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15.1 What is solid oxide fuel cell (SOFC)?

A fuel cell is an electrochemical device that converts the chemical energy of the fuel
oxidation reaction directly into electrical energy. This process involves the ion move-
ments through an electrolyte placed between electrodes, the oxidation of fuel at an
anode (fuel electrode), and the reduction of the oxidant at a cathode (air electrode).
A cell composed of an anode, an electrolyte, and a cathode is called a unit cell.
A solid oxide fuel cell (SOFC) is a fuel cell the electrolyte and electrodes of which
are mainly based on solid oxide, that is, metal oxide materials.

In most of the cases, oxygen ions (O?") are the main charge carriers so oxygen ion
conducting oxides are essential materials for SOFCs. The ionic conductivity of the
metal oxide materials can be induced by doping of the cation with a difference
valence. For example, a Y** ion substitution of a Zr** ion in ZrO, generates oxygen
vacancies to keep the charge balance, and this induces the oxygen ion conduction
(Y,03-doped ZrO, or yttria-stabilized zirconia, YSZ, Zr;_.Y,O,_,»). Doped
7Zr0O, and doped CeO, such as gadolinia-doped ceria (Gd,Os-doped CeO,, GDC,
Ce,_,Gd,0,_,») are most representative electrolyte materials for SOFCs.

Some special metal oxides possess proton (hydrogen ion, H") conducting capabil-
ity and these can be the base materials for the proton-conducting SOFC, or protonic
ceramic fuel cells (PCFC). Doped BaZrO; and doped BaCeOj5 are most representative
electrolyte materials for PCFCs. In Fig. 15.1, the structure and basic operating
principles of SOFC and PCFC are shown. As gas-phase oxidant and fuel are supplied,
the electrodes have a gas-permeable (porous) structure. The electrolyte has a gas-
impermeable (dense) structure to separate oxidant and fuel and electrochemical reac-
tions at both electrodes, not to directly combust the fuel.

There are various methods to categorize the types of the SOFC. For example, if
the shape of the unit cell is used to classify SOFC cells, there are tubular, planar,
flat-tubular SOFCs, and so on. A unit cell of the SOFC can be categorized by the
component which is in charge of the structural support of the whole cell as well. If
the electrolyte is thick and supports the whole structure, then the SOFC cell is called
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Fig. 15.1 Components and basic reactions of metal oxide-based fuel cells: solid oxide fuel cell
(SOFC) and protonic ceramic fuel cell (PCFC).
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Fig. 15.2 (A) SOFC unit cell types categorized by the supporting component. (B) Unit cells and
stack of planar-type anode-supported SOFC fabricated at Korea Institute of Science and
Technology (KIST).

as an electrolyte-supported cell. If the electrode is thick and supports the whole struc-
ture, then the SOFC cell is named as an electrode-supported cell. The unit cells are
serially connected to increase the operating voltage and the capacity of the power gen-
eration, and this connected unit is called a stack [1]. In Fig. 15.2, the configurations of
the cells by the supporting component and examples based on a planar type anode-
supported SOFC are presented.

Among various fuel cell types, an SOFC operates at the highest temperature range.
It generally operates at temperatures higher than 700°C. Due to this high-temperature
operation, the SOFC exhibits high efficiency, high specific power, and power
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density [2]. A unique and significant advantage of the SOFC is that it can be operated
with fuels other than pure hydrogen, as can be seen in the anode reaction involving
carbon monoxide indicated in Fig. 15.1. This is because hydrocarbon fuels break
up easily into H, and CO, and the carbon deposition can be less serious at high tem-
peratures. Owing to this fuel flexibility, SOFC can be used on currently existing
hydrocarbon fuel infrastructures [2—4].

