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1 | INTRODUCTION

Efficient energy devices are extremely important to solve
energy and environmental issues.'” Fuel cells are
electrochemical devices that are capable of directly
converting chemical fuels to electricity. Compared with
the conventional heat engine that burns the fuels to
produce heat energy for propelling the engine, the energy
conversion of fuel cells is an “electrochemical process”
with much higher efficiency.®® A fuel cell consists of
three essential components: anode, cathode, and electro-
lyte.” ™ A typical operation mechanism of a fuel cell
includes the three steps: (1) the oxidation of fuel on the
anode to generate electrons; (2) the reduction of oxidant
on the cathode by the electrons transported from the
anode through an external circuit; (3) the transportation
of as-produced ionic species (e.g., 07, HY) through the
electrolyte. Consequently, a continuous current can be

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices
with fuel flexibility. Since carbon monoxide (CO) is a major product of SOFC
anodes operating with hydrocarbon fuels, direct utilization of CO as a fuel is
expected for more efficient operation of SOFCs. A review on CO-fueled SOFC
technologies is imperative to promote research activities in this important
field, but it has not been published. In this review, we summarize and
comment on literatures in this field, with respect to (1) materials developed for
three fundamental components (anode, cathode, and electrolyte), (2) power
output and stabilization strategies, and (3) critical challenges and directions in
the development of CO-fueled SOFCs.

carbon monoxide, electrochemical performances, materials development, scientific
challenges, solid oxide fuel cells

generated as long as the fuel and the oxidant are supplied
to the anode and the cathode, respectively. A graphical
illustration of five classic types of fuel cells was shown in
Figure 1, primarily classified by the state of the
electrolyte, where the electrolyte type further determines
the operating temperature of each fuel cell type.®
Alkaline fuel cells (AFCs), polymer electrolyte
membrane fuel cells (PEMFCs), and phosphoric acid
fuel cells (PAFCs) can operate at a relatively low-
temperature range (<200°C) using high-conducting
liquid/polymer electrolytes with efficient ionic conduc-
tion.">"'* However, precious metal-based catalysts (e.g.,
platinum) are required for PEMFCs and PAFCs to
dissociate hydrogen/oxygen molecules on anode/cath-
ode, leading to a high cost.'>'® In contrast, since the
electrolyte of AFCs transports OH™ instead of H, the
utilization of low-cost catalysts (e.g., nickel) becomes
possible for catalytic oxygen reduction, because oxygen
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reduction kinetics is generally faster in an alkaline
environment than in an acidic environment."” Never-
theless, AFCs suffer from a carbonation issue caused by
the interaction between the electrolyte (KOH) and CO,
(from air), forming a K,COj; precipitate that blocks the
pores of the cathode.'®

Molten carbonate fuel cells (MCFCs) and solid oxide
fuel cells (SOFCs) operate at relatively high temperatures
(=500°C).'** MCFCs employ a molten carbonate com-
posite as the electrolyte distributed in a porous,
chemically stable medium. The high operating tempera-
ture of MCFCs enables the sufficient catalytic activity of
electrodes even with nonprecious metal-based catalysts
(e.g., Ni-based alloys/oxides). Besides, the molten elec-
trolyte of MCFCs transports CO5*~ (produced from O,,
CO,, and e~ on the cathode), thus the CO,-induced
carbonation in AFCs is not an issue for MCFCs.
However, insufficient corrosion resistance of steel-based
components as interconnectors under the molten elec-
trolyte condition could limit the lifetime of MCFCs.*!
Different from MCFCs, SOFCs employ a solid oxide as
the ion-conducting electrolyte, which requires a high
operating temperature to achieve fast ionic conduction in
oxides and high electrode activity. Moreover, the all-solid
configuration can reduce the possibility of corrosion
faced by MCFCs and increase the variety of architectures
(e.g., flat plates and rolled tubes) to fit versatile
functions.** Notably, as breakthroughs in this area,
semiconductor electrolyte-based fuel cells,”® protonic
ceramic fuel cells,>**° and carbonate-superstructured
solid fuel cells®® were recently developed. These
advanced designs achieved excellent power output on a
variety of fuels, leading to promising research frontiers.

