the Ni/Mg−SBA catalyst (from 232.6
to 27.5 m2/g), the amount of reduced Ni increases slightly
(about 7%). This is explained by the fact that the Mg promoter
increases the dispersion of NiO by reducing the crystal size and
particle size of NiO. This results in an improved reducibility of
the catalyst (as lower reduction temperatures are required and
higher amounts of reduced Ni are obtained).
On all catalysts weak, moderate, and strong basic sites exist,

of which the weak basic sites predominate.20−23 Thus, from the
obtained results in Table 1, the decreasing order of the basicity
of the catalysts is as follows: Ni/Mg−SBA ≫ Ni/CeO2 > Ni/
SBA > Ni/Mg−Al. The outstanding high basicity of the Ni/
Mg−SBA sample can be attributed to the contribution of the
alkaline additive MgO and the small particle size caused by the
superior specific surface area of the support and the highly
ordered channel structure of SBA-15. The relatively high
basicity of the Ni/CeO2 catalyst can be explained by the
adsorption of CO2 on surface Ce4+ and Ce3+ ions to form
carbonate species (CO3

2−).36 In addition, the oxygen vacancies
of CeO2 stimulate the migration of oxygen in the crystal and
increase the electron density in the nano-CeO2 structure

37 that
raises the amount of basic sites.38 Besides, the good dispersion
of NiO particles in the Ni/CeO2 sample caused by the
interaction of Ni2+ with the CeO2 carrier forming Ce3+ ions
and oxygen vacancies39 has a significant effect on the surface

basicity.40 As seen from Table 1, modifying the Ni/SBA
catalysts with MgO successfully generated numerous basic sites
and greatly improved the Ni dispersion (dpar and dcry were
reduced). The high basicity of the Ni/Mg−SBA, Ni/SBA, and
Ni/CeO2 samples would cause them to have superior coke
resistance.

3.2. Catalytic Activity of Studied Catalysts. Figure 1
shows that the activity of the fresh catalysts, evaluated by CH4

and CO2 conversions, is high in the BRM reaction. However,
CH4 conversion is always slightly higher than that of CO2 over
the reaction temperature range, suggesting that decomposition
of methane into hydrogen and carbon (eq 4),12 water−gas shift
(WGS) (eq 5),12 and CO disproportionation (eq 6)41 take
place as side reactions.

→ + Δ =HCH 2H C 74.87 kJ/mol4 2 298 (4)

F+ + Δ = −HCO H O H CO 41.2 kJ/mol2 2 2 298 (5)

F + Δ = −H2CO CO C 172.44 kJ/mol2 298 (6)

In addition, the reaction heat of steam methane reforming (eq
1) is smaller than that of dry methane reforming (eq 2)
(+206.3 vs +247.3 kJ/mol), so CH4 being converted in
reaction 1 is more favorable, and as a result, the conversion of
CH4 is higher than that of CO2.
At 700 °C, CH4 conversion is 86−99% while that of CO2 is

67−80%, in which the Ni/Mg−SBA catalyst has the best
activity with conversion of CH4 and CO2 reaching 99% and
80%, respectively. The catalyst activity has a good relation with
the Ni dispersion.42 Thus, the high dispersion of the nickel
species and more reducible NiO nanoparticles present in the
Ni/Mg−SBA catalyst, in line with the highest porosity and
basicity (Table 1), contribute to the highest performance of
this catalyst compared to the other samples. Furthermore,
much more basic sites on the Ni/Mg−SBA catalyst’s surface
contributes to better adsorption of CO2, implicating better
conversion of CO2.

43 However, CO2 conversion on the Ni/
Mg−SBA catalyst is almost no different from that on the Ni/
SBA sample, as shown in Figure 1. This might be related to the
high ability of CO oxidation to CO2 by alkaline earth metal
Mg44 and CO disproportionation (eq 6) on MgO,45 resulting
in a reduction of CO2 conversion.
The smallest CO2 conversion being obtained on the Ni/