15.2 Why low-temperature-operating SOFC (LT-SOFC)
is interesting?

Ironically, the high-temperature operation of SOFCs (HT-SOFCs) limits the commer-
cial development of the technology despite that it is the origin of the above-mentioned
merits. The high operating temperatures require expensive refractory materials in the
system components, hampering the cost-competitiveness of the technology. It also
causes fast degradation due to the chemical reactions and physical defects generated
at the interfaces. These issues slow down the utilization of the SOFC technology for
large-scale power generation in the commercial sector. In addition, quick start-up and
shutdown are not possible; and the weight and volume of the thermal insulation
are substantial in HT-SOFCs. These restrict the application of the technology to
the transportation and portable power sources in spite of the fuel flexibility.

In this regard, there have been intensive research efforts to lower the operating tem-
perature of the SOFC. If the operating temperature can be lowered, then inexpensive
materials can be used. For example, cheap stainless steels can be used instead of
expensive refractory metals like Inconel for the interconnect that occupies a substan-
tial volume and cost of the planar SOFC stack [5,6]. At lower temperatures, the
detrimental chemical reaction and physical agglomeration of the cell components
can be suppressed. Low-temperature operation significantly reduces the burden
of the thermal insulation and enable quick start-up and shutdown, which expands
the category of application to smaller and mobile power sources.

In general, HT-SOFCs are fabricated by using ceramic processing, including raw
powder packing, forming and shaping, and high-temperature sintering. However, in
realizing LT-SOFCs, significant differences in terms of structures and/or materials
are required in comparison with those of HT-SOFCs. Especially when the structures
of the SOFC are modified to make it operable at low temperatures, metal oxide thin
films are considered to play a critical role; therefore, this chapter addresses the appli-
cation of metal oxide thin films on LT-SOFCs especially in terms of the interface
structure control.

15.3 Operating temperature range of LT-SOFC

Before discussing further details of the LT-SOFC, the operating temperature range
for the SOFC should be categorized. How low temperature is low in the SOFC?
In this chapter, the low-temperature regime is defined to be <650°C, following the
definitions in Refs. [2,4]. This temperature range may be called as intermediate
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temperature (IT) range, especially when other fuel cell types such as polymer electro-
lyte membrane fuel cells (PEMFC) generally operating at 7 < 100°C are considered
together. For example, the Reliable Electricity Based on Electrochemical
Systems (REBELS) project funded by Advanced Research Projects Agency-Energy
(ARPA-E), the US Department of Energy (DOE), defines fuel cells operating at
200-500°C as IT-fuel cells (ITFCs) [7].

Nevertheless, in the SOFC, nonconventional structures and materials of the cell com-
ponents are required to be operated at 7 < 650°C [4]. In terms of the electrolyte, for exam-
ple, ultrathin electrolytes or electrolytes made of highly conductive novel materials are
required. Therefore, the operating temperatures range of LT-SOFCs will be considered
as T<650°C hereafter. The high temperature and intermediate temperature SOFCs,
which are fabricated by the conventional ceramic processing and operate at 7> 650°
C are categorized as the HT-SOFC in this chapter as a counterpart of the LT-SOFCs.

15.4 Approaches for lowering the operating
temperature of SOFCs

The prerequisite of realizing LT-SOFCs is not to compromise the cell performance
while reducing the operating temperature. As the ionic conduction at the electrolyte
and the catalytic reaction at the electrode are thermally activated processes, the resis-
tance related to these reactions increase exponentially as the temperature decreases.
For instance, conductivity and resulting resistance of the ionic conduction is expressed
by the equation below [8]:

E

6T =c,e kT (15.1)
Area Specific Resistance (ASR) = Area x Resistance
_ Length (L)
=, (15.2)
LT Eu
= —ekT
o

where E, is an activation energy of the ionic conduction. Therefore, if only the oper-
ating temperature is lowered for an HT-SOFC, then the power output would decrease
to an unacceptable level.

