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Anodes for Carbon-Fueled Solid Oxide Fuel Cells
Wei Zhou,” Yong Jiao,” Si-Dian Li,” and Zongping Shao*®

Solid oxide fuel cells (SOFCs) have been considered as one of
the most promising technologies for high-efficiency electrical
energy generation using a variety of fuels, including hydrogen,
natural gas, biogas, carbon monoxide, liquid hydrocarbons and
solid carbon. Carbon-fueled SOFCs (CF-SOFCs) potentially have
the highest volume power density because solid carbon has
a fuel energy density of 23.95 kWhL™", which is approximately
10 times higher than that of liquid hydrogen. However, the re-

1. Introduction

Fuel cells are devices that electrochemically convert the chemi-
cal energy present in a fuel into electrical energy and heat
without combustion." A fuel cell consists of an anode, a cath-
ode, an electrolyte and interconnects. At the anode, fuel is oxi-
dized and releases electrons. The electrons are collected by the
interconnects, and then they travel through an external circuit
to supply useful work and return to the cathode. The operat-
ing temperatures vary considerably (e.g., from room tempera-
ture to 1000°C) for different types of fuel cells. Therefore, the
materials and microstructure of the electrodes, electrolyte and
other stack components vary significantly to fulfill the special
requirements of different types of fuel cells.

Although hydrogen is often referred to as the ideal fuel of
the future, there are a number of problems related to hydro-
gen generation and storage that must be overcome before it
could be implemented on a wide scale. Most fuel cells must
operate on hydrogen, which is one of the primary limitations
of current fuel cell technologies. Solid oxide fuel cells (SOFCs)
are one of the most promising types of fuel cells due to their
fuel flexibility. Oxygen anions (0*") are the species that are
transported through the electrolyte of the SOFC, which allows
the SOFC to operate on any combustible fuel, including hydro-
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activity and fluid mobility of carbon is significantly lower than
those of gaseous fuels; thus, CF-SOFCs will be kinetically limit-
ed at the anode. Herein, we review the development of
anodes in CF-SOFCs from the perspective of material composi-
tions and microstructures. Challenges and research trends
based on the fundamental understanding of the materials sci-
ence and engineering for anode development in CF-SOFCs are
discussed.

gen, natural gas, carbon monoxide, ammonia, methanol, di-
methyl ether and even solid carbon.”*”

The anode materials and configurations of SOFCs vary with
the types of fuel used. Conventional SOFCs use nickel-based
cermet anodes, which exhibit high electrical conductivity, good
compatibility with electrolytes, and high electrocatalytic activi-
ty toward the oxidation of hydrogen. However, because nickel-
based anodes tend to experience carbon deposition in meth-
ane-rich fuels, carbon accumulation tends to occur on the
anode, which leads to the rapid degradation of the fuel cell’s
performance. Many alternative materials have been developed
to overcome this issue, which has been described in detail in
the literature.""”

Coal is the second largest primary energy source in the
world after oil and is a major source of electricity generation
when used in thermal power plants due to its abundance and
low price.™ Currently, coal-based electricity production ac-
counts for more than 70% of the electricity produced in China
and India, and 50% in the United States.'” However, coal uti-
lization technologies must continue to be improved due to the
characteristics of coal-fired power plants, which include rela-
tively low efficiencies, considerable greenhouse gas emissions,
acid rain, and particulate and heavy metal pollution. Electrical
power generation in SOFCs that directly utilize solid carbona-
ceous fuels would provide significant benefits including high
energy-conversion efficiencies (i.e., thermodynamically near
100%), very pure CO, generation when using clean coal, and
the possible usage of various types of carbon sources, includ-
ing petroleum coke, coal coke, cracked biomass or pyrolyzed
hydrocarbons.”” Carbon-fueled SOFCs (CF-SOFCs) may also be
able to use a given volume of fuel more efficiently. Solid
carbon has a fuel energy density of 23.95 kWhL™' compared to
that of diesel (10.6 kWhL™"), liquid methane (5.9 kWhL™") and
liquid hydrogen (2.6 kwWh )22

CF-SOFCs are also referred to as “direct carbon solid oxide
fuel cells (DC-SOFCs),” “solid oxide direct carbon fuel cells (SO-
DCFCs)” or “hybrid direct carbon fuel cells (HDCFCs)” in the lit-
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erature.®2% T. M. Gur?” suggests that the word “direct” may
lead to misunderstanding if not used in the proper context be-
cause “direct” electrochemical reactions of solid carbon with
0% are difficult to achieve; in practice, carbon is provided as
a gaseous fuel such as CO and H, to the electrochemical reac-
tion site or is converted by oxygen in the form of OH~, CO,*",
or a metal oxide. Therefore, we use CF-SOFCs in this paper to
describe this family of fuel cells.

Many attempts have been pursued to develop a fuel cell
that can use solid carbons as fuels for nearly 150 years since
the first carbon fuel cell was made by Jacques in the 19th cen-
tury.”® Molten hydroxide was used in Jacques's design. Hy-
droxide eutectics melt at significantly lower temperatures than
their molten carbonate counterparts; this fact expands the op-
erational regime of carbon fuel cells using hydroxide eutectics
to lower temperatures. However, a critical problem with this
type of fuel cell is the reaction of the hydroxide electrolyte
with carbon to form carbonate. Weaver et al.”® presented
a molten carbonate electrolyte for direct carbon conversion in
1979. Solid carbon could be wetted by the eutectic molten car-
bonate, which increases the possibility of the electrochemical
oxidation of carbon due to the enhanced active reaction
area.’” The primary technical challenge of this type cell is the
corrosion of its electrodes and metal bipolar plates. Among
the different types of carbon fuel cells, CF-SOFCs are believed
to be the most promising due to their simple construction and
maintenance requirements, which do not require the recycling
of its anode or cathode gases. CF-SOFCs use a traditional oxide
ion conductor, such as yttria-stabilized zirconia (YSZ), as an
electrolyte, which separates the cathode and anode, reducing
the possibility of cathode corrosion with carbonate.

