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Abstract Dry reforming of methane (DRM) is an emerging technology as it can simultaneously

serve as a prospective alternative energy source and mitigate greenhouse gases (e.g. CH4 and

CO2). However, the industrial applications of DRM remain restricted due to the poor prospect

of catalyst deactivation. In this study, the effects of adding CeO2 and La2O3 as promoters

on the catalytic performance of Ni/Al2O3 catalyst were assessed. Catalysts such as Ni/Al2O3,

Ni/Al2O3-La2O3, and Ni/Al2O3-CeO2 were synthesized at nano level using the sol-gel method.

Citric acid was added to improve the reactivity of catalysts before the application of DRM. Various

characterisation techniques were used to characterise synthesized catalysts, including Brunauer-

Emmett-Teller (BET) analysis, temperature-programmed reduction (TPR), field emission scanning

microscopy (FESEM), X-ray diffraction (XRD), and transmission electron microscopy (TEM). The
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results revealed that the BET surface area of the synthesized catalyst slightly decreased when CeO2

and La2O3 were added due to the deposition on the porous structure of the support. Meanwhile, the

XRD results demonstrated the increase in reducibility and dispersion of Ni using CeO2 promoter

and the inhibited development of the non-active phase of Ni/Al2O3 using La2O3 promoter (i.e.

NiAl2O4), resulting in the carbon formation and reduced efficiency of the catalyst. The catalytic

performance in DRM at 800 �C showed that Ni/Al2O3-CeO2 catalyst exhibited higher catalytic

performance in terms of CH4 and CO2 conversion with 89.6% and 91.2% respectively. While

Ni/Al2O3-La2O3 was found to play a substantial role in the stability of the chemical reaction during

the 8 h reaction time-on-stream.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

An increase of 30% in the global consumption of energy is

expected by 2040 (Kargbo et al., 2010). Although renewable
(e.g. solar and wind) and alternative (e.g. hydrogen cell) energy
resources have recently become popular, fossil fuels like natu-

ral gas, oil, and coal still play a substantial role in meeting the
global energy demands. The energy generation from fossil fuels
release a significant amount of greenhouse gases (GHGs),
which mainly comprise of carbon dioxide (CO2) and methane

(CH4); thus, contributing to global warming and other adverse
environmental changes (Mozammel, 2017; Oyama et al., 2012).
There have been numerous attempts to minimise the emission

of CO2 and CH4 in order to prevent global warming. The
transformation of methane gas into synthesis gas (a mixture
of H2 and CO) that can be conveniently processed to produce

chemicals and fuels is one of the significant means to address
these environmental issues (Djinović et al., 2012; Tao et al.,
2014; Xu et al., 2009a; Zhao et al., 2017).

Accordingly, the composition of synthesis gas largely
depends on the synthesis process and the composition of the
raw materials. The syngas can be formed from a range of main
fossil fuels, such as coal, petroleum coke, and natural gas

(Abdullah et al., 2017; Ghoneim et al., 2016). However, the
cheapest and most environmentally friendly methods to pro-
duce syngas are typically based on natural gas (Ghoneim

et al., 2016; Fayaz et al., 2016). The reforming process is one
of the most familiar methods used at the industrial scale to
produce syngas, such as (1) partial oxidation of methane

(POM), (2) dry reforming of methane (DRM), and (3) steam
reforming of methane (SRM) (Jang et al., 2013). Among these
three reforming processes, the catalytic SRM reaction is the

most prevalent and conventional route to produce syngas
(De Freitas Silva et al., 2013; Kim et al., 2015; Nieva et al.,
2014; Wu et al., 2013). However, the main setbacks of this pro-
cess include a higher ratio of H2 and CO (i.e. >3) and a large

amount of undesirable production of CO2. Additionally, SRM
requires intensive energy input due to its endothermic reaction
and exorbitant in nature (Guo et al., 2004). Meanwhile, POM

can generate syngas when the ratio between H2 and CO equals
to 2 but the existence of hot areas and excessive reactivity
make the handling process not easy (Xu et al., 2013). In

addition, DRM has the capacity to handle two types of
GHGs, specifically CO2 and CH4, for syngas production.
The advantage of DRM for syngas production lies ideally in
one molar ratio of H2 and CO, which is beneficial for the
Fischer-Tropsch process (Guo et al., 2004; Wang et al., 1996,
2018b).

