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Abstract

The commercialization of solid oxide fuel cells (SOFCs) can be significantly
promoted with the direct utilization of methane, which is the primary component in
natural gas and the second most abundant anthropogenic greenhouse gas. However,
carbon deposition on most commonly used Ni-based anode is the bottle-necking issue
inhibiting long-term stability of direct methane SOFCs. To avoid such a problem,
methane is typically reformed (internally or externally) in SOFCs. Consider the cost,
system simplification, coking resistance, and material selection, the on-cell catalytic
reforming layer (OCRL) is one of the most promising designs for direct methane
SOFCs. Reforming catalytic materials are typically consisted of active component,
substrate and catalytic promoter, all of which have a significant impact on the catalytic
activity, sintering resistance and coking resistance of methane reforming catalysts. This
review summarizes the influence of the various components, some common OCRL
materials used, their applications in direct methane SOFCs, reforming and coking
resistance mechanism, and the remaining challenges. The effective utilization of OCRL
plays a pivotal role in promoting the development of direct methane SOFCs and the
commercialization of SOFCs.
Keywords: methane, solid oxide fuel cells, Ni-based anode, coking resistance, on-cell

catalytic reforming layer



1. Introduction

As the world-wide energy demands increase dramatically with rapid economic
development and population growth in the past decades, the development and
utilization of various new energy sources such as solar energy, wind energy, nuclear
energy, hydropower and other renewable energies have become research focus in recent
years [1-3]. However, the share of these new energy sources in total energy
consumption is still low and limited by many factors, especially immature technology
development, site limitations, and the supply stability. Thus, the dominant proportion
of energy consumption is still rely on traditional fossil energy sources such as coal,
petroleum, and natural gas [4], which could lead to serious environmental pollution
when direct combustion is adopted. In addition, due to the limitation of the Carnot cycle,
direct combustion will cause a large amount of energy loss during operation [5]. Thus,
developing clean and efficient ways of utilizing fossil energy sources has great
significance from both economic and environment considerations.

Solid oxide fuel cell (SOFC) is an energy conversion device that can
electrochemically converting the chemical energy in fossil fuels, biomass fuels or other
hydrocarbon fuels into electricity. Advantages such as broad fuel options, high
efficiency, low emissions, and low noise make SOFCs a promising technology for
application of distributed power stations, backup power sources, as well as
transportation and portable applications [6-9]. As a comprehensive consideration of
cost, mechanical strength, performance and other factors, the most commonly used
single cells in SOFC stacks are Ni-based anode supported single cells [10]. When
directly feeding with hydrocarbon fuels, however, the severe carbon deposition on Ni-
based anode is fatal to the long-term stable operation of SOFC stacks. Reforming
hydrocarbon fuels into syngas before feeding to the anode of SOFC is an effective
method to prevent carbon deposition on Ni-based anode [11]. Thus, fuel reforming
technology becomes critical for efficient utilization of hydrocarbon fuels in SOFCs [12-
14], and can eventually promote the commercialization of SOFCs. On-cell catalytic

reforming layer (OCRL) is regarded as the most promising methane reforming design



for direct methane SOFCs considering cost, simplified system, coking resistance, and
options for material selection. In this review, a detailed summary of material selections,
applications, reforming and coking resistance mechanism, challenges and future

prospective of OCRL is provided.

1.1 Ni-based anode supported SOFCs

SOFC single cell is composed of porous cathode, porous anode and dense electrolyte
sandwiched between two electrodes. Based on the types of charge carrier in the
electrolyte, SOFC can be generally divided into oxide-ion (O*) conducting SOFC (O-
SOFC) and proton (H") conducting SOFC (H-SOFC). Obviously, these two types of
SOFC have different working principles, as shown in Figure 1. In O-SOFC, oxygen
undergoes oxygen reduction reaction (ORR) in the cathode, and the generated O?" are
directionally transmitted from the cathode to the anode through the dense electrolyte.
O will then react with the fuel gas (e.g. H> or methane) at the three-phase boundary
(TPB) of the anode, generating electricity, H2O and other products. For H-SOFC, the
charge carriers conducted by the electrolyte are H" instead of O*". The fuel gas (e.g. H2)
undergoes oxidation reaction and generates H' in the anode. The generated H" will then
be directionally transmitted to the cathode side through the electrolyte, generating

electricity and H>O by combining with O generated in the cathode.
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Figure 1 Schematic diagram of the working principle of O-SOFC (a) and H-SOFC (b).

The state-of-the-art cell configuration applied in SOFC stacks is anode supported

single cells [15]. Compared to electrolyte supported single cells which typically has
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high ohmic resistance due to the thick electrolyte layer, anode supported single cells
generally has lower overall cell resistance, which mainly comes from the electrolyte
and the cathode [16, 17]. By applying thin cathode and electrolyte layers, the operating
temperature of anode support single cells can be significantly reduced to the
intermediate temperature range (600~750 °C) compared to electrolyte support cells
which are typically operated above 800°C. The reduced operating temperature can thus
benefit the commercialization of the SOFCs by significantly reducing the cost and
improving the durability of SOFC system [18]. At present, Ni-based cermet composites
are widely adopted as the anode materials in most mature and advanced SOFC
technologies [17, 19, 20]. The low cost, high electronic conductivity and
electrochemical catalytic activity for the anode reaction makes Ni the most attractive
material as the anode of SOFCs. The second phase material for cermet anode is usually
chosen to be the electrolyte material, for the purpose of providing high ionic
conductivity or proton conductivity for anode reaction as well as reducing thermal
expansion mismatch between anode and electrolyte layers. Moreover, the electrolyte
materials in cermet anode also act as the mechanical support and prevention for possible

coarsening of Ni particles during operation.

1.2 Fuels challenges in SOFCs

SOFCs have a wide range of fuel options. Among them, H> is considered to be the
ideal fuel for SOFCs mostly due to its environmentally friendliness with H>O as
combustion product. Common ways for the industry to produce H, are electrolysis,
hydrocarbon steam reforming, hydrocarbon cracking, and water gas conversion, etc. H>
has a wide range of applications in industry, such as chemical synthesis, oil refining,
electronics, metal processing, efc. [21]. Recently, global demand for H» has greatly
surged due to the strict environmental protection requirement. Despite of the broad
prospects, some major barriers remain for the application of H> energy such as
production costs, storage, transportation and technological uncertainty [22]. In addition
to Ha, hydrocarbons such as natural gas and biogas can also be adopted as fuel for

SOFCs [23]. Compared to H», hydrocarbon fuels are readily available in most area, and
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possess several other advantages such as lower cost for production, storage and
transportation. In fact, the capability of utilizing hydrocarbon fuels makes SOFCs
attractive in many applications when Hy is not available or hard to obtain. The main
approach to utilize hydrocarbon fuels for SOFC is to convert hydrocarbon fuels into
syngas through fuel reforming.

