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Direct Alcohol-Fueled Low-Temperature Solid Oxide Fuel

Cells: A Review

Byung Chan Yang",") Junmo Koo*,” Jeong Woo Shin,"! Dohyun Go,"

Joon Hyung Shim,* and Jihwan An*!

Low-temperature solid oxide fuel cells (LT-SOFCs, operating
temperature <600°C) are advantageous in potential applic-
ability, affordability, and durability compared to conventional
SOFCs (operating temperature: 800-1000°C). Direct opera-
tion of LT-SOFC:s on liquid alcohol fuels can further improve
their portability as well as accessibility to the fuel. In this
review, we overview the results of LT-SOFCs directly fueled
by liquid alcohols that operate at 600°C and below.

1. Introduction

Solid oxide fuel cells (SOFCs) have drawn much attention as
promising next-generation energy conversion devices due to
their advantages such as high energy-conversion efficiency
(up to 80% in combined heat and power (CHP) mode
operation), environmental friendliness (no CO, emission
when operated with H, fuel), and fuel flexibility (hydro-
carbon fuels as well as H,).'! While conventional SOFCs
operate at high temperatures (usually above 800°C) due to
temperature-dependent nature of the individual processes of
cell operation, the high operating temperature often causes
practical problems such as thermal insulation, performance
degradation due to high temperature oxidation, corrosion
and phase transition of the components, and thermal
expansion mismatch between the components. The applica-
tion of SOFCs have thus been largely limited to stationary
applications.”® Therefore, SOFCs operating at a low tem-
perature range (<600°C), namely low-temperature SOFCs
(LT-SOFCs), have recently been widely researched to over-
come the issues stemming from high operating temperatures
either with microfabrication techniques>" ! or conven-
tional fabrication techniques.”? Reduction in operating
temperature allows the use of cheaper interconnects and
sealing materials and accelerates the start-up and shut-down
of the cells, thus increasing the affordability and broadening
the applicability of SOFCs from conventional stationary
applications to portable applications.!'*!

Fuel is another important issue for the applicability of
SOFCs; while the wide use of hydrogen is restricted by low
availability of cost-effective storage technology and distribu-
tion infrastructure, liquid alcohol fuels such as methanol
(MeOH) or ethanol (EtOH) are largely free of storage and
distribution issues without the need for new infrastructures.”!
A comparison of properties of H,, MeOH, and EtOH is
presented in Table 1. MeOH and EtOH are considered as
both a hydrogen source and a direct fuel. The use of MeOH
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Fundamentals regarding operation principles, losses, as well
as reactions associated with liquid alcohol-fueled LT-SOFCs
are presented. The materials, structures, and fabrication
processes of cell components, namely anode, electrolyte, and
cathode, are mainly reviewed. The electrochemical perform-
ances of alcohol-fueled LT-SOFCs are also summarized and
compared with those of H,-fueled LT-SOFCs.

Table 1. Properties of hydrogen, MeOH, and EtOH fuels for fuel cells.
Reproduced with permission.” Copyright 2015, Elsevier.

Property Hydrogen MeOH EtOH
Formula H, CH,OH C,H;OH
—AG® (KJmol™) 237 702 1325
—AH (K/mol ™) 286 726 1367
Energy density, LHV (kWhkg™) 33 6.09 8.00
Energy density, LHV (kWhL™") 2.96x10°° 4.80 6.32
. (V) 1.23 1.21 1.14
Energy stored (Ahkg ™) 26,802 3350 2330
Energy stored (AhL™) 2.40 2653 1841
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and EtOH for SOFCs has not been fully explored, mainly
because SOFCs are usually intended for stationary applica-
tions.”! However, for small-scale portable applications,
MeOH is an attractive fuel candidate because it is a liquid
with high volumetric energy density (15.9 MJL™" at Standard
Temperature and Pressure (STP) condition), especially
compared to that of hydrogen gas (0.01 MJL ™! at STP), which
makes it easier to store and transport. Moreover, the impurity
content that poisons the anode is low; the amount of carbon
predicted at equilibrium is significantly lower than the carbon
content observed for EtOH, liquefied petroleum gas (LPG),
gasoline, or diesel.”®! Therefore, many researches on
MeOH-fueled LT-SOFCs have been reported. Compared to
MeOH, the utilization of EtOH as a SOFC fuel has been
considered relatively recently. While EtOH shares advantages

[a] B.C. Yang* ). W. Shin, D. Go, Prof. J. An
Department of Manufacturing Systems and Design Engineering
Seoul National University of Science and Technology (SeoulTech)
232 Gongneung-ro, Nowon-gu, Seoul 139-743, Republic of Korea
E-mail: jihwanan@seoultech.ac.kr

[b] J. Koo,” Prof. J. H. Shim
Department of Mechanical Engineering
Korea University
Anam-dong, Seongbuk-gu, Seoul 136-713, Republic of Korea
E-mail: shimm@korea.ac.kr

['] These authors contributed equally

Wiley Online Library 1
These are not the final page numbers! 77



Energy Technology

with  MeOH, such as high volumetric energy density
(18.4 MJL™), cleanliness, and portability, it is difficult to
oxidize EtOH compared to H, or MeOH. The reforming of
EtOH is more challenging than that of MeOH due to severe
coking. The direct utilization of EtOH for LT-SOFCs has
been reported in several literatures.”>”! The use of glycerol as
a fuel for LT-SOFCs has also been reported.™

A practical problem in LT-SOFCs operating directly on
liquid alcohol fuels, however, is their relatively low perform-
ance compared to those based on H, fuel due to more
complex electrochemical processes and carbon coking, which
can significantly increase the activation loss at anode, and
therefore lower the performance. Moreover, the power
densities and lifetimes of alcohol-based SOFCs are much
below the requirements for the commercialization of the
technology.™ Therefore, the selection of materials and
structures for LT-SOFC components, i.e., anode, electrolyte,
and cathode, as well as the optimal combination of these are
crucial to meeting the requirement for commercialization.