The utilisation of a catalyst is vital during the reforming
process of CH4 for complete conversion of the reactants.
Numerous past studies focused on improving the catalytic per-
formance, such as the activity and stability of a catalyst, to

support the DRM process. Nearly all such practices focus on
overcoming the catalyst deactivation problem. The primary
reason for the catalyst deactivation problem lies in the occur-

rence of coke deposition because, at higher temperature of
reaction (Bartholomew, 2001; Zhang et al., 1996), the carbon
formed covers the active sites of the catalyst (Abd Ghani

et al., 2019; Siang et al., 2018b). Non-noble metals such as
nickel- and cobalt-based catalysts have been widely used for
the DRM reaction due to their high selectivity, catalytic activ-
ity, and low carbon formation (Al-Swai et al., 2019; Bian et al.,

2017; Bradford and Vannice, 1999; Selvarajah et al., 2016;
Siang et al., 2018a; Stroud et al., 2018; Xu et al., 2009b).
Hence, numerous efforts have been made to acquire improved

synthesis and design of stable Ni-based catalyst with high car-
bon resistance. One of the effective and practical strategy to
overcome catalyst deactivation is utilizing nickel with the addi-

tion of support having strong Lewis basicity such as La2O3,
CaO, and MgO (Al-Swai et al., 2019; Usman et al., 2015).

Al2O3 is the most suitable support for the most catalytic

materials. But due to the acidic nature of Al2O3, it enhances
the coke deposition which effects the catalyst deactivation
(Wang et al., 2018a). Mo-promoted Ni/Al2O3 catalyst for
DRM caused a considerable reduction in the catalytic activity

compared to the non-promoted Ni/Al2O3 catalyst that showed
high catalytic activity as reported by (Yao et al., 2017). This
was primarily due to set up of a distinct Nio phase that discon-

nected from Mo and hence decreased the overall basicity of the
catalyst. Meanwhile, the addition of La2O3 into Ni-Al catalyst
can be beneficial as it inhibits the coke formation during the

reaction of DRM and reduces the support acidity, which
favour the chemisorption and dissociation of carbon dioxide
and eliminate carbon via reverse Boudouard reaction (Al-

Fatesh et al., 2014). Furthermore, the dispersion of La2O3 over
Al2O3 and Ni crystallites prevents the growth of Ni grains at
higher temperature, which minimises the sintering of catalyst
due to the formation of La2O2CO3 (Charisiou et al., 2019).

On the other hand, Ceria exhibits the characteristics of releas-
ing and storing oxygen. As a result, the reduction of Ce4+ to
Ce3+ leads to the formation of oxygen vacancies (Yao et al.,

2018). The release of oxygen occurs in oxygen-poor medium

http://creativecommons.org/licenses/by-nc-nd/4.0/
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whereas re-oxidation occurs in oxygen-rich medium (Xu et al.,
1999). The effects of adding ceria (CeO2) doped with Pr, Zr
and Nb to Pt/Al2O3 catalyst were evaluated by (da Fonseca

et al., 2020) and found that there was a substantial increase
in catalytic activity on doping the catalyst. The Pr exhibited
maximum reducibility of ceria (23%) and Pt/CePr/Al2O3 dis-

played the paramount activity and stability. (Luisetto et al.,
2015) studied the DRM reaction using different supports,
specifically CeO2, MgO, and mixed oxide CeO2-MgO, on Ni/

Al2O3 catalyst and proposed a lower temperature of reaction
for improved Ni distribution.

In view of the above, finding a new catalyst that can resist
the deposition of carbon using suitable support and promoter

is vital in DRM. In the present study, the effects of Ce and La
promoters on the physiochemical properties of Ni/Al2O3 cata-
lysts, synthesized using the sol-gel method, were compared.

The catalysts were characterized to describe the effects of Ce
and La promoters on the catalyst performance.

2. Materials and methods

2.1. Materials

For the preparation of catalysts in the present study, Ni
(NO3)2�6H2O served as the source of an active metal and Al

(NO3)3�9H2O served as the source of catalyst support. In addi-
tion, La (NO3)3�6H2O and Ce (NO3)3�6H2O were utilised as
catalyst promoters. Besides that, citric acid was utilised as

the chelating agent. The gases for the reduction method before
the reaction were H2 and N2, while CH4, CO2, and N2 were
utilised during the test reaction.

