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ARTICLE INFO ABSTRACT

Keywords: A series of Ru/Mg,(A)O (x=3, 4, 5) nano-catalysts, derived from Ru/MgAl layered double hydroxide, were
Bi-r:f;)r;ning facilely synthesized. The properties of Ru/Mg,(Al)O catalysts, before and after stability tests, were compre-
Model biogas

hensively characterized via Ny physisorption, XRD, ICP-OES, XRF, SEM, Ho TPR, CO5-TPD, XPS, TEM, TGA,
Raman spectroscopy. In the bi-reforming of model biogas, at 800 °C, CH4/CO2/N2/H20 = 3/2/1/2.6, WHSV =
30960 mL g~ h™', 0.7Ru/Mg4(AL)O and 0.9Ru/Mgs(Al)O catalysts display high catalytic activity and stability
without obvious deactivation within 100 h time-on-stream. The basic Mg,(Al)O mixed oxides facilitate the COy
activation and generation of active O* species, contributed to prompt removal of coke precursor and effective
coke-resistance behavior. The highly-dispersed Ru ultrafine NPs also contributed to the inhibited coke deposition
due to size effect. In addition, the strong interaction between Ru NPs and Mgy(Al)O mixed oxides, result in the
satisfying anti-sintering performance. The combined support effect, size effect as well as metal-support inter-

Ru-based catalysts
Mg-Al mixed oxide
Layered double hydroxides

action over Ru/Mgy(Al)O (x=4, 5) catalyst result in excellent catalytic performance.

1. Introduction

The amount of anthropogenic CO» has dramatically increased and
result in severe greenhouse effect since the industrial revolution, thus
the concept of “methanol economy”[1] proposed by Nobel laureate
George A. Olah have attracted worldwide attention. Methanol can be
employed in fuel cells and internal combustion engines, as well as
feedstock for the production of value-added chemicals (e.g., olefin, ar-
omatics) and fuels (e.g., gasoline) [2 3]. Currently, methanol is mainly
produced via the syngas (CO+H) conversion route. Methane reforming
is the most widely used process for syngas production [4], which can be
classified into steam reforming of methane (CH4+H30=CO+3Ha), dry
reforming of methane (CH4+CO3=CO+Hy), bi-reforming of methane
(combined steam and dry reforming of  methane,
3CH4+C03+2H,0=4CO+8H,), and so on. In particular, the bi-
reforming of methane generate intermediate syngas with Hp/CO molar
ratio of approximately 2, which is suitable for the subsequent methanol
synthesis [5]. Biogas, with CH4 (~50-65%) and CO3 (~30-40%) as the
major composition, is one of the renewable carbon resource from the
viewpoint of “green carbon science”, thus it is of great importance to

* Corresponding author.
E-mail address: xiejun@scau.edu.cn (J. Xie).
! J. W. Zhong and B. Han contribute equally to this work.

https://doi.org/10.1016/j.fuel.2023.127941

convert biogas to syngas with particular molar ratio of H,/CO via the bi-
reforming of biogas, and bio-methanol ultimately [6].Table 1

For methane reforming reaction, by contrast with non-noble metal-
based catalysts (e.g. Ni-based) [7 8 9 10 11 12], noble metal-based
catalysts (e.g. Rh, Ru-based) usually exhibit higher catalytic activity
and excellent coking-resistance capability under the harsh reaction
conditions (generally higher than 650 °C) [13]. For example, Ru/
MgAl,04 catalyst prepared by physical vapor deposition [14], Ru
catalysts supported on Mg-Al layered double hydroxides (LDHs)
derived Mg-Al oxides [15], SmpRug 2Ce; g0 solid solution derived Ru
based nano-catalyst [16], Ru/La202CO3 [17], have been applied in the
DRM reaction or combined DRM and partial oxidation of methane.
However, the industrial application of noble metal-based catalysts in
methane reforming reaction is severely hindered by their high prices
and limited reserves. Thus, the rational design and preparation of
noble metal-based catalysts with relatively low cost sites (e.g. Ru) and
low-amount of metal loading is of great significance. LDHs are a
typical class of 2D anionic compounds consist of positively charged
host layers (brucite-like M(OH)g octahedra) and interlayer anions, in
the general formula of [M3:,M3"(OH)2]%"A%/;-mH30, have attracted

