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Low-temperature solid-oxide fuel cells

Eric Wachsman, Tatsumi Ishihara, and John Kilner,
Guest Editors

Solid-oxide fuel cells (SOFCs) are unique in their ability to directly convert the chemical energy
of a wide variety of fuels to electric power with unmatched energy conversion efficiency. The
articles in this issue of MRS Builletin highlight the enormous potential of, and recent progress
toward, operating SOFCs at lower temperatures (<650°C). Lower temperatures dramatically
increase the number of potential applications for this technology as well as provide the
opportunity to incorporate a wider variety of materials in SOFC power generation systems with
greater reliability and lower cost. The articles in this issue describe materials development
and processing for low-temperature SOFCs, including the enabling of nanotechnology
and microelectromechanical systems-based cell designs, the development of highly active
electrodes and their three-dimensional microstructural characterization, as well as the use
of novel proton-conducting electrolytes, all of which provide new avenues of research.
New fabrication methods are also being applied in the development of micro-SOFCs and
microtubular SOFCs with higher power densities. Finally, advances in lowering performance

Introduction

The demand for energy is growing at a rapid rate due to increas-
ing global population and the desire for a higher standard of
living. Given finite terrestrial hydrocarbon natural resources
(e.g., fossil fuels and biomass) and the impact of their con-
sumption on climate change, it is critical for global sustain-
ability that we use these resources as efficiently as possible.
Unfortunately, the current efficiency of energy conversion from
fossil fuels in the United States is just ~36%, with the rest of
the energy wasted as heat.!

In contrast, fuel cells directly convert fuel energy to elec-
tric power with significantly higher efficiency.?® Among
the different types of fuel cells, the polymer-based proton
exchange membrane fuel cells (PEMFCs) have been the most
extensively studied, due in large part to their lower operating
temperature (~80°C), making them more amenable to portable
and transportation (primarily automobile) applications, where
rapid start-up from ambient temperature is desired. However,
PEMFCs operate on pure H, (with an extremely low CO
content), requiring a H, fueling infrastructure that does not
currently exist. Moreover, considering the energy loss for
H, production from natural gas (the main source of H,
today), the “well to wheels” efficiency of PEMFCs is at
best only ~45%.
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degradation rates, a critical commercialization issue, are described.

Solid-oxide fuel cells (SOFCs) use an oxygen-ion conduct-
ing electrolyte instead of a proton-conducting medium. They
transport oxygen from the cathode (air electrode) to oxidize
fuel at the anode (fuel electrode), thus providing the ability
to directly use a variety of hydrocarbon fuels (Figure 1) with
high fuel to electricity conversion efficiency (>55%, lower
heating value [LHV]).> Moreover, combined heat and power
(CHP) applications, in which the waste heat is utilized, can
exceed 85% efficiency,” unmatched by any other energy con-
version technology.

A typical SOFC consists of the electrolyte sandwiched
between the anode and the cathode, with individual cells
electrically connected in series by an interconnect to create
an SOFC “stack” (Figure 1a).>¢ For the last three decades,
Y,0;-stabilized ZrO, (YSZ) has been the SOFC electrolyte
of choice, as the best compromise between conductivity, sta-
bility, and cost.>* Due to YSZ’s limited conductivity, early
SOFCs operated at ~1000°C. These high temperatures result
in high cell costs, long start-up and shut-down cycles, and
unacceptable performance degradation rates due to reaction
between component materials and electrode sintering.

Since then, operating temperatures for commercially devel-
oped SOFC stacks have been decreased to around 800°C.
These so called intermediate temperature SOFCs (ITSOFCs)
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Figure 1. (a) Schematic diagram of a solid-oxide fuel cell (SOFC) with different magnifications
from a stack cell to anode and cathode microstructures. (b) Commercially developed
portable (250 W) and transportation (5 kW) SOFCs, and larger scale stationary (250 kW
and MW) SOFCs planned for commercial demonstration. APU, auxiliary power unit. City
gas refers to the domestic natural gas supply in Japan. Images of units were cited from
web page of developer.

methods, are widely used by the SOFC indus-
try due to their inexpensive processing costs.