Here is an example. A conventional planar anode-supported SOFC the components
of which are composed of the most common SOFC materials: a nickel and YSZ com-
posite anode; a YSZ electrolyte; a GDC buffer; and a lanthanum strontium manganite
(La;_Sr,MnOj3_5, LSM) and YSZ composite cathode, can produce 0.77 W/cm? at the
cell voltage of 0.7V at 800°C. The power density, however, plummets to
0.287 W/cm? at 0.7 V when the operating temperature is lowered to 650°C [9].

There can be two main approaches to mitigate the performance reduction at low
operating temperatures. One is to use novel materials with superior properties to those
of the conventional materials, such as electrolyte materials with high ionic conductivity
and electrode materials with exquisite catalytic activity [10]. In this approach,
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generally, sintering-engaged conventional ceramic processing is the main fabrication
method. Highly performing electrolyte materials such as doped ceria, doped bismuth
oxide, and novel electrode materials such as double perovskite-structure cathode mate-
rials are used [2,4]. Some reported extraordinarily high performance such as peak power
density reaching ~2 W/cmz, even near 3 W/cm? at 650°C [11,12].

The main advantage of this approach is that ceramic processing, which is rather
cheap and familiar to commercial production is used. However, the novel materials
used in this approach is not widely accepted in the major SOFC field due to the sta-
bility, price, availability, synthesizability, etc. In addition, this approach has little rela-
tion to the metal oxide thin film because the structural dimensions of the cell
components using novel materials are not different from those of the conventional
HT-SOFCs. Therefore, although this has high potential and is actively researched,
it will not be extensively discussed in this chapter.

The other approach is to reduce the resistance increase accompanying lowering the
operating temperature by changing the structural dimensions of the cell component,
not by changing the material. Thinning down the electrolyte would reduce the ohmic
resistance originating from the electrolyte. If an YSZ electrolyte has thickness of
around 1.5 pm, then it has a similar resistance value at 500°C to that of a 15 pm-thick
YSZ electrolyte at 700°C [3]. If the particle size of the electrodes can be reduced to
nm ~ sub-pum scale, then the electrode reaction site density can increase dramatically,
so the polarization resistance at lower temperature can be effectively reduced, both at
the cathode and the anode [13—17]. These are the main reasons why the technologies
for the metal oxide thin films such as thin film deposition and microfabrications,
which can create the thin electrolyte and nanostructure electrodes, have drawn signif-
icant attention during the past decade.

In this approach, widely accepted and proven SOFC materials are used, so one can be
less concerned about the uncertainty of the materials. The most commonly considered
disadvantage of the approach is the expensiveness of the fabrication method as it usually
involves expensive vacuum deposition apparatus and sophisticated processing technol-
ogies. However, it is often ignored that the high reliability and production yield of the
thin film technology can significantly reduce the fabrication defects related to the high-
temperature processing of the multilayered SOFC. This can effectively reduce huge
waste of the materials and components originating from the processing defects. In addi-
tion, the performance increase owing to the utilization of the thin film deposition
may effectively reduce the number of cells and thus that of the repeating unit in the stack
for generating a required power output, which results in the significant cost down of
the stack [6]. In this regard, proper application of metal oxide thin films can provide
substantial contribution to this field of research, both technically and economically.

15.5 Challenges in realizing proper metal oxide
thin film structure in LT-SOFCs

The primary interest of the interface-related issues in metal oxide thin films, which is
also treated intensively in other chapters of this book, is regarding formation, charac-
terization, and application based on the peculiar properties originated from the
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epitaxial relationship at the interface. Nevertheless, in LT-SOFC devices, although
there are intensive efforts to utilize the remarkable properties of the epitaxial metal
oxide thin films to the LT-SOFC, it is hard to take advantages of these properties
in reality.