CeO2 catalyst is explained by the fact that the interaction

Figure 1. Conversion of CH4 (XCH4) and CO2 (XCO2) of fresh
catalysts in the BRM reaction at 700 °C.
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between the deposited carbon and the lattice oxygen of CeO2
on this sample would lead to the formation of C, O46 which
then reacts with steam to produce H2 and CO2. After that H2
and CO2 are involved in the WGS reaction (eq 5) because the
reducible oxides such as CeO2, doped-CeO2, and ZrO2 show
high activity in the WGS reaction.47 Hua Zang et al.48 also
found that Fe−Ce−Ni-based oxygen carriers have a remark-
able redox behavior and exerted high activity and stability for
coproduction of hydrogen and syngas from chemical looping
water splitting (CLWS) coupled with glycerol decomposition.
Regarding the H2:CO molar ratio, it was 1.9 on Ni/Mg−Al,

around 2.0 on Ni/CeO2, and 2.1 on two SBA-15-supported
catalysts. The low H2:CO molar ratio in the BRM reaction on
Ni/Mg−Al is attributed to the reverse water−gas shift
(RWGS) reaction41 since nonreducible oxides (Al2O3 or
MgO) are active promoters for RWGS reaction.47 Specifically,
alkali metals intensify the electrostatic interactions by
promoting electron transfer with reacting molecules that
enhance the CO2 adsorption capacity.49 An approximate
value of 2 on the Ni/CeO2 catalyst indicates that on this
catalyst the side reaction is negligible. Recently, the develop-
ment of a bimetallic catalyst system based on Ni/CeO2 for H2
production has been proposed. It was found that the Cu
element in the Ni−Cu bimetallic supported on mesoporous
CeO2 catalysts can effectively improve the water−gas shift
reaction and inhibit the formation of methane in aqueous
phase reforming (APR), which increases the H2 production
rate.50

The higher molar ratio of H2:CO (2.0) on the Ni/SBA
sample can be attributed to the WGS reaction, while the
decomposition of methane (eq 4) and/or Boudouard reaction
(eq 6) on Ni/Mg−SBA are responsible for this high value. As

reported, Mg is an active promoter for CO disproportiona-
tion.45 It was reported that NiO and CeO2 in mesoporous
oxygen carriers (OCs) such as SBA-15 and MCM-41 were first
reduced by fuels and that the reduced OCs was responsible for
steam reforming and water−gas shift reaction (eq 5) to
hydrogen production, and hydrogen selectivity was up to 90%
using CeNiO/SBA-15.51

3.3. Catalytic Stability with Time on Stream. The long-
term stability test in the BRM reaction was conducted on the
catalysts for continuous reactor operation at 700 °C for 100 h,
while conversion was monitored continuously. The reaction
results for CH4 and CO2 conversion with time on stream are
presented in Figure 2.
It can be seen in Figure 2 that both Mg-containing samples

are not stable with the reaction time in the BRM reaction. The
activity of the Ni/Mg−Al catalyst (Figure 2a) decreases rapidly
for 100 h TOS in the BRM reaction. The conversion of both
CH4 and CO2 drops sharply from 86% and 78%, respectively,
to approximately 2% after 100 h TOS. Meanwhile, it was
reported by Roh et al. that the higher activity and stability of
Ni/MgO−Al2O3 compared to nonpromoted catalyst Ni/Al2O3
is due to the beneficial effects of MgO such as enhanced steam
adsorption, basic properties, nanosized NiO crystallite, and
strong interaction between Ni and the support.19 Simulta-
neously, the activity of the modified catalyst Ni/MgO−Al2O3
was stable for 20 h of testing, while the activity of the Ni/Al2O3
sample decreased by 60% in the first 5 h of the reaction.
On the Ni/Mg−SBA catalyst, as observed in Figure 2d, CO2

conversion gradually decreases from 80% to 60% while CH4
conversion decreases slowly from 97% to around 80% in 100 h
TOS. Besides, the H2/CO molar ratio increases rapidly from
1.9 to 5.0 on the first catalyst and from 2.1 to 2.2 on the

Figure 2. Activity of samples: (a) Ni/Mg−Al, (b) Ni/CeO2, (c) Ni/SBA, and (d) Ni/Mg−SBA at 700 °C for 100 h TOS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01931
ACS Omega 2022, 7, 20092−20103

20096

https://pubs.acs.org/doi/10.1021/acsomega.2c01931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01931?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


second one. The remarkable increase in the H2:CO ratio
shown on the Ni/Mg−Al catalyst with the reaction time could
be explained by the acceleration of methane decomposition to
produce hydrogen (eq 4), Boudouard reaction (eq 6), and the
limitation of the RWGS reaction, which leads to CO2

production and carbon accumulation. The enhancement of
the Boudouard reaction and the decline of the RWGS reaction
may be due to the promoting role of MgO in CO2 adsorption
during the reaction since both of them are facile on MgO.49