The utilization of carbon as a fuel for SOFCs is at an early
stage of development and will require considerable effort to
make it commercially viable. The major technical issue with CF-
SOFCs currently is the difficulty in transporting the solid fuel
into the anode reaction zone or to the triple-phase boundaries
(TPBs) using porous anodes. When using a gaseous fuel, fuel
can easily be delivered through the porous structure of the
anode to reach the fuel/anode/electrolyte triple junction reac-
tion sites for its oxidation with migrating oxygen ions and elec-
trons transfer to the anode. However, for a solid fuel, continu-
ous fuel delivery to reaction sites is a significant challenge.
Therefore, contact between the anode and the carbonaceous
fuel has a strong effect on the CF-SOFC's reaction characteris-
tics. Other challenges include fuel processing and fuel quality
requirements; understanding the electrochemical reaction ki-
netics and mechanism for carbon oxidation; corrosion of cell
components, particularly where molten salts are used as the
fuel carrier; improvement in materials performance, power
densities and useful lifetimes; overall systems design; and
technology upscaling. Some of these aspects have been re-
viewed, and we will not try to duplicate them in this
paper_[zo,27,31-35]

The key components of a CF-SOFC are similar to a gas-
fueled SOFC and include a perovskite cathode, such as
La,_,Sr,MnO; (LSM) or La,_,5r,Co, Fe,0; (LSCF), a solid YSZ or
Smy,Cey50,4 (SDC) electrolyte, and a cermet anode YSZ-Ni or
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SDC-Ni. Differences between the various types of CF-SOFCs
arise from the type of contact maintained between the anode
and the carbon fuel. Solid carbon fuel could be directly in con-
tact with a solid anode or carbon could be mixed with
a molten metal or salt at the anode. A tree diagram of various
CF-SOFCs is shown in Figure 1 to clarify the various technolo-
gies under development.

Solid oxide anode

Cermet + Carbon Ni-YSZ+C
Cermet + catalysts infiltrated Carbon Ni-ScSZ +Fe,,0,-Ca0 +C
MIEC+ Carbon LSCF +C

Anode + Direct contacted carbon YSZ + Cor Ni-YSZ+ C

Molten carbonates
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Molten carbonates + carbon (Li-Na-K),CO,+ C

Molten carbonates + additives + carbon (Li-K),CO, + Ag,0 +C

Ni-YSZ+Sn + C
ScSZ+Sb+C
SDC + Sb +C

Figure 1. A tree diagram of CF-SOFCs with various anodes.

For a CF-SOFC power system, the power density and effi-
ciency are critical performance parameters. Power density is re-
lated to the system size, portability, and cost. In certain appli-
cations, cost is more critical than portability and volume re-
quirements. Improving power density reduces the size of the
fuel cell system and thus its cost as well. Efficiency is a critical
factor to differentiate CF-SOFCs from other types of fuel cells.
The thermodynamic efficiency of CF-SOFCs marginally exceeds
100% nearly independently of the conversion temperature,
which has the potential to far exceed the efficiencies of SOFCs
using other fuels (Figure 2).29 However, if this efficiency
cannot be achieved, then CF-SOFCs will likely not be competi-
tive with other fuel cell options. Herein, the various materials
and structural designs of the anodes used in CF-SOFCs are re-
viewed in brief because these properties are closely related to
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Figure 2. Thermodynamic efficiency as function of temperature for different

reactions: carbon oxidation ¥; hydrogen oxidation m; carbon monoxide oxi-
dation .59
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the power generation and efficiency of these types of fuel
cells.

2. Principle of SOFCs Fed with Carbon

SOFCs are complex electrochemical devices that contain three
basic components: a porous anode, an electrolyte membrane,
and a porous cathode. The cathode is typically an oxide that
catalyzes the oxygen reduction reaction [Reaction (1)]:

1/20,+2e — 0> (1)

The anode catalyzes the oxidation of the fuel. The reactions
can be different based on the fuel used [Reactions (2)-(5)]:

H, + 0 — H,0 +2e" 2)

C,Hypis + (30 4+ 1)0" — nCO, + (n+ 1)H,0 + (6n + 2)e~

3)
CO+ 0> — CO, +2e” (4)
C+20" —CO,+4e” (5)