Received 17 October 2022; Received in revised form 15 February 2023; Accepted 20 February 2023

0016-2361/© 2023 Elsevier Ltd. All rights reserved.
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ARTICLEINFO ABSTRACT

Keywords: The bi-reforming of biogas is of great significance for the consumption of greenhouse gases and the generation of
Bi-reforming valuable syngas. In this study, porous high-entropy spinel-type HE-MgAIO (up to quinary metals: Ni, Co, Zn, Ga,
Hi;h-ennnpy Mn,) catalysts derived from layered double hydroxide were prepared by the one-step co-precipitation method.
Spinel ) The catalysts were characterized comprehensively via XRD, XRF, H,-TPR, CO,-TPD, XPS, SEM, HR-TEM, STEM-
Layered double hydroxide

EDS, CH4-TPSR/CO2-TPO, TG-DSC, Raman, and so on. Compared to the monometallic Ni/MgAlO and binary
NiCo/MgAIO catalysts, the HE-MgAIO catalyst exhibits higher initial CH4 (~98 %) and CO3 (—55 %) conversion
and high stability up to 100 h under certain reaction conditions. The homogeneously-dispersed and
electronically-enriched Ni sites, the oxophilic property and medium-strong basic sites of HE-MgAIO catalyst, lead
to efficient activation of CH4 and CO3 (H20), respectively, and high catalytic activity ultimately. The generation
of reactive O* from CO3 (H20) over oxophilic and medium-strong alkaline sites of HE-MgAIO catalyst prompts
the rapid removal of coke precursors, leads to satisfying coke-resistant behavior. The spinel structure and strong
metal-support interaction in HE-MgAIO catalyst enhances the thermal stability and results in satisfying anti-

Coke resistance

sintering performance.

1. Introduction

Since the industrial revolution in the mid-18th century, fossil fuels
such as coal, petroleum, and natural gas have contributed significantly
to the development of the global economy. However, excessive con-
sumption of fossil fuels has inevitably led to serious consequences
including climate change and environmental degradation. Thus, the
concept of “green carbon science” has gained increasing attention as a
promising strategy to solve the problems mentioned above [1]. In
particular, the conversion of syngas (CO + Ha) is one of the significant
aspects in the green carbon science. Methane reforming, as the most
widely adopted process for syngas generation, can be mainly classified
into steam reforming of methane (SRM), carbon dioxide reforming of
methane (CRM), and bi-reforming of methane (i.e., combined steam and
dry reforming of methane) [2]. Among the reforming process mentioned
above, syngas with an Ha/CO molar ratio of approximately two that are
suitable for the synthesis of high value-added alcohol (e.g., methanol)
can be produced by bi-reforming of methane [3]. In particular, methanol
functions as critical raw material for the manufacture of value-added

* Corresponding authors.

chemicals such as light olefins [4,5]. In addition, from the perspective
of “green carbon science”, biogas that mainly consists of CH, (60-75 %)
and CO; (25-40 %), as a renewable carbon resource, can be converted
into syngas with H2/CO molar ratio of about 2, via the bi-reforming of
biogas, and environmentally friendly bio-methanol ultimately [6].

The catalytic systems applied in the methane reforming can be
mainly classified into noble-metal-based catalysts (e.g., Pd, Pt, and Ru)
and non-noble-based catalysts (e.g., Ni and Co) metals [7]. In general,
noble-based catalysts display relatively higher stability and less ten-
dency of coke formation compared to non-noble metal-based counter-
parts [8,9]. However, to date, most studies have focused on non-noble
metal-based catalysts, mainly Ni-based catalysts, owing to the shortage
of and high cost of noble-metal-based catalysts [10]. In particular, Ni-
containing bimetallic catalytic systems including NiCo [11]/NiZn
[12]/NiGa [13]/NiMn [14,15] based catalysts have been applied in the
methane reforming reaction, and satisfying catalytic performance was
obtained. Recently, high-entropy (HE) materials with multiple elements
(usually > 5) have attracted significant attention and been extensively
explored in a variety of applications (e.g, carbon dioxide conversion),
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ARTICLE INFO ABSTRACT