Regarding methane decomposition, it can occur at temper-
atures as low as 500−750 °C in the presence of catalysts.52 A
decrease in activity with reaction time was also observed on the

Co-modified Ni/Mg−SBA-15 catalyst in the DRM reaction. In
methane CO2 reforming, CH4 conversion on the Co−Ni/Mg−
SBA-15 catalyst decreased slowly in the first 20 h and then
decreased sharply; after 51 h of reaction, CH4 conversion
decreased from 84% to 50%.7

Meanwhile, the Ni/CeO2 (Figure 2b) and Ni/SBA (Figure
2c) catalysts demonstrate stable conversion of CH4 (roughly
87% and 88%) and CO2 (almost 67% and 78%) for 100 h
TOS, and the ratio of H2/CO is kept approximately at the
theoretical value of 2.0 for the Ni/CeO2 catalyst and 2.1 for the
Ni/SBA catalyst. The increasing rate of the H2:CO ratio on
these two catalysts with reaction time is insignificant, indicating

Figure 3. Temperature-programmed oxidation patterns of spent catalysts: (a) Ni/Mg−Al, (b) Ni/CeO2, (c) Ni/SBA, and (d) Ni/Mg−SBA
catalysts after 100 h TOS at 700 °C.

Figure 4. XRD patterns (a) and H2-TPR patterns (b) of the spent catalysts.
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that the side reactions (eqs 4−6) take place with a lower rate,
probably leading to low coke accumulation and stable activity.
These facts prove that the Ni/CeO2 and Ni/SBA catalysts have
good stability in the BRM reaction.
The deactivation of the catalysts could be well understood in

conjunction with the results of the carbon deposits (Figure 3)
and the characteristics of the spent catalysts (Figures 4 and 5).
3.4. Coke Formation on the Catalysts after 100 h

TOS. On the basis of the TPO patterns of the spent catalysts
after 100 h TOS at 700 °C (Figure 3), the amount of CO2,
corresponding to the amount of coke formed, could be
determined. The Ni/CeO2 and Ni/SBA catalysts had a very
low coke amount formed after 100 h TOS, being nearly ∼0.30
and 0.43 mgC·gcat

−1, respectively (Figure 3b and 3c).
Meanwhile, on two samples containing MgO (Ni/Mg−Al
and Ni/Mg−SBA) (Figure 3a and 3d), the amount of coke
formed after 100 h TOS is much bigger, 7.70 and 1.73 mgC·
gcat

−1 respectively.
There are three forms of carbon deposited during methane

reforming, amorphous and highly reactive mono carbon
(denoted as Cα), unstable β-carbon species (Cβ), and
graphitic/inert carbon (Cγ), correlating with the hydro-
genation peaks at around 178, 485, and 655 °C, respectively.25

Cα is considered to be an active species, which easily reacts
with CO2 to produce CO during the carbon dioxide reforming
of methane.53 In the TPO pattern of spent Ni/Mg−Al catalyst
(Figure 3a), one strong peak appearing at 600 °C attributed to
graphitic/inert carbon (Cγ) was seen. Meanwhile, on the Ni/
Mg−SBA catalyst, there is a main peak with a maximum at 550
°C and a shoulder at 600 °C, representing the unstable β-
carbon species (Cβ) and graphitic/inert carbon (Cγ),
respectively, in which Cβ predominates as seen from Figure
3d. On the Ni/SBA catalyst, two peaks appeared in the low-
temperature region, around 80 and 100 °C, belonging to the
highly reactive mono carbon (Cα) category (Figure 3c), while
the TPO pattern of the ceria-supported catalyst (Ni/CeO2)
shows almost no peak (Figure 3b).
The results of Figures 2 and 3 show that there is a

corresponding relationship between the growth rate of the
H2:CO molar ratio with the reaction time, coke deposition,
and catalyst stability. The order of catalysts based on the
amount of coke accumulated after 100 h of TOS and the
growth rate of the H2:CO molar ratio with reaction time is as
follows Ni/Mg−Al ≫ Ni/Mg−SBA > Ni/SBA ≈ Ni/CeO2,
while the catalysts’ stability is in the reverse order. The sharp
rise of the ratio of H2:CO with TOS indicates that the side
reactions increase significantly during the process due to the
change in the physicochemical properties of the Ni/Mg−Al
catalyst. Furthermore, among the side reactions, the methane

decomposition (eq 4) and Boudouard (eq 6) reactions
generate significant amounts of coke.
In the methane reforming reaction, deposited carbon

originates from CH4 decomposition (eq 4) and CO
disproportionation (eq 6).54 Normally, at reaction temper-
atures above 800 °C, the highly active coke originating from
the decomposition of CH4 is easily oxidized by CO2.