The thermodynamic efficiency of the complete electrochemi-
cal oxidation of solid carbon is greater than 100% because the
Gibbs free energy of the reaction (AG=—395.4 kimol™', AG=
AH—TAS) is minimally higher than the enthalpy of the reaction
(AH=—-394.0 k)Jmol™) at 600°C; this is due to the marginally
positive entropy term (AS=1.6 JK'mol~', no entropic heat
evolution) for the ideal fuel cell reaction (C+0,=C0,).*" Be-
cause the entropy term is near zero, the thermodynamic effi-
ciency of the oxidation of solid carbon via oxygen (i.e., a full-
cell reaction) is also temperature-independent. Additionally, be-
cause the product of this reaction, CO,, exists in a separate gas
state, the progression of the reaction does not influence the
activity of the solid carbon fuel, which is usually assumed to
be equal to one.’® This may allow a full conversion of the
carbon fuel in a single step with the theoretical voltage of CF-
SOFCs remaining nearly constant at approximately 1.02V
during the operation (i.e., minimal Nernst loss). However, the
open-circuit voltages (OCVs) produced by CF-SOFCs differ from
the theoretical value of carbon oxidation (i.e., 1.02 V) due to
the difficulties of achieving direct oxidation of carbon. Com-
pared to a hydrogen-fed fuel cell, which produces only
a single product (i.e., water), carbon-fueled SOFCs produce
two products: CO and CO,. The reaction product distribution
(i.e., the selectivity for either CO, or CO) depends on the tem-
perature and anode potential. In addition to the complete oxi-
dation of the solid carbon reaction [Reaction (6)] being the
most desirable reaction, other reactions including the incom-
plete oxidation of carbon [Reaction (7)], the oxidation of CO
[Reaction (8)], and the Boudouard reaction [Reaction (9)] may
also occur in the anode chamber:®?

C + 2 OZieIectronte - COZ + 4e” (6)
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C + Oz*electrolyte — CO + 2e” (7)
Co + Oz*electrolyte - COZ + 2e” (8)
C+CO, —2CO (9)

Molten carbonates have high ionic conductivities, which are
used in the anode to catalyze and add additional reaction sites
for carbon oxidation. Carbon fuel is typically supplied in the
form of fine particles that are mixed with a molten carbonate
electrolyte. The reactions that occur at the anode are more
complex. In addition to Reactions (6)—(9), additional reactions
may also occur at the anode [Reactions (10) and (11)]:

C +2 C032_electrolyte —3 COZ +4e (1 O)
CO327eIectronte - COZ + 027 (1 1)

Maintaining percolation and sufficient electrical connectivity
among the carbon particles in the molten carbonate electro-
lyte at all times is a critical operational challenge. This problem
can be eliminated entirely when an electronically conductive
molten metal anode is used to ensure excellent conductivity
among the dispersed carbon particles in the melt. The basic
operating principle of this system can be represented by the
reactions of the metal, M, at the anode [Reactions (12) and
(13)I:

M + n027electrolyte - Mon + 2ne” (1 2)

C+ MO, —CO,+M (13)

3. Materials and Structural Development of
the Anode in CF-SOFCs

3.1. Solid Oxide Anode
3.1.1. Cermet+ Carbon

Ni-based cermet materials, such as Ni/YSZ and Ni/SDC, are the
most common anodes used in SOFCs. The Ni in the cermet
anode provides electronic conductivity and catalytic activity
for the oxidation of hydrogen. The YSZ or doped CeO, pro-
vides a thermal expansion match with the electrolyte, ionic
conductivity to extend the reaction zone in the anode, and
structural support for the anode that prevents Ni sintering. Ni-
based cermet materials have also been used as anodes in CF-
SOFCs with different configurations, including electrolyte-sup-
ported, anode-supported and cathode-supported fuel cells in
tubular or planar geometries.

The possibility of converting solid carbonaceous fuels to
electricity in a fluidized bed CF-SOFC arrangement was first
proposed by Giir and Huggins in 1992.%” The solid carbon was
added in a tubular, YSZ-supported SOFC that used porous Pt
as its cathode and anode; the power density was only
42 mWcm 2 at 0.6 V and 955°C. Later, those researchers used
Ni/YSZ cermet anodes to improve the performance of the
anode.® Fluidized carbon particles were placed in the reactor
in contact with the fuel cell anode, and helium was used to flu-
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idize the carbon particles in the reactor column. The maximum
power density achieved was approximately 22 mWcm™ at
900°C. By changing Ni/YSZ and helium gas into Ni/ceria and
CO,, respectively, a power density of 43 mWcm™2 at 0.5V and
900°C was achieved.®¥ Liu etal™ filled carbon black into
a Ni/YSZ, anode-supported, tubular SOFC with a Ni/ScSZ
anode functional layer. The fuel cell achieved the maximum
power densities of 104, 75 and 47 mWcm™2 at 850, 800 and
750°C, respectively, using N, as the fluidizing gas. Gir et al.”"
further improved the performance of fluidized-bed CF-SOFCs
using a Ni/YSZ cermet, anode-supported, tubular CF-SOFC at
850°C with CO, as the fluidizing gas. A minimally fluidized bed
of low-sulfur (0.15 wt %) Alaska coal was gasified at 930°C by
flowing CO, to generate CO. The highest cell power density
achieved was 450 mWcm™2 at 0.64V with a 35.7% electrical
conversion efficiency based on CO utilization. After per-
formance tests, the SOFC anodes were visually examined, and
no significant signs of carbon deposition (i.e., coking) were ob-
served. Independent tests in similar cells performed under gal-
vanostatic conditions in flowing pure CO also indicated long-
term stability of these anode-supported SOFC cells with no
sign of degradation over several hundred hours of opera-
tion."?

The superiority of using CO, as the fluidizing gas was also
demonstrated in CF-SOFCs with other cermet anodes. Kaklidis
et al.** used lignite coal as a fuel in a tubular, YSZ-supported
CF-SOFC with a Co/CeO, anode. The influences of several pa-
rameters related to the anodic electrode composition (20, 40
and 60 wt.% Co/Ce0,), cell temperature (700-800 °C), fluidizing
gas composition, and total feed flow rate (10-70 cm®min™")
were systematically examined. The optimum performance of
~10 mWcm™ at 800°C was achieved by using 20 wt.% Co/
CeO, as the anodic electrode and pure CO,, which was found
to perform better than when He was used as the fluidizing
gas. Kulkarni et al.*¥ used a 20-mol % yttria-doped ceria anode
(YDC20) infiltrated with Ni as an anode of an electrolyte-sup-
ported fuel cell with pure unprocessed coconut char as a fuel
in button CF-SOFCs, which delivered a power density of
40 mW cm~? using CO,/N, as the fluidizing gas at 800 °C, while
the power density was 33 mWcm™2 with N,. In a pure N, at-
mosphere, Warburg-type diffusion dominated the cell per-
formance due to the limited concentration of CO.

