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Abstract

Solid oxide fuel cell (SOFC) is an energy conversion device that can directly
convert the chemical energy of carbonaceous fuels into electricity. Solving the problem
of carbon deposition in the conventional nickel-based anode is essential to improving
the performance of SOFC when operating on carbonaceous fuels. Although impressive
progress has been made in the development of alternative anode materials, nickel-based
anodes with superior catalytic activity for carbonaceous fuels are still the most
promising anode for the commercialization of SOFCs. The deposition of a catalyst layer
with high catalytic activity for carbonaceous fuels over the nickel-based anode has been
demonstrated as an effective way to enhance the performance and long-term stability
of hydrocarbon-based SOFC. This review introduces the working principles of the
catalyst layers, discusses the recent progress of the catalyst layer materials for
hydrocarbon-fueled SOFC and issues of the different catalyst layer materials. Finally,
some of the future prospects and challenges of the catalyst layers are summarized in

this review article.
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1. Introduction

As an efficient energy conversion device, fuel cells have shown the capability in
the clean utilization of energy[1]. In particular, solid oxide fuel cells (SOFCs) are fuel
flexible [2], and can utilize various fuels including hydrogen, methane, propane,
alcohol|3], ammonia[4, 5], carbon monoxide [6] and even solid carbon[7, 8]. This fuel
flexibility broadens the applications of SOFCs from hydrogen to hydrocarbon-based
fuel [9]. Due to the excellent electronic conductivity, good compatibility with the
common electrolyte materials, and high catalytic activity for hydrogen and
hydrocarbon-based fuel, nickel-based cermet has been widely applied as SOFC anode
materials [10-12]. However, the superior catalytic activity for C-H bond dissociation
and C-C bond formation on the nickel-based anode can quickly lead to carbon
deposition when operating in hydrocarbon-based fuel. Carbon deposition can severely
damage the catalytic activity of Ni, reduce the density of the three-phase boundary
(TPB), and deteriorate the performance of SOFCs (Fig.1) [13, 14].

In order to alleviate the carbon deposition issues, different approaches have been
explored to mitigate the coking problems on nickel-based anodes. The most
straightforward method to suppress coke formation is via a thermodynamic approach
that involves the addition of oxygen-containing gas into the fuel to increase the O/C
ratio [15] at the cost of sintering of nickel particles and decrease in anode catalytic
activity [16]. Other strategies to moderate or to remove carbon deposition over the
nickel-based anodes include alloying nickel with a second metal [17], using oxides for

Ni surface modification [18], adopting nickel-free cermet anodes [19], and using



perovskite-type oxides as anode materials [20]. However, the above methods also
present issues that have restricted the further application of SOFCs. For example, the
low conductivity of perovskite-type oxides in the reducing atmosphere causes serious
current collection problems in SOFC applications. The low catalytic activity for
hydrocarbon fuel of perovskite-type oxides can reduce the power outputs of SOFCs [21,
22]. As for the Cu-based anodes, the fabrication of anodes is more complicated and
costly due to the melting point difference between Cu (1083 °C) and Ni (1453 °C) [23,
24].

Different from the methods mentioned above, applying a catalyst layer to mitigate
the carbon deposition on nickel-based anode while maintaining its advantages is an
appealing option to achieve a stable operation of SOFCs in hydrocarbon-based fuel [25].
The deposition of a catalyst layer with high catalytic activity for hydrocarbon-based
fuel over the nickel-based anode has been proved to be an effective way to suppress
carbon deposition on the anode. This method was proposed by Zhan and Barnett who
introduced Ru/CeO:; as a catalyst layer to increase the stability of SOFCs by converting
iso-octane/CQOy/steam/air mixture into syngas [26], paving the way for many other
materials that have been investigated as the catalyst layer. In this review, the recent
development of the catalyst layer material in the traditional Ni-based SOFC anode is
provided, and the future prospects and challenges of the catalyst layers are summarized,

which would contribute to the development of hydrocarbon-based SOFCs.



2. Working principles of the catalyst layers

There are mainly two structural forms of the SOFC anode catalyst layers. One is
directly deposited on the surface of the SOFC anode (Fig. 2), and the other is located
close to but separated from the anode, independent from the entire cell (Fig. 3). The
carbonaceous fuels first pass through the catalyst layer and then diffuse to the anode.
As for CH4/H>O fuel, CH4 and H»O are firstly converted by the catalyst layer into CO
and H> following steam reforming of CH4 (Eq (1)), and then diffuse into the anode in
which the electrochemical oxidation reaction takes place. The electrochemical reaction
products (H2O and CO») continue to react with CH4 according to Eq (1) & (2) when
passing through the catalyst layer, generating CO and H». Based on theoretical and
experimental studies, direct electrochemical oxidation of CHy is more difficult than that
of CO and H2 [25, 27]. Therefore, the cells’ performance with a catalyst layer is higher
than that of the conventional one.

CH, + H,0 - CO + 3H, (1)

CH,+ CO, - 2C0 + 2H, 2)

The anode catalyst layer can reduce the diffusion rate of the fuel into and
electrochemical reaction products out of the anode, hence effectively increasing the
concentration of the electrochemical reaction products in the anode with higher O/C

ratio, and the rate of the formation of carbon deposits is mitigated [28].



3. The classification of the catalyst layers
3.1. The direct-loaded catalyst layers
3.1.1. Noble metal-based materials

There have been many studies on the noble metal-based catalysts such as Ru, Ag,
I, and Pd for SOFC applications [29-32]. Barnett et al. [26] pioneered the study of the
effect of the catalyst layer on the performance of SOFCs. A Ru/CeO catalyst layer was
directly deposited on the surface of Ni-YSZ anode. This catalyst layer could effectively
catalyze the reforming of iso-octane without coke formation, which prevented the Ni-
Y SZ anode from being directly exposed to iso-octane. The cell with a Ru/CeO; catalyst
layer yielded a peak power density (PPD) of ~600 mW/cm? at 770 °C when operated
on iso-octane/air/CO; fuel and successfully operated at a constant current load of 0.6
A/em? for ~50 h with 6% iso-octane/94% CO» fuel. In comparison, the cell without the
Ru/CeO: catalyst layer was deactivated quickly and failed after 10 h of operation when
operated at a constant current load of 0.9 A/cm?. This work demonstrated a novel
method to mitigate the problem of carbon deposition in the nickel-based anode and
significantly promoted the development of carbon-based SOFCs [33-36]. However, as
pointed by the authors, one disadvantage in the catalyst layers was that it reduced the
rate at which fuel could diffuse to the anode, therefore decreasing the cell’s power
output.

To tackle this problem, flower-like mesoporous CeO2 microsphere (1-3 um) (Fig.
4) was investigated for SOFCs [37]. Ru was loaded on it by an impregnation-reduction

method. Compared with Ru/CeO; prepared by Barnett et al.[26], the distribution of Ru



on flower-like mesoporous CeO> was more uniform, which could effectively suppress
the sintering and agglomeration of Ru particles. Moreover, this CeO; microstructure
could facilitate gas diffusion and extend the TPB length. Operated with 5% iso-octane/9%
air/3% H20/83% CO; fuel, the cell with this catalyst layer yielded a PPD up to 654
mW/cm? at 600 °C. Compared with the results reported by Barnett et al., the cell’s
performance with this catalyst layer was noticeably improved under the same
operational conditions. The results demonstrated that the concentration polarization
could be avoided by optimizing the catalyst layer.