55

However, at 700 °C, the CH4 decomposition rate is higher
than the oxidation rate of coke with CO2. Thus, coke
accumulation increases.56 In this study, on the Ni/CeO2
catalyst almost no coke is formed after 100 h of the BRM
reaction even at 700 °C. The reason is that possible coking in
the Ni/CeO2 catalyst is lessened due to the reaction of surface
carbon species with the lattice oxygen or the surface O species
(O*) as produced from CO2 or H2O in the reaction with
oxygen vacancies (*).57 The oxygen vacancies increase not
only the CO2 dissociation activity but also the conversion of
the adsorbed carbon species, i.e., CHx, via the oxygen-transport
reaction. This greatly increases the CH4 conversion, which
produces hydrogen, and also lessens the carbon deposition. At
the same time, the CO2 conversion rate is further enhanced
due to consumption of the produced oxygen species. As a
result, the H2:CO ratio remains constant at around 2, as
indicated in Figure 2b.
The high dispersion of Ni (small dNiO) and high number of

reduced Nio (mNi°) (Table 1) cause the methane decom-
position to take place,58 generating unstable α-carbon species
on the used Ni/SBA sample, which easily reacted with CO2 to
produce CO in a reverse Boudouard reaction during the BRM
reaction at 700 °C.53 Furthermore, the improvement of the
oxygen storage capacity/mobility on well-ordered structure
SBA-15 resulted in its high catalytic activity and resistance to
coke formation.7

The TPO results indicate that the presence of γ-carbon was
associated with the deactivation of Ni/Mg−Al and Ni/Mg−
SBA-15. The formation of γ-carbon on the Ni/Mg−Al catalyst
indicated that on this catalyst coke is formed mainly in the
Boudouard reaction (eq 6), producing inactive carbon. This is
completely consistent with the fact that Ni/Mg−Al is the
catalyst with the least basic sites density among the studied
catalysts (Table 1), leading to low CO2 adsorption. The
presence of γ-carbon associated with deactivation of the Ni/
SBA-15 and Ni/Mg−SBA-15 catalysts was found in a prior
investigation.25 Besides, formation of large Ni particles (Table
1) also resulted in heavy coke deposition10 on the Ni/Mg−Al
catalyst.
The lower occupancy of active sites by γ-carbon over Ni/

Mg−SBA compared to Ni/Mg−Al led to better catalytic
stability as seen in Figures 2 and 3. Thanks to the highest

Figure 5. TEM images of the spent catalysts: (a) NiMg/Al, (b) Ni/CeO2, (c) Ni/SBA, and (d) NiMg/SBA.
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amount of reduced Ni°, on the Ni/Mg−SBA catalyst the
methane decomposition reaction (eq 4) takes place strongly,
producing carbon Cβ, which is rapidly gasified in the reverse
Boudouard reaction (eq 6). Since much less γ-carbon is
deposited, the coke accumulation rate is lower on the spent
Ni/Mg−SBA sample, being 1.72 mgC/g, 3.5-fold lower than
that of the Ni/Mg−Al catalyst. Therefore, the total reduction
of the conversion of both CH4 and CO2 after 100 h with the
Ni/Mg−SBA catalyst was not more than 15−20% and
remained at high values of 80% and 60%, respectively. The
much higher specific area (almost 3.9-fold), reducibility (7-
fold), and basicity of the Ni/Mg−SBA catalyst relative to the
Ni/Mg−Al catalyst might be responsible for its higher stability.
Moreover, the larger dispersed Ni particle size on the Ni/Mg−
SBA sample (dNiO of 2−4 vs 20−30 nm for Ni/Mg−Al, as seen
in Table 1) increased the adsorption of CO2, exhibiting a
higher reforming activity, lower coke formation, and higher
catalytic stability.59