The epitaxial interface of metal oxide thin films is generally parallel to the substrate
surface. The remarkable properties such as gigantic ionic conduction increase in
SOFC electrolyte materials, therefore, usually appears along the interface of the mul-
tilayer epitaxial films [18-21]. In a real SOFC, the ionic movement direction is per-
pendicular to the interface, not parallel, as shown in Fig. 15.1. In addition, one of main
reasons for this property is considered to be the strain induced at the interfaces, which
can be relaxed at the elevated temperature of SOFC operation. Therefore, it is not
highly possible to fully utilize the phenomenon in working SOFCs. There exist some
special cases that may exploit the interface phenomenon in metal oxide thin films: like
a coplanar single chamber SOFC that utilizes in-plane conduction at the electrolyte by
placing both anode and cathode at the same surface of the electrolyte [22,23]; and ver-
tically aligned nanostructures (VAN) of which interfaces are along the ionic conduc-
tion paths of SOFCs [24,25]. However, due to certain restrictions in terms of the
operating and/or fabrication conditions, these cases are not commonly used in work-
ing SOFC devices yet.

The main challenge of using metal oxide thin films in SOFCs is rather macroscale
in comparison with the sophisticated epitaxial films. It is about how to realize gas-
impermeable, thin, and dense metal oxide films for the electrolyte; how to realize
nanoporous and sufficiently thick films for the electrode; and how to secure the inter-
facial integrity between totally different microstructures and materials of the layers,
that is, the dense electrolyte and the porous electrodes, which can sustain at elevated
temperatures. The first and the most important and the biggest challenge would be
obtaining a proper electrolyte structure, because it is the most basic requirement to
realize the operating SOFC. In fact, the hurdle to achieve the dense electrolyte by
metal oxide thin film deposition in the SOFC configuration is not trivial, and only
handful of approaches are successful in realizing the desirable structure.

When depositing thin films, substrates are required and the film structure is
dependent on the condition of the surface of the substrate. In general, electrolyte
materials have higher resistivity than electrode materials, thus for lowering the
operating temperature, an electrode-supported SOFC configuration as described in
Figs. 15.2 and 15.3 is preferred to avoid a high ohmic resistance originating from
a thick electrolyte. The electrode should have a porous structure because the gas-
phase reactants, fuel and oxidant, must transport for the fuel cell operation. There-
fore, a gas-impermeable, dense electrolyte should be fabricated over a porous
electrode for the electrode-supported SOFC.

Nevertheless, it is extremely challenging to deposit a dense thin film over a porous
substrate because it contains plenty of discontinuity, which appears like deep steps and
significant roughness. If a highly directional physical vapor deposition (PVD) such as
evaporation, sputtering, and pulsed laser deposition (PLD) is used, one possibility is
that the film stacks up without covering the sidewall of the pore, as shown in
Fig. 15.4A. More realistic situation is that directionality of the deposit is scattered
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Fig. 15.3 Categories of SOFC based on the operating temperatures [4]. Usual operating
temperature range of free-standing-membrane-based SOFC (micro-SOFC), which will be
treated as an LT-SOFC type in this chapter, is indicated together.
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Fig. 15.4 Schematics showing thin film morphologies deposited over porous substrate surfaces.
(A) and (B) are when a deposition method such as PVD is used—(A) highly directional
and (B) realistic. (C) is when a conformal deposition method such as CVD is used.

to a certain extend while it travels toward the substrate and the nucleation of the thin
film would occur at the surface of the substrate and the rim of the pore, as shown in
Fig. 15.4B. For Fig. 15.4A and B, when the pore size is big and the film is thin, it is
impossible to achieve a continuous, dense structure of the thin film. However, when
a conformal deposition such as a chemical vapor deposition (CVD) is used, all sur-
faces and sidewalls of the substrate may be covered, so pore clogging can happen
when a continuous film structure is obtained, as shown in Fig. 15.4C.
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Fig. 15.5 (A) Schematics representation showing thin film morphology change when thickness
increases, (B) YSZ electrolyte deposited over porous cathode [26], and (C) deposited over
porous anode [27].

Reproduced with permission from T. Tsai, S.A. Barnett, J. Electrochem. Soc 142 (1995)
3084-3087, Copyright (1995) The Electrochemical Society, and from A. Nagata, H. Okayama,
Vacuum 66 (2002) 523-529, Copyright (2002) Elsevier.