Ceria oxide has been found to be an excellent highly active catalyst for
hydrocarbon oxidation and cracking and the above results demonstrated that the
catalytic activity for hydrocarbon oxidation could be greatly improved through the
mesoporous ceria as compared to the bulk ceria. Therefore, Wang et al. [38] synthesized
mesoporous Ceo.sSmo201.9 (SDC) oxide by a novel glycine-nitrate combustion process
with in situ created nickel oxide as a template. This SDC powder with 7 wt% Ru was
subsequently deposited onto the anode surface as the catalyst layer. The highly porous
structure of the Ru/SDC catalyst layer enabled facile gas diffusion inside the Ru/SDC
catalyst layer. Consequently, the concentration polarization was not observed. The cells
with and without the catalyst layer showed comparable performances at intermediate
temperatures when operated on H» fuel, suggesting that this catalyst layer had no impact
on the performance of the cell when operated on H». Additionally, the cell with a
Ru/SDC catalyst layer displayed favorable performance with a PPD of ~462 mW/cm?

at 650 °C operating on wet CHs4 (3 mol% H>0O) fuel. The value of the PPD was 25%



higher than that of the conventional cell without the Ru/SDC catalyst layer. Nobrega et
al. [39] loaded 0.1 wt% Ir on Ceo.9Gdo.102x (CGO) through the impregnation method
and used it as the catalyst layer material for direct-ethanol SOFCs. The Ir/CGO catalyst
exhibited high catalytic activity for hydrocarbon reforming reactions. By optimizing
the operational conditions, the cell with an Ir/CGO catalyst layer could operate for 650
h with excellent stability at 850 °C using ethanol/nitrogen (10/90%) as the fuel.
Considering a significant part of ethanol has been pyrolyzed before reaching the catalyst
layers at the SOFC operating temperature, the primary pyrolysis products were still
effectively converted by the catalyst layer. Thus, the degradation of the cell due to
carbon deposition was avoided. Although the cell exhibited excellent operational
stability in the ethanol fuel, the authors did not investigate and compare the cell’s
electrochemical performance with or without the deposition of the catalyst layers.

Pd has been demonstrated as the most efficient electrocatalyst for hydrocarbon
oxidation. Compared with Pt, Pd is more abundant and lower-cost. Nano-sized Pd
catalysts can enhance the electrochemical activity of Ni-based anodes toward the
oxidation of hydrogen and hydrocarbon fuels and suppress carbon formation. A nano-
scale flower-like Pd catalyst layer (10 um) was prepared on the Ni-YSZ anode surface
by galvanic displacement reaction using acetone as a surfactant [40]. The catalyst layer
with Pd nanoparticles could increase the effective TPB of electrochemical reaction and
enhance the electrical conductivity of the anode. The cell with this catalyst layer yielded
a PPD of 196 mW/cm? at 750 °C operating on ethanol. The value of the PPD was 28%

higher than that of the conventional cell. Furthermore, for the cell with a catalyst layer,



reasonable stability was maintained for 59 h under OCV condition, while it sharply
failed after 6 h of operation for the conventional one when operated on ethanol. This
was because the catalyst layer with Pd nanoparticles could act as a diffusion barrier
layer and effectively depress the carbon deposition on the surface of Ni-based anode.
Their findings showed that the catalyst layer could be an effective way to enhance the
operational stability and performance of hydrocarbon-based SOFCs.

Although noble metal-based catalysts are desirable as the catalyst layer materials
because of their excellent catalytic activity and good coking resistance, the high price
has made an obstacle towards its large-scale commercial application. Therefore,
development of cheap and highly active materials for the catalyst layer is critical.
Furthermore, the stability of the noble metal-based catalysts during the long-term
operation is also a pressing issue to be solved [10, 41, 42]. One of the significant
strategies is to use the in-situ exsolution method [32, 43-47]. In this way, noble metal-
based catalysts can be incorporated into the B site of the perovskites, and then partly
exsolved as nanoparticles on the surface of the substrate in reducing atmosphere. The
size distribution and morphology of the exsolved nanoparticles are more uniform, and

agglomeration of the catalysts can be effectively mitigated [43, 44].

3.1.2. Nickel-based materials
The prospects of noble metal-based catalysts in commercial SOFC applications
are not feasible due to the high cost and instability under long-term operation. Nickel-

based catalysts have been extensively used due to their low cost, high catalytic activity



and abundant reserves. Wang et al. [48] developed a y-Al>O3 supported nickel catalyst
layer (Ni/Al203) in CHs-fueled SOFCs. According to the catalytic tests, the Ni/Al>2O3
exhibited equivalent catalytic activity to Ru/CeO: and better catalytic activity than the
anode material (Ni/ScSZ) for partial oxidation, steam and CO> reforming of CH4 within
all test temperature ranges. Also, Ni/Al2O3; exhibited better thermal-mechanical
compatibility than that of Ru/CeOz. For the cell with the Ni/Al>O; catalyst layer, the
gas diffusion limitation in the catalyst layer decreased the CH4 content while increased
the product content in the anode. Moreover, the effluent gases (CO> and H>O) from the
anode could also reform CH4 on the catalyst layer into syngas, which could further
improve the electrochemical performance of the cells. The PPD of the cell with this
catalyst layer reached 382 mW/cm? at 850 °C when operated on pure CHy fuel. The
operational reliability demonstrated that the cell with a catalyst layer was more stable
than the conventional one. The PPD of the cell with this catalyst layer reduced about 3%
of the initial value when operated on CH4 for 90 min, while the decrease in the PPD
was about 41% in the conventional one under similar testing conditions. Consequently,
the application of the Ni/Al2O3 on the anode surface significantly improved the
performance of the cell.

However, O2-TPO analysis indicated that Ni/Al,O3; was still prone to suffering
from carbon formation during the long-term operation. It is necessary to further
improve the coking resistance of the nickel-based catalysts. It has been shown that the
catalytic activity and coking resistance of nickel-based catalysts are strongly related to
supports and promoters [49, 50], and it seems that some lanthanum ions or alkaline
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metal ions are excellent promoters for nickel-based catalysts, which can effectively
improve the interaction between the catalysts and the supports. In addition, they can
also improve the dispersion and surface physicochemical properties of the catalysts.
Wang et al. [51] investigated the effects of Li»O, LaxO3, and CaO promoters on the
catalytic activity and coking resistance of Ni/Al>O3 and found that the introduction of
promoters effectively improved the basicity of the catalyst surface, and enhanced the
interaction between NiO and Al>O3 as well as the dispersion of NiO. Among the various
catalysts, LiLaNi/Al>Os displayed the highest catalytic activity and stability. The
amount of carbon deposited over LiLaNi/Al>O3; was only 18.5% as compared to that of
Ni/Al203 in pure CHs fuel for 5 min at 850 °C. Although the coking resistance of
Ni/AL,O3; was significantly improved in the short term, the evaporation of surface
lithium under long-term operation was a newly emerging challenge, which would
decrease the surface basicity and further trigger the problem of carbon deposition in
SOFCs. Therefore, Lio33Laos¢TiO3 (LLTO) was developed as the support for the Ni-
based catalysts. Compared with the LiLaNi/Al,O3 catalyst, Ni/LLTO exhibited much
higher Li* conductivity, and the lithium evaporation on the surface of LLTO could be
compensated by the lithium diffused from the bulk. Consequently, the Ni/LLTO
catalyst’s surface basicity was more stable than that of LiLaNi/Al2O3 during long-term
calcination at high temperature. The cell with a Ni/LLTO catalyst layer was quite stable
for 160 h under a constant current load of 200 mA/cm? at 650 °C, while the cell with a
LiLaNi/Al>Os3 catalyst layer quickly failed after 55 h of operation. The result indicated
that using a Li'-conducting material as the support for a Ni-based catalyst layer could
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be a novel approach to enhance coking resistance in direct-CH4 SOFCs based on lithium
compensation [52].