3.1.2. Cermet + Catalyst-Infiltrated Carbon

The literature reports that power densities of 40-300 mW cm 2

are possible when using a solid carbon pellet as a consumable
anode or when using a traditional Ni-YSZ anode with solid
carbon fuels. However, power densities in the upper region of
this range can be attributed to the generation of CO in situ in
the anode chamber via the reverse-Boudouard reaction and
the subsequent oxidation of CO at TPBs. The CF-SOFC anode
reaction mechanism has been proposed and shown to involve
a two-reaction cycle: the electrochemical oxidation of CO at
the anode [Reaction (8)], and the Boudouard reaction of the
carbon fuel [Reaction (9)]. Solid carbon fuels are readily trans-
ported to TPB by this CO shuttle mechanism,*' therefore, the
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reciprocal coupling Reactions (8) and (9) are the key anode re-
actions that dominate CF-SOFC performance. It has been
proven that catalysts can be added into the solid carbon to im-
prove these two reactions effectively.

It has been widely demonstrated that alkali metal salts and
iron catalysts are highly active catalysts for coal gasifica-
tion.#*¥ Tang et al.®¥ fabricated and tested tubular, electro-
lyte-supported fuel cells that were directly operated on carbon
fuel. Gadolinia-doped ceria (GDC)/Ag was used as the anode,
and an Fe-based catalyst was loaded into the carbon fuel to
enhance the Boudouard reaction. The fuel of the Fe-loaded ac-
tivated carbon was prepared by impregnation with a mass
ratio of Fe:C=1:4. The performance was shown to be signifi-
cantly improved with a maximum power density of
45 mWcm™2 at 800°C, which was 10 times higher than that of
the cell without any catalyst. Impedance measurements
showed that the polarization resistance was decreased by at
least an order of magnitude when catalysts were used in the
cell. Xie et al.” used Ag/GDC cermet as the anode and 5-wt%
Fe-loaded activated carbon as the fuel. The electricity and CO
could be cogenerated in the CF-SOFCs via the electrochemical
oxidation of CO and the Boudouard reaction. The rapid rate of
the Boudouard reaction is necessary to achieve high electrical
power and CO production. Using the emitted CO as part of
the power output, an overall efficiency of 76.5% for the single
cell and 72.5% for the stack was obtained. The output power
density of the single cell using activated carbon as fuel was
320 mWcm 2 (Figure 3), which was marginally lower but com-
parable to that produced when using hydrogen as fuel
(350 mWcm™).

Yu etal. showed that a potassium salt catalyst at a mass
ratio of K:C=1:10 increased the rate of carbon gasification, re-
sulting in a significantly higher power density. The power den-
sity of CF-SOFCs with potassium carbonate infused in the
carbon bed was approximately five times higher than that
without a catalyst.”®

By combining alkali metal salts and iron as the catalysts, the
performance of the fuel cell could be further improved. Wu
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Figure 3. Typical I-V-P characteristics for the single cell operated at 800°C

using humidified hydrogen and 5 wt % Fe-loaded carbon as fuel, respective-
|y.[55]
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et al.”?” reported a significantly improved power output from
a CF-SOFC by integrating it with an in situ, catalytic, reverse-
Boudouard reaction. The fuel cell used in this study was a NiO
(60 Wt%)+ScSZ (40 wt%),  anode-supported,  thin-film,
(5€;03)01—(Zr0O5)gs (ScSZ) electrolyte cell with a LSM cathode.
Using an Fe,0,-alkaline metal oxide (M,O) catalyst, where M,O
was a mixture of Li,O, K,O and CaO, the solid carbon was inter-
nally gasified by reacting it with CO,. A peak power density as
high as 297 mWcm™ could be achieved at 850°C using this
process, which is only modestly lower than that achieved with
gaseous hydrogen as the fuel, making this system promising
for use in practical applications. Jiao et al.*® found coal char to
be a more suitable fuel for CF-SOFCs compared to those using
activated carbon. Loading coal char with Fe,0,-alkaline metal
oxide catalysts further improved its reactivity and electrochem-
ical performance. The peak power densities of the pure and
catalyst-loaded coal char were approximately 100 and
204 mW cm ™2, respectively, at 850°C.

In CF-SOFCs, CO, is formed at the anode and then reacts
with the carbon fuel to form gaseous CO, which can diffuse
quickly to the electrodes and thus enhance the reaction rates.
However, to obtain high energy densities, CO, must be sepa-
rated from CO. Yang et al.*” reported a novel structure for
a CF-SOFC that was integrated with a ceramic CO,-permeable
membrane; this design is called a carbon-air battery. As shown
in Figure 4, an anode-supported, tubular CF-SOFC functioned
as a carbon fuel container as well as an electrochemical device
for power generation, while a high-temperature CO,-permea-
ble membrane composed of a CO,*~ mixture and an O*~ con-
ducting phase SDC was integrated for the in situ separation of
CO, (i.e., the electrochemical product) from the anode cham-
ber, delivering a high fuel-utilization efficiency. After modifying
the carbon fuel with a reverse-Boudouard reaction catalyst to
promote in situ gasification of carbon to CO, a high peak
power density of 279.3 mW cm™2 was achieved for the battery
at 850°C, and a small stack composed of two batteries could
be operated continuously for 200 min. That study reported on
the design of a novel type of electrochemical energy device
that has a wide range of potential applications.