What happens if the thickness of the thin film increases to cover the pores? If thin
film is being deposited as in the case of Fig. 15.4B, the film deposited on the top sur-
face and the pore rim grow. When the diameter of the deposited domain grows large
enough, then the domain can touch each other to cover the pore, as described in
Fig. 15.5A. The film structure consisting of domains appear as inverted cones, as
shown in Fig. 15.5B and C.

There have been certain trials to deposit sufficiently thick electrolyte films over
porous supports to fabricate SOFCs [26-29]. This approach is unsuccessful mainly
due to two reasons. Although sufficiently thick films reaching 10 pm are deposited,
it was not successful to obtain theoretical open-circuit voltage (OCV) [26-29]. The
OCV is a cell voltage at zero current, and in an ideal condition, it is determined
by the oxygen potential difference across the electrolyte, that is, difference at the
cathode—electrolyte and the anode-electrolyte interfaces. Therefore, if the electrolyte
is a perfect ionic conductor and has no gas leakage, then the OCV should reach the the-
oretical value. Low OCVs indicate that there is gas leakage and/or the electrolyte has
ion-electron mixed conduction. As a perfectionic conductor, YSZ, was used as the elec-
trolyte material, the low OCV values obtained from the above cases imply that the pin-
holes penetrating the entire thickness of the electrolyte exist at the points where the film
domains contact. These pinholes drop the cell voltage, therefore the cell performance
would drop in accordance. Moreover, the pinholes are where the fuel and oxidant mix
and direct combustion of fuel can happen, which eventually result in the catastrophic
destruction from the electrolyte membrane to the unit cell and stack.

The second reason is that there is no reason to use thin film deposition to obtain this
thick electrolyte. It is time-consuming and expensive than other coating methods
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based on ceramic processing such as screen printing to fabricate 10 pm thick electro-
lyte, especially considering that an SOFC with a deposited electrolyte yielded inferior
cell performance to that with a screen-printed electrolyte [29]. With this thickness, it is
nonsense to say thin film deposition is used for reducing the ohmic resistance of the
electrolyte.

Therefore, direct deposition of the electrolyte thin film over the porous electrodes
is not a proper method to obtain gas-impermeable, thin, and dense electrolytes for
LT-SOFCs. This indicates that the conventional configuration of the SOFC cannot
be used for realizing LT-SOFCs based on metal oxide thin films. From the following
section, it will be addressed how this issue can be resolved.

15.6 Free-standing-membrane-based LT-SOFCs:
Micro-SOFCs

The most straightforward method to obtain a thin and dense electrolyte is to deposit
the thin electrolyte over a dense and flat surface of the substrate. How can one obtain
porous electrode structure at the bottom of the electrolyte in this case?

In 2007, an extreme case of the ultrathin electrolyte-supported SOFC design using
microelectromechanical systems (MEMS) technology was invented by researchers
at Stanford University [30]. The core idea is to deposit the electrolyte over a dense
surface to obtain a thin and dense electrolyte structure, expose the bottom of the elec-
trolyte, and then deposit porous electrode later. In Fig. 15.6A, the process flow used in
Ref. [30] is described.

1. A silicon nitride layer, which is an etch mask deposited by CVD over a silicon substrate.

2. An ultrathin YSZ electrolyte was deposited over the top surface of the silicon nitride layer.

3. The silicon nitride layer is patterned at the bottom side of the substrate to open a window for
the chemical etching of the substrate before the electrolyte deposition.

4. The whole structure was dipped in a KOH solution to remove the substrate existing under-
neath the silicon nitride and the electrolyte.

5. The silicon nitride layer was removed by the reactive ion etching (RIE) to expose the bottom
surface of the electrolyte.