Although the problem of carbon deposition in the Ni-based catalyst layer has been
temporarily alleviated, all the catalysts mentioned above displayed poor electrical
conductivity. The electronic conductivity of the catalyst layer and the current collection
of the cell must be considered in practical applications. Wang et al. [53] introduced Cu
to LiLaNi/Al2O3 through physical mixing to improve the conductivity of the catalyst
layer and this work was fairly promising. They discovered that when the mass ratio of
LiLaNi/Al>O3 to Cu was 50:50, the surface conductivity of LiLaNi/Al>O3 (1.60 S/cm)
was comparable to that of Ni-YSZ anode. Furthermore, the catalyst layer with the
addition of Cu exhibited satisfactory coking resistance in CHs fuel, which was
comparable to that of LiLaNi/Al,O3. When CH4/O,, CH4/H>O, and CH4/CO, were
applied as fuels, the cells with the catalyst layer yielded PPDs of 1081, 1036, and 988
mW/cm? at 850 °C, respectively, similar to the cells with a LiLaNi/Al,Os catalyst layer
in the same fuels. The result indicated that the conductivity of the catalyst layer could
be effectively improved by introducing the right amount of Cu.

Recently, proton conductors such as BaZro.1Ceo.7Y0.1Ybo.103-5 (BZCYYb) have
been reported to exhibit exceptional water storage capacity due to their high Fermi
basicity and low electronic work function, and the absorbed water can facilitate CH4
steam reforming and promote the oxidation elimination process of carbon
deposition[22]. To further improve the catalytic activity and coking resistance of nickel-
based catalysts, Zhao et al. [54] developed two kinds of catalyst layers,
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Ni/Lai.05Smg.05Ce207 (LSDC) and Ni/La,Ce>07 (LDC). Both catalyst layers exhibited
excellent water storage capability, which can significantly improve the performance of
the SOFCs in CHs fuel. Compared with the traditional proton conductor material
BZCYYD, LDC and LSDC displayed better stability in CO»-containing atmospheres,
thus ensuring the excellent stability of the catalyst layer materials during the long-term
operation. In wet CHy at 650 °C, the PPD of the cell with the addition of Ni/LDC and
Ni/LSDC was 699 + 20 and 639 + 20 mW/cm?, respectively, while the PPD of the
conventional cell was only 580 + 20 mW/cm?. As shown in Fig. 5, the cell with a
catalyst layer was reasonably stable for 26 h under at a constant current load of 200
mA/cm? at 650 °C operating on wet CHa, while the performance of the conventional
cell dramatically failed after 10 h of operation under the same conditions.

Although the catalytic activity of nickel-based materials is comparable to that of
noble metal-based materials, nickel-based catalysts are more likely to suffer from
severe carbon deposition than noble metal-based catalysts [48]. Meanwhile, nickel
particles are prone to sintering when operated at high temperatures for a long time,
resulting in poor performance of this catalyst [12, 55, 56]. It is necessary to improve
the sintering resistance of the nickel-based catalysts to ensure high catalytic activity to
satisfy coking resistance. As mentioned above, the catalytic activity, sintering resistance,
and coking resistance of nickel-based catalysts are strongly related to supports and
promoters [57, 58]. The porous supports with large specific surface areas can improve
the dispersion and sintering resistance of the nickel-based catalysts [25]. Moreover, the
promoters can influence the interaction between the catalysts and the supports by
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changing the acidity or basicity of the surface of the catalysts, thereby influencing the
catalytic activity, sintering resistance, and coking resistance of the catalysts. Thus, the
composition of nickel-based catalysts needs to be further optimized in the future to

maintain the long-term operational stability of the cell using hydrocarbon fuels.

3.1.3. Copper-based materials

Copper has been known to neither dissolve carbon nor show catalytic activity for
the promotion of C-C bond formation and C-H activation. Meanwhile, copper-based
materials exhibit excellent chemical stability and high electronic conductivity, which
can effectively solve the problem of current collection in SOFCs. CeO2, with good
catalytic activity for reforming reactions [59], was often added to improve the
performance of copper-based catalysts due to their unsatisfactory catalytic activity in
hydrocarbon-based fuel. Ye et al. [60] prepared a Cu/CeO; catalyst layer and directly
deposited it to the anode surface by a screen printing method. As for the prepared
catalyst layer, copper acted as current collector while ceria provided a high catalytic
activity for hydrocarbon reforming. The addition of the Cu/CeO; catalyst layer to the
supported anode surface could enhance the cell’s performance and coking resistance in
ethanol fuel by pre-reforming ethanol. To ensure a strong binding between the catalyst
layer and the anode, they studied the effect of different heat-treatment temperature on
the cell performance. The cells with a Cu/CeQO2 (weight ratio 1:2) catalyst layer calcined
at 1100 °C displayed both high power outputs and reasonable durability for 80 h without
carbon formation when operated in ethanol-steam. It is well known that metal-
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supported ceria is an effective catalyst for ethanol steam reforming. To further
improving the activity of the Cu/CeO: catalyst for ethanol steam reforming, AlO3 and
ZrO; were incorporated in the Cu/CeO: catalyst to act as a promoter for ethanol steam
reforming. The ethanol steam reforming (ESR) was enhanced due to high OH group
surface mobility in Al>O3 and ZrOs. In ethanol steam at 800 °C, the PPD of the cell with
a Cu/CeOs catalyst layer was only 442 mW/cm?, and increased to 493 and 519 mW/cm?
with the addition of Cu/(CeO2-Al,03) and Cu/(CeO»-ZrO») catalyst layers, respectively.
However, the long-term stability of the cell was relatively unsatisfactory, as the cracking
and the obvious delamination of the catalyst layer led to the decayed cell performance.
To address this problem, Ni/CeO; was added as a transition layer between the Cu/CeO>
catalyst layer and the anode. This transition layer could effectively match the thermal
expansion coefficients of the other materials. The cells with this catalyst structure
operated stably for 250 h in various fuels and temperatures (Fig. 6) [61]. Furthermore,
the cells with the above catalyst layer structure also displayed a good performance when
operating in H>-CO syngas fuels. The cell showed excellent stability during 460 h
operation in 48.5% H»/48.5% CO/3% H>O mixtures at 750 °C. However, carbon
deposition still took place on the anode functional layer, and the cell performance
decayed after 630 h of operation [62].