In this article, we review the results of LT-SOFCs based
on liquid alcohol fuels directly that operate at 600°C and
below. Fundamentals that are closely relevant with the
performance of alcohol-fueled LT-SOFCs such as fuel cell
losses in low-temperature operation as well as anode kinetics
based on MeOH and EtOH fuels are first discussed. We
mainly focus on materials, structures, and fabrication proc-
esses of the cell components: anode, electrolyte, and cathode.
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Lastly, the electrochemical performances of alcohol-fueled
LT-SOFCs are reviewed and compared to those of H,-fueled
LT-SOFCs.

2. Fundamentals of Alcohol-Fueled LT-SOFC
2.1. SOFC Fundamentals

The cell voltage of SOFC (V) can be described as a function
of open circuit voltage (OCV, V,) and losses including
activation loss at anode (Micanode) and cathode (Maecathode)s
ohmic 10ss (Nenmic)> and concentration 10ss (Neone), as shown in
the following equation:P!!

V= Voc 7nac1,anode 7nact,cathode 7n0hmic 7Tlconc

In H,-fueled SOFCs, concentration loss that arises from
mass transport of fuel or oxidant molecules is usually ignored.
In alcohol-fueled SOFCs, however, concentration loss some-
times causes non-negligible decrease in cell performance,
especially when EtOH fuel is used due to its high molecular
weight. Assuming that the contribution of concentration loss
to the total loss is not significant, and therefore negligible,
SOFCs with high cell voltage as well as high power density
(i.e., maximum power density of >1Wem )" can be
achieved by minimizing the ohmic and activation losses.
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While the ohmic and activation losses in SOFCs operating at
high temperatures (>800°C) are relatively small (i.e., total
area specific resistance (ASR) value of <0.45 Qcm?), the
losses significantly increase in the operation condition of LT-
SOFCs due to the thermally activated nature of the relevant
processes: ohmic loss that mainly arises from ionic transport
through electrolyte and activation loss that stems from the
electrochemical processes at electrodes sharply increase at
low temperatures because of the exponential dependence of
ionic conductivity and charge transfer reaction rate on
temperature, respectively. The activation loss at cathode is
more dominant than that at anode because of sluggish oxygen
reduction (E,>1eV) in H,-O, LT-SOFCs. Therefore, in H,-
fueled LT-SOFCs, the engineering of electrolyte and cathode
have been crucial. Recent reviews on LT-SOFCs can be found
elsewhere.'*?!]

However, in direct alcohol-fueled LT-SOFCs, the activa-
tion loss at anode is not negligible, or sometimes dominant,
due to the much more complex oxidation process of alcohol
molecules (MeOH and EtOH) compared to that of H,.!
Schematic illustrations of alcohol-fueled LT-SOFCs during
operation are shown in Figure 1. Carbon formation is also a
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Figure 1. Schematic illustrations of alcohol-fueled SOFCs during their oper-
ations: (a) with oxide-ion conducting electrolytes and (b) with proton
conducting electrolytes

significant cause that renders the anode reaction unstable.!
Particularly at lower temperatures (< 600°C) compared to the
operating temperature of conventional SOFCs, carbon (as
graphite, which is the lowest energy polymorph of carbon)
can be more thermodynamically favored than CO or H, are,
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leading to a lower equilibrium potential (1.04 V at 600°C vs.
1.13 V at 900°C for MeOH; 1.05V at 600°C vs. 1.15V at
900°C for EtOH) in the pyrolysis of MeOH and EtOH
(Figure 2).” The kinetics at SOFC anode with MeOH and
EtOH fuels are further discussed in the following section.
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Figure 2. (a) Schematics of a planar SOFC cross section, (b) processes
involved in the direct utilization of hydrocarbons in a SOFC (WGS is the
water-gas shift reaction), and (c) equilibrium compositions (symbols) and
potentials (solid lines) as a function of temperature for MeOH and EtOH
pyrolysis. The species are (@) CH,, (O) CO, (¥) CO,, (A) H,, (H) H,0,
and ([J) C (graphite). Reproduced with permission.”® Copyright 2009, MDPI.

2.2. Fuels and Anode Reactions

Figure 1 shows the schematic illustrations of electrochemical
reactions involved in direct alcohol-fueled SOFCs during their
operations with MeOH and EtOH fuels with different kinds
of electrolytes (oxide-ion-conducting and proton-conducting
electrolytes), including anode and cathode reactions as well as
ionic transport through electrolytes. While more detailed
individual reaction pathways are discussed both in this review
and in other literatures,?**“! it should be noted that the
location where net water formation occurs could be altered
depending on the type of electrolyte: at anode with oxide-ion-
conducting electrolytes and at cathode with proton-conduct-
ing electrolytes. The water molecules produced in such a way
may participate in subsequent reactions. Also the water
molecules participate as reactants in anodic reactions in the
cells with proton-conducting electrolytes.” The following
paragraph about anodic reactions is assuming the use of
oxide-ion conducting electrolyte, which is the most widely
used type of electrolyte for SOFCs.