Methane is the simplest hydrocarbon fuel and the primary component of natural gas
and biogas. Its wide range of sources and low price make it extremely appealing in
SOFCs. Recently, there have been extensive studies on direct methane SOFCs, which
will also be summarized in this review.

The research on the direct use of biomass oil as SOFC fuel is still in its infancy. Biomass
oils such as methanol, formic acid, isooctane[24] and biodiesel[25] could be reformed
into gas mixture composed of Hz, CO, CHa, etc., which can be used by SOFCs. Biomass
oil made from animal oil and vegetable oil has the following advantages when used as
the fuel for SOFC: (1) biomass oil can replace some fossil fuels and help alleviate the
greenhouse effect; (2) biomass oil contains oxygen, which can alleviate carbon
deposition on SOFC anode; (3) biomass oil is renewable and has a wide range of
sources; (4) biomass oil has high ignition point and therefore high safety; and (5)
biomass oil is easily biodegradable and environmentally friendly. Despite of the above
advantages of biomass oil, its calorific value is lower than that of hydrogen and
hydrocarbon fuels. Biomass oil is composed of combustible matter, inorganic matter
and moisture. The higher the content of inorganic matter and moisture, the lower the
calorific value. Since the relative content of hydrogen and carbon elements in biomass
oil is lower than that the corresponding hydrogen and hydrocarbon fuels, its energy
density is also lower. In addition, problems such as carbon deposition on catalyst and

high impurity content of biomass oil cannot be ignored [26].

1.3 Carbon deposition for SOFCs using Ni-based anode
While the Ni-based anode has excellent catalytic oxidation performance towards
hydrocarbon fuel, it can also catalyze the direct cleavage of C-H bonds, thereby leading

to serious carbon deposition. The deposited carbon will grow up in the form of carbon
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nanofibers or nanotubes on Ni particles, which is gradually enveloped and lose catalytic
activity, along with serious degradation of cell performance [21, 27-29]. Some
perovskite oxides have outstanding reforming catalytic performance, but their ability to
catalyze oxidation and cleavage of C-H bonds is rather weak [30-32]. Nevertheless,
based on the comprehensive consideration of cost, fabrication simplicity, and
electrochemical performance, Ni-based anode are still the best choice for commercial
SOFC stacks. Thus, solving the issue of carbon deposition for Ni-based anodes become
crucial to the development of direct hydrocarbon SOFCs.

Extensive efforts have been made to solve the problem of carbon deposition in recent
years, and some effective strategies have been successfully developed. Figure 2 shows
several representative strategies used in Ni-based anode supported SOFCs for direct
hydrocarbon utilization. One of the common strategies to alleviate carbon deposition is
to add large amounts of steam into hydrocarbon fuel stream and achieve a high steam
to carbon ratio (S/C) larger than 2 [33, 34]. In addition to steam, CO; can also be used
to dry reform hydrocarbon fuel into syngas to alleviate carbon deposition [35, 36].
Moreover, lowering the operating temperature is also an alternative option. It has been
reported that deposited carbon is not thermodynamically stable at the temperature range
of 550 to 650 °C [37], as thermal cracking of CH4 to carbon and Hb is inhibited below
650 °C, while the disproportionation reaction of CO to carbon and CO: is
thermodynamically unfavorable above 550 °C. Although it can effectively alleviate
carbon deposition, the reduction in operating temperature is often not favorable due to
the accompanying lower cell power output and fuel utilization. Moreover, carbon
deposition can also be suppressed by so-called “self de-coking” reaction in O-SOFC.
Such reaction is achieved by supplying sufficient oxide ion to react with deposited
carbon under high current loading which can accelerate the transportation of oxide ions
towards the anode reaction sites [38]. However, the excess oxide ions in this case are
limited to the electrochemical active area of the anode, typically within ~10 um distance
from the electrolyte. For anode supported SOFCs, carbon deposition could occur on

much wider areas of the anode which could not be reached by O%.



The second strategy, as shown in Figure 2b, is to alleviate carbon deposition by the
addition of nano-catalysts in the anode support. Precious metals such as Pd[39, 40] and
Ru[41, 42] are commonly used as the catalyst. The addition of precious metals promotes
the electrochemical oxidation reaction of hydrocarbon fuels, and improves the carbon
deposition resistance of Ni. Transition metals such as Cu[43], Co[44, 45], Fe[46] are
also widely used as additives, but the role of these metal elements is to reduce the
catalytic activity of Ni towards carbon deposition by forming an alloy with Ni. Similarly,
some metal oxides are also used as modified materials in Ni-based anode, such as CeO;
and doped CeO:> [21, 27-29, 47-49]. They have variable valences under reducing
atmosphere, and excellent catalytic activity toward reforming reactions. Some alkaline
earth metal oxides, such as CaO[50] and BaO[51], are also reported to have the
capability of enhancing the self de-coking ability of Ni-based anode.

In the third strategy, as shown in Figure 2¢, a (Y, Ce)O2-5 (YDC) interlayer is applied
between anode and electrolyte, and the following advantages are obtained [52]. Firstly,
YDC transforms into a mixed ionic-electronic conductor (MIEC) under reducing
atmosphere, increasing the reactive area of anode beyond TPB. Secondly, the high ionic
conductivity of YDC can help effective conduction of O* from the electrolyte to the
anode. Thirdly, the high oxygen vacancies of YDC can store O* and promote the
oxidation of hydrocarbon fuel. Finally, YDS is known to have good dry reforming
ability and resistance to carbon formation [53, 54]. However, the high co-sintering
temperature of the anode-supported single cell will reduce the ability of YDC to release
lattice oxygen ions [53].

For the last strategy, as shown in Figure 2d, a porous OCRL is applied on the anode
support. Before the hydrocarbon fuel enters the anode, it undergoes a reforming reaction
under the catalysis of the OCRL and is converted into syngas, during which the carbon
deposition could be greatly reduced. Compared with other strategies, the addition of
OCRL can alleviate carbon deposition more effectively, and the reforming reaction can
make full use of the heat released by electrochemical oxidation. However, OCRL may

have an adverse effect on mass transport, and its porosity needs to be optimized. More



detailed information about this strategy will be given in the rest of this review,
especially on the application of OCRL against carbon deposition for Ni-based anode

supported SOFCs when directly fed with hydrocarbon fuel.

Changing operating parameters:

operating temperature; current/voltage; Adding nano-catalysts in Ni-based support
H,0/CO, in fuel, etc.

Adding a YDC interlayer Adding a catalyst reforming layer

Figure 2 The strategies used in Ni-based anode supported SOFCs for direct

hydrocarbon utilization.