In a conventional SOFC,>* a porous metal-
oxide composite (“cermet”) is generally used
as the anode support layer. This is typically
formed, for instance, from a ~50:50 volumetric
ratio of NiO to YSZ. Upon subsequent high-
temperature exposure to the anode gas, NiO is
reduced to Ni, creating the metallic conduct-
ing and catalytic phase, as well as opening up
porosity by the NiO to Ni volume contraction.
A dense electrolyte film is then deposited on
the anode support using one of the previously
mentioned methods. These conventional pro-
cesses require a subsequent high-temperature
co-sintering step, and for some materials, this
necessitates a buffer layer to suppress reaction
between the electrode and electrolyte.

Further reduction to ~1-pum-thick electro-

were achieved by the use of thin-film electrolytes and more
active anode and cathode materials in tailored composite
structures.®’ These ITSOFCs are finding numerous applica-
tions on a variety of hydrocarbon fuels, as shown in Figure 1b.

However, a further decrease in operating temperature is
still necessary to achieve a long service life (>10 years), as
well as shorter time and lower energy start-up for transient
and load-following applications.®*® These low-temperature
SOFCs (LT-SOFCs), operating at <650°C, require more conduc-
tive electrolytes and/or the ability to deposit thinner (near to
submicron thickness) electrolytes to reduce the ohmic /-R
losses. In addition, they require significant composition
and nano-/microstructural advances to reduce non-ohmic
cathode and anode polarization losses. The articles in this
issue summarize progress and challenges for the develop-
ment of LT-SOFCs, from materials, to cell designs, and to
new analytical techniques.

Lowering the electrolyte resistance

The first step to achieving high power densities at low tem-
peratures is reduction of the electrolyte ohmic /—R loss. This
can be accomplished by making the electrolyte thinner and/or
developing higher conductivity materials. The first approach,
as applied to YSZ, was a major innovation in the development of
ITSOFCs, transitioning from thick (~150 pm) self-supported
electrolytes to thin (~10 um) electrode supported electrolytes.
For example, electrochemical vapor deposition (EVD) was
pioneered by Westinghouse to prepare YSZ thin-film electro-
lytes on porous cathode supports around 1990.* However,
because of the high cost and environmental impact of the
chloride reactants involved, the EVD method is not commonly
used at present. Instead, more conventional wet processing
techniques, such as slurry or colloid coating by spin and spray
methods, or even screen printing and tape casting/calendering

774 B MRSBULLETIN « VOLUME 39 + SEPTEMBER 2014 « www.mrs.org/bulletin
https://doi.org/10.1557/mrs.2014.192 Published online by Cambridge University Press

lytes to achieve LT-SOFCs is described by
Prinz et al. In this microelectromechanical
systems (MEMS)-based approach, thinner electrolyte films are
deposited on a dense substrate, which is subsequently rendered
porous.' 12 A typical example is ~100 nm YSZ deposition on
a Si substrate followed by chemical etching of the Si to make
it porous. These techniques are particularly important for
so-called “micro-SOFCs,”'? which are envisioned more for
battery replacement than large-scale power generation.

The other approach, increasing the intrinsic electrolyte
conductivity, is a fundamental area of research in materials
science that has been applied primarily to materials with fluo-
rite and perovskite structures. Figure 2 shows a comparison of
the ionic conductivity for several potential SOFC electrolytes.

The fluorites include zirconia, such as YSZ, as well as
ceria and bismuth oxide-based electrolytes that conduct via
an oxygen vacancy (V;) mechanism. The V; are created in
ZrO, and CeO, by substituting a lower valent cation on the
M* cation site, whereas for Bi,0;, 25% of the anion sites are
intrinsically vacant because Bi has a valence of 3+. The issue
with increasing fluorite conductivity is increasing V. con-
centration without ordering the anion sublattice, which would
decrease anion mobility.'* This can be accomplished by using
highly polarizable dopants with radii close to that of the host
cation'* and randomizing the site energetics by multi-cation
doping, as shown by the increase in conductivity of Dy,O; and
WO, co-stabilized Bi,O, (DWSB)," relative to Er,0; stabilized
Bi,0, (ESB), and Sm,0; and Nd,0, co-doped CeO, (SNDC)'®
relative to Gd,0; doped CeO, (GDC).