Detailed description of possible reaction pathways for
alcohol fuels directly provided to the anode side has been
presented by Cimenti et al. (Figures 2(a) and 2(b)).*! First,
the fuel undergoes pyrolysis, forming products such as H, and
CO. The fuel molecules together with pyrolysis products can
decompose on the anode surface, i.e., catalytic decomposi-
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tion. Afterwards, the products of pyrolysis and catalytic
decomposition as well as undecomposed fuel molecules can
undergo partial or full oxidation by reacting with oxygen ions
that transported through the electrolyte, i.e., electrochemical
oxidation, forming H,O and CO,. H,O and CO, can lead to
other reactions, which reform the fuel molecules into H,
(steam reforming) and CO (dry reforming). H,O may react
with CO from decomposition and reforming, releasing H, and
CO, (water-gas shift). In the meantime, carbon formation and
removal (coking) can also occur. The processes discussed
above can depend on various conditions such as temperature,
pressure, flow condition, and catalytic properties of the
anode, as well as the current density.

The specific reaction pathways at anode with MeOH fuel
can include the following:™!

CH;0H + H,0 = CO, + 3H, (MeOH steam reforming)
CH;0H = CO + 2H, (MeOH decomposition)

CH,O0H + 0.50, = CO, + 2H, (partial oxidation)

Here, hydrogen can be further generated by the water—gas
shift reaction as follows:

CO + H,0 = CO, + H,

In addition, methanation reactions are also known to
occur at a low steam-to-carbon ratio:

CO + 3H2 — CH4 + Hzo

CO, +4H, = CH, +2H,0

Carbon coking may occur via disproportionation of CO
(Boudouard reaction):

2CO = C + CO,,

and direct electrochemical oxidation of MeOH fuel can also
occur by accepting oxide ions at the anode-electrolyte inter-
face:

CH;0OH + 30* = CO, +2H,0 + 6e~

where the following intermediate reactions may occur:l*"
CH;OH +20?" = HCOOH + H,0 + 4e~

HCOOH + O*” = CO, + H,0 + 2¢~

EtOH may have much more complex reaction pathways
at anode including thermal decomposition and steam reform-
ing, i.e., CG;HsOH+H,0=2CO-+4H,, in the temperature
range of 400-600°C,¥ resulting in H, and CO-rich frag-
ments that can be efficiently used as fuel as a consequence of
electrochemical oxidation at the anodes of LT-SOFCs:[*¥!

H, + 0> =H,0 +2e”

Energy Technol. 2018, 6, 1-16
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CO + 0 =CO, +2¢

Alternately, a gradual internal reforming pathway based
on steam reforming as well as hydrogen electrochemical
oxidation has been proposed.**? In this reaction, water
released by the electrochemical oxidation of hydrogen at the
anode is used for the steam reforming of EtOH in a catalytic
layer deposited over the anode: !

Direct electrochemical oxidation of EtOH fuel can also
occur

C,H;0H + 3H,0 = 2CO, + 6H,

H, + O =H,0 +2e"

by accepting oxygen ions at the anode-electrolyte interface:™!
CH;OH + 30%" = 3H, + 2CO, + 6e"

More detailed descriptions on electrolyte and cathode
reactions associated with LT-SOFCs can also be found in
other recent review articles.!'*347]

3. Membrane Designs and Materials

The general membrane design of a LT-SOFC is composed of
three components: anode, electrolyte, and cathode. Anode
and cathode are fabricated with porous structures to max-
imize the reaction area for activation processes, and therefore
reduce the activation loss at the electrode. Catalytically active
materials for MeOH/EtOH oxidation reactions are used as
anodes: non-noble metal (e.g., Ni, Cu, or Ni—Cu alloys mixed
with electrolyte materials) or noble metal (e.g., Pt, Pd, Ag, or
Pt—Ru alloys) based materials. Catalytically active materials
for oxygen reduction reaction are used as cathodes: oxide-
based (e.g., La; Sr,CoO; ; (LSC), La,  Sr,Co,Fe, ,O; ;
(LSCF), or Ba; ,Sr,CoFe,; ;O; ; (BSCF)) or noble metal
(e.g., Pt and Ag) based materials). Electrolytes are composed
of dense ion-conducting oxides such as oxide-ion conducting
(e.g., ytrria-stabilized zirconia (YSZ), gadolinia-doped ceria
(GDC), or samaria-doped ceria (SDC)) or proton conducting
(e.g., yttria-doped barium zirconate (BYZ)) ceramics. Mem-
brane structures and materials, as well as performances of
direct alcohol-fueled LT-SOFCs are summarized in Table 2.