2.2. Nano-catalyst synthesis

The sol-gel method was applied to produce Ni-based catalysts.
There were various materials and reaction conditions involved.

Typically, the stoichiometric amount of active metal, support,
promoters, and citric acid were first mixed and dissolved in DI
water. Ammonium hydroxide solution (28 vol.%) was added

dropwise with continuous stirring to adjust the pH around
9–9.5. Following that, the solution was heated on the warm
plate at 80 �C and continuously stirred for 6 h until the gel
was formed. The gel was subsequently placed in an oven at

393 K for 12 h before it was calcined in static air for 5 h at
900 �C. The produced catalysts Ni/Al2O3, Ni/Al2O3-CeO2,
Ni/Al2O3-La2O3 were donated as CAT-1, CAT-2 and CAT-3

respectively and their weight composition are presented in
Table 1. As shown in the table, the nickel loading was 10 wt
% whereas CeO2 and La2O3 promoters were 10 wt%.
Table 1 Composition of the prepared catalysts.

Catalyst

labelling

Catalyst Support/

Promoter

Composition (wt.%)

CAT-1 Ni/Al2O3 Al2O3/NA Ni: 10%, Al2O3: 90%

CAT-2 Ni/Al2O3-

CeO2

Al2O3/CeO2 Ni: 10%, Al2O3: 80%,

CeO2: 10%

CAT-3 Ni/Al2O3-

La2O3

Al2O3/

La2O3

Ni: 10%, Al2O3: 80%,

La2O3: 10%
2.3. Characterisation of catalyst

Surface area analysis, specifically Brunauer-Emmett-Teller
(BET) analysis, was conducted using Micromeritics ASAP
2020 to measure the surface area of catalytic materials (by N2

adsorption). The specific surface areas and the pore size distri-
bution were calculated using Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods, respectively.
Additionally, the reducibility of the catalysts was studied using

Thermo Scientific TPD/R/O (1100). For this study, 50 mg cat-
alyst was heated in a reactor with N2 flow of 20 mL min1 at
250 �C for 1 h. After the catalyst was degassed by injecting

hydrogen flow (5% in N2), it was heated from 40 �C to
1000 �C. The basicity of the catalysts was measured using the
same equipment of H2-TPR. Similarly, the materials were pre-

heated for 1 h at 500℃, followed by cooling down at 80 �C. For
the desorption of CO2, 10% CO2/He was injected for 1 h. Fol-
lowing that, pure N2 was injected to desorb CO2 for 15 min.

The CO2 desorption was recorded while the samples were fur-
ther heated to 800 �C at a constant rate of 10 �C min�1. Besides
that, field emission scanning electron microscopy (FESEM)
analysis was conducted using Zeiss Supra55 VP to obtain the

topography of the surface of catalyst. Its topography provides
information about the surface features in terms of surface irreg-
ularities and the size, shape, and distribution of particles and

the elemental composition and internal structure of the cata-
lyst. Apart from that, the XRD technique was applied in this
study to characterise the calcined mixed oxide catalysts.

Advance X-ray diffractometer (Bruker D8B) with a range of
between 10� and 90� and step size of 0.04� per step was utilised.
Phases existing in the samples were identified by comparison
with reference patterns in the ICCD database.

2.4. Experimental setup of DRM

The DRM reaction was recorded in a tube furnace-based reac-

tor according to specific procedures. In particular, a 20 mg cat-
alyst sample, which was sandwiched between quartz wool
layers, was placed in the tube reactor. The bed was then posi-

tioned at the desired location within the reactor. Following
that, N2 gas was injected at flow rate of 20 mL min�1 for
30 min to evacuate any air in the reactor. As the temperature

was increased up to 800 �C, a mixture of H2/N2 gas was
injected at a rate of 30/30 mL min�1. The reduction was car-
ried out for 1 h to activate the catalyst. Subsequently, in order
to remove H2 from the reactor, it was purged again for 15 min

with a flow rate of 20 mL min�1. At the same time, the temper-
ature was reduced to 650 �C and increased to 800 �C for
15 min. Once the temperature recorded 800 �C, N2, CO2,

and CH4 gases were purged into the reactor at a ratio of
1:1:1 for about 8 h with a flow rate 60 mL min�1. Meanwhile,
the volume fraction of the product stream was processed using

an online gas chromatograph (GC). The percentage of reactant
conversions, Xi (i denotes CH4 and CO2), and the syngas ratio
(H2:CO) were estimated based on the following equations:

Xi %ð Þ ¼ QIn
i �QOut

i

QIn
i

� 100 ð1Þ

H2=CO ¼ QOut
H2

QOut
CO

� 100 ð2Þ
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3. Results and discussion

3.1. Textural properties

Table 2 presents the BET surface area of the prepared cata-
lysts. Overall, CAT-1 (the catalyst without any promoter)

recorded the highest BET surface area measured due to its alu-
mina trait. An area of 134.1 m2 g�1 was recorded. Besides that,
the BET surface area decreased when CeO2 and La2O3 pro-

moters were introduced, with the values of 126.9 m2 g�1 and
123.6 m2 g�1, respectively. The decrease in the BET surface
area can be explained by the addition of CeO2 and La2O3 that
cover alumina pores (De Freitas Silva et al., 2013). Moreover,

there was a small difference in the BET values with the addi-
tion of promoters. Likewise, CAT-1 also recorded the highest
average pore size (8.5 nm) and pore volume (0.27 cm3/g). How-

ever, these values decreased with the addition of CeO2 and
La2O3 promoters due to the blockages of the pores.

Fig. 1(a) shows the isotherms of the N2 adsorption-

desorption associated with the catalysts 1 (a), they are charac-
terized as of group IV isotherm that represents materials of
mesoporous (2–50 nm) characteristics, which are in accordance
to IUPAC (Donohue and Aranovich, 1998). Moreover, the

adsorption/desorption hysteresis loops took place within the
range of P/Po, 0.60–0.90 and belong to H1 hysteresis loop.
In other words, the catalysts contain highly uniform meso-

porous channels and have agglomerates of approximately uni-
form spheres (Donohue and Aranovich, 1998). Referring to
Fig. 1(b), the pore size distribution of the synthesized catalysts

shows a relatively narrow distribution with the peak values of
Table 2 Textural properties of the synthesized catalysts.

Catalyst BET surface area (m2/g) Average pore size (nm

CAT-1 134.1 8.5

CAT-2 126.9 6.2

CAT-3 123.6 6.1

a Debye–Scherrer equation used to evaluate XRD peaks for NiAl2O4.

Fig. 1 (a) N2 adsorption-desorption isotherm curves an
around 10 nm for CAT-1 and 8 nm for CAT-2 and CAT-3.
With the addition of these promoters, the pore size of the cat-
alysts reduced due to the partial blockage of the pores.

3.2. XRD

Fig. 2 presents the XRD pattern of Ni/Al2O3 calcined catalysts

with and without promoters. The pattern of the three prepared
catalysts was recorded within the scan range of between 10�
and 90�. Furthermore, XRD results revealed the presence of

Al2O3, NiAl2O4, and CeO2 crystalline phases. However, crys-
talline peaks associated with Ni or NiO were found not visible
due to the presence of small Ni particles and high dispersion on

the support surface (Le Saché et al., 2018).
Meanwhile, diffraction peaks of alumina, Al2O3 (JCPDS

00-010-0339), appeared at (2h) 37.2�, 45.4�, and 66.4� and cor-
responded to the respective index of 311, 400, and 440. The

peaks due to the NiAl2O4 can be seen at 18.9�, 33.3�, 37.2o,
45.5o, 60.3�, 66.4o and 84.4�; however, there was an overlap
of that of Alumina peaks and NiAl2O4 as reported in a previ-

ous study (Le Saché et al., 2018). The coexistence of Al2O3 and
NiAl2O4 phases indicate the inadequacy of 10 wt% Ni to
transfer the gamma phase of alumina into NiAl2O4 (Penkova

et al., 2011). Rahbar Shamskar et al. (2017) showed that
NiO peaks were absent because of the strong interaction
between NiO and Al2O3 which also indicates the high disper-
sion of NiO. CAT-2 with CeO2 revealed peaks at (2h) 28.7�,
33.3�, 47.6�, 56.5� and 88.6o (JCPDS 00-004-0593), which indi-
cate the fluorite structure of Ceria. On the other hand, the
diffractogram of CAT-3 with La2O3 demonstrated the least
) Pore volume (cm3/g) Average crystal sizea (nm)

0.27 4.35

0.25 2.41

0.22 7.86

d (b) pore size distribution of the prepared catalysts.