Keywords: The upgrading of biogas to value-added syngas through bi-reforming is of enormous significance. The mecha-
Bi-reforming nochemical method was adopted to prepare a range of layered double hydroxide-derived bimetallic Ni-Ga cat-
Biogas

alysts, and the as-prepared catalysts were employed in the bi-reforming of biogas. Comprehensive
characterization was carried out to analyze the fresh or spent catalysts. 10Ni10Ga/MgAIlO catalyst exhibits high
initial catalytic activity in terms of CH4/CO2 conversion (~96 %/66 %) and satisfying stability up to 120 h
without significant deactivation, at 800 °C and WHSV = 30,960 mL/g/h. 10Ni10Ga/MgAIO catalyst with direct-
reduction pretreatment of catalyst precursor exhibits more homogeneously dispersed active metal sites, which
facilitates the dissociation of CH4. Meanwhile, 10Ni10Ga/MgAIO catalyst with electron-rich Ni species, as well as
moderately strong and strong basic sites, promotes the CO; activation, the combined effects result in high initial
catalytic activity. In addition, the interaction between active metal site and MgAlO composite oxide, combined
with the potential reversible phase transition between Ni3Ga and NizGaCy, result into satisfying anti-sintering

Bimetallic Ni-Ga
Layered double hydroxides
Coke resistance

and anti-coking performance of 10Ni10Ga/MgAIQ catalyst, respectively.

1. Introduction

To date, most of the worldwide energy supply comes from fossil
fuels, including coal, petroleum, and natural gas. However, the over-
consumption of fossil fuels has dramatically increased anthropogenic
CO; emissions, leading to a severe greenhouse effect [1,2]. As a result,
the “green carbon science” concept has have attracted worldwide
attention [3,4]. The generation and utilization of syngas has been widely
accepted as one of the most vital parts of the field of green carbon sci-
ence [5]. Methane reforming, mainly divided into methane steam
reforming, CO, reforming of methane, methane bi-reforming (e.g.,
combined steam and dry reforming of methane), methane tri-reforming,
and so on, is the typical route for syngas production [6,7]. The bi-
reforming of methane produces synthesis gas with a molar ratio of
H2/CO of about 2 that appropriate for the further production of
important and critical intermediate chemicals such as methanol [6], and
methanol acts as an essential material for the generation of a variety of
chemicals (e.g., gasoline, aromatic, light olefins [8]). Furthermore,
biogas, a renewable carbon resource mainly consisting of CHg (~60-75
%) and CO2 (~25-40 %), usually produced from a wide variety of

* Corresponding authors.

residue or waste, can be converted into green chemicals or fuels (bio-
natural gas, bio-methanol, etc.). In particular, biogas can be turn into
syngas by combined steam and dry reforming of methane, and subse-
quently into bio-methanol [9]. This process of “biogas-syngas-bio-
methanol” meets the requirements of both “green carbon science” [3,4]
and “methanol economy™ [10].

Currently, the catalytic systems for methane reforming are composed
of noble metal-based and non-noble metal-based catalytic systems. In
general, noble metal-based catalysts show better performance in
resisting coke deposition than non-noble metal-based catalysts [11].
However, the majority of investigations have focused on Ni-based cat-
alysts due to the low cost and satisfying catalytic activity of Ni-based
catalysts. For example, Ni-based bimetallic catalytic systems including
Ni-transition metal catalysts (NiCo [12]/NiCu [13]/NiFe [14]/ NiZn
[15]/NiGa [16]/Niln [17], etc.) and Ni-noble metal catalyst (NiPt
[18,19]/NiRu [20]/Nilr [21-23], etc.) have been employed in the
methane reforming, and the synergistic effect (electronic and/or geo-
metric effect) between Ni and the second metal has been demonstrated
to effectively enhance the carbon resistance and sintering resistance of
the catalysts [24,25]. In particular, Ni-based monometallic catalysts (e.

E-mail addresses: xiejun@scau.edu.cn (J. Xie), zhongjiaweiv@scau.edu.cn (J. Zhong).

https://doi.org/10.1016/j.fuel.2024.131792

Received 7 January 2024, Received in revised form 24 March 2024; Accepted 24 April 2024

Available online 30 April 2024
0016-2361/© 2024 Elsevier Ltd. All rights reserved.