In addition, the copper-based catalyst layer can also be used for the single-chamber
SOFC design that operates on a homogeneous mixture of fuel and oxidant gas. For
example, Cu/(ZnO-Al>O3) was investigated as catalyst layer for anode-supported
single-chamber SOFCs operating on ethanol-fueled [63]. In an anode with a catalyst
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layer, the partial oxidation of ethanol mainly took place in the catalyst layer first, and
the anode catalyzed the oxidation of the products generated by the catalyst layer. With
the help of the catalyst layer, the cell performance could be increased by partial pre-
oxidation of ethanol. By adjusting the fabrication and the operating conditions of the
cell, the PPD of the cell with a Cu/(ZnO-Al203) (40:30:30 wt% or 30:35:35 wt%)
catalyst layer calcined at 1100 °C was ~50 mW/cm? in ethanol-air mixture fuel at
450 °C compared with 32 mW/cm? for a conventional cell under the same conditions.
However, the instability of the cell performance, which was caused by the delamination
and cracking at the interface during the re-oxidation of nickel, greatly undermined the
prospects of Cu/(ZnO-Al203) catalyst layer in practical applications.

The above studies showed that the cell’s stability and electrochemical performance
could be significantly improved with a copper-based catalyst layer. However, compared
with the Ni-based catalyst layer, the Cu-based catalyst layer’s poor catalytic activity
could result in a low conversion rate of the fuel when passing through the catalyst layer.
The instability of the cell performance after long-term operation is still a critical
problem, which could possibly be solved by improving the catalytic activity and the

microstructure of the copper-based catalysts in the future.

3.1.4. Nickel-based alloy materials

The strong interaction between the 2p electrons of carbon and the 3d electrons of
Ni is known as the main reason for the carbon deposition in Ni. A potential way to
reduce coke formation over Ni is to alloy Ni with another metal such as Fe, Co, Cu, Sn,
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and Au [17, 64-70], which can interact with the 3d electrons of Ni, thus improving the
coking resistance of the nickel-based materials [71, 72]. Inspired by nickel-based alloy
materials in the anode, and to mitigate the carbon deposition of the nickel-based catalyst
layer, researchers have been exploring to apply Ni alloy as catalyst layer material, and
promising results have been obtained. For example, Ni.Fe,/ZrO> composite was used
as catalyst layer material to improve the coking resistance of the Ni-Y'SZ anode in CH4
fuel [73]. By optimizing Ni to Fe weight ratios in the catalysts, the NisFe1/ZrO; catalysts
were shown to possess slightly better coke resistance and lower graphitization degree
than Ni/ZrO; catalysts in CHy4 fuel. A PPD of 1038 mW/cm? was obtained by the cell
with a NigFe1/ZrO> catalyst layer in CH4/O; fuel at 850 °C, which is similar to that of
the cell when H» was used as the fuel. To further improve the conductivity of the
NisFe1/ZrOs catalyst layer, the authors explored several methods to introduce 50 wt%
Cu into the NigFe1/ZrO> catalysts, and systematically investigated the effects on the
catalytic activity for CH4 conversion, coking resistance, and the cell performance. The
studies showed that the catalysts prepared by the glycine-nitrate self-combustion
method exhibited higher catalytic activity for the partial oxidation of CH4 than the
catalysts prepared by impregnation method and physical mixing method, however, the
catalyst prepared by impregnation method possessed the highest coking resistance, and
the cell with this catalyst layer prepared by impregnation method also exhibited
attractive stability on CH4/O2 fuel for 100 h at 650 °C [74]. Lo Faro et al. [75] studied
the catalytic activity of NiM/CGO (M = Cu or Co) composites as a catalyst layer for
SOFCs. The ex-situ catalytic activity results indicated that both NiCu/CGO and
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NiCo/CGO exhibited higher ethanol conversion than that of Ni/CGO. Moreover, the
cell with NiCo/CGO showed better performance towards the direct utilization of dry
ethanol than the conventional cell as well as with that using NiCu/CGO as the catalyst
layer. A PPD of 550 mW/cm? was obtained by cell with NiCo/CGO catalyst layer in
dry ethanol fuel at 800 °C. However, the authors did not compare the stability of the
cell with and without a catalyst layer and thus further investigations are needed.
Studies on the formation of Ni-metal alloys through the incorporation of transition
metals have been proved to be an effective method to enhance the coking tolerance of
Ni-based anodes. In addition to the above-mentioned transition metals, there are some
other candidates for increasing the coking tolerance, and the most promising of which
is Sn. Sn has been added into SOFC anodes and exhibited good coking tolerance. Yoon
et al. [76] prepared MNi (M: Ni = 1:3 atom %, M = Sn or Sb) catalysts by alloying Ni
with Sn and Sb, respectively. Through reaction with water vapor, hydroxyl groups could
be formed on the surface of Sn and Sb due to their hydrophilic properties, and carbon
deposition on the metal surface could be effectively eliminated. Although the PPDs of
the cells with SbNi/GDC and SnNi/GDC catalyst layers were ~15-20% lower than the
conventional cells, the cells showed excellent stability during 200 h operation in CH4
fuel at 650 °C without performance deterioration. The authors believed that the initial
reduced cell performance could be explained by the barrier effect of the catalyst layer.
For the cell with a catalyst layer, the catalyst layer can reduce the rate at which fuel can
diffuse to the anode, thereby decreasing cell power density. Thus, exploring the optimal
specific surface area and porosity of the catalyst layers will be an important direction

18



for the catalyst layer in future studies.

The stability of the cell with a nickel-based alloy catalyst layer could be improved
in a short time. The formation of an alloy is a good strategy to enhance the coking
resistance of the nickel-based catalysts. However, the metal ratio in the catalyst needs
to be strictly controlled because the overall catalytic properties of nickel will be reduced
after alloying with other metals [77]. Only by optimizing the composition of the nickel-
based alloys can achieve the ideal cell performance. Thus, it is important to select
metals that will form an alloy without decreasing the catalytic activity of the nickel
catalyst. Moreover, to minimize performance loss caused by the addition of a catalyst
layer and maintain the long-term operational stability, the micro-pore structure of the

catalyst layer needs to be further optimized in the future.

3.1.5. Spinel-based materials

The general formula of spinel oxide materials is AB>Oa. The valence state of A and
B can be changed with the type and the molar ratio of A and B cations. Due to the
adjustable and stable structure of the constituent elements, the studies on their catalytic
activity have attracted much attention. In recent years, spinel oxides have been
extensively proposed as catalysts for CH4 reforming [78-81]. Jin et al. [82] pioneered
the use of the spinel-based catalyst layer for SOFCs operating on CH4 in 2010. The cell
with a Cui.3Mn;704-SDC (60:40 wt%) catalyst layer showed both high power outputs
and considerable stability in CH4 fuel at 650 °C for about 60 h. In comparison, the cell
without the catalyst layer was deactivated quickly and failed after 16 h of operation.
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The authors believed that the good stability of MnO and the strong interaction between
MnO and Cu could contribute to the excellent catalytic activity for CH4 steam
reforming. After the spinel was reduced, well-dispersed fine Cu metallic particles with
high specific surface area in the MnO matrix would be formed, which could effectively
accelerate CHy steam reforming to produce H> and CO. The formed H2 and CO will
then diffuse to the anode active layer. Thus, the cell with a Cu;.3Mn; 704 exhibited
considerably stable performance in CH4 fuel.