1.4 Fuel reforming in SOFCs

The fuel reforming reactions in SOFC systems are important when hydrocarbon fuels
were adopted. These reactions can be conducted both externally and internally. The
external reforming utilizes a fuel reformer independent of the SOFC stack, in which the
hydrocarbon fuel is first reformed into syngas in the external reformer prior to entering
the anode of SOFCs. Such fuel reformer needs extra stream or COz to reform
hydrocarbon fuel. Some obvious drawbacks exist for the external reforming technology.
Firstly, the independent reformer is required as an additional component, which
increases design difficulty and cost for the SOFC stack. Secondly, as a highly

endothermic reaction, fuel reforming requires extra heat for the reformer, which
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increases total energy consumption and reduce the overall system efficiency.
Furthermore, excess air flow beyond stoichiometric amount is required to ensure that
the SOFC stack does not overheat [55]. Moreover, for external reforming technology,
especially steam reforming, the corrosion of fuel pipelines is also a serious problem.
However, as far as the current level of technology is concerned, external reforming is
still the main reforming method for commercial SOFCs.

The internal reforming is conducted by placing the fuel reforming inside the SOFC
stack, so that no external reformer is needed. Its unique advantages include simplified
system design without external reformer, and reduced air flow because the heat released
by the anode reaction can also be used for the reforming reaction [55]. In addition, since
the anode electrochemical oxidation can produce steam or CO», less additional stream
or COz is needed for internal reforming [56]. Internal reforming can be divided into
direct internal reforming and indirect internal reforming. Direct internal reforming
occurs directly inside the SOFC anode, which requires the SOFC anode to possess dual
functions of catalyzing the fuel reforming reaction and the fuel electrochemical
oxidation reaction. Different from direct internal reforming, indirect internal reforming
separates the reaction sites for fuel reforming from that for fuel electrochemical
oxidation. The fuel reforming reaction takes place in the gas channel before entering
the anode, and the anode only needs to have excellent electrochemical oxidation
catalytic performance. Thus, indirect internal reforming has much more flexible choice
for reforming catalyst and anode material, with fewer restrictions on compromising
among each other. OCRL in SOFC is a typical design for the indirect internal reforming

strategy and will be elaborated in detail in this review.

2. Methane conversion in Ni-based anode

Methane, the simplest hydrocarbon fuel and the most abundant organic compound
on the planet, is the main component in natural gas and easily obtained from industrial
production. Direct or indirect utilization of methane in SOFCs can overcome many
obstacles accompanied with ordinary SOFC fuel H», such as high cost of production,

compression and transportation. The most important step for utilizing methane is the
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methane conversion in SOFC, thus understanding the conversion mechanism of
methane in SOFCs is the basis for realizing direct methane SOFCs in power generation.
The conversion of methane in Ni-based anode is a combination of multiple reactions
rather than a single reaction, and usually includes the following reactions.

FElectrochemical oxidation:

CH, + 0%~ = 2H, 4+ CO + 2e" (1)
CH, 4+ 20% - H, 4+ CO + H,0 + 4e™ )
CH, +20?" - 2H, + CO, + 4e” 3)
CH, +30% = H, + H,0 + CO, + 6e~ 4)
CH, + 302~ - 2H,0 + CO + 6e™ (3)
CH, + 40?~ - 2H,0 + CO, + 8e~ (6)

Steam reforming:

CH, + H,0 - CO + 3H, (7
Dry reforming:

CH,+ C0O, —» 2C0 + 2H, (®)
Decomposition:

CH, - C + 2H, )

Direct electrochemical oxidation of methane (Eq 1~6) is difficult to achieve for Ni-
based anode. Both theoretical and experimental studies believe that the largest energy
barrier in the path is caused by the initial rupture of the first C-H bond [55]. It’s worth
mentioning that for direct methane SOFCs, methane oxidation reactions are usually
accompanied by direct decomposition of methane (Eq 9), leading to serious carbon
deposition and performance degradation. In addition, the oxidation products (H>O and
CO») from Eq 1~6 will also react with methane following Eq 7&8.

Steam reforming of methane (SRM, Eq 7) is currently the main means for industrial
production of Hy. It is reported that more than 80% of Hz in the world has been produced
in SRM [57]. SRM is usually carried out at a high temperature of 800~1000 °C with a
high pressure of 35 bar in the presence of a Ni-based catalyst. The main reaction, as

shown in Eq (8), usually coexists with the water-gas shift (WGS) reaction shown in Eq
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(10) [58]. The SRM product CO can increase the H> concentration in the syngas through
WGS, while converting most of CO into CO,. As a result, methane is converted
primarily to H> for ease of electrochemical oxidation in the SOFCs and to obtain high
performance [55].

CO + H,0 - CO, + H, (10)

CO; reforming of methane is also called dry reforming of methane (DRM, Eq 8). It
is a catalytically induced process that produces syngas (mainly containing Hz and CO)
to be used as a sustainable fuel alternative to fossil fuel. Using the two major
components (CH4 and CO») in biogas which is cheap and readily available, DRM
presents huge economic benefits. Moreover, the utilization and conversion of CH4 and
CO; which are both greenhouse gases, is of great environmental significance. However,
as an endothermic reaction, DRM requires high operating temperatures, usually in the
range of 750~1000 °C, implying high energy consumption and thus high operating cost
[59-61].

In addition, Ni has a strong ability to catalyze the direct cleavage of C-H bonds [62],
so the catalytic decomposition of methane (CDM, Eq 9) is also a common methane
conversion method in Ni-based anode. The products of CDM are H» and carbon. The
former can be easily catalytic oxidized by Ni-based anode, while the latter is mainly
deposited on the surface of Ni particles in the form of carbon fibers or carbon nanotubes,
which is the main cause of carbon deposition on Ni-based anode. Therefore, it is
necessary to avoid CDM as much as possible when fed with methane in SOFCs. It is
worth noting that SRM and DRM may only occur when the temperature is higher than
600 °C, and the CO disproportionation reaction is unlikely to occur under this condition,
as shown in Figure 3. The conversion of methane in the Ni-based anode mainly
includes methane electrochemical oxidation, SRM, DRM and CDM when the operating
temperature is higher than 600 °C, and coking mainly comes from CDM, as shown in
Figure 4a. When the operating temperature of the SOFC is lower than 600 °C, the
conversion of methane in the Ni-based anode is mainly electrochemical oxidation, and

coking mainly comes from the CO disproportionation reaction.
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When the operating temperature of the SOFC is higher than 600 °C, after the
introduction of OCRL, methane is first subjected to DRM or SRM in the OCRL, as
shown in Figure 4b. The reforming catalyst can convert methane into synthesis gas at
a high conversion rate, and the concentration of methane entering the Ni-based anode

is therefore substantially reduced, thereby alleviating the coking issue.
300

. = CH,+H,0=CO+3H,
® CH,+CO,=2C0O+2H,
200 A CH,=C+2H,
L ]
wol 5 e v 200=C+C0,
L] [ )
100 ] .
[ ]
el [ ]
2 504 A, ] v
6 - A i v 7
= ‘o O | 1
4 A
-50 v h L A A
v .
-100 W ’
v
-150
-200 T i T u T g T u T e T
0 200 400 600 800 1000

Temperature (°C)

Figure 3 Correspondence between Gibbs free energy and temperature for DRM, SRM,

CDM and CO disproportionation reaction.
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Figure 4 Schematic diagrams of methane conversion in Ni-based anode with (a) and
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without (b) OCRL above 600 °C.