Although extremely high conductivity has been achieved
in these materials, they have thermodynamic stability issues
under the reducing atmosphere at the anode. Partial n-type
electronic conductivity, decreasing the open-circuit potential
(OCP) and thus efficiency, occurs for CeO,,!” and Bi,0, can
decompose to metallic Bi.'® In order to use these high conduc-
tivity electrolytes, Wachsman developed a bilayer electrolyte
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Figure 2. Comparison of ionic conductivity of various solid oxide
electrolytes. Note: ESB, Er,,Bi; 05 DWSB, Dy, W 04Bio 8501 563
GDC, Gd,.1C€40; 65 SNDC, SMy 475Ndg075C€0 65053 YSZ,
Yo.16Zr0.6401.02; LSGM, L&, Sr,,Gay sMg,.05; LSGMC,

La, §Sr02Ga05MQ0.115C00,08503; BCY, BaCeqg,Y,0505-

consisting of ESB on the air-cathode side and GDC on the
fuel-anode side (Figure 3a).%!*?° Since the partial electronic
conduction in CeQ, is blocked by the Bi,O; layer, SOFCs
with this bilayer electrolyte show close to theoretical OCP
(Figure 3c) and a high power density (2 W cm™) at 650°C
(Figure 3b). This power density translates to ~3 kW kg at the
stack level, exceeding the power density of internal combus-
tion engines and demonstrating the feasibility of LT-SOFCs
for transportation applications.® Moreover, this approach pro-
vides for even further increases in power density or reduction
in temperature by using the more conductive DWSB/SNDC
bilayer electrolyte (Figure 3b).*

A number of perovskites have also been investigated as
potential high conductivity electrolytes. While most of them
had appreciable p-type conduction, resulting in reduced OCP
and thus SOFC efficiency, Ishihara*® and Goodenough??
discovered LaGaOs-based electrolytes (Figure 2) with high
V. conduction, negligible electronic conduction, and, like
YSZ, thermodynamic stability in the anode gas environment
(La, 4Sr,,Ga, Mg, ,0, [LSGM] shows pure oxide ion con-
ductivity from oxygen partial pressures, Py, = 1 atm to 10!
atm). Significant improvements in their conductivity and use
in SOFCs ensued. For example, Ju et al. prepared 5-um-thick
LSGM films by pulsed laser deposition**?* and demonstrated
SOFCs that use a LSGM (5 pm)/Sm-doped CeO, (400 nm)
double layer electrolyte.® The SDC interlayer is used as a
buffer layer to prevent Ni diffusion from the substrate to the
LSGM electrolyte. As shown in Figure 4, the cell achieves a
reasonably large power density (0.5 W/cm™) at only 500°C.
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In the search for high conductivity perovskites, a number
of other oxide electrolytes were found that had the desired
properties of stability to reduce gas, negligible electronic con-
ductivity, and high ionic conductivity, such as Y,0,-doped
BaCeO; (BCY) (Figure 2).% However, ionic conductivity is
primarily protonic (or mixed proton and oxygen-ion under
certain conditions). Technically, the resulting fuel cell is a
SOFC since it uses a solid-oxide electrolyte, even if it is
a proton conductor rather than an oxygen-ion conductor, and
the article by Fabbri et al. in this issue describes these materials
and their potential benefits.