SOFCs possess a high flexibility for fuels (such as
hydrogen, hydrocarbons, and CO).>”"* Many excellent
reviews have been published on SOFCs operated with
hydrogen and hydrocarbon fuels.>**°"*® However, so far,
there has not been an article to review the progress of
SOFCs operated with CO fuel. This situation stimulated

Fuel cell types AFCs
Fuel m H:
Anode m Pt
Electrolyte (ion) m Alkaline solution (OH")
Cathode m Ni
Operation temp m 70 °C

us to write this review article on the progress of
CO-fueled SOFCs with an emphasis on materials and
cell performances.

2 | BASIC REQUIREMENTS OF
MATERIALS FOR CO-FUELED
SOFCS

As the core component in CO-fueled SOFCs, the solid-
oxide electrolyte, which is an oxide ionic transport
medium, must meet the following requirements®’*:
(1) It possesses sufficient oxide ionic conductivity and
negligible electronic conductivity, ensuring that electrons
produced on anode can be separated and continuously
transported through the external circuit to generate an
effective current/power output. (2) It maintains a high
gas tightness as a membrane to separate fuel and oxidant
on its two sides, preventing the direct combustion of the
fuel. (3) Its thermal expansion coefficient is comparable
to those of two electrodes to avoid cracking and peeling
of cell components. (4) It possesses excellent physical and
chemical stability in CO (fuel), CO, (major product from
anode), and air/O, (oxidant) atmospheres at high
temperatures to achieve a high cell durability.

Materials for CO-fueled SOFC electrodes (anode and
cathode) should possess proper thermal expansion
coefficients, high stability, and low cost. Furthermore,
some rules were specially developed for electrode
materials compared with those for the electrolyte* ~**:
(1) Materials of anode and cathode must be active for
catalytic oxidation of CO and reduction of O,, respec-
tively. (2) Appropriate porosities are required for efficient
diffusion of gas in electrode layers to ensure the
interaction between gas molecules and catalysts. (3)
High electronic conductivity of electrodes is critical for
exporting/importing electrons constantly. (4) Excellent
oxide ionic conductivity can extend the electrochemically
active region in electrodes. (5) Particularly, modern

PAFCs MCFCs

m H> m H2, CxHy, CO

m Pt m Ni-based alloy

m Acid solution (H+) m Molten carbonate (CO3%)
n Pt m Ni-based oxide

| 200 °C m 650 °C

[ Low-temperature

O ehemmre—-

FIGURE 1 Five basic types of fuel cells showing their typical fuels, anode materials, electrolyte types (along with ionic species in the
electrolyte), cathode materials, and operating temperatures. AFCs, alkaline fuel cells; CO, carbon monoxide; MCFCs, molten carbonate fuel
cells; PAFCs, phosphoric acid fuel cells; PEMFCs, polymer electrolyte membrane fuel cells; SOFCs, solid oxide fuel cells.
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planar SOFCs generally possess a gradient-structured
configuration with a thick load-bearing anode to achieve
sufficient mechanical strength.*>™*

The SOFC technology offers much more competitive
opportunities than low-temperature-type fuel cells (to
AFCs, PEMFCs, and PAFCs) with respect to its flexible
fuel options because the relatively high operating
temperature of SOFCs enables the efficient catalytic
activation of various fuels on the anode (such as H,,
hydrocarbons, CO, coal, and biomass).**>* Because H,
and CO are intermediate products from the catalytic
activation of hydrocarbon fuel during SOFC opera-
tion,”>>* the direct utilization of CO as a fuel would
enhance the cell efficiency with a simple anode reaction,
namely, CO is oxidized on the anode with the generation
of CO, and electrons (Equation 1)

CO+0% — CO, + 2¢. (1)

The main challenge for the development of CO-fueled
SOFCs is the low coking tolerance of Ni-based anodes to
CO.55_60