Fig. 2 XRD analysis of calcined samples.
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structure crystallinity, which indicates that La2O3 is amor-
phous and has a small reflection at peaks that are the same

to that of Al2O3.
(a) 

(b) 

(c) 

Fig. 3 FESEM images and EDX graphs of pre
Table 2 presents the average crystal sizes of the catalysts
that were calculated using the Debye–Scherrer equation. The
average crystal size of NiO was estimated using the main peaks

of NiAl2O4 as it is difficult to determine the crystal size of NiO
due to the formation of NiAl2O4 spinal structure. The values
thus signify CeO2 in lowering the crystal size of the catalyst,

which indicates the higher dispersion of Ni on the surface of
support.

3.3. Morphological analysis

As shown in Table 2, CAT-1 demonstrated high irregularity
and more porous structure that supports the high surface area

of Ni/Al2O3 catalyst. Meanwhile, CAT-2 demonstrated regu-
lar and uniform morphology, which indicate the distribution
of Ceria on the surface of catalyst. The presence of CeO2

appears to obstruct the formation of NiAl2O4 and facilitates

the dispersion of Ni on the support surface. On the other hand,
CAT-3 with La2O3 demonstrated some irregular shapes that
may be due to the growth of irregular crystalline grains during

the synthesis (Aghamohammadi et al., 2017).
Fig. 3 presents the FESEM images and EDX results of the

prepared catalysts. In particular, the EDX results reflect the

elemental composition of catalysts. The amount of Ni found
on the surface of catalyst increased with the addition of
CAT-1 

Element Weight% 

O K 47.04 

Al K 40.23 

Ni K 12.73 

Totals 100.00 

CAT-2 

Element Weight% 

O K 54.45 

Al K 27.55 

Ni K 15.05 

Ce L 10.95 

Totals 100.00 

CAT-3 

Element Weight% 

O K 40.66 

Al K 33.07 

Ni K 14.43 

La L 11.95 

Totals 100.00 

reaction catalyst at 50.0 K� magnification.



Fig. 5 TPR analysis of calcined samples.
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CeO2, which shows that Ce facilitates the dispersion of Ni and
increases the weight percentage. The value increased from
12.73 wt% (CAT-1) to 15.05 wt% (CAT-2) as CeO2 was added

as a promoter. Similarly, there was an increase of 14.43 wt%
(CAT-3) when La2O3 was added as a promoter.

3.4. TEM analysis

Fig. 4 shows the transmission electron microscope (TEM)
images of the three synthesized catalysts. Two spots were

detected—the presence of alumina causes the observed differ-
ence and the presence of Ni metal species causes the dark con-
trast (Kim et al., 2015). In particular, CAT-1 exhibited larger

particle size with seemingly round shape particles whereas
CAT-2 demonstrated higher dispersion of Ni particles. The
clear particle agglomeration in Fig. 4(c) supported the FESEM
results in Fig. 3(c).

3.5. H2-TPR

Fig. 5 presents the TPR plots for the three prepared catalysts,

which revealed that NiO was reduced to metallic Ni with obvi-
ous peak differences when the temperature achieved below
850 �C. Unlike the case of Ni/Al2O3, both promoted catalysts

showed higher peaks of hydrogen consumption. CeO2 and
La2O3 are structural promoters that limit the aggregation of
Ni particles during the reduction of H2 (Jiang et al., 2003).

Meanwhile, the peaks at lower temperature (300–450 �C)
can be attributed to the reduction of Ni that weakly interacts
with the support. Referring to the TPR plots, CAT-1 revealed
a small peak whereas striking peaks appeared for CAT-2 and
NiO Al2O3

Al2O3

CAT-1 

CAT-3 

Fig. 4 TEM micrograph
CAT-3 (Farooqi et al., 2020). In other words, CeO2 and
La2O3 improved the reduction of Ni.