Protons have the smallest ionic radii, and so a high mobil-
ity is expected, and a high ionic conductivity can be obtained
for materials with substantial proton concentrations. As such,
there are numerous recent advances in other inorganic proton-
conducting materials for lower temperature fuel cells.?¢-3°

Increasing cathode catalytic activity and
conductance
Cathode and anode electrocatalytic reactions are thermally
activated, and thus their rates decrease with decreasing oper-
ating temperature, resulting in large electrode overpotentials
for LT-SOFC operation.® This is even more important for the
oxygen reduction reaction (ORR) at the cathode, since the
activation energy for oxygen dissociation is large. In contrast,
fuel oxidation at the anode is less temperature dependent.
Therefore, with low resistance electrolytes, the overall cell
performance is determined by the cathodic reaction at tem-
peratures lower than 500°C.* The cathodic ORR is expressed
as follows:

1
—0,+2¢'+V; =0},
2

where, in (Kroger—Vink) solid-state nomenclature, €' is an
electron and O] is an oxygen on an oxygen-lattice site. For
typical electronic conducting cathode materials such as LSM,
the ORR occurs at the triple-phase boundary (TPB) (i.e., gas—
electrolyte—electrode), as schematically shown in Figure la,
requiring an extended porous composite cathode structure for
gas, ion, and electron transport. However, with the advent of
mixed ionic electronic conductors (MIECs), such as LSCF,
V. can diffuse in the MIEC bulk, resulting in extended reac-
tion sites from the TPB to the two-phase boundary (gas—electrode
surface).

Numerous Ln, SrMO; (M = Mn, Fe, Co) perovskite
oxides have been used for SOFC cathodes. La,(Sr,,Co,,Fe, O,
is widely used for ITSOFCs due to its high electronic and ionic
conductivity, high ORR activity, and relatively high stability.>*
Among these, Ba,;Sr,;Co,Fe,,0; (BSCF) is reported to have
the lowest area-specific resistance due to its higher ORR
activity and oxygen-ion diffusivity.’! Because of insufficient
stability, BSCF cathodes exhibit rather large degradation rates.
In contrast, Sm, Sr,,CoO, shows reasonably high stability
and surface activity.”> Recently, many new materials have
been reported that show high activity and stability, such
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Figure 3. (a) Schematic of a solid-oxide fuel cell (SOFC) concept with a bilayer of Er,O, However, as SOFC temperatures are lowered,
stabilized Bi,O, (ESB) and Gd,O, doped CeO, (GDC), demonstrating the effect of relative layer nano-featured electrode structures become more

thickness on interfacial oxygen partial pressure (7,) and ESB stability. Legs, ESB layer : : - _
thickness, Lgpc, GDC layer thickness, Tqymq, Optimal thickness ratio. (b) Current-voltage stable, as sintering and reactivity between Cqm
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a power density of ~2 W cm= at 650°C was achieved due to higher open-circuit potential ar.ea., as described by Lee and Wachsman in
(OCP) and reduced cathodic polarization. Assuming higher OCP (~1 V) by controlling this issue.
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B|20.3/Sm203 and Nd2Q3 co-doped Ce.O2 (DWSB/SNDC) Ellayer electrolyte, the pr.OJected Increasing anode fuel tolerance and
maximum power density (dotted-red lines) is ~3.5 W cm= under the same conditions. re

(c) Effect of total thickness and thickness ratio of bilayered electrolyte on OCP. thermal cyclability

OCP increases as the total thickness and ESB/GDC thickness ratio increases and as For PEMFCs, Pt is the most active and widely
I:mgg:z:a::sdfcreases, indicating the potential to achieve theoretical OCP at these used anode catalyst. However, the use of Pt
causes obvious cost issues. In contrast, Ni is
the most widely used catalyst for SOFCs and
ITSOFCs in the form of Ni-YSZ cermet

anodes.”* With decreasing operating temperature, the surface
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0 1 2 3 4 5 Achieving low anodic overpotentials at lower temperatures
Current Density (A/lcm?) calls for alternative anode materials. Moreover, the current
Figure 4. Power generation (filled markers) and voltage use of Ni also limits the ability to thermally cycle to room
(open markers) curves of the cell using a La, oSr, ;Ga, sMg, .04/ temperature, since thermodynamically it will form NiO even
gzszgrié%o 2':;3; ELSEZ%’?& ,\ilé-ifﬁzdak:])?grigsgr?z::t:ix?/gin under reduc.ing gas e.nvironments at low temperatures, and the
were used as the fuel and oxidant, respectively.? corresponding Ni/NiO volume change will cause cell crack-

ing. Unfortunately, aside from oxide anodes, which still show
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much larger anodic overpotentials than the Ni baseline, there
are currently few other candidate materials. In this respect, a
new concept for active anodes could prove a welcome leap
forward for LT-SOFC technology with fuel flexibility.