3 | MATERIAL DEVELOPMENT
OF CO-FUELED SOFCS

3.1 | Anode materials

Ni-based cermets could be used as anodes for SOFCs
with CO fuel, but these anodes with CO showed
significantly lower performance compared to that with
H, fuel.’*®° The incorporation of an appropriate amount

of water into CO fuel is generally employed because H,
can be produced from the water gas shift reaction®

CO+H,0 —» CO, + H,. (2)

To increase anode stability, various strategies were
employed to modify its materials. As reported, Fe and
MgO could stabilize the Ni-yttria-stabilized zirconia
(Ni-YSZ) electrode for CO-fueled SOFCs.® In the
elaborate anode composition of (Nig;sFep.s-5%MgO)-
YSZ, Ni/Fe would be an excellent catalyst, while MgO
could enhance the structural stability of the anode via
neutralizing the stress produced by carbon fiber growth.
It was found that the composite anode with MgO showed
a relatively “clean” surface after its operation in CO,
whereas more small clusters were produced in the Ni-
YSZ anode, blocking its pores (Figure 2). Besides, the wet
CO (3% H,0 humidified) exhibited a lower power density
than the dry CO, which might be due to the water-
induced destabilization of Mg0.%*

‘Ni*¥SZ anode

y
.

FIGURE 2 Scanning electron microscope images of (A)
Ni-yttria-stabilized zirconia (Ni-YSZ) anode and (B) (Nig 75F€g.25-5%
MgO)-YSZ anode after fuel cell test with carbon monoxide (CO)

fuel. Reprinted with permission from Liu et al.*®

Cu-Ce0,-YSZ anode was fabricated by modifying
conventional Ni-YSZ anode for CO-fueled SOFCs.”® In
the electrode, CeO, and Cu acted as a catalyst and as an
electronic conductor, respectively, while the YSZ played
the role of oxide-ion conductor. To evaluate the effect of
CO, on the electrode performance, 50% CO,-diluted CO
was fueled for the cell with Cu-CeO,-YSZ anode,
exhibiting an open-circuit voltage (OCV) of 097V at
700°C, which is significantly lower than that (1.2 V) with
pure CO fuel. Furthermore, the CO,-induced reduction in
OCV decreased the current density by 27% at 700°C.
However, the I-V (current-voltage) curve for pure CO fuel
is parallel to that for CO,-diluted CO fuel, indicating that
the introduction of CO, did not change the oxidation
activation energy of CO on the Cu-CeO,-YSZ anode.
A similar CO, effect was observed for a conventional Ni-
YSZ anode, namely, when 56% CO,-diluted CO fuel
replaced pure CO fuel, OCV decreased from 1 to 0.89V,
whereas the corresponding current density was reduced
by ~60% at 800°C.>> However, the introduction of CO, into
CO fuel increased the activation energy of CO oxidation
on the Ni-YSZ anode, reflected by nonparallel I-V curves
for the CO,-diluted CO fuel and the pure CO fuel.**%*
Therefore, one can conclude that the replacement of Ni in
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the Ni-YSZ electrode by Cu/CeO, can inhibit the CO,-
induced deactivation of CO oxidation.

Lag ¢Sro.4FeqoNb105_s (LSFNb) perovskite was
exploited both as an anode and a cathode to fabricate a
symmetrical SOFC fueled with CO.%° This material was
derived from the classic lanthanum ferrite cathode family
by doping a small amount of Nb to the B site of the
ABO;-structured perovskite.®* The stronger Nb-O bond
than Fe-O bond greatly contributed to its structural
stability,®> while the Fe-based B site of perovskite
enabled appreciable conductivities in both reducing and
oxidizing atmospheres.®*®” Such a symmetrical cell
configuration may contribute to enhanced tolerance to
poisoning,°®*®® which can be readily achieved by a
“switch” of fuel and oxidant, because poisonous elements
(e.g., carbon, sulfur) grown on the former anode can be
eliminated under oxidizing conditions (now as cathode)
by forming waste gases. A series of chemically stable
metal cations (e.g., Cr, Ti, Mo) could be considered as the
alternative to Nb on the B site of perovskite to further
stabilize its structure.””’> However, the catalytic mecha-
nism of the CO fuel on an LSFNb perovskite anode needs
to be revealed with future efforts.