Besides that, CAT-2 demonstrated the largest reduction
peak for NiO at around 400 �C, which suggests that the pres-
ence of CeO2 did facilitate the dispersion of a large fraction of

NiO species that are weakly attached to the support. The sec-
ond peak for both CAT-1 and CAT-2 at 500 �C and CAT-3 at
550 �C can be ascribed to the reduction of Ni that is moder-

ately attached to the support. Furthermore, the peak reduction
NiO 

Al2O3

NiO

CAT-2

s of calcined samples.



Fig. 7 (a) Conversion of CH4, (b) Conversion of

Fig. 6 CO2-TPD analysis of calcined samples.
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appeared to be evident at 800 �C for CAT-1, which corre-
sponded to the reduction of Ni with a strong bond formed
between Ni and the support during the formation of Ni/

Al2O3,(De Freitas Silva et al., 2013).

3.6. CO2-TPD

The basic sites present locations where the adsorbed CO2 has
been desorbed. Generally, the Lewis alkaline sites are based
on the desorption temperature of CO2: (1) less than 200 �C:
weak; (2) between 200 �C and 400 �C: medium; (3) between
400 �C and 600 �C: strong; (4) more than 600 �C: very strong.
Fig. 6 presents the CO2-TPD spectra of catalysts CAT-1,

CAT-2, and CAT-3. Overall, the CO2-TPD profile for all cat-
alysts appeared to be very similar in shape, as the main peak
was stretched within the range of between 600 �C and 900 �C.

The first peak at the range of between 150 �C and 300 �C
can be attributed to the weakly adsorbed CO2 on the basic sites
of the surface of catalysts. The main peak of the CO2-TPD
profile was centered at 800 �C for CAT-2 and 850 �C for

CAT-1, which may be due to desorption of CO2 that strongly
CO2 and (c) syngas ratio (H2/CO) at 800 �C.
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attached to the basic sites (Xu et al., 2017). Meanwhile, CO2

desorption peak appeared to be higher for CAT-2 with CeO2

which is expected to exhibit strong resistance against deactiva-

tion considering that catalysts with higher basic sites can
reduce coke formation and prolong the activity of the catalysts
(Radlik et al., 2015).

3.7. Catalytic methane dry reforming evaluation

It is well known that the extent of a chemical reaction only

depends on the thermodynamics of the reaction, and catalyst
could only change the rate of the reaction. Fig. 7 presents
the occurrence of DRM reaction at 800 �C for 8 h. The conver-

sion of CH4 and the perceptible influence of CeO2 and La2O3

on the catalytic performance can be observed in Fig. 7(a). In
particular, CAT-1 and CAT-3 recorded the same initial con-
version of 75%. The conversion of CH4 subsequently dropped

to 64% after 8 h of reaction. CAT-2 with La2O3 seemed to
maintain a relatively stable conversion with a conversion of
67% after 8 h. Noticeably, La2O3, as a promoter, only influ-

ences the stability of catalyst (not its activity). Furthermore,
Al-Fatesh et al. (2014) previously demonstrated that La2O3,
as a promoter, can accomplish a dual role in dry reforming

reaction—it can restrict the disposition of carbon and reduce
the acidity of the support. With that, the formation of pyroly-
tic carbon can be stopped since it favours the dissociation of
CO2. These characteristics accelerate the formation of carbon

through the reverse Boudouard reaction (BR).
In contrast, CAT-2 recorded the highest conversion with an

initial conversion of 88%. Besides that, the catalyst demon-

strated prominent stability for 8 h. This can be associated with
the properties of catalyst, as demonstrated by H2-TPR (cf.
Fig. 5) and CO2-TPD (Fig. 6). Furthermore, CeO2 is known

as a promoter that facilitates or improves the dispersion of
the active species on the surface of catalyst, as compared to
the mono-oxides or bare support without the addition of pro-

moter (Al-Swai et al., 2019). The coexistence of CeO2 with
other oxides increases the reducibility and oxygen storage
capacity of the catalyst (Li and Gong, 2014). Damyanova
et al. (2009) previously demonstrated that a slight amount of

CeO2 (e.g. 6 wt%) can stabilise the textural properties of the
modified ZrO2 having CeO2.