3. OCRL materials

There have been extensive studies on the reforming catalyst materials, which mainly
focus on the catalytic activity, coking resistance and sintering resistance. Apart from
the reforming activity of methane and good resistance against carbon growth, OCRL
also requires matched thermal expansion coefficient (TEC) and chemical compatibility
with the Ni-based anode due to the direct contact between OCRL and the Ni-based
anode. The reforming catalytic materials are typically consisted of active component,
substrate and catalytic promoter. The catalytic activity, sintering resistance and coking
resistance of methane reforming catalysts mainly depend on the type and particle size
of active component, the property and specific surface area of substrate, the interaction
between the active component and the substrate, etc. [63, 64]. Although some
remarkable goals have been achieved in the researches on OCRL materials in terms of
reforming activity, mechanical and chemical compatibility with Ni-based anode and
coking resistance, there are still many challenges remaining. This review summarizes
the influence of each composition on the properties of the OCRL materials and some
common OCRL materials, and intending to provide enlightenment and direction for
further development of OCRL materials.
3.1 Active component of OCRL materials

The active component of OCRL materials is typically metal catalysts for reforming
reactions. Due to the endothermic nature of methane reforming reactions, including
DRM and SRM, carbon deposition and sintering of the catalyst are inevitable at SOFC
operating temperature which is typically higher than 750 °C. To maintain the high
efficiency of SOFC, such high operating temperature is required. Therefore, thermal
stability is of great importance for the catalyst of OCRL material to avoid deactivation
caused by carbon deposition and sintering. So far, the most investigated catalysts for
methane reforming are categorized by noble metals and non-noble VIII group metals
[65, 66].

Noble metals such as Rh, Ru, Ir, Pd, Pt typically have excellent catalytic activity for
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reforming as well as superior coking resistance, which has been demonstrated by many
reports [67-72]. The superior ability of these catalysts to eliminate coking can be
attributed to their high dispersion and small particle size on the substrates. Among these
noble metal catalysts, Rh supported catalyst exhibits the highest catalytic activity and
thermal stability, followed by Ru, Ir, Pd and Pt [61]. Pd and Pt supported catalysts show
relatively lower thermal stability because of the sintering of these particles at increasing
operating temperature [73, 74]. In order to achieve high catalytic activity, thermal
stability and coking resistance, it is critical for noble metal catalysts to maintain high
dispersion, large surface area and small particle size during operation [75-78]. The first
OCRL material adopted on Ni-based anode of SOFC is Ru-CeO2, which is first
proposed by Zhan et al. [79]. By adding Ru-CeO, OCRL on the anode of SOFC, direct
internal reforming toward isooctane could be achieved, with high peak power density
(PPD) values of 300~600 mW cm™ at 670~770 °C. These results greatly promoted the
development of direct hydrocarbon SOFCs. However, the bond between Ru-CeO»
OCRL and Ni-based ceramic anode could be destroyed after multiple thermal cycles.
Wang et al. [80] synthesized Ru-Al,O3 by glycine-nitrate combustion method, and used
it as a catalyst layer for a SOFC operating on methane fuel. In consideration of catalytic
activity, cost and operational stability, the most suitable Ru loading was 3 wt.%.
Moreover, the strong interaction between RuO, with the Al,O3 supported of 3 wt.% Ru-
Al>0Os3 catalyst was evidenced by H2-TPR and TEM, as shown in Figure 5a and 5b. The
3 wt.% Ru-ALO; catalyst was exploited as an OCRL in a Ni-Zr0.92Y0.0802-5 (YSZ)
anode support single cell. After several thermal cycling and redox cycling tests, firm
adhesion of 3 wt.% Ru-Al>O3 OCRL on the anode surface was presented, as shown in
Figure 5c and 5d, suggesting excellent mechanical compatibility between OCRL with
Ni-YSZ anode during operation. When fed with CH4-CO, and CH4-H:O, the single cell
with OCRL reached high PPD, as shown in Figure 5e and 5f, suggesting excellent SRM
and DRM catalytic activities of 3 wt.% Ru-Al2O3; OCRL. Outstanding stability was also
shown for the single cell with 3 wt.% Ru-Al,O3 OCRL, as only slight drop of ~3.6% in

voltage was observed after operation period of 400 min when fed with pure methane
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under a current density of 600 mA cm™ at 750 °C. Such enhanced stability was
attributed to the excellent coking resistance and high reforming efficiency of 3 wt.%

Ru-AlLO; OCRL.
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Figure 5 (a) Ho-TPD profiles of 7 wt.%, 5 wt.%, 3 wt.% and 1 wt.% RuO,-AlLO;
catalysts; (b) TEM image of 3 wt.% Ru-Al>O;3 catalyst after reduction; (¢) SEM image
of the cell with 3 wt.% Ru-Al2O3; OCRL after the redox cycling; (d) SEM image of the
cell with 3 wt.% Ru-AlbO3 OCRL after the thermal cycling; (e) /-V-P curves of the
single cell with 3 wt.% Ru-Al,O3 OCRL when fed with CHs- H>O (2:1); (f) I-V-P curves