3.1.3. Mixed lonic and Electronic Conductor+ Carbon

It is difficult for the solid fuel to transport to the anode reac-
tion zone or TPBs through porous anodes. Using a mixed ionic
and electronic conducting (MIEC) material as the anode could
facilitate the direct electrochemical reaction on the surface of
the anode itself, as shown in Figure 5, without requiring the
carbon to diffuse through the porous electrode to the TPBs at
the electrode/electrolyte interface.®® Over the past decade,
a number of MIEC anodes have been investigated for use in
hydrocarbon-based SOFCs that are resistant to coking and tol-
erant to impurities in hydrocarbons.”'*® Among these anodes,
titania- and ceria-based materials are particularly promising.
Ceria-based anodes possess good catalytic activities and
oxygen storage capacities; however, their electronic conductiv-
ities are typically low.
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Figure 4. a) Diagram and b) photograph of the carbon-air battery. c) I-V and

I-P curves of the carbon-air battery operating with activated carbon at vari-
ous temperatures.®

Extended Reaction Zone on Surface of Anode
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MIEC Anode

Figure 5. A schematic representation of the surface reaction zone in MIEC
materials as the anode of a CF-SOFC.®”

Kulkarni  etal®™  evaluated the performance of

LagSro4Cog,Fe, 505 s (LSCF) as a first-generation, mixed-con-
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duction anode material. LSCF offers excellent electronic and
ionic conductivities in air and is a well-known cathode material
for SOFCs. When LSCF was used both as the anode and cath-
ode in a CF-SOFC, a power density of 50 mWcm™2 was ob-
tained at 804°C in an electrolyte-supported, small button cell
that used solid carbon as the fuel. The concept of using the
same anode and cathode material has also been evaluated in
electrolyte-supported, thick-walled, tubular cells where
a power density of approximately 25 mWcm™2 was obtained
with carbon fuel at 820°C in the presence of helium as the
purging gas. Although the validity of the continuous operation
of this type of system was demonstrated in that study, the
power densities achieved were low due primarily to the high
ohmic losses in the cell, which resulted partly from the low
electronic conductivity of the LSCF anode in reducing environ-
ments.®” The electronic conductivities of LSCF bars sintered at
1300°C have been reported to be as low as 1 Scm™' in CO.*%
These values are expected to be even lower in the porous
LSCF electrodes used as anodes. To improve the electronic
conductivity of the LSCF anode and for better current collec-
tion and distribution, Giddey et al®” investigated LSCF-Ag
composites anode. Ag was added to increase the lateral con-
ductivity of the anode and reduce ohmic losses; this design
produced a 60% improvement in the power density compared
to the LSCF anode.

Kulkarni et al.® investigated LagsSry;Tipe3C000;05 (LSCT) as
a potential anode for use in a CF-SOFC that delivered a power
density of 25 mWcm™. The conductivity of LSCT reached
18 Scm™' in a CO atmosphere at 800°C. B-site doping of LST
with Co was found to improve the electrical conductivity and
the catalytic activity under a reducing atmosphere.

3.1.4. Anode + Direct Contact with Carbon
3.1.4.1. Non-Porous Anode + Carbon

The direct conversion of a solid fuel on a solid electrolyte (e.g.,
YSZ) typically exhibits poor performance due to poor point-like
contact between the two solid materials. Additionally, carbon
fuel must be in close contact with the anode material, and the
active area is limited to the geometric surface area. For gas-
eous fuels, a porous electrode is required with at least 2-3
orders of magnitude increased surface compared to a flat elec-
trode. Because the particle density in solid carbon is approxi-
mately three orders of magnitude higher than the particle den-
sity of a gaseous fuel, a smaller active contact area could be
overcompensated.®®

Nirnberger et al.®¥ show that for a system with an YSZ elec-
trolyte, which suffers from limited contact between the solid
fuel and the solid electrolyte, significant conversion rates can
be achieved at such interfaces. The experimental setup is
shown schematically in Figure 6. The used cells have no special
anode layer; the carbon is in direct contact with the flat elec-
trolyte surface. The principal aspects of the direct electrochem-
ical conversion of carbon powders in an SOFC system have
been investigated between 800 and 1000°C. It has been
shown that when a flat planar anode is used, carbon conver-
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Figure 6. Schematic drawing of a CF-SOFC without a porous anode. 1) alu-
minium oxide tubes, 2) carbon pellet, 3) YSZ electrolyte, 4) current collector
mesh (Ni), 5) current collector mesh (Pt), 6) cathode flow field, 7) anode flow
field, 8) gold wire.=®

sion rates exceeding 100 mAcm™ are possible. Comparing this
value with the total mass of the initial carbon pellet indicates
that only 60% of the fuel is oxidized electrochemically; the re-
mainder of the carbon is likely converted into CO, which has
been detected in the exhaust gas stream, via the Boudouard
reaction. To avoid fuel loss caused by CO formation via the
Boudouard reaction, lower operating temperatures (e.g., 600
to 700 °C) should generally be used, which, for example, could
be achieved by using a modified GDC as the electrolyte.

3.1.4.2. Anode + Deposited Carbon

Ihara and co-workers®~% proposed a rechargeable CF-SOFC
that differed fundamentally from the detached or physical-con-
tact designs with deposited carbon as the fuel. The deposited
carbon was supplied via the thermal decomposition of pro-
pane or methane at the anode. In this case, the carbonaceous
fuel deposited in the porous anode would be in contact with
the ionic conductor, the electron conductor or the three-phase
boundary.