6. The porous platinum was deposited on top and bottom surfaces of the electrolyte to form
electrodes.

Ultrathin, free-standing electrolyte-membrane-supported SOFCs can be fabricated by
the above process. As microfabrication including MEMS is used extensively for this
cell type, these are typically called micro-SOFCs. It is possible that the chemical etch-
ing (step 4) is performed prior to the electrolyte deposition (step 2) to form a silicon
nitride free-standing membrane first [31]. The electrolyte film is deposited over the
silicon nitride membrane later. This variation of the process flow is described in
Fig. 15.6B. In either case, the electrolyte is deposited over a dense surface to secure
the dense microstructure.

Ever since the first successful report of the micro-SOFC [30], extensive research
efforts were put in this field for about a decade. To increase the active area of the
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membrane, three-dimensional structures such as corrugated or crater-like patterned
membranes were developed, as shown in Fig. 15.7 [32-35]. Remarkable low-
temperature performance reaching a peak power density of 1.3 W/cm? at 450°C
was reported [34]. Substrates other than Si wafers like patternable glass were tried
as well [36]. To overcome one of the most critical shortcomings of the micro-SOFC,
the extremely small cell area, scale-up of the membrane using supporting grid patterns
were investigated [37-39]. In Ref. [39], exhaustive collection of the properties of the
micro-SOFC reported up to date is presented.

In several variations of the micro-SOFC, it has been attempted to deposit or form
the porous bottom electrode first, then the electrolyte was deposited over the porous
layer [36,40]. In these cases, appropriate OCV values were not obtained. The main
reason is that fully gas-impermeable electrolyte thin film could not be obtained
due to the porous deposition surface condition, as was described in the previous
section. The dependency of the microstructure of the electrolyte on the deposition sur-
face is systematically analyzed in Ref. [40]. In Fig. 15.8, the microstructure of the YSZ
electrolyte deposited on the flat silicon nitride surface, the nanoporous surface with
pore diameter ~40 nm, and the nanoporous surface with pore diameter ~60 nm are
compared. The YSZ films were deposited in the same deposition conditions; there-
fore, the difference in the microstructure is sorely affected by the deposition surface.
In contrary to the dense electrolyte structure obtained over the dense and flat surface
shown in Fig. 15.8A, it can be clearly observed that the inverted cone-shaped grains
resulted from the nucleation and growth over the porous surface in Fig. 15.8B and C,
and the resulting voids can penetrate up to substantial thickness of the electrolyte,
depending on the pore size of the substrate.

This structural difference from the film-substrate interface results in the electro-
chemical property of the micro-SOFC directly. In Fig. 15.9, the OCV values from
various micro-SOFCs based on different deposition surfaces of the electrolyte are
compared [40]. The cell fabricated following the process flow of Fig. 15.6 exhibited
high OCV (self-supported cell I), whereas a micro-SOFC the electrolyte of which
was deposited over porous Pt bottom electrode yielded significantly lower OCVs
(self-supported cell II). The AAO-supported cells yielded even lower OCVs. The
OCYV increase as a function of the YSZ thickness implies that the voids close as
the thickness of the electrolyte increases. However, an OCV reaching that of the
self-supported cell I could not be reached even with 900-nm-thick electrolytes.

Fig. 15.6, Cont’d Process flow of a micro-SOFC when (A) the back-side etching is performed
after the electrolyte deposition, and a resulting SOFC structure [30], and (B) the back-side
etching is performed before the electrolyte deposition, and a resulting PCFC structure [31].
The actual cell structures are reproduced with permission from H. Huang, M. Nakamura, P.C.
Su, R. Fasching, Y. Saito, F.B. Prinz, J. Electrochem. Soc. 154 (2007) B20-B24, Copyright
(2007) The Electrochemical Society, and from J.H. Shim, J.S. Park, J. An, T.M. Giir, S.
Kang, F.B. Prinz, Chem. Mater. 21 (2009) 3290-3296, Copyright (2009) American Chemical
Society, respectively.
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Fig. 15.8 Transmission electron microscopy (TEM) cross-sectional images of 600-nm-thick
YSZ films deposited by PLD on a flat silicon nitride substrate (A), and on a porous anodized
aluminum oxide (AAO) substrate with 40 nm (B) and 60 nm (C) pores [40].