22



Fuel 307 (2022) 121799

Contents lists available at ScienceDirect
Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Check for

Key properties of Ni/CeAlO3-Al203/SiC-foam catalysts for biogas s
reforming: Enhanced stability and CO- activation

a,1

Zhige Zhang

, Guofeng Zhao ™', Wenyang Li®, Jiawei Zhong ™", Jun Xie ™"

? Institute of Biomass Engineering, Key Laboratory of Energy Plants Resource and Utilization, Ministry of Agriculture and Rural Affairs, Guangdong Engineering
Technology Research Center of Agricultural and Forestry Biomass, South China Agricultural University, Guangzhou 510642, PR China
b Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of Chemistry and Molecular Engineering, East China Normal University, Shanghai

200062, PR China

ARTICLE INFO ABSTRACT

Keywords:
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The efficient conversion of renewable biogas has attracted ever-increasing interest in past decades. Ni-CeOa-
Al,05 supported on monolithic SiC-foam (denoted as Ni/Ce0O,-Al,03/SCF) is designed and applied in biogas
reforming. The monolithic Ni/CeO5-Al203/SCF catalysts were deeply characterized by XRD, ICP-AES, SEM, HR-
TEM, CO2-TPD, ete. The cycle between CeO3-Al;03 and CeAlO3 was verified by in-situ CH4/CO2-TPSR, and the
catalytic role of CeAlO3 in coke elimination and CO2 activation was further confirmed. Due to the uniform

distribution of Ni nanoparticles (NPs) and the activation of COz by CeAlOs, Ni/CeAlO3-Al;03/SCF shows
excellent catalytic stability to inhibit sintering and eliminate carbon deposition. At 900 °C and a gas hourly space
velocity (GSHV) of 24000 mL g,;a['h", excellent CH4/CO2 conversion of 86/99% are initially achieved over Ni/
CeAlO3-Al,05/SCF catalyst, followed by slight decrease after 140 h, and remain basically stable for the next 260

h.

1. Introduction

Currently, research in the field of energy consumption indicates that
fossil fuels must be replaced by renewable green energy, in order to
achieve the goal of limiting greenhouse gas emissions [1]. Biogas is a
kind of representative green energy produced by biomass decomposition
under anaerobic conditions [2]. Its main components are methane (CH4)
(40-60%) and carbon dioxide (CO;) (30-60%). The most common way
of biogas utilization is to provide heat and power [3]. In addition, a
variety of chemical can be obtained from biogas, including syngas (CO
+ Hy), bio-methanol [4] and higher hydrocarbons [5]. In particular, the
dry reforming of biogas can converts the main components of biogas,
CHj4 and COp», into syngas at the same time, greatly improving the uti-
lization of biogas [6]. However, the dry reforming of biogas is mainly
endothermic reaction (Eq. (1)), so the design and construction of
appropriate catalyst system is very important [7].
CH4 + CO; < 2CO + 2H; (68

There is no doubt that noble metals show excellent activity and
resistance to sintering in dry reforming of biogas, but their

* Corresponding authors.

commercialization is limited by the high cost and abundance problems
[8]. Fortunately, nickel (Ni), as a non-precious metal, has great com-
mercial potential in reforming reactions due to its similar activity, high
abundance and low cost as precious metals [9]. It should be noted that
the Ni-based catalyst has the defects of easy sintering and carbon
deposition. The main reason for the easy sintering of nickel-based
catalyst is that the Ni particles tend to move and aggregate into large
NPs in the reaction process without the limit of external force [10,11].
The size of Ni NPs becomes larger after sintering during the reaction
process, which promotes carbon diffusion in Ni crystals and leads to the
ultimate carbon deposition [12,13]. Thus it is very important to ratio-
nally design the composition of the Ni-based catalyst [14].