Besides the Cui13Mn1.704 as catalyst layer materials in SOFCs, Ni-based spinel
and Fe-based spinel catalysts have also been demonstrated to be the active catalyst layer
materials for SOFCs operating on CH4. Hua et al. [83] used MnNi2O4 synthesized by a
sol-gel method as the catalyst layer material and deposited directly on the anode by
screen printing. The Ni-MnO composite reduced from MnNi2O4 can be used as an
effective catalyst for CH4 reforming. The electrochemical performance was evaluated
through the three-electrode method. With the help of this catalyst layer, open circuit
polarization resistance of the anode decreased by approximately more than 1/3
compared with the conventional anode in wet CH4 within all test temperature ranges.
Although the anode with this catalyst layer could not completely avoid carbon
deposition during long-time operation, the anode showed higher coking resistance at
open circuit than the conventional one. Moreover, the formed carbon in the anode with
this catalyst layer exhibited a lower degree of graphitization, and the carbon deposition
could be prevented with the addition of 20% H>O at 800 °C and 200 mA/cm?. The
reduced MnNi,O4 catalyst layer can convert the CH4-20 mol%H>0O mixing gas into H»
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and CO before it diffused into the anode. However, the addition of high H>O content
may reduce the concentration of the fuel, thereby affecting the working efficiency of
the cells. Nio.sCuo.sFe204 (NCFO) spinel was also prepared as catalyst layer materials.
Under a reducing atmosphere, the NCFO was totally reduced into metallic Ni-Fe and
Cu-Fe alloys. Those alloys exhibited high catalytic activity for the oxidation of CHa.
As the coefficient of thermal expansion (CTE) of the reduced NCFO is higher than that
of the initial spinel, GDC was used to modify the CTE of the catalyst layer to match
that of the cell. With the help of the NCFO-GDC catalyst layer, open circuit polarization
resistance of the anode decreased to 1/2 in wet CH4 of that of the conventional anode
in all test temperature ranges. During the test at 800 °C and 200 mA/cm?, carbon
deposition could be prevented when H,O content reached or exceeded 7 mol% in the
fuel compared with that of the MnNi>Oj catalyst layer [84]. To further improve coking
resistance of the anode, a Nio.sCuo.sFe204-BaZro.1Ce0.7Y0.1Ybo.103.s (NCF-BZCYYD)
composite as catalyst layer material was invested in CH4 fuel. Compared with GDC,
BZCYYD could effectively promote CH4 reforming and carbon removal reactions due
to its strong ability to store HoO and adsorb CO,. The formed carbon could be
effectively removed in the anode by adding only 3 mol% H»O into dry CHa4 [85]. The
performance of the cell with an NCF-BZCY YD catalyst layer in the fuel of CH4/33.3
mol% H>O was considerably enhanced above the level of the conventional one,
demonstrating a PPD of 1638 mW/cm? and a stable power density of 485 mW/cm? at
800 °C for 48 h without carbon formation (Fig. 7) [86].

MnFe;04 as the catalyst layer material was investigated for SOFCs operating on
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bio-syngas [87]. Cells with and without a MnFe>O4 catalyst layer were tested in
simulated bio-syngas at 750 °C. Although the deterioration of the cell’s performance
was observed under operation with a MnFe;O4 catalyst layer, the cell's coking
resistance was greatly improved and the best performance was obtained when the
MnFe;04 was added with 16 wt% graphite. The authors believed that the following
three factors improved the excellent coking resistance of the cell: (1) the catalyst layer
could serve as a diffusion barrier layer to reduce the direct contact between the anode
and fuel gas; (2) the reduced MnFe204 could convert the simulated biosygas into other
gases such as H, and CO»; and (3) the catalyst layer changed the partial pressure of
various gases inside the anode, thus preventing the anode from carbon deposition.

In addition to the Ni and Fe-based spinel catalyst materials in SOFCs, Zhao et al.
[88] reported a MnO-Co composite catalyst layer formed by in-situ reduction of
Mn 5Co1.504 spinel. Co was an active catalyst for CH4 reforming. It could absorb and
activate molecule water as the form of hydroxyl groups. MnO acted as an excellent
promoter for CH4 reforming and carbon suppression. The MnO-Co composite catalyst
layer could pre-reform CHs into syngas and suppress the carbon deposition, and
therefore improved the stability of the SOFCs with MnO-Co-containing catalyst layers.
Although the durability of cells with a Mn; 5Co1.504 catalyst layer was enhanced in wet
CHya, the addition of the catalyst layer reduced the electrochemical performance of the
cell because of the increase in mass transport resistance. To solve the above problem,
SDC promoters were added to this catalyst layer. SDC could increase the porosity of
the catalyst and facilitate gas diffusion, as shown in Fig.8 (a & b). With the help of SDC
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promoters, the PPD of the cell with a Mn; 5Co1504-SDC catalyst layer was increased
by 12.3% compared with the conventional cell in wet CH4 at 650 °C, and the cell also
operated stably for 360 min without degradation (Fig. 8(c)). The authors illustrated the
schematic diagram of the cell with a Mni5Co1504 catalyst layer. According to their
description (Fig. 8(d)), wet CHa could be effectively converted into syngas by this
catalyst layer before reaching the anode side, improving the stability and
electrochemical performance of the cell with this catalyst layer.

The high conductivity of the spinel-based materials after reduction can solve the
problem of the current collection in the cell with a catalyst layer. However, as the CTE
of the reduced spinel is higher than that of the initial one, which causes instability of
the cell at high operating temperatures. Adjusting the CTE value of spinel-based
materials to match well with the anode can be the future direction that requires further
investigation. In addition to compositing the spinel-based materials with electrolyte
material [84], a recent report of an ideal thermal matching between cathodes and
electrolytes could be obtained by adding a negative thermal expansion oxide into the
cathode was proven to be an effective strategy to reduce the CTE value of electrodes
without imposing negative effects [89]. It is possible to adjust the overall CTE of the
spinel-based catalyst layer by compositing spinel-based materials with appropriately

chosen materials with different thermal expansion behaviors.

3.1.6. Perovskite-based materials
Perovskite type oxides with the chemical formula of ABO3 were investigated as
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catalysts in SOFCs by various groups due to their excellent thermal and mechanical
stability, physical compatibility with typical electrolytes, coking resistance and low cost
[90]. Good stability of the cell performance can be achieved by combining traditional
anode materials with high catalytic activity and perovskite materials with excellent
coking resistance. The perovskite oxides used as catalyst layer can be simply divided
into redox stable materials and redox unstable materials. The redox stable perovskite
oxides are usually derived from traditional anode materials, which can maintain their
structure unchanged in a reducing atmosphere. For instance, Huang et al. [91] used
Lao.75510.25Cr0.sMng 503-CeO2 (LSCM-CeO») as the catalyst layer in SOFCs operating
on ethanol. The CeO: exhibited high electrocatalytic activity for hydrocarbon oxidation,
which could reform the ethanol before it can reach the anode. Moreover, LSCM as a p-
type conductor provided the conductivity and connectivity path of the anode system.
For the cell with the LSCM-CeO: catalyst layer, the ethanol steam reforming took place
in the catalyst layer first, and then the supported anode catalyzed the oxidation of the
products. By optimizing the fabrication condition and the LSCM to CeO3 ratio, cells
with the LSCM-CeO, (with weight ratio 1:3) catalyst layer calcined at 1100 °C
generated an attractive PPD of 669 mW/cm? at 850 °C operating on ethanol fuel. The
cell also showed excellent stability for 216 h on ethanol fuel at 700 °C.