Li etal”" investigated the effects of the contact type be-
tween the anode and the carbonaceous fuel on the fuel cell’s
reaction characteristics. The electrochemical behavior was mea-
sured for three contact types, as shown in Figure 7: detached
fuel, fuel in physical contact with the anode, and carbon-de-
posited contact. The carbon-deposited-type fuel cell showed
the best performance with a significant activation polarization
due to the electrochemical oxidization of the deposited
carbon. For the physical-contact-type fuel cell, the anode reac-
tion mechanism is the same as for the detached-fuel-type fuel
cell with no electrochemical reactions that involve the carbon
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Figure 7. Schematics of the test setup for the various contact type in CF-
SOFCs, including a) detached, b) physical contact and c) carbon-deposited.”"

at the physical contact interface between the carbonaceous
fuel and the anode; thus, increased physical contact does not
improve cell performance. For the detached-fuel-type fuel cell,
the reaction characteristics closely depend on the anode gas.
The primary anode reactions are the electrochemical reaction
to produce O,; carbon gasification with the formed O, or with
CO,; the electrochemical oxidization of the formed CO in
a CO, atmosphere.

Li etal.”? investigated CH,-deposited carbon at the anode
as a fuel in CF-SOFCs. The results of that study indicate that all
of the carbon deposited onto the YSZ particle surfaces, the Ni
particle surfaces and TPB could participate in the electrochemi-
cal reactions during fuel-cell discharging. Lee et al.”® found
that the TPBs of Ni-YSZ conducts the electrochemical reactions
even when surface of Ni was deactivated by deposited carbon.
The electrochemical reactions for the deposited carbon are
most difficult on the Ni particle surfaces, easier on the YSZ par-
ticle surfaces and easiest at TPB.
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3.2. Melton Carbonates Anode
3.2.1. Molten Carbonates + Carbon

To improve the degree of contact between the solid fuel and
oxidation species, molten salts are used in the anode chamber
of a CF-SOFC. The introduction of the molten salt brings the
solid carbon to the interface of the electrode and electrolyte,
thus extending the reaction zone from two dimensions to
three dimensions, improving the cell performance. Various con-
cepts have been proposed to develop carbon fuel cells using
molten salts and solid oxide electrolytes. The first type of
carbon fuel cell was developed based on molten alkali hydrox-
ides, while the hydroxide is subject to degradation via a reac-
tion with carbon dioxide.””3*3 Replacement of hydroxide
with carbonate salts mitigates any electrolyte degradation. This
design is different from a molten carbonate fuel cell (MCFQ)
that uses carbon fuel, which require the introduction of CO, at
the cathode, complicating the balance of the plant (BOP),
while molten carbonate CF-SOFCs contain a solid electrolyte to
separate the molten carbonate and oxidation gas, eliminating
the need to recirculate the CO, (Figure 8).”¥ Molten carbonate

N,2+CO,

CO+ CO,
Inlet Tube —~

Inlet Tube OutletTube

ep | [}
o |

Anode
Cathode

Current collector

Electrolyte

S

__'_
(@)
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Figure 8. Schematic configuration of a molten carbonate CF-SOFC."*

CF-SOFC, which are also known as HDCFCs, were first pro-
posed by Peelen et al. (1998)."" The most developed molten
carbonate CF-SOFC was produced by SRI” and consisted of
a YSZ electrolyte that separated a molten Ag cathode from
a ternary eutectic alkali (Li, Na and K) carbonate melt anode
containing dispersed carbon [C-(Li/K/Na),CO,|YSZ|Ag(l)] that
operated between 700 and 950°C./"”

Important advances in molten carbonate CF-SOFC technolo-
gy were reported when pyrolyzed medium-density fiberboard
(p-MDF) and activated carbon fuels were used with planar
button cells made of NiO/YSZ/YSZ-LSM materials and a eutectic
lithium/potassium molten carbonate. Power densities of 50
and 394 mWcm ? were demonstrated using electrolyte- and
anode-supported cells, respectively, with OCV of 1.15-
1.23 V788 Chien et al.”’ studied the scale-up of molten car-
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bonate CF-SOFCs via the design and testing of a single-stack
repeat unit with realistic cell sizes. A single cell with
a 12.56 cm? active area produced a maximum power of ap-
proximately 1.2W at 800°C and a current density of
200 mAcm? at 0.6V using p-MDF as a fuel. In comparison,
a fuel cell that used activated carbon as a fuel produced a max-
imum power density of 36 and 53 mWcm ™2 at 700 and 800°C,
respectively, and an electrical efficiency of approximately 40%
evaluated below 0.7 V for 17 h at 700°C. These results demon-
strated the applicability of molten carbonate CF-SOFC to prac-
tical systems, while stack units were operated in batch mode,
and an appropriate fuel feeding mechanism had to be de-
signed.