3.2 | Cathode materials

The attempt on cathodes of CO-fueled SOFCs has
mainly focused on three perovskite families: lanthanum
manganite, lanthanum cobaltite, and lanthanum fer-
rite.”>®° As widely demonstrated in “conventional”
SOFCs operated with H, fuel,”> these materials are
excellent mixed ionic—electronic conductors (MIECS)
allowing the transportation of both O*~ and e™. Direct
utilization of the developed MIECs is technologically
feasible for CO-fueled SOFCs. Furthermore, proton
transport is a preferable property for H,-fueled SOFC
cathodes if the electrolyte is a proton conductor. Proton
transport in cathodes is helpful for extending the
electrochemically active region.”*’® In contrast, proton
transport is not required for the cathode of CO-fueled
SOFCs, namely, the triple-conducting (i.e., H, 0?7, and
e”) cathode developed for proton-conducting
electrolyte-based SOFCs with H, fuel is no longer a
necessity for the cell with CO fuel.

In general, the A-site cations of these perovskite-
structured (ABO3) MIECs consist of rare/alkaline earth
elements (e.g., La, Sr, Ca, Ba), where the A3* ion can be
partially replaced by a dopant (e.g., A’**) at the A-site.
Furthermore, the B sites typically contain reducible
transition metal elements (e.g., Mn, Fe, Co, Ni), thus the
B site cation can easily be reduced (e.g., B** to B**). With
these strategies, considerable oxide-ion conductivity can

be generated by the formation of oxygen vacancies,
leading to an A;_,A’,BOs_s structure. Particularly, the B
site cation also acts as an efficient catalyst for oxygen
reduction.”

The typical SOFC cathode material, Sr-doped lantha-
num manganite (LSM), was intensively employed in CO-
fueled SOFCs,”’° taking advantage of its excellent
electronic conductivity and high activity. A common
approach to enhance its oxide-ion conductivity extrinsi-
cally is to mix the LSM with corresponding electrolyte
material to form a composite cathode. For example, a
mixed LSM-YSZ cathode (named as “functional layer”)
was coated on the YSZ electrolyte to achieve high
compatibility.”®

A compositionally graded cathode with an interlayer
(between the “function layer” and the “current collec-
tor”) would be useful to achieve better sinterability. For
example, LSM-LSC (LaSrCo-oxide) mixture was depos-
ited between the LSM-YSZ functional layer and a pure
LSC current conducting layer (i.e., “LSM-YSZILSM-LSCI
LSC”; Figure 3).”” Herein, Co was used primarily due to
its superiority in electronic conductivity over others.*
Furthermore, the interlayer can avoid the direct reaction
between LSC and YSZ, which could generate an
unwanted insulating La,Zr,0, phase, enabling the use
of a high sintering temperature for better sinterability.*!

Fe-containing cathodes at the B site of ABO;
perovskite were also explored for CO-fueled SOFCs.
Using Fe at the B site of the ABOs-type perovskite can
generate the highest electronic conductivity compared
with using other analogues (e.g., Al, Cr, Mn, Co, and Ga).
The thermal expansion coefficient of Fe-containing