To date, a variety of methods have been employed to enhance the
resistance to carbon deposition and aggregation of nickel-based cata-
lysts, one of which is the incorporation of a metal additive such as
alkaline earth and rare earth elements. Among the reported elements,
cerium has found to exert positive impact on inhibiting the aggregation
of active components and carbon deposition [15]. CeO, displays high
oxygen storage capacity attributed to the redox couple Ce**—Ce>* [16].
During the DRM process, oxygen species formed by CO2 dissociation
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The upgrading of biogas to value-added syngas via reforming of biogas is of great signifi-
cance from the perspective of green carbon science. A series of Ru based nano-catalysts
(Ru/MgO, Ru/La,0,C0;, Ru/Ce0,) with relatively low Ru loading and high dispersion were
successfully prepared by mechanochemical method, and applied in the bi-reforming of
model biogas reaction. The representative catalysts were comprehensively characterized
by XRD, N, physical adsorption, ICP-OES, SEM, XPS, H,-TPR, CO,-TPD, HRTEM, FTIR of CO
adsorption, TPSR, TG, and Raman spectroscopy, etc. Ascribed to the appropriate basicity of
MgO, homogeneous Ru dispersion with ultra-small particle size, and strong interaction
between Ru ultra-small nano particles and MgO support, Ru/MgO exhibit higher CO,
adsorption and activation, higher CH, activation and dissociation, compared with Ru/
La,0,C03, Ru/Ce03, which facilitate the formation of active oxygen species and interme-
diate coke removal, thus enhance the resistance to coke deposition and sintering. At re-
action conditions of T = 750 °C and weight hourly space velocity = 32,400 mLg,, * h™?,
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Keywords:
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Using green and sustainable biogas as raw material to produce syngas (Hz/CO=2) suitable for direct synthesis of
green methanol has attracted wide attention, but developing efficient catalysts with high activity/stability re-
mains a big challenge. A series of MgAl»04 spinel catalysts (denoted as Ni,Mg1.xAl04) is designed and applied in
biogas bi-reforming. The nano Ni,Mg; ,Al,0, catalysts were comprehensively characterized by Raman, SEM, HR-
TEM, Hy-TPR, CO,-TPD, etc. The CO- activation was verified by in situ CH4-TPSR/CO2-TPO, and the key role of
NigMg; 4Al,04 in coke removal behavior mechanism was further confirmed. Due to the efficient CO, adsorption/
activation and strong metal-support interaction, nano Ni;Mg; Al504 shows excellent catalytic stability to inhibit

sintering and carbon deposition. At reforming conditions of 750 °C, a weight hourly space velocity (WHSV) of
32,400 mL g{:}( h’l, the Nig 4Mgp 6Al204 catalyst exhibits excellent CH4/CO> conversion of 91/51 % are ach-
ieved, followed by slight decrease after 40 h, and remain basically stable for the next 40 h.

1. Introduction

The extensive use of dwindling fossil fuel reserves has been accom-
panied by the release of large amounts of active carbon dioxide (CO5),
which has disrupted the natural balance of COj, resulting in significant
environmental hazards [1]. To enhance the natural carbon cycle, an
active chemical CO, cycle, the so-called “methanol economy” [2], has
been developed, which involves the capture of carbon sources into fuels
for chemical synthesis of high value products such as methanol and
dimethyl ether. Methanol, the most basic C1 liquid product, is readily
available from a variety of carbon sources, such as biomass and CO», and
is considered a key component of the externally driven carbon cycle and
the methanol economy [3]. Methanol can be used to produce
high-demand chemical commodities such as hydrocarbons, i.e., olefins
including ethylene and propylene and gasoline [4]. Consequently,
methanol has been the focus of intensive academic and industrial
research [5]. Methanol can be obtained through the selective oxidation
of methane (CHy), from syngas [6,7], and via CO5 hydrogenation, which
combines solar energy, CO», and water to produce a green liquid fuel
also known as liquid sunlight [8]. However, with the exception of

* Corresponding author.
** Corresponding author.

methanol synthesis from syngas, these methods are still in the laboratory
stage. Therefore, syngas is currently essential for the chemical produc-
tion of methanol.

The most widespread source of syngas is CH4 reforming, which is
also an important application of C1 chemistry. C1 catalysis involves the
conversion of simple molecules with one carbon atom, such as CHy, into
a variety of high value-added liquid fuels and chemicals [9]. This pro-
cess is essential in the context of “green carbon science” [10], that is, the
efficient use of carbon resources toward carbon neutrality for the sus-
tainable development of our society. The most common methods of CHy
reforming to syngas are dry reforming (DRM) of CH,4 [11,12], steam
reforming, and auto-thermal reforming. Methanol can be prepared from
syngas, for which a syngas with an H,/CO ratio of 2 is required. How-
ever, the Ho/CO ratio of the syngas produced by DRM and steam
reforming is 1 and 3, respectively. The suitable H»/CO ratio of 2 for the
methanol synthesis can be obtained via the so-called “bi-reforming,” i.e.,
the combination of DRM and steam reforming [13]. Importantly, the
composition of the biogas derived from sustainable biomass (CHy4, CO»,
and a small amount of steam) perfectly conforms to the raw material
ratio required for the bi-reforming process to obtain syngas suitable for

E-mail addresses: zhongjiaweiv@scau.edu.cn (J. Zhong), xiejun@scau.edu.cn (J. Xie).