Compared with the Ni/SBA catalyst, the Ni/Mg−SBA-
promoted catalyst had lower stability and coke resistance. This
is explained as follows. The enhanced basicity by the
incorporation of a Mg promoter, as shown in Table 1, is
advantageous as the CO2 adsorption affinity can be
ameliorated, which in turn affects the CO2 conversion and
subsequently suppresses the coke accumulation at the catalyst
surface that enhanced the activity stability.2,28 However, it was
indicated that the excessive basicity of the catalyst itself is
detrimental to the catalytic activity as it will stimulate a higher
extent of the CO2 dissociation into C and O2 and therefore
deactivate the catalyst.60 The influence of this reaction further
worsens the stability and coke resistance of the catalyst when
the Boudouard reaction occurs simultaneously. Thus, it was
deduced that compared to the Ni/SBA catalyst, Ni/Mg−Al
and Ni/Mg−SBA were less favorable for the BRM reaction due
to their insufficient and excessive basicity. The investigation
results of Al-Fatesh et al. also confirmed that the Mg and Sc
additives increased the coke accumulation of the Co−Ni/SBA-
15 catalysts in the DRM reaction.7 The amount of coke formed
after 51 h TOS of the DRM reaction decreases in the order
Co−Ni/Mg−SBA−15 > Co−Ni/Sc-SBA-15 > Co−Ni/SBA-
15 > Co−Ni/La-SBA-15.
In fact, the coke formation rate and the type of carbon

deposits are the reasons for the catalyst deactivation. The
higher basicity and smaller NiO particle size of three catalysts,
Ni/CeO2, Ni/SBA, and Ni/Mg−SBA, can inhibit the
nucleation and growth of inert carbon (Cγ),

61 which bestowed
their superior coke resistance over the Ni/Mg−Al sample.
3.5. Physicochemical Properties of Spent Catalysts

after 100 h TOS. The XRD pattern of the spent Ni/Mg−Al
catalyst after 100 h of reaction (Figure 4a) no longer has all of
the characteristic diffraction peaks of the crystallite phases.
Specifically, the diffraction peaks of α-Al2O3 only appear at 2θ
= 43.3° and 66.5°, and its crystallite size significantly drops
from 25.6 nm in the fresh sample20 to ∼7 nm, showing that the
crystalline structure of α-Al2O3 has been destroyed and/or
transformed into the amorphous phase. This is consistent with
the TEM image (Figure 5a), showing that the used catalyst is
broken into small particles, a few nanometers in size. The XRD
diffraction peaks of NiO remain stable in comparison with the
fresh sample.20 Furthermore, in the XRD plot, the peaks for
MgO and the mixed metal oxide phase (MgxNi1−xO) almost
disappeared. This may be due to the formation of magnesium
carbonates from the MgO−CO2−H2O system.62 This is

entirely consistent with the observations from the TEM
image of the spent Ni/Mg−Al sample (Figure 5a), where the
NiO−MgO solid thin film which exists on the fresh Ni/Mg−Al
sample (Figure S2a′) is no longer observed.20 Instead, the
spent catalyst exists in the form of discrete, nonporous
particles, and the NiO active phase appears mainly on the
surface in aggregate form because of sintering (Figure 5a).
Simultaneously, in the H2-TPR pattern of the spent Ni/Mg−Al
sample (Figure 4b), the reduction peak of the mixed metal
oxide phase (MgxNi1−xO) is no longer observed at Tmax = 850
°C.20 These facts show that the crystalline structure of α-Al2O3
in the Ni/Mg−Al catalyst has changed after 100 h TOS of the
BRM reaction. Moreover, the H2-TPR pattern of the spent Ni/
Mg−Al catalyst markedly changes compared to the as-prepared
sample.20 More specifically, a large reduction peak appears in
the temperature range of 325−525 °C, which is typical for the
reduction of free bulk NiO instead of the reduction peak of
small particles NiO, which appeared at 337 °C on the fresh
sample (Figure S1b). In addition, the amount of reduced Ni°
calculated from the H2-TPR pattern decreases 2-fold from
0.112 to 0.064 mmol·gcat

−1 after 100 h TOS. The weakening of
the strong Ni−support interaction worsens the dispersion of
NiO, resulting in a sharp decrease in the catalytic activity.
Moreover, the free NiO species, which has no interaction with
the support, is responsible for coke formation in methane
reforming,63 resulting in catalyst deactivation.16

In contrast, after 100 h TOS, the XRD pattern of the Ni/
CeO2 sample (Figure 4a) is unchanged; all of the peaks
characteristic of CeO2 crystals still appear, although their
intensities are weakened, and the CeO2 crystal size is increased
slightly from 23.7 to 26.5 nm. In addition, the XRD spectrum
of the used Ni/CeO2 catalyst (Figure 4a) does not show any
new diffraction peaks relative to the fresh one, indicating that
no new phase is generated in the sample. After 100 h of
reaction, the H2-TPR pattern of the Ni/CeO2 spent catalyst
(Figure 4b) shows a sharp reduction peak at ∼310 °C and a
shoulder at 350 °C, which are attributed to the reduction of
small-sized NiO particles outside and inside of the pores that
strongly interact with CeO2, respectively.