of the single cell with 3 wt.% Ru-Al:O3 OCRL when fed with CH4-CO> (2:1) [80].
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Although noble metal catalysts exhibit excellent reforming catalytic performance
with promising coking resistance and noticeable thermal stability, the practical
utilization of these catalysts are severely hindered by their high cost and limited
availability. Thus, non-noble supported metal catalysts, typically VIII group transition
metals such as Ni, Fe and Co, have attracted increasing attention because of their low
cost, high availability and catalytic activity recently. However, serious carbon
deposition on non-noble metal catalysts still limits their wide application in methane
reforming. It has been reported that the carbon deposition on Ni and Co catalysts are
considerably high at 24 mg coke/g cat h and 49.4 mg coke/g cat h, respectively [61].
For non-noble metal catalysts, maintaining high dispersion, surface area and small
particle size can effectively extend the catalyst’s activation time [77, 81]. In order to
solve the coking issue of Ni-YSZ anode when fed with biogas (mainly containing
methane and CO2), Lyu ef al. [82] modified the Ni-YSZ anode by introducing a Ni-
Ce0.9Gdo.102-5 (GDC) OCRL via mechanical mixing method. The single cell modified
by Ni-GDC OCRL had a PPD 0f 271 mW c¢cm™ at 600 mA cm™ when fed with CH4/CO,
about 3.3 time higher than the PPD achieved by the bare cell. Although the ohmic
resistance (Ro) of the cell slightly increased, the polarization resistance (Rp) decreased
significantly under CH4/CO., leading to the decrease of overall resistance and
significantly enhanced reforming reaction by the additional OCRL. The introduction of
Ni-GDC OCRL also improved the stability of the single cell when fed with CH4/COa,
which was verified under the operating current densities of 100, 200 and 260 mA cm™.
However, serious carbon deposition was detected in the OCRL when the test time
exceeded 50 h and more efforts were needed to improve the coking resistance of Ni-
GDC OCRL. Large metal particle size and small surface area of the substrate, which
derived from the backward preparation process, are the main reasons for coking of Ni-
GDC OCRL. Zhao et al. [83] developed NiO-La;Ce;O7 (LDC) and NiO-
Laj.95Smo.0sCe207 (LSDC) OCRLs by a sol-gel method in Ni-CeosSmo.202-5 (SDC)
anode supported SOFC. After in-situ reduction at 650 °C, Ni was homogeneously

distributed on the surface of fluorite-type LDC/LSDC substrate. This surface
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configuration was beneficial for methane reforming and coking resistance because of
the superior water adsorption capacity of LDC/LSDC, which alleviates carbon
deposition and achieves excellent catalytic activity of Ni for MSR. In addition, the high
stability of LDC/LSDC under H2O/CO; atmosphere also guarantees it as a promising
catalyst substrate. As shown in Figure 6, when fed with wet methane, PPD of bare cell
and the cells with Ni-LDC and Ni-LSDC OCRL were 580, 699 and 639 mW cm™,
respectively, suggesting enhanced electrochemical performance of the cells with OCRL.
In addition, the cells with Ni-LDC and Ni-LSDC OCRL showed relatively better
stability for 26 h in wet methane at 0.2 A cm™ and 650 °C with no visible carbon
deposition in OCRL, while the bare cell failed in just 10 h. The addition of Ni-LDC and
Ni-LSDC OCRL improved the electrochemical performance and stability of Ni-SDC
anode supported SOFC significantly, and the possible mechanism was proposed as
following. Taking Ni-LDC OCRL as an example, the steam from wet methane and from
the exhaust gas (containing steam and COz) generated on the anode was absorbed onto
LDC due to its ultra-high water adsorption capability and sufficient oxygen vacancies.
With Ni as catalyst, the fed methane could undergo SRM and DRM using absorbed
water and CO2 on LDC, transforming into syngas before entering Ni-SDC anode. Since
Ni-based anode has higher electrochemical activity and better coking resistance against
syngas than methane [84], the electrochemical performance and stability of cell with

LDC OCRL were enhanced compared to bare cell when fed with wet methane.

17



(a)1.0 800 (b)1.0
@650 °C in wet CH« o @650 °C and 0.2 A cm?in wet CHs

0.8 6005 08
S 0.6 ES 06
-] 40028 1o Ni-SDC
S 0.41 . 2 8 041 5 Ni-LDC/Ni-SDC
S m NISDC 2008 S A Ni-LSDC/Ni-SDC
> 0.2 e Ni-LDC/Ni-SDC 2> 0.2 i )

A Ni-LSDC/Ni-SDC $
0.0 . . : 0 S 00 . . . . .
00 05 10 15 20 0 5 10 15 20 25

Current density (A cm Time (h)

(©) H20

Figure 6 I-V-P curves (a) and stability (b) of the bare cell and the cell with Ni-LDC and
Ni-LSDC OCRL when fed with wet methane; (c) Proposed schematic diagram of the
cell with Ni-LDC OCRL [83].

Despite these mono-metallic catalysts, the addition of noble metals such as Rh, Pt,
Pd or Ru to Ni-based catalysts can improve the reforming catalytic activity and coking
resistance of Ni-based catalysts [85-89]. The presence of noble metals keeps Ni in the
form of an active metal, thereby minimizing the formation of Ni oxides, resulting in
almost no loss of catalytic activity [86, 90]. Alemany et al. [86] loaded Ni and Rh-Ni
nano-catalysts on nanofiber alumina for the production of syngas through DRM and
SRM, and the influence of Rh addition on Ni-Al,Os; catalyst was analyzed. The results
showed that the introduction of Rh could improve the reducibility and stability of Ni
particles, avoid Ni aggregation and inhibit coking, even at a low Rh loading (in an
atomic ratio of 1: 100).

Recently, a new approach for improving the reforming catalytic performance has

been reported using bi-metallic catalysts. In addition to higher catalytic activity, bi-
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metallic catalysts also have better coking resistance than mono-metallic-based catalysts.
The depletion of carbon deposition can be attributed to the interaction between the
doped metal with other metal. Furthermore, the “dopant-like” effect from the doped
metal combined with the role of the support affects total reforming catalytic activity of
the catalyst [91]. Despite of the relatively low catalytic activity of Fe, Co, Cu when
used in mono-metallic catalysts [92], they can potentially play vital roles in bimetallic
catalysts. Compared with pure Ni-based catalyst, Fe-M (M= Fe, Co, Cu) catalysts
possess higher catalytic activity toward reforming [93]. Co is the most suitable metal
to modify Ni-based catalysts because the electronic interaction between Ni and Co
helps disperse the metal alloy and inhibits carbon deposition [93]. In addition, the strong
Co-0O interaction helps the adsorption of CO., and the addition of Co helps prevent
carbon deposition on the catalyst [92, 94-96]. The addition of Cu promotes the catalytic
activity and sintering resistance due to the strong metal-support interactions and high
dispersion of Cu nanoparticles [97]. In a study by Hua et al. [98], an OCRL consisting
of a Nip§Coo.2-Lap2Ceo801.9 (NiCo-LDC) composite was incorporated into the anode
support of H-SOFC. The multiple-twinned bimetallic nanoparticles were proven to
have superior activity towards DRM without coking, which can be attributed to the
alloying Ni with Co, the strong metal-support interaction as well as the enhanced
oxygen storage capacity and accelerated CO; absorption on LDC support. In
comparison to the conventional design, this layered H-SOFC demonstrated drastically
improved CO> resistance and DRM efficiency. When fed with CH4-CO,, the PPD
exceeded 910 mW cm™ at 700 °C, and could be operated continuously and stably for
more than 100 h under the current density of 1 A cm™. Since the reforming catalytic
activity of Cu-based catalyst is low, the addition of a second phase catalyst is needed to
improve fuel utilization when fed with hydrocarbon. Jin et al. [99] synthesized a
Cu1.3Mn; 704 spinel oxide and characterized it as an anode internal reforming layer for
Ni-SDC anode support SOFC directly operating on methane. After in-sifu reduction by
methane, a highly dispersed nano-Cu metal network in the matrix of MnO was obtained.