Similarly, the conversion of CO2, as shown in Fig. 7(b),

appeared to exhibit the same trend as that of the conversion
of CH4. CAT-1 and CAT-3 recorded the same initial conver-
sion of 83%. However, CAT-3 maintained a more stable con-

version than CAT-1. Meanwhile, CAT-2 demonstrated the
best conversion and stability but its conversion of CO2 was
higher than that of CH4 due to the simultaneous generation
of reverse water gas shift (RWGS) reaction (Dȩbek et al.,

2016; Farooqi et al., 2020). Essentially, RWGS involves the
reaction of CO2 and H2 to form CO. As shown in Fig. 6(c),
the obtained results can be observed in terms of the molar ratio

of H2 and CO, where the ratio was found to be lower than 1
for CAT-1 (0.86), CAT-2 (0.95), and CAT-3 (0.89).

4. Conclusion

The performance of CAT-1, CAT-2, and CAT-3 were com-
pared in the present study. The addition of CeO2 as a promoter

in Ni/Al2O3 catalyst appeared to improve the dispersion. Fur-
thermore, the obtained results on the performance of Ni/
Al2O3-CeO2 catalyst clearly reflected enhanced reducibility
and basicity of catalyst through the active metal content on

the surface of catalyst, where a higher and stable conversion
was achieved. On the other hand, the addition of La2O3 in this
study did not increase the conversion of the reactant but suc-

cessfully maintained a relatively stable conversion over 8 h
on stream. This may be due to the contribution of La2O3 in
eliminating deposited carbon during the reaction. Besides that,

the characterisation of fresh catalysts for FESEM characteri-
sation revealed a homogeneous composition of catalysts for
all samples. Nevertheless, CAT-3 yielded the best particle size
and sharp FESEM image.
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Djinović, P., Batista, J., Pintar, A., 2012. Efficient catalytic abatement

of greenhouse gases: Methane reforming with CO2 using a novel

and thermally stable Rh-CeO2 catalyst. Int. J. Hydrogen Energy 37,

2699–2707.

Donohue, M.D., Aranovich, G.L., 1998. Classification of Gibbs

adsorption isotherms. Adv. Colloid Interface Sci. 76–77, 137–152.

Farooqi, A.S., Al-Swai, B.M., Ruslan, F.H., Mohd Zabidi, N.A.,

Saidur, R., Syed Muhammad, S.A.F., Abdullah, B., 2020. Syngas

production via dry reforming of methane over Ni based catalysts.

IOP Conf. Ser.: Mater. Sci. Eng. 736, 42007.

Fayaz, F., Danh, H.T., Ngyuen-Huy, C., Vu, K.B., Abdullah, B., Vo,

D.V.N., 2016. Promotional Effect of Ce-dopant on Al2O3-sup-

ported Co Catalysts for Syngas Production via CO2 Reforming of

Ethanol. Procedia Eng. 148, 646–653.

Ghoneim, S.A., El-Salamony, R.A., El-Temtamy, S.A., 2016. Review

on innovative catalytic reforming of natural gas to syngas. World J.

Eng. Technol. 04, 116–139.

Guo, J., Lou, H., Zhao, H., Chai, D., Zheng, X., 2004. Dry reforming

of methane over nickel catalysts supported on magnesium alumi-

nate spinels. Appl. Catal. A Gen. 273, 75–82.

Jang, W.J., Jeong, D.W., Shim, J.O., Roh, H.S., Son, I.H., Lee, S.J.,

2013. H2 and CO production over a stable Ni-MgO-Ce0.8Zr0.2O2

catalyst from CO2 reforming of CH4. Int. J. Hydrogen Energy 38,

4508–4512.

Jiang, P., Shang, Y., Cheng, T., Bi, Y., Shi, K., Wei, S., Xu, G., Zhen,

K., 2003. Methane decomposition over Ni/a-Al2O3 Promoted by

La2O3 and CeO2. J. Nat. Gas Chem. 12, 183–188.

Kargbo, D.M., Wilhelm, R.G., Campbell, D.J., 2010. Natural gas

plays in the marcellus shale: Challenges and potential opportuni-

ties. Environ. Sci. Technol. 44, 5679–5684.

Kim, T.W., Park, J.C., Lim, T.H., Jung, H., Chun, D.H., Lee, H.T.,

Hong, S., Yang, J. Il, 2015. The kinetics of steam methane

reforming over a Ni/c-Al2O3 catalyst for the development of small

stationary reformers. Int. J. Hydrogen Energy 40, 4512–4518.
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