Reproduced with permission from C.-W. Kwon, J.-W. Son, J.-H. Lee, H.-M. Kim, H.-W. Lee,
K.-B. Kim, Adv. Funct. Mater. 21 (2011) 1154-1159, Copyright (2011) John Wiley and Sons.
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Fig. 15.9 (A)—(C) Schematic diagrams of the cell structures and the open-circuit voltages
(OCVs) of the cells on various substrates as a function of YSZ thickness (D) [40].
Reproduced with permission from C.-W. Kwon, J.-W. Son, J.-H. Lee, H.-M. Kim, H.-W. Lee,
K.-B. Kim, Adv. Funct. Mater. 21 (2011) 1154-1159, Copyright (2011) John Wiley and Sons.

One method to resolve the problem is to block the pinholes in the electrolyte by a
conformal deposition like atomic layer deposition (ALD) [40,41]. In Fig. 15.10, the
idea of blocking the pinholes by mixing the deposition techniques and the results are
demonstrated [40]. When the first YSZ layer is deposited over the porous surface, then
the inverted cone shaped grains are grown; and pinholes in between those grains are
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Fig. 15.10 Process tflow to plug the pinholes in the electrolyte by ALD coating. Images showing
the Al,O3 plugging the pinhole existing where inverted cone grains meet and OCV value
change after the ALD modification [40].

Reproduced with permission from C.-W. Kwon, J.-W. Son, J.-H. Lee, H.-M. Kim, H.-W.
Lee, K.-B. Kim, Adv. Funct. Mater. 21 (2011) 1154-1159, Copyright (2011) John Wiley
and Sons.

unavoidable, as shown in the first schematic of Fig. 15.10. When ALD of a metal
oxide thin film, in this case Al,Os3, is deposited, then the entire surface and the pin-
holes are covered by Al,Os3;. As Al,O; is an insulator, the Al,O5 layer covering
the surface is removed and only the Al,O5 part plugging the pinhole is retained. In
the case shown in Fig. 15.10, an additional (second) YSZ layer is deposited on the
surface after the removal of ALD Al,Os, then a cathode layer is deposited subse-
quently to complete a unit cell. The second YSZ layer can be omitted. As can be seen
in the OCV value change, this approach is successful in reducing the pinholes and gas
leakage occurs there. After the method of the electrolyte thin film deposition by ALD
is set, the electrolyte thin films are directly deposited by ALD over PVD electrolyte
layers [41], which can exclude the processing step to remove the surface insulating
layer and the additional electrolyte deposition.

If fabricated properly, the micro-SOFC can yield high OCVs~1V and peak
power density over I W/cm? at temperatures <500°C [34,42,43], which is comparable
with that of conventional anode-supported SOFC around 700-800°C. The operating
temperature of the SOFC can be lowered by 200-300°C to obtain the competitive
cell performance by using this approach. It can be asserted that this MEMS-based
micro-SOFC technology have proven the potential and provided a platform of
LT-SOFCs of high performance with metal oxide thin films [44].

Nonetheless, there are significant issues remaining in micro-SOFCs to be used as
practical devices. One is the scalability, that is, increasing the area of the unit cell. The
micro-SOFCs fabricated on the Si substrate by KOH wet etching will lose substantial
cell area because Si is etched with 54.7° with respect to (100) plane, so the resulting
cell area is much smaller than the etched area starting at bottom of the substrate
[32,44]. Moreover, the poor mechanical strength of the free-standing membrane ham-
pers reliable production and operation of the cell. The membrane ruptures very easily
depending on the temperature, fabrication methods, membrane size, electrolyte



Metal oxide thin film-based low-temperature-operating solid oxide fuel cell 345

thickness, mechanical shock, etc. [45-47]. As mentioned briefly, supporting struc-
tures to augment the mechanical stability of the free-standing membrane have been
researched [37-39,47], but the fabrication complexity increase, lower OCV values
as a price of the larger membrane, and tremendous decrease of the power density
due to the absence of the proper lateral current collection method occurred. Until
recently, the highest total power output from the micro-SOFC is only 21.1 mW from
25 mm? active area at 510°C [38].