When fed with methane, PPDs of 242 and 311 mW cm™ at 650 and 700 °C were
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achieved in the fuel cells with Cu;.3Mn;.704 OCRL, showing ~ 30% improvement in
the cell power output compared with cells without OCRL under the same operating
conditions. More importantly, the stability of cell performance was also greatly
improved with Cui3Mni70s OCRL due to the stability of MnO and the strong
interaction between MnO and Cu which delivers excellent catalyst durability. In another
investigation by Ye et al. [100], the addition of a Cu-CeO> catalyst layer to the
supported anode surface also improved the electrochemical performance and durability
of the cell without coking. However, some problems still limit the widespread use of
Cu-based catalysts. For example, the melting point of Cu is only 1083 °C, which makes
the thermal stability of Cu-based catalysts poor. Moreover, even if the second phase
catalyst is added, the catalytic activity of the Cu-based catalyst is still limited. Some
other examples about the multi-metallic-based catalysts are shown in Table 1.

Apart from the material type of active component, the particle size of the active
component plays an important role in the coking resistance of the methane reforming
catalysts. According to a study by Zhan et al. [101], coking is proportional to Ni particle
size, but this trend ceases when Ni particle size is below 6.2 nm. A critical Ni size of
no more than 6 nm is required to inhibit coking effectively. Therefore, the particle size

of the active component is key to coking resistance.

3.2 Substrate of OCRL materials

The catalytic performance of transition metal catalyst not only depends on the active
component itself, but also on the support material for catalyst, especially for Ni-based
catalysts [65, 102]. The substrate of reforming catalyst can either be the dispersant,
binder or support for the active component. The substrate itself may not have reforming
catalytic activity, however, its structure and properties are essential for the reforming
catalytic activity, sintering resistance and coking resistance [103]. The requirement for
the substrate of OCRL materials are mainly focus on the micro-structure and chemical
properties, such as porosity, specific surface area, thermal stability, redox
characteristics, etc. Substrates with high porosities and large specific surface areas can

improve the dispersion of the metal catalyst, leading to better sintering resistance, and
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facilitating the reactants adsorption in the reaction [103]. Moreover, the interaction
between the active component and the substrate material affects the stability and
reducibility of the catalysts [104]. The redox ability of the support itself can improve
the catalytic activity of the reforming catalyst. For methane reforming catalysts, the
adsorption performance of the substrate materials for CO2/H20O plays a significant role
in the catalytic activity and coking resistance of the catalysts. In addition, as the OCRL
of the single cell, the catalyst substrate materials must have matched TEC and good
chemical compatibility with the SOFC anode because of the direct contact between the
catalyst and the Ni-based anode. Additionally, when selecting the substrate materials,
the stability under high temperature CO2/H20 atmosphere should also be considered.
During the research and development of reforming catalysts, some perovskite oxides
(ABO3) composed of rare earth metal elements at the A-site and transition metal
elements at the B-site are found to have the advantages of sufficient oxygen vacancies
and high thermal stability. As the substrate of reforming catalyst, the lattice defects (e.g.
oxygen vacancies) in the perovskite oxides can promote the surface oxygen adsorption
performance and enhance the migration ability of lattice oxygen [105]. Recently,
perovskite oxides have been reported a wide range of applications in methane reforming
reactions. Some perovskite oxides can be completely decomposed in a reducing
atmosphere, and the decomposition products contain substrate and active component,
which can be used as OCRL materials. Wei et al. [106] synthesized Ni-doped LaMnOs.
5 (Lao.sMng gNip 2035, LMN) by a sol-gel method and used it for DRM. After reduction
in 5%H>-No, in-situ exsolved Ni nanoparticles were evenly distributed on the surface
of the substrate, and the substrate could still maintain the perovskite structure. TEM
was conducted to analyze the reduced LMN (R-LMN). It was found that the exsolved
Ni nanoparticles were partially embedded in the substrate, as shown in Figure 7a and
7b, and there was a strong interaction between Ni nanoparticles and substrate. After
performing 24-hours of DRM reaction at 700 °C, no obvious carbon deposition could
be observed. Ni nanoparticles still maintained the highly dispersed condition with no

obvious sintering as shown in Figure 7c.
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Figure 7 (a) SEM image of R-LMN; (b) TEM image showing partial embedment of the
exsolved Ni nanoparticle into the substrate; (c) Microstructure of R-LMN after 24-
hours DRM test; (d) Schematic mechanism for DRM; (e) O2-TPD profiles of LMN and
LM; (f) O-XPS spectra pf R-LMN [106].

Some oxides such as CeO», La;03, ZrO; and Al,O3 have a strong ability to adsorb
H>0O/CO; and are often used as support for methane reforming catalysts [84, 107-112].
Wan et al. [112] introduced a Ni-La>xO3 OCRL over a traditional Ni-BaZro4Ceo.4Y0.20s-
5 (Ni-BZCY) anode for DRM through the in-situ reduction of La;NiO4 (LN). After
complete reduction in H» at 700 °C for 2 h, the Ni particles were highly dispersed and

uniformly distributed on the surface of LaxOs. At 700 °C, the reduced LN (R-LN)
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showed much higher CO» conversion and CO selectivity than bare Ni-BZCY anode, as
shown in Figure 8a, indicating good DRM catalytic activity of R-LN. Moreover, after
exposing R-LN to CH3-CO; atmosphere, Ni and a new phase of Lax0O,CO; were
detected, which was considered to be an intermediate product of great importance in
the DRM and attributed to the coking resistance [113-118]. The formation of La20,CO3
indicates that CO: is adsorbed on La;O3; during DRM, which helps to maintain the
insufficient stability of BZCY in CH4-CO2 atmosphere. Meanwhile, the small size of
Ni particles and its high dispersion could also be beneficial for coking resistance and
sintering resistance. When fed with pure H», there was not much difference between the
PPD values of bare H-SOFC and layered H-SOFC, as shown in Figure 8b. However,
when fed with CH4-CO, layered H-SOFC showed a higher PPD value, 120 mW cm™,
than that of the bare H-SOFC at 700 °C (~90 mW cm™), as shown in Figure 8c,
suggesting excellent DRM catalytic activity of R-LN OCRL. The operation stability of
both cells when fed with CHs-CO> was also examined, as shown in Figure 8d. The
voltage of layered H-SOFC had no obvious change under a polarization current density
of 200 mA cm™ for 350 min and no carbon deposition could be detected, suggesting
that H-SOFC can work stably in CHs-CO; fuel after the introduction of R-LN OCRL.
While for bare H-SOFC, the voltage kept decreasing during the test even under a

smaller polarization current density of 133 mA cm™.