T il £ i (s ton ATy S are 5
WD23,/8mm”20/0KV x1 : 0k . *50um

FIGURE 3 Cross-sectional scanning electron

microscope image of the compositionally graded “LSM-YSZ|LSM-
LSCILSC” cathode. Sr-doped lanthanum manganite-yttria-
stabilized zirconia (LSM-YSZ) is the catalytic functional layer;
LaSrCo-oxide (LSC) is the current collector; LSM-LSC separates
LSM-YSZ and LSC. Reprinted with permission from Homel et al.>’
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composition is also closer to the YSZ electrolyte than
others, leading to better sinterability.** As a highlight, a
two-step strategy was designed for the preparation of the
Fe-containing composite cathode of LaSrFe-oxide (LSF)
with YSZ.>° The first step was to make a porous “YSZ
cathode” layer on a dense YSZ electrolyte substrate using
the tape casting process. Pore formers of graphite and
polymethylmethacrylate were used in the “YSZ cathode”
slurry, and a fine porous structure can be readily formed
after drying and sintering. As the second step, the LSF
was added into the as-prepared “YSZ cathode” frame-
work to form the LSF-YSZ composite, achieved by
impregnating the solutions of La/Sr/Fe nitrates. The
two-step strategy can allow individual sintering tempera-
tures, namely, the porous YSZ was sintered at a higher
temperature (1550°C) together with the YSZ electrolyte,
while the impregnated active composition of LSF was
sintered at a relatively low temperature (850°C). This
could eliminate the unwanted chemical reactions
between LSF and YSZ.*!

3.3 | Electrolyte materials

Electrolytes provide the function for oxide ion (0*7)
transfer from the cathode to the anode in CO-fueled
SOFCs. Oxide-ion conducting electrolyte materials can
be designed by a “doping” strategy.®® A typical example is
the renowned YSZ electrolyte with a fluorite crystal
structure.® It is based on a ZrO, lattice with face-
centered cubic-distributed Zr** sites and a simple cubic
arrangement of O~ sites. If a Zr*" site (named as host
cation) is replaced by a lower-valent cation (e.g., Y*,
named as dopant cation), the missing charge would be
balanced by forming oxygen vacancies. Continuous space

e}
4
L.
n
-
¥

H

Anode side

is then generated for mobile O~ along these vacancies in
the lattice of the Y-doped ZrO,. This mechanism has
enabled decent oxide-ion conductivity in the YSZ
electrolyte (e.g., ~107>Scm ™" at ~700°C),**° leading to
its dominant applications in the high-temperature
operation of CO-fueled SOFCs.>> %

In addition to the direct use of YSZ as the electrolyte,
an attempt on improving its chemical compatibility with
electrodes has also been conducted. It was found that
inserting an additional CeqgGdy,0,_s (gadolinia-doped
ceria, GDC) as a “buffer” layer could suppress the
chemical reaction between the YSZ electrolyte and the
LSFNbD electrode.®® Namely, the YSZ electrolyte layer and
GDC buffer layer were firstly cosintered at 1300°C for
3 h. Then, the LSFND electrode was coated on the surface
of GDC and sintered at 1000°C, obtaining a “YSZ
(200 um)IGDC (4 um)ILSFND (20 um)” three-layer struc-
ture (Figure 4A). The higher sintering temperature in the
first step ensured the densification of the YSZ electrolyte,
while the lower sintering temperature in the second step
was enough for retaining the LSFNb on GDC and
avoiding any temperature-induced reaction. Notably,
although GDC itself is an intrinsic oxide-ion conductor,
it may be converted to an electronic conductor during
fuel cell operation because of the facile reduction of Ce**
to Ce** in a reducing atmosphere.””*” The oxide-ion
conducting role of the YSZ electrolyte would not be
affected by the GDC buffer layer.

The well-known LaggSrg,GaggsMgg170:_s (Sr-Mg-
doped LaGaOs, LSGM) electrolyte was also employed for
SOFCs operated with CO fuel. The lanthanum gallate-
based perovskites have shown higher ionic conductivity
(~107'Scm™ at 700°C) compared with YSZ.*® However,
the LSGM electrolyte suffers from some issues (including
the formation of impurities, such as LaSrGa;O, and

4

Cathode side (symmetrical)

FIGURE 4 Cross-sectional scanning electron microscope images of the symmetrical “LSFNbIGDCIYSZIGDCILSFNb” structure. (A)
Anode side shows the dense yttria-stabilized zirconia (YSZ) electrolyte, GDC buffer layer, and LSFNbD electrode. Energy-dispersive X-ray
spectroscopy elemental analysis was performed on the numbered regions to distinguish GDC and LSFNb. (B) Symmetrical cathode side.