3.1. Anode
3.1.1. Non-Noble Metal Based

Studies on anodes can be categorized according to the type of
materials: non-noble-metal-based and noble-metal-based re-
sults. These studies aim to improve the performance in three
main aspects: suppressing coking, enhancing alcohol oxidation
kinetics, and improving chemical and mechanical stability
(Table 2). Among the non-noble metals, Ni is the most

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4
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commonly used material for anodes of alcohol-fueled LT-
SOFCs. Ni has high electrical conductivity and excellent
activity for hydrogen electrocatalytic oxidation. Particularly
when used for the reforming of hydrocarbons and alcohols at
temperatures near 500°C, Ni shows a performance compara-
ble with that of Pt group metals.**>!! However, the Ni anode
is vulnerable to coking because it accelerates the thermal
decomposition of hydrocarbons, forming a significant amount
of coke on the anode surface, which could cause a drastic
decrease in performance when the SOFC is directly operated
on alcohol fuel.”! In order to solve the coking problem, many
studies have reported on the use of Ni and Cu together as
anode materials. Because Cu has poor catalytic cracking
activity against hydrocarbons, carbon does not significantly
deposit on the anode surface when Cu is used as an anode
material.?*®! Azimova et al. measured the performances of
SOFCs with Ni—, Ni—Cu— (69/31 wt %), and Cu-based anodes
using MeOH and EtOH as fuels. The anodes were prepared
by infiltration of nickel acetate or copper acetate solutions. A
higher amount of Cu inclusion decreased the anode perform-
ance owing to the inferior catalytic activity for fuel oxidation
and the hydrocarbon reforming reaction of Cu compared to
Ni, while mitigating the performance drop by preventing
coking.*¥

Metal-oxide electrolyte composites that can maximize
the density of a triple-phase boundary —the interface where
electrolyte, electrode, and gas meet and electrochemical
reactions preferentially occur—and prevent coking, have
also been widely studied to improve anode kinetics.
Composites of Ni/Cu and oxide-ion conducting oxides such
as doped ceria (e.g., SDC and GDC), doped ceria-
carbonate, and doped zirconia (e.g., YSZ) were mostly
used as anodes, while composites of Ni and proton-
conducting oxides such as Ni-BaZr,;Cey;Y,,;Yby,05_5
(BZCYYb) and Ni-BaZr,;Ce(;Y,,0;_s (BZCY7) were also
reported. 335304855661 Ty etal. studied a MeOH-fueled
SOFC with a NiO-SDC anode fabricated by pressing and
precalcinating the mixed powders [Figure 3(a)].” In this
work, a direct MeOH-fueled SOFC showed long-term
stability without coking. High performances of the cells
with Ni-ceria composite anodes clearly indicate the superi-
or kinetic performance of the anodes. A report by Meng
et al. demonstrated a cell with a Ni-SDC anode prepared by
ball-milling, with a very thin electrolyte or uniform pore
providing more active sites for fuel oxidation reactions.”
Using MeOH as a fuel, high cell performances of 820, 520,
260, and 110mWcm™? at 600, 550, 500 and 450°C,
respectively, have been reported. Zhu et al. obtained cell
performances of 330 and 300 mWcm? with MeOH and
EtOH fuels, respectively, at 600°C using Ni(40 %)-
Gdy,Ce90,95(GDC) (40%) as an anode prepared by
sintering.” It should be noted, however, that even Ni-SDC
(Sm,Ce(30,,4) anodes have shown severe performance
drops when operated with EtOH flames directly owing to
carbon deposition.P®

Additives such as carbon, carbonate, or other catalyst
layers can further improve the anode performance. Feng et al.
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Figure 3. (a) Cross-sectional SEM image of the tested cell with Ni/SDC, SDC
and SSC/SDC, and (b) typical SEM image of the fuel cells with a reduced Ni
+BZCYYb anode. a) Reproduced with permission.®*! Copyright 2008, Elsevier.
b) Reproduced with permission.*” Copyright 2015, Elsevier.

reported on a C-MO-SDC (C=activation carbon / carbon
black, M=Cu, Ni, and Co, SDC=Ce;,Sm,;0,,s) anode,
which showed good performance owing to the high electronic
conductivity of the anode by adding carbon.’® Tmran et al.
used a composite anode of Ni—Cu-ZnO and SDC-Na,CO;
prepared by a solid-state reaction method, which led to a
superior cell performance of 584 mWcm™ at 570°C. This
confirmed that functional nanocomposite electrodes including
carbonate are very effective for liquid-based fuel cells.“”! The
addition of Pd to a NiO-YSZ cermet anode can enhance the
cell performance, indicating that Pd facilitates the internal
reforming/decomposition of MeOH at the anode. The
combined effects of high oxide-ion conductivity, small particle
size, high water-storage capability, and good coking resistance
of BZCYYb in a Ni-BZCYYDb cermet anode also resulted in
improved cell performance [Figure 3(b)].l? The Ni/AlO;
catalyst layer improved the EtOH steam reforming and
showed high performance and good operational stability (>
100 h) [Figure 4(c)].* Similarly, the Ni+ CesZr,,0, catalyst
layer of a cermet anode improved anode kinetics as well as
coking resistance./*>*!