Different from the redox stable perovskite oxides, the redox unstable perovskite
oxides are usually reduced into oxides and metal particles in a reducing atmosphere.
NiTiOs (NTO) catalyst layer was used by Wang et al. [92] to enhance the coking
resistance of nickel-based anodes. Under a reducing atmosphere, NTO was reduced to
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TiO2 and metallic Ni, which could efficiently accelerate the CH4 steam reforming
reaction and decrease CH4 cracking in the anode by reforming CHj4 into syngas. Cells
with the NTO catalyst layer generated a PPD of 236 mW/cm? at 700 °C when operated
on wet CH4, while the PPD of the conventional cell was 146 mW/cm? under the same
condition. Moreover, cells with this catalyst layer also showed excellent operational
durability on propane fuel for 26 h at 700 °C, while the conventional cell failed within
1 h. For cells with the Lag6Sr0.4Coo.2Feo.s03 (LSCF) catalyst layer, reasonable stability
was maintained for 475 h in the reducing environment under CH4 flow at 750 °C,
whereas cells without a catalyst layer failed after being operated for only 38 h. The
reduced LSCF showed high catalytic activity toward CHs or carbon with O* anions
transported from YSZ to release electrons produced during the reaction to the Ni
connected particles. Since oxygen ions could be oxidized into oxygen molecules on
LSCEF at the operating temperature of SOFCs, the oxidation reaction of CH4 and carbon
deposits could be accelerated with the formation of oxygen molecules. This could slow
down the degradation of the anode. It was found that the LSCF still maintained its
perovskite structure after the long-term stability test. The authors believed that LSCF
might undergo a decomposition/re-oxidation process due to the increase in the
crystallite size of LSCF after the long-term stability test. However, the mechanism of
the re-oxidation process of LSCF was unclear, and thus requiring further investigation
[93]. Lv et al. [94] found that Lao.7Sro.3Feo.sNio203-5 (LSFN) could be reduced with the
formation of Feo 64Nio 36, SrLaFeOs, and La,O3 under a reducing atmosphere. The Fe-
Ni alloy could decrease CHs cracking by reforming CHs into syngas. The CHa
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conversion over the reduced catalyst reached 98.24 % at 900 °C, which was nearly 2.7
times higher than that without the catalyst (36.83%). Loading the catalyst onto a Ni-
YSZ anode would likely improve the coking resistance when using CHs-based fuels.
Compared with the conventional cells, the PPDs of the cells with this catalyst layer
increased by 26.01% and 24.48% at 850 °C when operated on 97% CH4/3 % H20 and
30% CH4/70% air fuels, respectively. Moreover, when fed with CH4/H>O and CHy/air,
cells with these catalyst layers were stable for at least 110 h and 120 h, respectively
(Fig. 9).

Although the combination of perovskite materials and traditional anode materials
can effectively alleviate carbon deposition of the anode, perovskite materials exhibit
poor catalytic activity for hydrocarbon-based fuel. In addition, perovskite-type oxides
possess relatively low conductivity under a reducing atmosphere, which requires a
solution to the current collection for cells in practical application [93]. Enhancing the
catalytic activity and the conductivity of the perovskite-based catalyst layer can be the
future direction to be explored in depth. In recent years, perovskites oxides with metal
or alloy nanoparticle exsolution have been extensively investigated due to their higher
electrocatalytic activities [45, 46, 95, 96]. The nanoparticle exsolution from the
perovskite bulk has been extensively reported, such as Smo.gSro.2Feo.sTio.15Ru0.0503-5
[97],  SroFeMoossNio3sOs.s  [95],  ProaSrosCoo2Feo7Nbo1Oss  [98]  and
SroFe13C002Mo00506-5 [99]. These exsolved nanoparticles were well-dispersed and
provide active sites for fuel oxidation, which exhibited higher stability than these
nanoparticles prepared by the infiltration method during the high temperature operating
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process. Moreover, the conductivity of perovskite could also be increased due to the
exsolved alloy phase [100]. Due to the high activity of the dispersed metallic
nanoparticles supported on the bulk perovskite oxide matrix, the catalytic activity and

the conductivity of the perovskite-based catalyst layer can be further improved.

3.1.7. Other types of materials

Besides the aforementioned catalyst layer materials, some other oxides have also
been used for catalyst layers and achieved good results. Suzuki et al. [101] utilized
CeO; as the catalyst layer and successfully reduced the operating temperature of a
single cell to 449 °C. Since the CeO; catalysts showed catalytic activity for reforming
reactions, the carbonaceous fuels would be reformed to syngas when passing through
the catalyst layer. Then the syngas flowing to the anode for the electrochemical
reactions, which could facilitate the electrochemical oxidation of the fuels at the anode
and enhanced the performance of the cell. A PPD of approximately 110 mW/cm? was
obtained by cells with CeO; catalyst layer in CH4/H20 fuel at 449 °C, while the power
output of the conventional cell was suddenly dropped due to the falloff in the catalytic
activity of the anode under the same condition. Recently, Wang et al. [102] used
Ce0.8Ni.202-5 (CNO) to suppress the carbon deposition in SOFCs operating on wet CHa.
They found that part of Ni species was highly dispersed over CNO, and the others were
incorporated into the CeO lattice. In a reducing atmosphere, the Ni*" dopants exhibited
good stability, while the dispersed Ni species were reduced to metallic Ni. The authors
believed that the CNO could exhibit high catalytic activity for CH4 reforming due to
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the metallic Ni formed in the CNO and surface oxygen vacancies generated with the
doping of Ni?* into the CeO lattice. For the cells with this catalyst layer, CH4 should
first pass through the catalyst layer before reaching the anode. In this way, the
concentration of the CH4 inside the anode layer was minimized and coking on the anode
was avoided. PPD of 664 mW/cm? was obtained for the cell with a CNO catalyst layer
operating on wet CHs at 650 °C, and the cell operated stably for 40 h without
performance deterioration or carbon formation, whereas the voltage of the conventional
cell was reduced by 43.1% after ~26 h of operation. The result indicated that the cell
with the CNO catalyst layer showed both improved performance and stability in wet
CHa. Yuan et al. [103] coated CeO2-BaO-NiO composite oxide with SiO: to prepare
Ce02-BaO-NiO@SiO0; catalyst with core-shell structure (@NBC). The CeO2-BaO-NiO
showed high catalytic activity toward CHy partial oxidation, CO> and steam reforming.
Meanwhile, the confinement effect of a porous inert shell prevented Ni particles from
sintering which could provide more active sites for CHs partial oxidation/reforming
during longtime operation. The cell without a catalyst layer yielded a PPD of 625
mW/cm? at 800 °C when operated on CH4/air fuel, whereas the performance of the cell
with a @NBC catalyst layer was improved, with a PPD of 938 mW/cm? under the same
conditions. Moreover, they compared the effect of CeO2-BaO-NiO without core-shell
structure (NBC) on the stability of the cell. The study found that the cell with @NBC
showed excellent stability with a 0.005 V/h average degradation rate within 163 h,
whereas the cell with NBC was dramatically failed after 10 h of operation under the
same conditions. Performances of hydrocarbon-fueled SOFCs with a directly-loaded
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catalyst layer are summarized in Table 1. The cells with a catalyst layer show excellent

stability and reasonable power outputs.