Commercialization of fuel cells and
requirements for lowering operation
temperature of SOFCs

As shown in Figure 1b, there is a wide range of SOFC
applications ranging in size from watts to megawatts. These
larger size SOFC units mainly use high-temperature (>800°C)
SOFCs. Among the US companies providing large power size
units, Bloom Energy has the greatest number of installed units,
and their “Energy Server,” which is offered in capacities of
100 or 200 kW, has already sold more than 200 units.*® These
units operate at around 950°C and have a reported conversion
efficiency higher than 50% LHV to AC power in a modular
configuration. There are several other SOFC manufacturers
in the United States, ranging from Adaptive Materials for
portable power and Delphi for transportation auxiliary pow-
er units, to Fuel Cell Energy and LG Fuel Cell Systems for
large-scale stationary distributed generation. A recent new-
comer, Redox Power Systems, is focused on commercializing
the bismuth-oxide/ceria bilayer electrolyte LT-SOFC technology
shown in Figure 3.

Among European manufacturers, Topsoe Fuel Cell is
developing a unit called PowerCore, for micro CHP at 1-1.5 kW
(DC). The operating temperature is closer to 750°C, and they
claim 64% direct current efficiency (LHV) by anode gas

LOW-TEMPERATURE SOLID-OXIDE FUEL CELLS

recycling. The system unit contains 75 planar cells in the stack
and the hot balance of plant components for fuel and air
processing. The volume of the unit is 38 L and has a weight
of 33 kg.

The Ceres Power Steel Cell, a “kW class” metal supported
technology, operates in the 500-610°C temperature range.
These have been run as short stacks of a few cells for >10,000 h
and report degradation rates of <0.5-0.24%/kh. The metal
supported technology gives excellent cycling performance,
including over 600 rapid thermal cycles over 2000 h, showing
a loss of less than 4% in performance.

In Japan, there has been a tremendous increase in residen-
tial fuel cells, with over 33,500 sold since 2009 (Figure 5a).*
Initially, around 5000 units per year were sold, but now more
than 20,000 units are being sold annually due to increased
domestic energy costs. These units are CHP systems for resi-
dential applications, with the majority being PEMFC based.
Recently, commercial residential CHP systems based on
SOFC technology and using natural gas have also become
available.” The electric power output of these residential CHP
systems is ~1 kW, with co-production of hot water. Since heat
and power account for 30% and 40%, respectively, of energy
consumption in the home, such simultaneous heat and electri-
cal power generation with high efficiency affords a significant
reduction in home energy consumption.

Figure 5b shows a comparison of energy conversion
efficiency for three types of domestic CHP systems pres-
ently available: gas engine (82%), PEMFC (85%), and SOFC
(90%). CHP systems using gas engines generate more heat
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Figure 5. (a) Number of fuel cell units of all types sold in Japan since 2009, broken down by year and fuel type. LP gas, liquefied petroleum
gas; city gas is the domestic natural gas in Japan. (b) Comparison of lower heating value (LHV) energy conversion efficiency for the three
types of combined heat and power systems presently available (i.e., gas engine, proton exchange membrane fuel cell [PEMFC], and solid-oxide
fuel cell [SOFC]). Data is cited from http://www.ace.or.jp/web/works/works_0090.html.
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than electricity, while CHP systems using PEMFC technology
generate heat and electrical power almost equally. In contrast,
SOFC-based systems have both the highest electrical efficiency,
generating electricity with around 46.5% efficiency, and the
highest overall efficiency, since the 43.5% energy converted
to heat can be more effectively utilized due to its higher qual-
ity (higher temperature).* Since the demand for electricity is
higher, a CHP system using a SOFC is more attractive for resi-
dential CHP systems.