23



120 — 120 500
a) - |ZZNio+BzCY4 m- NiO+BZCY4 o o— Conventional H'-SOFC
1004 & La,NiO, ®-LaNiO, 100 Layered H'-SOFC
=3 - 400
= ® £ & " 3
S 80 © - 80 X . %, g
§ & B B £ 30 o
2 604 o g o 60 B . 3
2 ° g ! 3 b @
g i 2 3 A\ 200 i
o 40 2 % 40 o By 2
N VA { O . =
o 7558 24 R s
o 7 0% ’ | \ L100 3
20+ & - 420 2
B B )
VA { 2
0 Dk pid A o . ; . ok 0
600 650 700 0 500 1000 1500 2000
Temperature ('C) Current Density (mA cm?)
c ) d)’? ~
) > : LConvenlof.\alH-SOFC ( ) Under CH,-CO, @ 700°C = NIOWBZCY4
ayered H'-SOFC 1.0- ® LN catalyst
. 120
0.8 g o
< 4 3 ’
2 /" . = = 2
& 06 ./i g Lso § o6 @200 mA cm
S 7 \¥ z £
o/ \ < ® .
0.4 /;,' -\ 3 § 04 33mAcm*
4 Lao =
0.2- \% 3, 02
\ .
0.0 - - - | 0 0.0 T T T T T T r
0 100 200 300 400 500 0 50 100 150 200 250 300 350
Current Density (mA cm™) Time (min)

Figure 8 (a) Conversion of CO2 and selectivity of CO over the Ni-BZCY anode and R-
LN catalyst during DRM at various operating temperatures; (b) /-V-P curves of bare H-
SOFC and layered H-SOFC at 700 °C when fed with H»; (c) I-V-P curves of bare H-
SOFC and layered H-SOFC at 700 °C when fed with CH4-CO2; (d) Time dependence

of the voltage under a proper constant polarization current density at 700 °C [112].

Commonly used electrolyte materials such as BaZro.1Ceo.7Y0.1Ybo.103.5 (BZCYYD),
GDC, SDC, etc. are usually selected as the catalyst substrate because of their excellent
CO2/H20 adsorption capacity, which is beneficial to the elimination of coking [45, 82,
119, 120]. Moreover, the matched TEC and good chemical compatibility with Ni-based
anode ensure good connectivity between OCRL and Ni-based anode. In a study from
Hua et al. [121], a Ni-Cu-Fe alloy-BZCYYb OCRL on the surface of the Ni-YSZ anode
supported cell was prepared and investigated in dry and wet (3 mol% H>O) methane.
Compared to the conventional anode supported cell, the durability of the cell with
OCRL was significantly improved when fed with dry methane. Insignificant coking
occurred in the anode of the cell with OCRL when exposed to dry methane at 200 mA

cm2. However, the addition of H>O at a low content as 3 mol% can remove the formed
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carbon attributable to the presence of BZCYYb which is prone to H,O adsorption.

3.3 Catalytic promoter and preparation method for OCRL

Catalytic promoters are auxiliary components of the catalyst. Despite of no catalytic
activity or low catalytic activity of catalytic promoters, they can improve the catalytic
activity, selectivity and stability of the catalysts after the addition [122, 123]. For
methane reforming catalysts, the addition of catalytic promoters can change the acidity
or basicity of the catalyst surface, improve the dispersion of active components,
enhance the interaction between the active components and the substrate, and change
the electron density distribution of the active component metals [124], thereby
improving the catalytic activity, sintering resistance and coking resistance of the
catalysts. For methane reforming catalysts, acidic substrate can easily lead to coking.
Using alkaline catalytic promoter to reduce the acidity of the catalyst surface is an
effective way to alleviate coking. For methane reforming catalysts, the commonly used
catalytic promoters are rare earth metal oxides such as CeO2 [125], and alkaline earth
metal oxides such as CaO and MgO [126].

The preparation process of the methane reforming catalyst also has a great influence
on the acidity and basicity of the substrate, the particle size and dispersion of the active
component, and the interaction between the active component and the substrate, which
in turn affects the catalytic activity, sintering resistance and coking resistance of the
methane reforming catalyst. The common preparation methods of methane reforming
catalysts are sol-gel, mechanical mixing, solution infiltration, co-precipitation, etc. [82,
127, 128]. Among them, solution infiltration is the most commonly used method for
preparing supported catalysts [129]. However, the poor reproducibility, the uneven
distribution of active components on the surface of substrate, and the weak interaction
between the active components and the substrate make the solution infiltration method
very challenging for practical implementation.

Nowadays, sol-gel-in situ exsolution method has received more and more attention
[106, 130, 131]. The active component metal elements are firstly doped into the crystal

lattice of the catalyst precursor. After high-temperature calcination and high-
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temperature reduction, a highly dispersed and stable nano-sized active components are
finally exsolved on the surface of the parent oxide. The active components are
embedded inside the substrate with a strong interaction, which is beneficial to coking

resistance and coarsening of the methane reforming catalysts.

3.4 Reforming mechanism

Whether it is a noble metal or non-noble metal catalyst, there is a consensus regarding
to the mechanism of methane reforming reaction: methane is activated on the metal and
CO> or H2O is activated on the supports [132, 133]. With the catalysis of active
component, H atoms in methane are released one by one, and finally the activated
carbon remains on the surface of the metal particles. CO2 (or H20) adsorbs and
dissociates into CO (or Hz) and oxygen atoms on the surface of substrate. Oxygen atoms
then enter the lattice of the substrate and are transferred to the active
component/substrate interface to oxidize the activated carbon. The activation time of
the catalyst depends on the rate of carbon removal and formation [134]. Activated
carbon forms at the active component/substrate interface, and grows in the form of
carbon nanofibers or nanotubes [27, 135, 136]. The metal particles (active component)
are then uplifted, causing the deactivation of the catalyst. With increasing the metal
particle size and decreasing bond strength with the substrate, more carbon dissolution
could occur into the metal particles and the particles are easier to be uplifted from the
substrate, leading to quicker carbon deposition [137, 138]. When the metal particles are
small enough and partially embedded into the substrate through a strong interfacial
bond, only limited amount of carbon can be dissolved into the metal particles, and the
formation of carbon at the active component/substrate interface is prevented. In this
case, activated carbon can only remain on the surface of metal particles and may be
further oxidized by oxygen atoms. Obviously, the dissociation and adsorption capacity
of the substrate for CO> (or H20) as well as the oxygen transport capability are critical
properties to the material’s reforming catalytic activity and resistance to carbon
deposition.