Recently reported molten carbonate CF-SOFCs are typically
operated above 700°C. High operating temperatures may lead
to the occurrence of the reverse-Boudouard reaction, which
may decrease fuel efficiency. The problem of anode corrosion
still remains. It has been suggested that reducing the operat-
ing temperature of the fuel cells can minimize the reverse-Bou-
douard reaction and certain material corrosion issues. Other
benefits, such as rapid startup and cool-down cycles as well as
less expensive materials for cell fabrication, can also be ach-
ieved by reducing operating temperatures to 700°C or below.
However, molten carbonate CF-SOFCs exhibited poor per-
formance at lower temperature due to the high resistance of
solid carbon oxidation at the anode;”®® the anode resistance
can exceed tens of Qcm? Jiang et al. reported an anode-sup-
ported molten carbonate CF-SOFC that delivered an exciting
high peak power density of 878 mWcm ? at 750°C."" The
high performance of that design was ascribed to the reduced
thickness of the electrolyte. However, the resistive loss from
the anode side was 0.5 Qcm? at 750°C, which can be even
larger at lower temperatures. Therefore, the anode resistance
in fuel cells must be reduced to improve their performance fur-
ther. Xu etal®™ reported a high-performance, Sm,,Cey50; 0
(SDC) electrolyte-supported, molten carbonate CF-SOFC with
a BaysSr,sCoysFe,,0;.5 cathode and an optimized anode con-
figuration. The catalytic oxidation of carbon was shown to be
improved with that system, resulting in an area-specific resist-
ance of only 041 Qcm? at 650°C at the anode. That fuel cell
design achieved a peak power density of 113.1 mWcm™ at
650 °C when activated carbon was used as a fuel. The stability
of the fuel cell has also been improved due to optimized cur-
rent collection. The performance of the anode can be en-
hanced by infiltrating nano-sized Ni into the YSZ scaffold for
SOFCs operating on gas fuels. The authors attempted to en-
hance the performance of the fuel cells by using an infiltrated
Ni/SDC anode. However, lower peak power (36.0 mWcm™?)
and current densities (163.1 mAcm~?) were obtained at 650°C.
The infiltrated Ni particles were found to have a detrimental
effect on cell performance due to the block effect of Ni parti-
cles. To identify the function of Ni in this system, a blank,
porous, SDC anode without Ni catalysts was investigated and
was found to produce a peak power density of 40.5 mWcm 2
Figure 9 shows the schematics of the transport of oxygen ions
through three different anodes of molten carbonate CF-SOFCs.
The oxygen ions produced in the cathode move through the
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Figure 9. Schematics of the oxygen ions transport through three different
anodes of the molten carbonate CF-SOFCs: a) tape-casted Ni/SDC, b) pasted
Ni infiltrated SDC, and c) blank porous SDC.*¥

SDC electrolyte to the SDC-carbonate interface and then make
contact with the molten carbonates. The carbon fuel is solid
and has larger particle sizes (e.g., >20 um), so it is restricted
from entering the pores of the Ni/SDC anode. The oxidization
of carbon can occur in the molten carbonates due to the high
ionic conductivity of the molten carbonates. Therefore, Ni cata-
lysts lose their catalytic function when a porous anode is used.
The Ni on the SDC surface may block the diffusion of oxygen
ions at the SDC-carbonates interface. The infiltrated Ni particles
can cover the SDC more uniformly than Ni particles that have
been sprayed on, which can reduce anode performance even
further.

Lee et al.® investigated the effect of anode microstructure
on molten carbonate CF-SOFC performance and proposed an
effective method to improve the power capability of these
types of SOFCs. Poly(methyl methacrylate) (PMMA) particles
were used to form pores of various sizes in a Ni-YSZ anode
and thus to modify the anode microstructure (i.e., pore
volume and surface area). The polarization behaviors of molten
carbonate CF-SOFCs were examined using anodes with three
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different microstructures and were analyzed to establish a rela-
tionship between the anode microstructure and electrochemi-
cal performance. The results showed that the incorporation of
PMMA-derived pores in the anode leads to an increased power
density under typical operating conditions. It was also recog-
nized that the anode surface area is important to the per-
formance of the system. The oxygen ions transport through
the electrolyte-molten carbonates interface is similar to the
rate-determining step in the anode reaction; increasing the
area of the electrolyte-molten carbonates interface is critical to
improving cell performance.

3.2.2. Molten Carbonates + Additives + Carbon

Deleebeeck et al. added™® silver oxide (Ag,0) as an additive to

a molten medium composed of solid carbon black and (Li-
K),CO; that was placed in contact with a Ni-YSZ anode. Ag,0
showed a high catalytic activity between 700 and 800°C in
a mixed N,-CO, anode atmosphere during a test based on
thermo-gravimetric differential thermal analysis (TGA-DTA).
Using this additive, the fuel cells showed improved electro-
chemical performance compared to the addition of powdered
metallic silver metal (Ag), Ag,CO; and a blank cell because
Ag,0 promoted carbon gasification and CO oxidation.

Lee etal® found that the performance of MCFC-carbon
fuel cells could be improved by increasing wettability with the
addition of Gd,0; to the molten carbonates. The peak power
density was found to linearly increase with the proportion of
Gd,0; addition from 60.05 mWcm™ for the simple Ni anode
to 106.76 mWcm™ for the Ni:Gd,0;=1:5 anode. These results
imply that the addition of Gd,O; had a significant influence on
the electrochemical activity. Significant performance enhance-
ments were also observed with the addition of CeO, in graph-
ite anode by Liu etal®® The improvement in activity by
adding CeO, was proposed to provide indirect oxidation path-
ways by allowing the released electrons to move through ceria
reduced by graphite following electro-oxidation or chemical
oxidation with generation of CO, which is then electro-oxi-
dized. The indirect electro-oxidation of graphite occurs and
works together with direct reactions, contributing to improved
performance. It is reasonable to expect that such a strategy is
also helpful in improving the performance of the molten car-
bonate CF-SOFCs.

3.3. Molten Metals Anode

Although molten carbonates exhibit high ionic conductivities
at elevated temperatures, they are poor electrical conductors
that limit the performance of these cells. One of the most
promising methods uses molten metal as the anode electrode,
which exhibits good oxygen conductivity and a high electrical
conductivity.