Studies with other kinds of Ni- and/or Cu-based compo-
sites have also been reported. Qin et al. used Liy,Niy;Cu,;0
(NSDC) as an anode material with bioethanol and glycerol
as fuels to study the effect of dipole moment responses of
fuel molecules on the anode kinetics and coking resist-
ance.”>%1 Jeong et al. fabricated an anode by depositing
Ru on a porous Ni anode through atomic layer deposition
(ALD) [Figures 4(a) and 4(b)]."! In this study, a Ni anode

Energy Technol. 2018, 6, 1-16
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(a) Methanol oxidation at Ni/ALD Ru catalyst (c)
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Figure 4. (a) Schematic of a direct methanol SOFC with a Ni/ALD Ru anode
and the methanol oxidation process, (b) cross-sectional HR-TEM images of
Ni/ALD Ru (300 cycles) microstructures, and (c) representative SEM images
of a cross-section of a fuel cell with a reduced anode with a Ni/Al,O; catalyst
layer. a, b) Reproduced with permission.*! Copyright 2016, American
Chemical Society. c) Reproduced with permission.®! Copyright 2014, Elsevier.

coated with 300 cycles (~15nm) of ALD Ru exhibited
superior performance, which was over five times higher than
that of a Ni-only anode because ALD Ru islands improved
the surface kinetics for MeOH oxidation and coking
resistance while stabilizing the porous Ni structure.

3.1.2. Noble Metal Based

Noble metal catalysts such as Pt, Pt—Ru alloy, Ag, or Pd can be
used for anodes of alcohol-fueled LT-SOFCs. Bare Pt is
recognized as the most effective catalyst for the deprotonation
of alcohol molecules, " Thus, several alcohol-fueled LT-
SOFCs with Pt anodes have been reported. It is notable that a
significant amount of CO is generated on the Pt catalyst
surface when alcohol fuel is used for SOFCs with Pt anodes as
opposed to when hydrogen fuel is used. In addition, the cell
performance can also be significantly reduced because more
complex reactions take place at the anode when alcohol fuel is
used instead of hydrogen fuel. While most of the noble metal
anodes were fabricated by sputtering techniques to make
porous structures, there have been efforts to improve the
morphology of the anode for better performance when
integrated with other cell components. In a report from Ha
etal, the use of a Pt layer (ALD Pt+sputtered Pt) for
anodized aluminum oxide (AAO)-supported thin-film SOFCs
was reported [Figure 5(a)].*! The dense ALD Pt layer on the
porous Pt anode effectively blocked the pores, which improved

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 9
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Figure 5. (a) SEM cross-sectional images of a BYZ fuel cell on AAO substrate
(100 pm), Pt bi-layer anode (~300 nm), BYZ electrolyte (900 nm), and Pt
anode (200 nm); (b) schematic of a GDC-based SOFC with porous Pt/Ru ALD
anode; (c) FESEM images of (c-1)-(c-2) Pt, (c-3)-(c-4) Pt/Ru ALD 100, both
before and after cell operation at 450°C. a) Reproduced with permission.”
Copyright 2013, Elsevier. b, c) Reproduced with permission.”" Copyright 2015,
American Chemical Society.

the density of the overlaying electrolyte, and resulted in a high
OCYV of ~0.8 V even with all thin-film components.

Ru added to a Pt anode can benefit anti-coking and the
thermal stability of the anode. Komadina and Jeong used a
Pt—Ru alloy as an anode to solve the possible issues
associated with bare Pt anodes.” " When Ru is added to the
anode, hydroxyl groups are formed on the surface of the
catalyst and effectively oxidize CO. Komadina et al., however,
reported a very low cell performance (<1 mWcm™2) at 250-
450°C using MeOH fuel for the Pt—Ru anode prepared by
sputtering because the catalytic activity of the Pt—Ru anode
was significantly lower than that of the pure Pt anode.”” On
the other hand, Jeong et al. used a Pt—Ru anode, which was
fabricated by the ALD coating of Ru on a porous Pt structure
[Figures 5(b) and 5(c)].”"7? The cell performance with the
Ru-coated Pt anode improved by 5-10 times compared to
that of a pure Pt anode with MeOH or EtOH fuel. The reason
for such improvement was that the ALD Ru increases the
surface kinetics and cell performance and oxidizes the CO
adsorbed on the Pt surface. Furthermore, the passivating
layer formed by Ru oxidation on the Pt surface suppresses
the coarsening of the Pt cluster, leading to improved stability
over prolonged operation.

To compensate the high price of a Pt-based anode, the
use of Ag as the anode has also been reported. Poulianitis
et al. compared the performance of Pt and Ag anodes with
EtOH fuel, but the EtOH oxidation reaction on the surface
of the Ag electrode turned out to be much slower than that
on the surface of the Pt electrode.”’ Pd is also a possible
alternative to replace Pt. Li et al. deposited a nanoporous Pd
anode using sputtering, and then measured the performance
using EtOH fuel.”™! Severe morphological degradation of the
Pd anode, i.e., the spreading of Pd particles and droplet-like
agglomeration of Pd, was observed with EtOH fuel possibly
owing to the complexity of EtOH oxidation. However, no
carbon deposition was detected on the Pd surface, which

Energy Technol. 2018, 6, 1-16
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may imply a superior anti-coking characteristic of Pd

compared to Pt.