GDC, gadolinia-doped ceria; LSFNb, Lag ¢St 4Feq sNbg 105_s. Reprinted with permission from Bian et a

1%
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containing electrodes.**®' One possible solution is to
develop nickel-free electrodes to mitigate the reaction
between the LSGM and electrode materials.’>°* Besides,
it was reported that introducing a certain amount of
Fe,0; to NiO could improve the chemical compatibility
between LSGM and NiO.** With respect to the specific
application of LSGM electrolyte to the CO-fueled SOFCs,
an integrated strategy was explored, namely, Fe-based
Ni-free symmetrical electrodes were used on both
sides of the LSGM electrolyte, exhibiting excellent cell
performance.®

4 | ELECTROCHEMICAL
PERFORMANCES OF CO-FUELED
SOFCS

Performances with CO fuel were evaluated for SOFCs
with various electrolytes and electrodes. As shown in
Figure 5 and Table 1, one can see that research efforts
on CO-fueled SOFCs were mainly focused on the
high-temperature (HT) region (=800°C). This happened
because this high-temperature range can ensure large
ionic conduction in electrolytes and high catalytic activity
in electrodes, boosting cell performance. Furthermore, the
best CO-fueled cells reached excellent power densities of
~700 mW cm ™2 at 800°C. Compared with “conventional”
YSZ-based SOFCs using hydrogen and hydrocarbon

—~ 800
LSGM; Co/F

‘ CO-fueled SOFCs YSZ; ColFe N oTe

5 700 o

= ®

= 600+

= 500 4 HT-SOFCs

-é‘ YSZ; ColFe

2 400 - 4

(0] * *

© - -

< 300 -

2 IT-SOFCs < 3

2 200 -

o A Y

X 100 - 9

3 *

a o0l : I I '
500 600 700 800 900

Temperature (°C)

FIGURE 5 Summary of peak power densities of carbon
monoxide (CO)-fueled solid oxide fuel cells (SOFCs) reported in
the literatures. Twenty-two data points were collected in this figure,
which were classified by operating temperature ranges. The as-used
materials (electrolyte; electrode) for the best-performing cells were
annotated. More detailed information was provided in Table 1. HT,
high temperature; IT, intermediate temperature.

fuels,** the optimized CO-fueled devices reached approxi-
mately half of the best performance of hydrogen/
hydrocarbon-fueled SOFCs (~1400 mW cm™2 at 800°C).
From the perspective of electrode materials, Co/Fe-based
electrodes showed the best performance at 700—850°C.
Although the YSZ played a dominant role as the
electrolyte (occupied 91% of data), the utilization of LSGM
electrolyte has identified a promising research direction,
with the best performance of 707 mW cm™2 at 850°C.
Nevertheless, reducing the operating temperature of
SOFCs to the intermediate-temperature (IT) range (about
500—700°C) is a current research trend,*°>°® which can
provide many benefits, including the decreased cost of
components, faster startup process, mitigated thermal
diffusion, enhanced operational stability, and simple
system architecture. Therefore, there are promising
opportunities to develop CO-fueled SOFCs for operation
at lower temperatures (down to 500°C).

It is essential for CO-fueled SOFCs to be stable during
a long-term operation. So far, the best reported CO-fueled
SOFC is the tubular cell fabricated with Ni-YSZ anode
(0.8-1.0 mm thickness), YSZ electrolyte (8-10 wm thick
membrane), and LSM-YSZ cathode (20 um thick).’” The
cell remained almost unchanged with a power output of
~280 mW cm ™2 at 850°C for a long-term operation of
375h (Figure 6A), leading to a very low degradation rate
below 0.1% per 1000 h. Notably, there was a quick drop at
the initial stage in the first 24 h (Figure 6A). The initial
degradation might be caused by strong chemical
reaction-induced interfacial disturbance at the “electro-
lyte/electrode” or “electrode/current collector” inter-
faces. However, the removal of deposited carbon on the
Ni-based anode may also play a significant role. First,
under open-circuit conditions (i.e., without current
output), the formation of carbon deposition on Ni-
based anode is thermodynamically preferable at 850°C
via the disproportionation of CO”’

2CO —» CO, + C. 3)

The mechanism of CO disproportionation to carbon
on the Ni-based anode was proposed as follows””:

CO + *— CO*, @
CO* + * — C*+0%, (5)
CO* + O* — CO, + 2%, (6)
C* > Cnif + ¥, @)

where * represents a Ni surface site and Cy;r the as-
formed carbon on a Ni site. Second, under operating
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(Continued)

TABLE 1

Power density
at 0.7Vv

Fuel

PPD

Temperature

(°C)
850

utilization

(%)

Reference Year

[60]

Stability

90 h

(mW cm )

300

(mW cm?)