64 Thus, diffusion of
the NiO particles from inside the pore to the outer surface
takes place during the reaction. Therefore, the NiO species
exist mainly in the form of external small-sized particles
strongly interacting with the support. The high-temperature
reduction peak (Tmax = 800 °C), which is typical for the
reduction of oxygen in the lattice CeO2 support or NiCeO2
spinel,65 appears in both the fresh and the used Ni/CeO2
samples, demonstrating the thermal stability of CeO2 in the
Ni/CeO2 catalysts for 100 h TOS despite the poorly thermal
stability of CeO2

66 thanks to the introduction of Ni2+ ions into
the ceria cubic fluorite structure.30 Although the CeO2
particles are still discretely dispersed, binding of some CeO2
rods into larger lumps after 100 h TOS has taken place, as
shown in the TEM image (Figure 5b), resulting in the
weakness of the NiO−CeO2 interaction. As a result, the
maximum reduction temperature of the three main reduction
peaks is shifted to a lower temperature region relative to the
fresh Ni/CeO2 catalyst. However, the disappearance of the
reduction peak of massive NiO (Tmax = 390 °C) shows that
despite the weakening the NiO−support bond, the NiO
particles are still highly dispersed. As a result, on this catalyst,
the amount of Ni° formed in the reduction process decreases
at a low rate, less than 18%, from 0.266 mmol·g−1 in the fresh
catalyst to 0.216 mmol·g−1 in the used sample. Thus, the
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results of XRD, H2-TPR analysis, and TEM prove that the
structure of CeO2 is preserved after the reaction at high
temperature. The existence of oxygen vacancies and the redox
property of the lattice CeO2 (expressed in Tmax = 800 °C)
maintain the continuous combustion of carbon deposited on
the catalyst’s surface. Moreover, the reduction degree of Ni2+

ions is still high, contributing to the maintenance of the
catalyst activity at a high and stable value.
The XRD pattern (Figure 4a) of the spent Ni/SBA sample is

quite similar to that of the fresh one,22 having characteristic
peaks for the NiO crystal at 2θ = 37.3°, 43.3°, and 62.9°. The
broad amorphous silica peak located at 20−30° still appears in
the XRD pattern of the spent Ni/SBA catalyst, proving the
existence of the frame SBA-15 support.25 Furthermore, the
highly order channel structure of SBA-15 is observed in the
TEM image of the spent Ni/SBA catalyst (Figure 5c). These
are evidence of the structural stability of the Ni/SBA catalyst
after undergoing a high-temperature reaction for 100 h thanks
to the high thermal stability of SBA-15.19 In the TEM image of
the spent Ni/SBA sample (Figure 5c) it is observed that there
are NiO particles located inside and outside of the channels of
SBA-15 with sizes of about 6 and 15−25 nm, respectively. The
size of the two types of NiO particles increases insignificantly
thanks to the distinct properties (high specific surface area,
uniform narrow pore size distribution, confinement effect, ...)
of SBA-15 favoring metal dispersion and limiting particle
sintering.10,12 This change in the distribution of the NiO
particles is clearly reflected in the reduction characteristics of
the spent Ni/SBA catalyst. Indeed, the H2-TPR pattern of the
spent Ni/SBA catalyst (Figure 4b) shows the appearance of
two reduction peaks at Tmax,1 = 312 °C and Tmax,2 = 346° and a
shoulder at 369 °C. Two first main reduction peaks are
assigned to the reduction of external NiO species of small and
large size that weakly interact with the support, respectively.
The shoulder at 369 °C is attributed to the reduction of
internal NiO species that moderately interact with the
support.67 In addition, a broad reduction peak appears at
Tmax,3 ≈ 620 °C in the fresh Ni/SBA catalyst (Figure S1b),
which is characteristic of the reduction of a large particle of
NiO strongly interacting with the support25 and/or NiO
strongly interacting with the support deep in the pores68 which
are no longer observed on the spent catalyst after 100 h TOS.
Generally, on the spent Ni/SBA sample, the maximum
reduction temperature of NiO is lower than that in the fresh
one. This fact shows that after 100 h of reaction, the
interaction between NiO and SBA-15 is weakened and
movement of part of the NiO particles from inside to outside
of the pores takes place. Moreover, the amount of reduced Ni°
negligibly decreases, about 6%, from 0.814 mmol·g−1 in the
fresh Ni/SBA sample to 0.766 mmol·g−1 after 100 h TOS.
Thus, the physicochemical properties of the Ni/SBA catalyst
still remain after 100 h of reaction at high temperature.
Therefore, the catalyst activity is maintained relatively stable
during the 100 h TOS.
Regarding the Ni/Mg−SBA catalyst, after 100 h of reaction,