3.2. Electrolyte
3.2.1. Oxide-lon Conducting Ceramics

Fluorite oxides such as doped zirconia or doped ceria which
contains doping induced oxygen ion vacancies are widely used
as oxide ion-conducting electrolytes for LT-SOFCs. As in H,-
fueled LT-SOFCs, YSZ is one of the most widely used oxide-
ion-conducting electrolyte materials in alcohol-fueled LT-
SOFC:s for its reasonably high ionic conductivity and superior
thermal and mechanical properties. In addition, YSZ is
chemically stable in both reducing and oxidizing conditions.
Doped ceria materials such as GDC or SDC are also
interesting electrolyte candidates for alcohol-fueled LT-
SOFCs because of their higher ionic conductivity (approx-
imately one order of magnitude higher than that of YSZ at
400-600°C) and lower activation energy than that of YSZ,
respectively, at a low-temperature region (<600°C).>>>761l
Electrolytes are usually fabricated as thin films with thick-
nesses of a few tens of micrometers or less to minimize the
ohmic resistance.**! They can be deposited using various
techniques such as wet powder spraying,*% particle
suspension coating,* die-pressing,* co-firing,*” tape-cast-
ing,!! or co-precipitation.””!

Composites consisting of ceria phase and salt phase have
recently drawn much attention as novel electrolyte materials
for alcohol-fueled LT-SOFCs. Their superior ionic conductiv-
ities effectively compensate the low cell performance due to
slow anode kinetics by minimizing the ohmic loss. Gao et al.
used a composite SDC electrolyte in their work; pure
Sm,,Ce(30;5 (SDC) powder was mixed with binary carbo-
nates such as Li,CO,; and Na,COj, (Figures 6(a) and 6(b)).[*""
The SDC/Na,CO; has more interacting fields between the
two different phases because of their conformal distributions
and smaller sizes. This structure is thought to provide higher
conductivity and capacity for increasing the interfacial ion
mobility compared to bulk mobility. For the similar reason,
Imran investigated four different composite electrolytes with
SDC and Na,CO,“! and Mat used ceria-salt composite
electrolytes.”

3.2.2. Proton Conducting Ceramics

In order to sustain high ionic conductivity even at relatively
low temperatures, the use of proton-conducting materials for
SOFC electrolytes has been recently actively researched.
Proton-conducting electrolytes conduct protons (H) instead
of oxide-ions (O?"). Since proton is relatively small compared
to oxide ions, it possesses higher mobility, and therefore,
higher ionic conductivity.® ABO,-structured perovskite
materials with protonic conductivity are usually used as
proton-conducting electrolytes. Among the various ABO;-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 10
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structured perovskite materials, doped barium zirconate
(BaZrO;) and doped barium cerate (BaCeO;) have been
widely investigated for electrolytes of LT-SOFCs. In partic-
ular, BaZrO; is more stable compared to BaCeO; in CO,
environment in spite of its slightly lower proton conductivity
than that of BaCeOs, which is crucial in direct-alcohol fueled
LT-SOFCs generating CO, in the operation. Further stability
enhancement of BaZrO; could be achieved by yttria (Y,0;)
doping.®™ BaCeO,, in contrast, exhibits higher proton con-
ductivity; however, its stability is relatively poor because of its
decomposition into CeO, and BaCO; in CO,
environment.®® Compositional proton-conducting electro-
lyte with BaZrO; and BaCeOj; has been recently introduced
to enhance the performance of proton conducting fuel cells
(PCFCs) operating at low temperatures.™ Recent reports by
Ha®' and Li™! demonstrated the use of dense thin film yttria-
doped barium zirconate (BYZ, BaZr,3Y,,0;_;) electrolyted
by pulse laser deposition (PLD) technique for thin-film
SOFCs (Figures 6(c) and 6(d)). The fabrication of relatively
thick (30-35-pm) BCZYbCo electrolyte by casting followed
by sintering for an alcohol-fueled PCFC was also reported.>

3.3. Cathode

Although most research studies on alcohol-fueled LT-SOFCs
focus on the anode materials rather than on the cathode, the
materials for the cathode should be also considered to obtain
a reliable power output as well as thermal stability in a full-
scale cell. The oxygen reduction reaction (ORR), which
occurs at the cathode, is known to be the rate-determining
step in low-temperature operations, and cathode polarization
loss becomes significant in the operation of LT-SOFCs.[**)
Similar to conventional SOFCs that use hydrogen as a
fuel, ™2 the most widely employed cathode materials for

10

C
3

09 09
08 T los
07 07
08 06
05
04 04
03 03

Open Circuit Vollage/ V
°
2

‘Open Circut Vollage/ V

°
S
B
5

o1 0.1

—— T —— o
0 20 40 60 80 100 120 140 160 180 200 220
Time/ min

ooV (V)
e e
S8

—-—350°C_H2

06 —e—400°C_H2
—a—350°C_EIOH

05 —v—400°C_EtOH

100 120 140 160
Time (Sec)

Figure 6. (a) SEM images of (a-1) Na,CO;,, (a-2) SDC, (a-3) SDC/Na,CO,
nanocomposite, and (a-4) SDC-Na,CO; microcomposite. (b) Long-term OCV
stability of fuel cell driven by ethanol-water mixture solution of the cell with
SDC/Na,CO; composite electrolyte. (c) Cross-sectional image of Pt-BZY—Pd
p-SOFC structure after testing with H,. (d) OCV evolution for dry H, and
ethanol fuel testing at 350 and 400 °C. a,b) Reproduced with permission.””
Copyright 2011, Elsevier. c,d) Reproduced with permission.””! Copyright 2017,
Elsevier.
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alcohol-fueled SOFCs are doped perovskite ceramics.
LSCF,* LSC,”" and BSCF [Figure 7(a)]"**! cathodes have