Yentekakis et al.®” designed a fuel cell that used a molten
iron bath as the anode in 1989. In this fused metal-YSZ-plati-
num-0, design, fine carbon is fed into the fused iron anode as
fuel, and air is fed into the cathode. The design shows promis-
ing performance; however, it introduces many challenges be-
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cause the fuel cell must be operated above the melting point
of iron (1536°C). CellTech Power LLC (CellTech) developed
a layer of liquid tin as the anode to directly convert carbona-
ceous fuels including coal into electricity without gasification
at 800-1000°C.**°Y A solid SnO, layer formed at the electro-
lyte interface was observed during fuel cell operation at
700°C; this layer inhibits the further transfer of the oxygen
from the tin-electrolyte interface, resulting in high anode
losses. To mitigate the effects of this oxide layer, operation
above 1000°C is suggested because SnO, formation is thermo-
dynamically unfavorable at this temperature. This high temper-
ature is also required for cell operation due to the relatively
high impedances exhibited in liquid-Sn anode cells.**** Sn can
also be used as a mediator on a Ni-YSZ anode surface to pro-
mote the oxidation of carbon,®® electricity is then generated
by carbon, which is used as an electrochemically oxidizable
fuel, not by the liquid Sn. Jang et al.®” investigated the catalyt-
ic effect of Sn as a mediator on a Ni-YSZ anode surface. The
addition of 15 mg of Sn showed the best performance with
a maximum power density of 136 mWcm™ at 850°C, while
60 mg of Sn covered the Ni-YSZ anode surface and pores too
thickly and thus hindered the carbon’s access to the TPBs,
leading to a relatively low power density. The model experi-
ments suggest that 15-30 mg of Sn is the optimal quantity to
improve the interfacial mediating effect due to its excellent
distribution properties, permeation and mediation as a liquid-
state Sn at higher temperatures.

Alternatively, it is critical to develop the fuel cells with
molten baths. In these systems, both the metals and metal
oxides should have low melting points. Jayakumar et al.*® ex-
amined indium (In), lead (Pb), antimony (Sb), bismuth (Bi), and
silver (Ag) as anodes. The electrode resistance associated with
molten antimony is approximately 0.06 Q cm?, which produces
a peak power density of 350 mWcm™ at 700°C, although the
calculated OCV for the Sb-Sb,0; mixture is only 0.75 V.

Molten Ag and Ag-Sb alloy have been examined as anodes
at 900°C.”” For Ag, an OCV that is typical of that expected for
carbon oxidation (1.12V) was observed when charcoal was
mixed with the molten Ag. However, the anode impedance
was found to be as high as 100 Q cm?. The nature of the elec-
trode losses was investigated by measuring the voltage-current
characteristics of a cell with Ag that had no carbon at the elec-
trode, while ramping the voltage under conditions typically
seen in fuel cells and during electrolysis. The results indicated
that cell potential is governed by the oxygen concentration in
the Ag at the electrolyte interface. Using this result and
a model of carbon oxidation within molten Ag, it was shown
that the impedance of the electrode is limited by the diffusion
of oxygen in the Ag phase due to the low solubility of oxygen
in molten Ag. With an Ag-Sb alloy with added charcoal, the
OCV at 700°C was found to be 0.75V, which is the potential
associated at equilibrium between Sb and Sb,0; due to the
low solubility of oxygen in the Sb phase.

Electrolyte stability is an issue that should be considered
when using molten antimony as an anode. Scandium-stabilized
zirconia (ScSZ) was used as the electrolyte in these studies.
Severe corrosion of the electrolyte in molten antimony was
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found in the regions of high current flow. No corrosion was
observed when YSZ was used as the electrolyte at the same
current densities. However, the ionic conductivities of YSZ are
one order of magnitude lower than those of ScSZ.*® Xu
et al.” report a high-performance, SDC electrolyte-supported
CF-SOFC with a molten antimony anode because the ionic
conductivities of SDC are comparable to those of scandium-
stabilized zirconia. The area-specific resistances associated with
the molten Sb-Sb,0; electrode were only 0.026, 0.045, and
0.121 Qcm? at 750, 700, and 650°C, respectively, while the
maximum power outputs were 327, 268, and 222 mWcm™? at
the corresponding temperatures. An SDC electrolyte thus ex-
hibits tolerance to the corrosion of molten antimony at high
temperature in the period investigated.

4. Conclusions

Compared with gas-fueled SOFCs, CF-SOFCs are in their infan-
cy but offer an incremental increase in efficiency over tradition-
al and emerging solid-fuel combustion technologies with the
added advantages of low greenhouse gas emissions, low costs
and low energy requirements for carbon capture and storage.
Existing CF-SPFCs can be classified into three types based on
the type of the anode used: 1) solid-oxide anode; 2) molten-
carbonate anode; and 3) molten-metal anode. Low power den-
sities and short useful lifetimes are common issues with these
three types of CF-SOFCs. Molten carbonate and molten metal
CF-SOFCs exhibit relatively higher power densities than those
use a solid-oxide anode. However, the disadvantages of
molten carbonate and molten metal CF-SOFCs include severe
corrosion of fuel-cell components in molten-carbonate*” and
molten-metal environments.”® Thus, substantial research and
development are required to further develop new materials
and optimize the microstructure for the anodes of these types
of SOFCs to improve their electrochemical performance and
stability in operating environments.

Keywords: anodes carbon electrochemical
conversion - kinetics - solid oxide fuel cells
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