the highly ordered channel structure of SBA-15 was also
observed in the TEM image (Figure 5d) and the XRD pattern
(Figure 4a) does not change; diffraction peaks at 2θ = 37.3°,
43.3°, and 62.9° corresponding to the (111), (200), and (220)
planes of cubic NiO (JCPDS 78-0643), respectively, were also
observed. This is evidence for the structural stability of the
NiO crystals in the Ni/Mg−SBA sample after a long reaction
time; however, significant growth of the NiO crystallite size

was observed, from 14.5 to 22.6 nm, an increment of ∼8 nm, a
bigger change than that on the nonpromoted Ni/SBA sample.
This can be directly related to a higher rate weakening the
metal−support interaction during the reaction in Ni/Mg−
SBA. Further, the H2-TPR pattern (Figure 4b) of the spent
Ni/Mg−SBA catalyst has changed remarkably compared to
that of the fresh sample.23 As seen in Figure 4b, for the spent
Ni/Mg−SBA catalyst, two reduction peaks were detected at
314 and 772 °C. The first reduction peak, assigned to
reduction of a massive weakly interacting NiO species, shifts
toward a lower temperature region compared to that of the
fresh sample. This proves that, similar to the three other
catalysts, in the Ni/Mg−SBA catalyst the interaction between
NiO with the support and MgO weakens during the 100 h
tested. The second peak at 772 °C corresponds to the
reduction of Ni2+ ions with square-pyramidal coordination in
the outer layer of the MgO structure or deeply located in the
MgO lattice in the spent sample,25 which newly appears
relative to the fresh sample. In addition, as can be seen in the
TEM image of the spent Ni/Mg−SBA (Figure 5d), the outer
particles have different brightness. It can be assumed that the
black spots belong to the NiO particles, while the light-colored
ones are assigned to the NiO−MgO mixture, produced from
diffusion of nickel into the magnesia lattice69 due to their very
close ionic radius (about a 0.02 Å difference),70 which was
reduced at a high temperature of 772 °C on the TPR pattern.
Formation of a solid solution generates small metal clusters
during the reaction that are more resistant to sintering and
carbon formation.71 However, the poor reducibility of the
NiO−MgO mixture72 resulted in a lower reducibility of the
catalyst from 0.874 to 0.782 mmol·g−1, as shown in Table 2.

Thus, adding MgO significantly enhanced the basicity of the
Ni/SBA catalyst, as shown in Table 1, leading to increased
adsorption and dissociation of CO2 into CO and O*; the
produced oxygen species promotes the autocatalytic H2O
dissociation,73 i.e.

+* + * → + *H O O H 2O2 2 (7)

Thus, under the BRM reaction at 700 °C compared with the
Ni/SBA catalyst, the Ni/Mg−SBA-promoted catalyst has
superior initial activity thanks to the increase in basicity and
Ni dispersion but its long-term stability is worse. For a long
time operating at high temperature (700 °C) as the
concentration of O* increases to some extent, Ni sites become
occupied by the O* species; consequently, the reaction slows
down.73 Further, Mg, an alkaline earth metal, may even

Table 2. Textural Properties of the Spent Catalysts

catalysts dcry
a (nm)

dNiO
b

(nm) Tmax
c (°C)

mNi°
c

(mmol/g)

Ni/Mg−Al 6.95 (Al2O3) 10−20 320−550 0.064
Ni/CeO2 26.52 (CeO2) 3−5;