(BSCF)Cathode layer

Cathode interface

Sputtered Pt

Figure 7. Cross-sectional SEM images of (a) BSCF cathode layer on SDC
electrolyte-supported cell, (b) sputtered Pt cathode layer on GDC electrolyte-
supported cell a) Reproduced with permission.” Copyright 2010, Elsevier. b)
Reproduced with permission."” Copyright 2014, Elsevier.

been widely employed. Recently, interesting alternative
cathode materials for alcohol-fueled LT-SOFCs have been
reported. Mat et al. compared three different cathode materi-
als: BSCF perovskite oxide, LaFeO-based perovskite oxide,
and trimetal oxide. The CuNiO,-ZnO cathode showed a peak
power density of around 500 mWcm 2 at 580°C with meth-
anol operation.’” Similarly, Li,,Ni,,Cu,;O composite with
SDC has been used for a cathode.”

Noble metal cathode catalysts with higher catalytic activity
for ORR than perovskite oxides at low temperatures have
also been investigated. Several studies have reported the use
of Pt or Ag as a cathode material for alcohol-fueled LT-
SOFCs. Poulianitis et al. reported on the performance of Pt
and Ag as both anode and cathode materials." A Pt-based
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cell showed a peak power density that was two times higher
than that of an Ag-based cell at 550°C. So far, the number of
reports on the use of noble metal cathodes is relatively
smaller than that of reports on the use of oxide-based
cathodes because of their high cost (e.g., Pt: $30-$60/g) and
low thermal stability owing to high surface energy.” Further
investigations to enhance the thermal stability of noble metal
electrodes are necessary, including Pt-based alloys with
transition metals (e.g., Ni and Co)! and oxides(e. g., doped
zirconia and doped ceria).’” '™ Novel composite cathodes
such as core/shell nanofibers or nanospheres, which have
been proven effective for H,-fueled LT-SOFCs, could also be
applied to alcohol-fueled LT-SOFCs.[1%3:104

4. Electrochemical Performance

Figure 8 summarizes the power density results for alcohol-
fueled LT-SOFCs, of which the maximum power densities
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Figure 8. Summary of peak power densities of direct alcohol-fueled and H,-
fueled LT-SOFCs: MeOH-fueled (Gao (M), Mat ()" Liu(e),”™ Meng(A)*"),
EtOH-fueled (Imran (1), Wang (), Mat(4.)??), and H,-fueled (An (3),"
Chao([),” Fan(A),"® Huang(O),” Su(c),™ Lee ("), Li(<1),0 Zhu(>),
and Zhu()?") LT-SOFCs.

exceed 200 mW cm 2 at operating temperatures of 600°C and
below. The power densities of H,-fueled LT-SOFCs are
presented for comparison. The power densities of alcohol-
fueled SOFCs are generally even lower than those of H,-
fueled SOFCs owing to higher anodic activation loss. It has
been reported that the concentration loss of EtOH-fueled
SOFCs could be higher than that of MeOH-fueled ones owing
to the larger molecular weight of EtOH.™

It will be insightful to summarize the actual MEA designs
of high-performance alcohol-fueled LT-SOFCs. Reported
high-performance alcohol-fueled LT-SOFCs are mostly based
on anode-supported cell structures: the anodes are usually Ni-
or Ni—Cu-electrolyte cermet composites, which can facilitate
alcohol oxidation kinetics as well as anti-coking character-
istics.*#78 I terms of electrolytes, doped ceria materials

Energy Technol. 2018, 6, 1-16
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are most widely used, but novel composites with improved
ionic conductivity at low temperatures such as ceria+ carbon
B or ceria+ carbonate**®) have drawn significant attention
recently. Cathode materials widely used for H,-fueled LT-
SOFCs, e.g., BSCF™* and LSCF,”” have also been used in
alcohol-fueled LT-SOFCs, while novel cathode materials such
as LaFe(gNi;,0; (LFN) or trimetal oxide have proven their
superior activity at low temperatures.” Indeed, the MEA
design by Gao (lithiated Ni—Cu-ZnO and electrolyte compo-
sites for anode/cathode and SDC + carbonate as electrolyte) is
an example that demonstrates reasonably high OCV (0.8 V)
with superior performance (431 mWcm ™ at 500°C and
603 mWem™ at 600°C with MeOH-water steam mixture).®
The MEA reported by Meng (Ni-SDC(anode)/SDC(electro-
lyte) /SDC-LSCF(cathode) shows the highest performance at
temperatures <600°C (820 mW cm 2 at 600°C).5"

In summary, the best performance of a MeOH- or EtOH-
fueled LT-SOFC (~430 mWcm™2 @ 500°C) is still signifi-
cantly less than that of a H,-fueled LT-SOFC (~
1300 mW cm > @ 500°C) at the same operating temperature.”!
Hence, more investigations on design and materials as well as
operating conditions should be conducted to achieve higher
performance, and thus, potentially wider applications of
alcohol-fueled LT-SOFCs.