338

Electrolyte Fuel

GDC/

Cathode
LSFNb

Anode
LSFNb

2019

N/A

Dry CO

(@800°C)

N/A

YSZ/GDC

2019

[60]

60

71

700

N/A

Dry CO

GDC/

LSFNb

LSFNb

YSZ/GDC

2019

[60]

600 N/A

707

850

N/A

Dry CO

LSGM

LSFNb

LSFNb

2019

[60]

170 N/A

180

700

N/A

Dry CO

LSGM

LSFNb

LSFNb

Abbreviations: CO, carbon monoxide; GDC, gadolinia-doped ceria; LSC, LaSrCo-oxide; LSF, lanthanum strontium ferrite; LSFNb, Lag ¢St 4Feo oNbg 103_s; LSGM, Sr-Mg-doped LaGaO;; LSM, Sr-doped lanthanum

manganite; N/A, not available; PPD, peak power density; SDC, samaria-doped ceria; SOFC, solid oxide fuel cell; YSZ, yttria-stabilized zirconia.

conditions with a fixed current output (i.e., during
discharge), O*~ ions generated on the cathode can be
transported to the anode. This could be a possible reason
for the removal of carbon on the anode by the following
reaction:

C + 202~ - CO; + 4e". 8)

Consequently, the cell showed a stable performance
after the first 24 h.

The stability of YSZ-based SOFCs with symmetrical
LSFNb electrodes (as both anode and cathode) was
examined with CO fuel.®® A relatively stable power
output of 140—150 mW cm ™2 was recorded at 800°C for
90 h (Figure 6B). The degradation rate of cell voltage is
~0.14mV h™!, which is equivalent to a degradation rate
of 18.7% per 1000 h. This is inferior to the stability (0.1%
per 1000) of the asymmetrical YSZ-based SOFC with
Ni-YSZ anode and LSM-YSZ cathode.”’

The effects of Fe/Mg (in anode) and water (in fuel) on
cell stability were also assessed for CO-fueled YSZ-based
SOFCs.”® Two cells with conventional Ni-YSZ anode and
(Nig 7sFeq25-5%Mg0)-YSZ anode were tested under dry/
wet CO-fueled conditions (Figure 6C). When a fixed
current output of 83mAcm™> was applied for the
stability test at 800°C, the stable performance of the cell
with Ni-YSZ anode remained for only 10 h with wet CO
fuel and 5h with dry CO fuel. This indicates that CO-
fueled YSZ-based SOFCs with Ni-YSZ anode possess poor
stability and water in CO fuel can slightly improve cell
stability. In contrast, the cell with (Niy ;sFeq25-5%MgO)-
YSZ anode exhibited steady performance for 40 h using
both dry and wet CO. Furthermore, a cell stack
comprising two-cell units with the (Nig;sFeg2s5-5%
MgO)-YSZ anode exhibited good stability with wet CO
fuel for 90h at 800/700°C (Figure 6D). This clearly
demonstrates that the Fe/Mg in the Ni-YSZ anode could
play an important role in inhibiting the degradation of
cell performance.