3.2. The independent catalyst layer

Depositing a catalyst layer on the anode surface directly can be a good solution to
improve the performance and stability of the cell. However, this preparation method
may cause small catalyst particles inevitably infiltrate into the pores of the anode and
influence the fuel diffusion. It can also lead to the cell cracking and obvious
delamination of the catalyst layer due to the mismatch of TECs between the catalyst
layer and the anode. Moreover, the reforming reaction of hydrocarbons requires high
activation energy and causes local temperature variation across the anode, which may
lead to cell cracking [104, 105]. Therefore, some researchers designed an independent
catalyst layer, as shown in Fig. 3. The separation of the catalyst layer from the cell not
only enables the fuel to be converted before diffusing to the anode, but also avoids the
problems caused by the direct deposition of the catalyst layer. For instance, Chang et al.
[106] prepared a double-layered catalyst slice which was composed of a
Lag 6Sr04Coo.2Fe0303.5 (LSCF) catalyst layer and an Al>Os substrate layer. Under a
reducing atmosphere, a KoNiFs-type oxide (Sr, La) FeO4 and highly dispersed Co-Fe
alloy could be achieved from LSCF, which exhibited excellent catalytic activity for CH4
partial oxidation with 88% conversion at 950 °C in a mixture of CHsand Oz (1: 1). With
the help of this independent catalyst layer, the voltage of the cell stabilized at 0.79 V
with negligible degradation within 116 h compared to the conventional cell, which
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failed within 20 min when operated on wet CHj4 as fuel at 800 °C. After the stability
test, the conventional cell showed many cracks, while the cell with the LSCF catalyst
layer remained intact after 116 h of operation. Moreover, they also used
Lag 7S10.3Cro.8Fe0203-5 [107] and SroMoFeOg s [108] as independent catalyst layers,
respectively. They are both well-known anode materials in SOFCs which exhibit good
catalytic activity for hydrocarbon-based fuel. The cells exhibited favorable stability for
100 h and 55 h on wet CH4 at 800 °C, respectively, while the conventional cells decayed
rapidly in approximately 30 min and 20 min under the same conditions.

Besides the perovskite-based catalysts, metal oxide composite catalysts are also
demonstrated to be the active anode independent catalyst layer materials for SOFCs
operating on carbonaceous fuel. For example, Zhao et al. [109] applied the NiMo/CeO»-
ZrO; catalyst on both surfaces of the porous Y SZ substrate and used it as an independent
catalyst layer for Ni-YSZ anode supported cells. For the cell with this catalyst layer,
complex isooctane fuels would be reformed to syngas in the catalytic reforming layer,
and the reformed gas would be delivered to the anode for the electrochemical reactions,
which could facilitate the electrochemical oxidation of complex hydrocarbons at the
anode and enhanced the coking resistance of it. Compared with the conventional cell,
the cell with an independent catalyst layer showed excellent stability with a 3.0 mV/h
average degradation during a 12 h stability test at 750 °C. After the stability test, carbon
amount of the anode with an independent catalytic layer (8 wt%) was found to be
significantly less than that of the conventional cell (26 wt%), as shown in Fig. 10. The
results indicated the effectiveness of the independent catalyst layer for suppressing
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carbon deposition and improving the cell’s performance in isooctane/air. NiO-BaO-
CeO; as the independent catalyst layer material was also used by Chen et al. [110] to
suppress coke formation in SOFCs operating with low concentration coal-bed-gas (LC-
CBG: 30% CH4/70% air). This Ni-based catalysts showed a superior catalytic activity
for CH4 partial oxidation, CH4 steam reforming and CH4 dry reforming. Since the
electrochemical activity of CO and H» achieved from CHj4 partial oxidation/reforming
was higher than that of CHa, the cells’ performance with a catalyst layer was higher than
that of the conventional one. PPD of cells with an independent catalytic layer increased
by approximately 41.9% compared with the conventional cell at 800 °C. The cell also
showed good stability for 55 h on LC-CBG fuel, whereas the conventional cell decayed
rapidly after 4 h of operation under the same conditions.

Performances of SOFCs with an independent catalyst layer are summarized in
Table 2. Although the coking resistance of the cell is significantly improved with the
independent catalyst layer in hydrocarbon fuels, the sealing process of the cell is
relatively complicated. The study about the long-term stability of the cell with the
independent catalyst layer still lacks, and the assembly design of the independent

catalyst layer in the cell stacks requires further investigation.

4 Conclusions and perspectives

SOFCs can directly operate using hydrocarbon-based fuel, however, coking is a
pressing issue with the traditional Ni-cermet SOFC anode. Utilization of catalyst layers
in the SOFC anode can significantly improve the electrochemical performance and
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coking resistance operating with hydrocarbon-based fuel. Recent progress in the
catalyst layer employed in traditional Ni-cermet SOFC anode is comprehensively
reviewed. The advantages and limitations, as well as further enhancement needs have
been summarized for the direct-loaded and independent catalyst layers employed for
the conventional Ni-cermet SOFC anode. The following directions for the SOFC anode
catalyst layer can be explored in-depth in the future in order to enhance the cell
performance and mitigate carbon deposition for Ni-cermet anodes directly using
hydrocarbon fuels: (1) enhancing the catalytic activity and the coking resistance of the
catalyst layer materials for hydrocarbon-based fuel; (2) exploring the optimal specific
surface area and porosity of the catalyst layers; (3) adjusting the thermal expansion
coefficient of the catalyst layers to better match with other cell components; (4)
improving the electrical conductivity of the catalyst layers, and incorporating the
current collection in the catalyst layers; (5) studying the assembly and implementation
of the independent catalyst layer in a cell stack; and (6) understanding the mechanism

of the catalyst layers by combining experimental studies with modeling and simulations.
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Fig. 1. SEM images of Ni/YSZ (a) as-prepared, and after carbon deposition in

humidified methane for 4 h at (b) 773 K, (c) 873 K, surface, (d) 873 K, (¢) 973 K, and
(f) 1073 K. All images are from the centre of the pellet except for (c), reprinted with

permission from Ref. [14].
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Fig. 2. Schematic showing the direct-loaded catalyst layer
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Fig. 3. (a) Schematic showing the independent catalyst layer and (b) the
illustration of the cell with an independent catalyst layer, reprinted with permission

from Ref. [106].
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Fig. 4. Representative SEM images (a, b) and TEM images (c, d) of the
flowerlike mesoporous CeO> microspheres. The inset in (a) is a fractured CeO>

microsphere, reprinted with permission from Ref. [37].
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Fig. 5. (a) I-V(P) curves and (b) stability of the conventional SOFC and the SOFCs

with Ni-LDC and Ni-LSDC catalyst layers at 650 °C in wet CHa, reprinted with

permission from Ref. [54].
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Fig. 6. The cross-sectional SEM image of cell showing interfaces of three layers
in the anode after operation in ethanol for 250 h, reprinted with permission from Ref.