! Z. Zhang, and G. Bi contributed equally to this paper.

https://doi.org/10.1016/j.ijhydene.2023.12.013

Received 10 October 2023; Received in revised form 28 November 2023; Accepted 3 December 2023

Available online 11 December 2023

0360-3199/© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

25



Molecular Catalysis 513 (2021) 111831

Contents lists available at ScienceDirect
Molecular Catalysis

journal homepage: www.journals.elsevier.com/molecular-catalysis

SiC-foam structured Ni-based catalyst derived from perovskites for methane

o.)

Check for
updates.

value-added application: Enhanced resistance to Ni sintering and stability

a,b

Zhige Zhang "', Guofeng Zhao “'', Bing Han

, Jiawei Zhong

a4, B a,b,

, Jun Xie

2 Key Laboratory of Energy Plants Resource and Utlization, Ministry of Agriculture and Rural Affairs, Institute of Biomass Engineering, South China Agricultural

University, Guangzhou 510642, PR China
e 1

Engineering Technology Research Center of Agricultural and Forestry Biomass, South China Agricultural University, Guangzhou 510642, PR China

© Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of Chemistry and Molecular Engineering, East China Normal University, Shanghai

200062, PR China

ARTICLEINFO ABSTRACT

Keywords:

Methane utilization
Perovskite
SiC-foam

Ni sintering

Coke deposition

Sustainable transformation of methane into methanol feedstock syngas is a promising direction in future energy
generation. A monolithic SiC-foam (SiC-foam, denoted as SCf) supported structured Ni-SrO composite nano-
material was prepared via reducing the SrNiO3 perovskite. The Ni-SrO/SCf displays a stronger resistance to Ni-
sintering/coke-deposition than the unmodified Ni/SCf due to its uniform Ni distribution as well as the strong Ni-
SrO interaction. In the presence of Ni-SrO/SCf sample at a gas hourly space velocity (GHSV) of 24,000
mLey4—coz gCafl h~!and an operating temperature of 850 °C, the initial conversion rate of biogas (CH4/CO3)

was 70/94%, which gradually dropped to 55/72% within 40 h, but its activity remained stable for the next 60 h.
By contrast, the conversion rate of biogas (CH4/CO2) in the presence of Ni/SCf sample was decreased rapidly
from 60/80 to 50/65% within 20 h, due to the severe coke deposition and Ni-sintering.

1. Introduction

Biogas, with main components of methane (CHa, 50-60 vol%) and
carbon dioxide (CO5, 40-50 vol%), is an attractive alternative to natural
gas, and can be produced continuously from biomass through anaerobic
respiration [1-3]. Unfortunately, most of the biogas is currently utilized
through being burned, an inefficient process for heat or electricity
generation [4,5]. A more appealing technology has been recently pro-
posed, namely, through conversion of biogas to syngas, a mixture of
hydrogen (Hz) and carbon monoxide (CO), with further transformations
to methanol as well as other high-value chemicals [6,7]. Considering the
high CO, content in biogas, it is preferred to reform methane-COy
mixture, through a process known as dry reforming of methane (DRM)
than other reforming procedures for the methane gas such as reforming
CH4—032 or CH4—H>0 mixtures [7,8]. For facilitation of the DRM re-
action, various metals have been found advantageous such as noble
metals as well as transition metals. However, the application of the
noble metals is restricted due to their high cost and low abundance [9,
10]. Transition metals such as nickel (Ni), on the other hand, have been

widely used due to their high activity and low cost. However, there are
some issues associated with the use of the transition metals such as rapid
deactivation of the sample due to the serious sintering and carbon
deposition of Ni [11,12]. As a result, enhancing the resistance to Ni
sintering as well as carbon deposition is of utmost importance for
Ni-based catalysts [13,14].