20−70
290−350;
800

0.216

Ni/SBA 19.73 (NiO) 3−6;
15−25

312; 346 0.766

Ni/Mg−SBA 22.59 (NiO) 3−5;
10−40

314; 772 0.782

aAverage crystalline size (dcry) was estimated by the Scherrer equation
from the XRD patterns bThe NiO particle size (dNiO) was obtained
from the TEM images. cThe maximal eduction temperature (Tmax)
and number of reduced Ni° (mNi°) was obtained from H2-TPR results
based on H2 consumption.
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disintegrate into the base formation and cover the active site
surface from the catalyst structure at high temperature, which
resulted in catalyst deactivation.28 This will get worse when
there is diffusion of Ni into the MgO lattice. Thus, for the
BRM reaction, an excessive increase in the basicity of MgO can
lead to a decrease in catalyst stability.
In summary, the XRD diagram and TEM image confirm that

after 100 h of reaction the structure of Ni/Mg−Al changes
completely while those of the other three samples, Ni/CeO2,
Ni/SBA, and Ni/Mg−SBA, change slightly. The phase
composition of the active component of the MgO-containing
catalysts has changed remarkably, while that did not happen in
the other two catalysts (Ni/CeO2, Ni/SBA). However, the
reduction in the amount of Ni° reduced of spent sample in
comparison with the fresh one is smallest on the SBA-15-
supported catalysts, namely, 6% for the Ni/SBA and 10% for
the Ni/Mg−SBA samples, moderate on Ni/CeO2 catalysts
(18%), and largest on Al2O3-supported catalyst Ni/Mg−Al
(∼50%). This result shows that the ability to resist sintering of
NiO particles in the catalysts during the reaction depends
strongly on the supports used, and their decreasing order is as
follows: SBA-15 > CeO2 > α-Al2O3.
The presence of MgO somehow stimulates the formation of

inert carbon Cγ, leading to an increase in coke accumulation,
reducing the stability of the nickel catalyst in the BRM
reaction. Of the catalysts studied, the Ni/Mg−Al sample was
shown to be the worst, with the highest coke deposited and the
worst stability. Ni/Mg−SBA has the highest activity but lower
stability than nonpromoted Ni/SBA and Ni/CeO2 samples.
Comparing the performance of the two SBA-15-supported
catalysts, Ni/SBA and Ni/Mg−SBA, in the BRM reaction, it is
obvious that adding MgO increases the reducibility, basicity,
and dispersion of NiO, leading to an increase in the activity of
the catalyst. However, with excess basicity, the MgO-promoted
catalyst (Ni/Mg−SBA) has more coke deposited and lower
stability in comparison with the nonpromoted one. The high
coke resistance and structural and thermal stability of the
nickel catalysts supported on CeO2 and SBA-15 provide these
catalysts with excellent stability during 100 h TOS. Thus, it is
deduced that Ni/Mg−Al and Ni/Mg−SBA-15 are less
favorable for BRM activity due to their insufficient and
excessive basicity, respectively.

4. CONCLUSION
The nature and morphology of the supports have a profound
influence on the properties of the catalyst, which in turn affect
the activity and the rate as well as the type of coke deposited.
The highly ordered structure of the CeO2 nanorod and SBA-15
give catalysts a high NiO dispersion and excellent reducibility
and basicity, providing the catalysts with superior activity,
stability, and coke resistance due to minimization of the inert
carbon Cγ formation. The large surface area, high thermal
stability, large pore volume, and uniform mesoporous channels
of SBA-15 facilitate high dispersion of the NiO particle, which
in turn gives the NiO/SBA-15 catalyst a high resistance to
sintering and coke deposition. The highly structural as well as
thermal stability of CeO2 caused by introduction of Ni2+ ions
into the ceria cubic fluorite structure and the presence of
oxygen vacancies in the CeO2 support result in a high
antisintering and superior coke resistance of the Ni/CeO2
catalyst. Both catalysts have stable activity for 100 h TOS, and
there was almost no coke deposited on the catalyst surface
after 100 h TOS. MgO additive increases the reducibility,

basicity, and dispersion of NiO, resulting in an increase in the
activity of the catalyst. At 700 °C, the conversion of CH4 and
CO2 on the Ni/Mg−SBA catalyst reaches 99% and 80%,
respectively. However, addition MgO leads to an acceleration
of the inert Cγ carbon deposition and an excessive increase in
the basicity that reduces the stability and coke resistance of the
Ni/Mg−SBA catalyst in the BRM reaction. The small specific
surface area, low basicity, poor reducibility, and low NiO
dispersion of the Ni/Mg−Al catalyst result in a low BRM
performance and low coke resistance. The catalyst supported
on α-Al2O3 faces not only a marked change in crystallite
structure, morphology, and reducibility but also serious
accumulation of inert γ-carbon. These cause the catalytic
activity to drop continuously during 100 h of experiment.
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