[61].
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Fig. 7. (a) Time dependence of power density for the ASC and CASC fueled by
CH4-33.3 mol% H,0 atmosphere at 800 °C and 500 mA/cm? ; (b) Cross-sectional
microstructure and compositional analysis of the CASC tested in CH4-33.3 mol. %

H,0 atmosphere at 800 °C and 500mA cm™ for 48 h, reprinted with permission from

Ref. [86]. Note: The cells with and without the layer of NCF-BZCYYb catalyst were

designated as CASC and ASC, respectively.
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Fig. 8. (a) Cross-sectional images of MnO-Co catalyst layer/Ni-SDC anode and
(b) MnO-Co-SDC catalyst layer/Ni-SDC anode interfaces after test. (¢) Stability of
Ni-SDC anode-supported SOFCs with and without MnO-Co and MnO-Co-SDC
catalyst layers in wet methane at 0.2 A cm™ and 650 °C. (d) Schematic diagram of the

SOFCs with the MnO-Co-containing catalyst layer, reprinted with permission from

Ref. [88].
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Fig. 9. Durability of Ni-YSZ and LSFN/Ni-YSZ using CH4-H2O fuel and CHa-
air fuel at a current of 335 mA/cm? at 800 °C, reprinted with permission from Ref.

[94].
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Fig. 10. SEM images of the Ni-YSZ cermet (the surface of the anode) after the
performance stability measurement: (a) with the catalyst layer and (b) without the
catalyst layer. (c) EDX analyses from (a) and (b), reprinted with permission from Ref.

[109].
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Table 1. The performance of SOFCs with/without a direct-loaded catalyst layer

Time-dependent voltage

Time-dependent voltage

Material Temperature PPD (current density/ power (current density/power Refs
type Catalyst layer Anode Fuel °O) (mW/cm?) density) of the cell with  density) of the cell without
the catalyst layer (h) the catalyst layer (h)
V] o 1
Ru/CeOs Niysz 7 f;?/f&/; air 770 600 50 i [26]
Ru/AlL203 Ni-YSZ CH4+02(4:1) 750 581 ~7 - [36]
Noble 5% CsHis+9%
Ru/CeO» Ni-SDC  air+3% H>0+83% 600 654 - - [37]
metal-
based €02
: Ru/SDC Ni-SDC CHa(3% H>20) 650 462 - - [38]
materials
650
Ir/CGO Ni-YSZ CoHsOH 850 - (Time-dependent - [39]
current density)
Pd Ni-YSZ C:HsOH 750 196 59 6 [40]
2.5 1.5
Ni/Al2O3 Ni-ScSZ CH4 850 382 (Time-dependent (Time-dependent [48]
power density) power density)
Nickel- LiLaNi/AlLO3 Ni-SeSZ  80% CH4+20% O2 850 538 - - [51]
based Ni-
materials  Ni/Lio33Laos6TiOs  (Y203)0.1 CHa4(3% H>0) 650 688 160 55 [52]
(Zr0O2)0.9
LiLaNiCu/Al,O3  Ni-YSZ  80% CH4+20% O2 850 1081 ~7 - [53]
Ni/LaxCexO7 Ni-SDC CHa4(3% H>0) 650 699 26 20 [54]
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Table 1. The performance of SOFCs with/without a direct-loaded catalyst layer

Time-dependent voltage

Time-dependent voltage

Material Catalvst laver  Anode Fuel Temperature PPD (current density/ power (current density/ power  Refs
type y y °O) (mW/cm?)  density) of the cell with the density) of the cell without
catalyst layer (h) the catalyst layer (h)
80
Cu/CeO2 Ni-YSZ CoHsOH+HO 800 566 (Time-dependent - [60]
Copper- power2 gignsny)
NG
based — CWCONVC i ve7  C,H:OH+H0 750 - (Time-dependent - [61]
materials 0} .
power density)
Cu/(ZnO- . C2H50H+0:
Ni-GD 4 - -
ALO3) -GDC (0.45:1) 30 30 [63]
Nickel Ni4Fel/ZrO,  Ni-YSZ  80% CH4+20% O» 850 1038 - - [73]
based allo NiFeCu/ZrO,  Ni-YSZ  80% CH4+20% O» 650 334 100 - [74]
materialsy NiCo/CGO Ni-YSZ C,HsOH 800 550 - - [75]
SbNi/GDC Ni-GDC CH4 650 550 >200 ~100 [76]
M - .
Cu1'3SDIg7O4 Ni-GDC  CHs(3% H20) 650 242 60 16 [82]
Spinel- MnNi;O4 Ni-YSZ CH4(20% H20) 800 - 24 12 [83]
based NCFO-CGO  Ni-YSZ CHa4(7% H20) 800 - 24 ~8 [84]
materials NCFO 48 11
BZCYYb Ni-YSZ  CHa4(33.3% H20) 800 1638 (Time-dependent (Time-dependent [86]

power density)

power density)
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Table 1. The performance of SOFCs with/without a direct-loaded catalyst layer

Time-dependent voltage

Time-dependent voltage

T t PPD
Material type Catalyst layer  Anode Fuel emz:eé;l ure (mW/em?) of the cell with the of the cell without the  Refs.
catalyst layer (h) catalyst layer (h)

. MnFe:0:  Ni-YSZ Simulated 750 432 24 24 87]

Spinel-based bio-syngas

terial M - .
materials nl';%ocl'SO“ Ni-GDC  CH4(3% H20) 650 701 15 6 [88]
LSCM-CeO; Ni-SeSZ C,Hs0H-H>O(2:1) 700 238 216 - [91]
Perovskite- NiTiO3 Ni-YSZ C5Hs(3% H20) 700 153 26 1 [92]
based materials LSCF Ni-YSZ CH4 750 - 475 38 [93]
LSFN Ni-YSZ CHa4(3% H20) 800 421 110 0.3 [94]
CeO2 Ni-GDC CH4+H20 554 450 - - [101]
Other types of  CeosNip2025  Ni-SDC CHa4(3% H20) 650 664 40 26 [102]
materials NiO-BaO- . o .

- + 0

Ce0x@SiO Ni-YSZ  30% CH4+70% air 800 938 160 8 [103]

Note: YSZ: (Y203)0.08(ZrO2)0.92; SDC: CeosSmo201.9; ScSZ: (Sc203)0.1(ZrO2)09; GDC: Gdo2Ce0.8019; CGO: Ceo9Gdo.102; NCFO:

Nio.sCuo.sFe204; BZCYYb: BaZro1Ceo0.7Y0.1Ybo.103.5; LSCM: Lag.75Sr0.25Cro.sMno.sO3; LSFN: Lag.7Sr0.3Feo.sNio.20s-5; Simulated bio-syngas: 35.5%

H2+23.79% CO+3.95% CHa+1.19% C2Ha+1.55% CaHe+3.59% CO2+30.43% N2
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Table 2. The performance of SOFCs with/without an independent catalyst layer

Time-dependent

Time-dependent voltage

Catalyst layer Anode Fuel Temperature PPD ,. Vvoltage of the cell with  of the cell without the  Refs.
©O) (mW/cm?)

the catalyst layer (h) catalyst layer (h)
LSCF Ni-YSZ CHa4(3% H20) 800 360 116 0.33 [106]
Lao.7Sr03CrosFe02035 Ni-YSZ CHa4(3% H20) 850 660 100 0.5 [107]
SroMoFeOe.s Ni-YSZ CHa4(3% H20) 800 420 55 0.33 [108]
NiMo/CeO; ZrO> Ni-YSZ CsHistair(1:20) 750 405 12 12 [109]
NiO-BaO-CeO: Ni-YSZ  30% CH4+70% air 800 440 55 4 [110]
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