It has been generally recognized that diameter of Ni particles plays
an important role in preventing carbon deposition [15]. The carbon
deposition on the surface of highly dispersed Ni nanoparticles is minimal
[16,17]. Therefore, it is intended to obtain and maintain small Ni par-
ticles by selecting appropriate support, preparation method, and pro-
moter [18]. Perovskite oxides have a unique ordered cellular structure,
and after going through the reduction process, the reducible metal ions
can be reduced into highly dispersed nanoparticles which strongly
interact with the simultaneously formed irreducible oxides (acting as
supporter and/or promoter) [19,20]. Accordingly, the perovskite oxides
have been presented as promising precursors to fabricate
high-performance DRM samples. For example, Rabelo-Neto et al. [21]
reported a LaNiOs-derived Ni-La;Os3 sample with small Ni particles
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In this work, Ni-Mo2C/MgO catalysts were prepared by sol-gel method with p-cyclodextrin (p-CD) as the carbon
source and dispersant, and applied in the dry reforming of biogas. The roles of ratio of Ni/Mo as well as -CD on
the catalytic activity and stability were analyzed. Systematic characterizations analysis such as XRD, XPS, and
TEM confirm that Mo,C can only form under the condition of pre-reduction and carburization, confirming that
metallic Ni nanoparticles promote the carbonization process of Mo3C, and that p-CD as a carbon source is of great

necessity for the formation of Mo,C. In the dry reforming of biogas, the formation of Mo.C significantly impacts
the catalytic activity and stability, which is beneficial for CO> activation and coke removal via the redox cycle.
Ni-MoyC/MgO catalysts with optimized Ni and Mo contents of 7 and 15 wt%, respectively, exhibit the best
catalytic activity and stability for the dry reforming of biogas. The CH, and CO; conversion rates remained above
90% and 85%, respectively, for 200 h at 850 °C and WHSV = 30,000 ml. g~*. h™..

1. Introduction

Energy consumption has been increasing in the past decades [1]. At
present, the dependence on fossil fuels to meet energy demand has
caused great environmental problems through anthropogenic green-
house gas emissions [2]. Methane and carbon dioxides are the most
notorious gasses contributing to global warming [3,4]. The biogas, with
CH4 and COz as the major components, can be utilized to generate
syngas through the reforming process [5,6]. The generated syngas can
be further converted into hydrocarbons via the Fischer-Tropsch process
[7-9]. It is well known that the C—H bond in CH, is difficult to be
activated, and CO; is the upmost oxidized state of carbon, which is also
very stable [10]. Therefore, the simultaneous activation of both C—O
bond in CO2 and C—H bond in CHy4 is a great challenge. The dry
reforming of biogas is usually conducted at high temperature (~800 °C),
and the presence of catalysts could significantly lower the required
activation energy for the C—O bond in CO, as well as the C—H bond in
CHj. The noble metal-based catalysts display satisfying catalytic activity
and stability in the dry reforming of biogas [11]. However, the appli-
cations of noble metal-based catalysts at the industrial scale are
restricted by their high prices. The Ni-based catalysts exhibit similar
activity to noble metal in dry reforming of the biogas, but suffer from
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easy deactivation due to the sintering as well as coke deposition caused
by methane decomposition (i.e., CH4—C + 2H2) as well as CO dispro-
portionation (i.e., 2CO0—-CO3z+C) [12]. A variety of strategies have been
explored to enhance the stability of the Ni-based catalysts, including
adoption of suitable supports (e.g., metal oxides with basic sites or rich
oxygen vacancy to activate CO3) [13,14], and bimetallic catalysts [15].

The alkaline-earth oxide (e.g., MgO) positively impacts the coking
inhibition due to its strong CO2 adsorption property [13]. In recent
years, transition metal carbides such as molybdenum carbide, with
noble metal-like properties, have attracted great interest in dry
reforming of biogas [16-18]. Shi et al. mentioned that metal carbides
and oxides can circulate in the alternating flow of CO; and CH,4 s, and
that metal carbides exhibit stable catalytic activity at atmospheric
pressure in the dry reforming of biogas [19]. Yao et al. also demon-
strated that CO2 activation can occur on Mo2C with
oxidation-recarburization cycle [20]. Ni-Mo2C/MgO have been
demonstrated to exhibit great activity for the dry reforming of biogas,
due to the presence of dual active-site and the corresponding catalytic
redox cycle in the following manner, Mo,C activates CO,, then oxygen
species in CO3 replace the carbon of Mo2C, while Ni dissociates CHs and
promotes the reduction of molybdenum oxides to molybdenum carbide
[13,19]. It is worth noting that the contents of Ni and Mo are very
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