5. Commercialization

While the system based on alcohol-fueled LT-SOFCs does
not yet seem to be released in the market, several commercial
products of H,-or hydrocarbon gas-fueled LT-SOFCs that
could potentially share the same platform have been demon-
strated for such applications as residential, transportation,
and portable purposes. Redox Power Systems released a
commercial product (25 kW) based on SOFC operating at low
temperature (500-660°6) with fuels including natural gas,
propane, and biofuel for residential markets. Their systems
obtain high power density (>1Wcm™) even at this low
temperature, and also are scalable for a broad range of power
generation capacities due to modular nature (Figure 9(a)).""
The SOFC system developed by Ceres Power also features a
low temperature operation (500—620°2) based on GDC
electrolyte films; Ceres Power demonstrated a unique design
of metal-supported type SOFC for 1kW-class stack level
system.'™ In the transportation sector, Nissan Motors
recently announced the e-Bio Fuel-Cell prototype that
employs SOFC stack to generate electricity to charge a
battery for long range of >600 km. Their prototype runs on
100-percent ethanol or ethanol-blended water, which means
the zero-emission carbon-neutral driving (Figure 9(b)).l"!
Low running costs, short refueling time as well as ample
power supply of the e-Bio Fuel-Cell vehicle makes it ideal for
wide range of customers. A couple of companies have
demonstrated SOFC modules based on thin-film components.
Lillipution Systems manufactured USB mobile power system
based on LT-SOFC modules. The Si-based thin-film LT-
SOFC of Lillipution’s power system ran on butane fuel in
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cartridge and generated the power of 2.5 W with the total
energy of 55 Wh (Figure 9(c)).'®! SiEnergy Systems has
demonstrated the macro-scale, thin-film SOFC based on
micro-fabricated Si structures."™ Their cells recorded the
high power density of 155 mWcm ™ at 510°t with the total
power output of 20 mW per single SOFC chip, which is high
enough for portable power.

6. Summary and Outlook

In this paper, recent results on membrane designs as well as
materials and structures for individual components of LT-
SOFCs directly operating with alcohol fuels have been
reviewed. FElectrochemical performances of direct MeOH-
and EtOH-fueled LT-SOFCs have also been summarized and
compared with those of H,-fueled LT-SOFCs. Owing to high
energy density as well as accessibility of liquid alcohols, LT-
SOFCs directly operating with liquid alcohol can be attractive
options as portable power sources.

Relatively low performance is one of the biggest chal-
lenges that direct alcohol-fueled LT-SOFCs have to over-
come. While much effort has been made to lower the
operating temperature of SOFCs to <600°C, with some cells
successfully demonstrating high performances with a power
density of up to ~1.6 Wem™ at temperatures as low as
<500°C with H, fuel®” alcohol-fueled LT-SOFCs still
require extensive research in spite of their promising
potentials. For instance, at an operating temperature of
600°C, the best performance of direct MeOH-fueled LT-
SOFC was 820 mW cm™ reported by Meng et al.,F”) which is
still lower than the performance requirement (>1 Wcm™?) for
practical applications.

Novel combination of materials with nanoscale structures
for components, i.e., anode, electrolyte, and cathode, is a
promising research direction. As for electrolyte, thin-film
electrolytes fabricated by various deposition techniques such
as physical vapor deposition (PVD) or chemical vapor
deposition (CVD) techniques can help reduce the ohmic
resistance of the cells. Materials with exceptionally high ionic
conductivities are also interesting for investigation: proton-
conducting oxide, or bismuth oxide-based electrolytes doped
or co-doped with various kinds of dopants have exhibited
higher ionic conductivities than YSZ, GDC, or SDC did,
which are widely used electrolyte materials. As for electrodes,
highly catalytically active materials with nano-engineered
structures are drawing much interest from researchers in the
area of LT-SOFCs. For example, a recent report on H,-fueled

REVIEW

100% Ethanol
Or Ethanol-blended
water

e

Figure 9. Examples of recent LT-SOFC based commercial products: (a) Redox
Cube (25 kW) from Redox Power Systems,"®! (b) e-Bio Fuel Cell prototype
from Nissan Motor," and (c) portable battery charger from Lilliputian."®!

SOFC system
(Fuel cell system)

Rotational power Charge
transmitted to wheels

catalyst materials/structures should be developed to facilitate
fuel oxidation with high coking resistance.

It should also be noted that the nanoscale design of
components should be carefully adopted in terms of stability
as well as economics; together with the potentially poor
mechanical strength of nanoscale structures, which often
challenges large-scale production, the thermal stability could
be a hurdle in employing nano-engineered components in
alcohol-fueled LT-SOFCs. For example, electrodes containing
metallic phase could be vulnerable to coarsening at elevated
temperatures. Particularly at the anode, the morphology
change can be even more severe due to complex oxidation
processes. A thin-film electrolyte with nanoscale thickness
could also suffer from structural as well as chemical
instabilities. Moreover, process costs for nanoscale compo-
nents such as thin films or nanofibers could also be higher
than that of the conventional methods. Only with the careful
design of materials, structures, and processes for cell compo-
nents and membrane can make direct alcohol-fueled LT-
SOFCs advance to the next stage from laboratory-level
demonstration to system-level integration, and eventually,
commercialization.
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Low-temperature solid oxide fuel
cells (LT-SOFCs, operating tempera-
ture < 600°C) directly fueled with
liquid alcohol are promising candi-
dates for next-generation portable
power sources. In this paper, recent
results on direct alcohol-fueled LT-
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SOFC:s are reviewed, focusing on
materials, structures, and fabrication
processes of the cell components.
The electrochemical performances of
alcohol-fueled LT-SOFCs are also
reviewed and compared to those of
H,-fueled LT-SOFCs.
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