In Wei’s study [106], the process of DRM and coking resistance phenomenon of R-
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LMN catalyst have been analyzed and summarized, as shown in Figure 7d. Methane

is decomposed into C groups and H> on Ni nanoparticles, and the steps are as follows.

CHy+ L, > Ly *xCH, (11)
Li*CHy+ Ly > Ly *CH; +H=*L, (12)
Li*CH3+ Ly > L;*CH, + H=*Lq (13)
Li*CH,+ Ly > Li*C+2H=*L, (14)
2H * Ly = Hy + 2L, (15)

On an alkaline substrate, CO» is activated and dissociated into CO, the steps are as

follows.

CO, +L,— L, xCO, (16)
L, *C0O, > CO+Ly*0 (17)
Ly*O0+L;*C—->L+L,+CO (18)

L is the active site on Ni nanoparticles, and L is the active site on the substrate.
According to the above steps, the adsorption and dissociation of CHs4 on Ni
nanoparticles and the adsorption and dissociation of CO2 on the perovskite oxide
substrate are the rate-controlling steps of DRM.

The authors believed that the exsolved Ni nanoparticles were partially embedded in
and maintained a strong interaction with the perovskite oxide substrate, which
prevented the formation of carbon nanofibers or carbon nanotubes. XPS and oxygen
adsorption and desorption characterizations, as shown in Figure 7e and 7f, suggested
that LMN had more oxygen vacancies than lanthanum manganate (LagoMnO3.5, LM),
which can conduct more lattice oxygen to the surface and is conducive to the adsorption
and dissociation of CO2 as well as the rapid elimination of deposited carbon. In
summary, the authors speculated a preliminary reforming reaction and coking resistance
mechanism for the R-LMN. Ni nanoparticles provided abundant active sites for the
activation and cracking of methane while preventing the formation of carbon nanofibers;
the perovskite oxide substrate provided sufficient oxygen species for the adsorption and
dissociation of CO2, which could quickly oxidize the C groups formed on the surface

of Ni particles to ensure the elimination of deposited carbon. In addition to excellent
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reforming catalytic performance and coking resistance, LMN has good chemical
compatibility and matched TEC with common Ni-based anodes. These advantages

make LMN the potential an OCRL material.

4. Conclusions, challenges and prospects

Efficient utilization of methane, which is the most important hydrocarbon fuel, in
SOFCs is of great significance to the commercialization and broad application of
SOFC:s. Direct utilization of methane, however, will cause severe carbon deposition in
the anode and rapid degradation of cell performance for the conventional Ni-based
anode supported SOFCs. Fuel reforming technologies, including steam reforming and
dry reforming, are common methods are developed to utilize methane in SOFCs.
Reforming methane into syngas, which can be more easily electrochemically oxidized
by SOFCs, can greatly improve cell performance and reduce carbon deposition. OCRL
is a typical internal reforming design, which can reform methane into syngas before
entering the anode of SOFCs. Its on-cell design can simplify the system, reduce cost
and improve energy efficiency of SOFCs. Moreover, the material selection is more
flexible without being restricted by anode materials.

Excellent catalytic activity for the reforming reaction of methane, good coking
resistance, and matched TEC as well as chemical compatibility with Ni-based anode
are the basic requirements for OCRL materials. The reforming catalytic materials are
typically consisted of active component, substrate and catalytic promoter. The catalytic
activity, sintering resistance and coking resistance of methane reforming catalysts
mainly depend on the type and particle size of active component, the property and
specific surface area of the substrate, and the interaction between the active component
and the substrate. Regardless of the type of reforming catalyst, the mechanism of the
methane reforming reaction seems to be identical: methane is activated on the metal,
while CO> or H2O is activated on the support. The catalytic activity of the catalyst for
methane reforming and carbon deposition depends on the type of metal used, the nature
of the support, the surface area of the support, the particle size of the metal, and the

interaction between the metal and the support.
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There have been many relevant studies on the application of OCRL in direct methane
SOFCs. Improved electrochemical performance and durability are shown after the
introduction of OCRL. Nevertheless, some issues still limit the widespread application
of OCRL design. The OCRL has a certain hindrance to the mass transfer process of fuel
gas. Therefore, how to control its porosity and microstructure is an urgent problem to
be solved. Compared with the Ni-based anodes, insufficient electronic conductivity of
OCRL will affect the current collection on the anode side of SOFCs. Moreover, the fuel
flow rate needs to be limited in order to avoid carbon deposition as much as possible
when using OCRL. Therefore, it is imperative to develop OCRL materials with higher
reforming catalytic activity. The development of direct methane SOFCs has a
significant role in promoting the commercialization of SOFCs. Therefore, it is of great
significance to develop OCRL materials with excellent reforming catalytic activity,

high coking resistance and low price.
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Table 1 The application of OCRL materials in direct methane SOFCs.

OCRL Method Fuel Anode support Temperature (°C) PPD (mW cm2?) Durability (h) Reference
Ni-ALO3 GNP CH4 Ni-SSZ 850 382 ~2.5 [84]
Ni-TiO2 Sol-gel CH4 Ni-YSZ 700 ~230 ~90 [107]
Ni-CeO: Mixed mechanically CHa4 Ni-SDC 600 ~160 ~20 [108]
Ni-LDC Sol-gel CH4 Ni-SDC 650 671 ~50 [83]
Ni-GDC Mixed mechanically CH4/CO» Ni-YSZ 750 271 ~45 [82]
Ceo.9Ni0.05Ru0.0s02 Precipitation CH4 Ni-BZCYYb 500 370 ~550 [139]
Co-MnO Sol-gel CH4/H>O Ni-SDC 650 701 ~15 [140]
NiFeCu-ZrO» impregnation CH4/0O> Ni-YSZ 650 334 ~ 100 [109]
LiNaNi-Al2O3 GNP CH4/CO; Ni-SSZ 850 ~530 - [110]
CH4/O2 538 -
CH4/H20 ~530 -
GdNi-ALO3 GNP CH4/O2 Ni-YSZ 750 618 ~7 [111]
CH4/H20 850 996 -
CH4/CO, 850 986 -

NiCuFe-BZCYYb Mixed mechanically CH4 Ni-YSZ 800 1432 ~12 [119]

44



NiCo-LDC GNP CH4/CO2
NiCo-SDC Mixed mechanically CH4

LSCN@Ni Sol-gel CH4/CO»

Ni-Lay03 GNP CH4/CO»
Cu-Ce02-YSZ impregnation CH4
Cu-MnO Sol-gel CHa

Ni-BZCYYb

Ni-YSZ

Ni-BZCYYb

Ni-BZCY
Ni-YSZ
Ni-SDC

700
800
700
700
800
650

910
350
605
120
163
242

~100
7.5
~65

~30
~60

[130]
[112]
[120]
[99]

GNP: glycine nitrate process
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