Since current SOFCs operate at ~700°C, the system must
operate 24 hours a day. This means that the SOFC is running
under partial load conditions at night, which significantly
decreases its energy conversion efficiency. Although the
energy conversion efficiencies of current SOFCs are reason-
ably high under optimized operating conditions (~50% LHV
for ac power),” they decrease with decreasing power density
due to the extra energy required to maintain operating temper-
ature under partial load conditions. In this regard, decreasing
the operating temperature will allow higher conversion effi-
ciencies to be maintained even under partial load conditions.

For these considerations, LT-SOFCs are anticipated to pro-
vide higher energy conversion efficiency under partial load
condition. In addition, performance degradation is the most
important concern, as discussed further in the article by Druce
et al. However, considering the high conversion efficiency
from chemical energy to electric power, the market for SOFC
power generation systems is expected to increase significantly.

In this issue

The five articles in this issue expand upon the LT-SOFC tech-
nical overview presented. Lee and Wachsman demonstrate the
importance of nanostructure control for SOFC materials, in
particular, how the electrode properties can be improved
by controlling the structure and morphology at the nanoscale.

Fabbri et al. discuss the application of proton-conducting
oxide materials for LT-SOFCs. Although the power densities
currently produced using proton-conducting oxides are not
high compared to those of oxide ion conductor-based SOFCs,
their high conductivities at low temperatures hold great poten-
tial for future LT-SOFC development.

An et al. present applications of Si-based semiconductor
MEMS technology for preparation of micro-SOFCs. These
small thin-film electrolyte supported SOFCs show reasonably
high power densities at decreased operating temperatures.

Suzuki et al. scale this up a notch to 1-mm-diameter
microtubular SOFCs, fabricated using simple extrusion and
dip-coating techniques. These microtubular SOFCs are excellent
candidates for small power sources demonstrating reasonably
high power densities in the 450-550°C range.

Finally, Druce et al. discuss the links between surface
segregation of SOFC materials and SOFC performance deg-
radation. Field tests point to the need to improve the stability
of SOFC power generation. In addition, it has recently
become clear that surface segregation of Sr or La to the sur-
face of perovskite oxide-based cathodes occurs rapidly during
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the initial start-up period, suggesting the possibility that the
surface activity of such perovskite-based cathodes could be
further improved by adopting appropriate doping strategies.

Concluding remarks

SOFCs have tremendous potential to increase the efficiency
of hydrocarbon fuel use, thus decreasing greenhouse gas
emissions from hydrocarbon fuels, which is our current
predominant energy resource. While they are already being
commercialized, there are still many issues to overcome. The
most significant drawbacks at present are cost and degrada-
tion. By decreasing the cell operating temperature, less expen-
sive materials can be used, and performance degradation will
be suppressed. Furthermore, energy conversion efficiency
will be improved, due to the increased efficiency under par-
tial load conditions and the ability to operate under transient
conditions. In addition, SOFCs with lower operating tempera-
tures will enable applications in new areas, such as sources of
electrical power for mobile devices, for which micro-SOFCs
would be particularly well suited. The development of low-
temperature SOFCs is of great interest to complement exist-
ing intermediate temperature SOFC technologies for power
generation applications.

We hope that each article in this issue of MRS Bulletin will
inspire new researchers to join this exciting field and accelerate
the development of LT-SOFCs. While recent fundamental
scientific research and technological developments have
significantly advanced the field, further new concepts and
innovative materials are needed to enable LT-SOFCs to help
deliver a lower carbon energy society in the future.
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National Electrostatics Corporation has added

Angstrom level, High Resolution RBS to the
3 Analysis System for nanotechnology

applications. A single Pelletron instrument

can now provide RBS, channeling RBS,
microRBS, PIXE, ERDA, NRA, and
HR-RBS capability, collecting up to
four spectra simultaneously

Pelletron accelerators are available
with ion beam energies from below | |

1 MeV in to the 100 MeV region. Biillsvieis
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