5 | SUMMARY AND OUTLOOK

SOFCs operated with CO fuel have shown inspiring
electrochemical performances at a high-temperature
range (700—850°C), achieving excellent power densi-
ties up to ~700mW cm™> and a stable operation for
nearly 400 h. The classic cell with the “Ni-YSZ anodel
YSZ electrolyte|LSM-YSZ cathode” configuration was
improved by developing electrolyte and electrode
materials for its operation with CO fuel. Although
YSZ dominates the electrolyte, the LSGM has shown its
potential as an alternative to YSZ. Fe/Co/Cu- and
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FIGURE 6 Stability of carbon monoxide (CO)-fueled solid oxide fuel cells (SOFCs): (A) SOFC with Ni-yttria-stabilized zirconia

(Ni-YSZ) anode, YSZ electrolyte, and Sr-doped lanthanum manganite (LSM)-YSZ cathode. Reprinted with permission from Homel et al

1.57

(B) SOFC with YSZ electrolyte and symmetrical Lag ¢St 4FeqoNbg103_s (LSFND) electrodes. Reprinted with permission from Bian et al.*®®
(C) SOFCs with YSZ electrolyte, LSM-YSZ cathode, and fabricated with different anodes (Ni-YSZ and Ni-Fe-MgO-YSZ). (D) SOFC stack
comprising two-cell units with the Ni-Fe-MgO-YSZ anode. Reprinted with permission from Liu et al.>®

MgO-modified Ni-YSZ anodes exhibited excellent
electrocatalytic activities and inhibited carbon deposi-
tion, leading to competitive power output and good
stability. The combination of chemically stable oxides
(e.g., Ca0, TiO,, SiO,, and Al,0;) with Ni-based
anodes deserves more attention to further enhance
the structural strength of anodes under carbon-
containing conditions. Improvements in cathodes have
been focused on the replacement of LSM by Co/Fe-
doped perovskite oxides for efficient oxygen reduction
and electronic conduction. Furthermore, the multi-
layered design of cathode structure would be helpful,
such as the introduction of an “interlayer”, to avoid
side reactions at high sintering temperatures.

The CO-fueled SOFC is still in its infant stage, and
intensive efforts are required for its development.
Compared with SOFCs with H, fuel, the CO-fueled
SOFCs exhibited worse performance mainly due to the

slower oxidation of CO (to CO,) than H, (to H,O). For
the enhanced performance of CO-fueled SOFCs, the
higher oxide ionic conductivity of electrolytes is required
to increase oxide ionic concentration at the anode and
thus accelerate CO oxidation. Although various doped
metal oxides were explored as oxide ionic conductive
electrolytes for SOFCs,”® % new strategies would be
employed to develop efficient electrolytes with high oxide
ionic conductivity for CO-fueled SOFCs. For example, as
recently reported,”® in situ generation of superstructured
carbonate in the porous samarium-doped ceria layer
created a unique electrolyte with ultrahigh oxygen ionic
conductivity. This finding deserves to be applied to the
development of CO-fueled SOFCs.

Although the influence of coking on anodes was
widely investigated, the complete inhibition of carbon
deposition in CO-fueled SOFCs is still a chal-
lenge.””'°*"1%7 This will inspire more efforts to develop
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efficient anode catalysts by inhibiting coking. The solid
solution formation of Ni and MgO exhibited excellent
performance for inhibiting carbon deposition.'”*'* The
combination of Cu and Ni in an alloy achieved high
catalytic activity and stability for CH,-fueled SOFCs.''°
Those materials would be explored as anode catalysts for
CO-fueled SOFCs. Furthermore, the symmetrical SOFC
cell with LSFNb electrodes showed improved perform-
ance with CO fuel, which would provide another
direction to achieve stable operation of CO-fueled
SOFCs. This is because the carbon deposition can be
efficiently removed by a simple “reverse” operation
(namely, switching the fuel and oxidant).

The interfacial compatibility between different cell
components needs to be improved for avoiding inter-
diffusion and direct reaction between cell components,
which will promote the design of proper interlayers.' "'
Furthermore, the formation of secondary phases at the
electrolyte/electrode interface is mainly induced by the
enhanced migration of cations at high temperatures.'"?
Thus, addressing the interfacial issue strongly couples
with the development of electrolyte materials that can
operate at a reduced temperature, inspiring efforts to
develop efficient CO-fueled SOFCs operating in a practical
intermediate temperature range (e.g., 500—600°C).
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