The other is the extremely poor stability of the nanoporous metal electrodes, in gen-
eral Pt. The Pt electrodes of micro-SOFCs are generally deposited by sputtering at
high ambient pressure over 10 Pa to scatter intentionally the Pt deposit while traveling
to the deposition surface, in this case the surface of the electrolyte, to reduce the den-
sity of the film for generating nanoporous structures. At an elevated temperature,
although it is a very low temperature for the SOFC as 300-500°C, the nanoporous
Pt agglomerates and dewets quickly at the surface of the electrolyte. To a certain
extent, this is essential to produce the pores in the Pt films to produce triple-phase
boundaries (TPB, electrolyte-electrode-gas-phase interface) [48]. However, after a
very short duration, Pt agglomerates and the interconnectivity of the Pt is lost,
and the cell performance deteriorates to an unacceptable level [43,47]. Most of the
micro-SOFCs lose more than 20% of their peak power performance in less than
an hour [39]. In Fig. 15.11 an example is presented. It was reported that the power
density of the micro-SOFC with porous Pt electrodes reduced by 50% at 400°C, only
after 12 h [43]. The study that demonstrated the highest performance of the micro-
SOFC (1.3 W/cm? at 450°C) reported 30% of performance drop only after 3 h at
450°C as well [34]. Alloying of the metal electrode [49], using a combination of a
nanoporous supporting structure (AAO) and a dense Pt film [47], coating the
nanoporous Pt with an ultrathin oxide layer [50,51] have demonstrated effectiveness
in retarding the structural degradation of the Pt, but more significant improvement is
required in terms of the device lifetime.

15.7 LT-SOFCs fabricated over porous supports

As mentioned in Section 15.5, it is highly challenging to obtain gas-impermeable
and thin electrolytes deposited over conventional porous supports of the SOFC.
Micro-SOFCs discussed in Section 15.6 avoided this problem by depositing the
ultrathin electrolyte over a perfectly dense surface of a substrate, but the lack of scal-
ability, mechanical stability, and durability of the MEMS-based micro-SOFC hamper
the practical usage of the technology.

An approach to resolve both problems is to modify the surface of the porous
support to become appropriate to deposit dense electrolyte over it. If the pore sizes
at the surface of the porous support is sufficiently small, then the pinholes generated
in the electrolyte can be blocked with a relatively lesser thickness (see Fig. 15.8). The
original pore size of the support can be reduced by metal electrode deposition in
between the support and the electrolyte [52,53], or inserting nanoporous structure
by a replication [54]. Still, rather thick electrolytes of a few microns were formed
and even with this thickness, complete prevention of the pinholes in the electrolyte
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Fig. 15.11 (A) SEM micrographs of the cathode and anode as-deposited, heated up to
400°C, 6 h at 400°C, and 12 h at 400°C. (B) Overall performance and OCV of a Pt/YSZ/Pt
micro-SOFC at 400°C operating continuously for 12 h with 5% wet H, as fuel. Open and
closed symbols are for voltage and power density, respectively [43].

Reproduced with permission from K. Kerman, B.-K. Lai, S. Ramanathan, J. Power
Sources 196 (2011) 2608-2614, Copyright (2011) Elsevier.

appeared to be difficult in these approaches because full OCVs were not obtained. The
interfacial strength between the metal electrode and the metal oxide electrolyte can be
weak, which can be another reason damaging the structural integrity of the electrolyte.

It appears that the dense surface of the substrate is essential to secure the desirable
structure of the deposited electrolyte. But in this case, while not using the MEMS
approach, how the bottom electrode structure which is porous and structurally support
the electrolyte at the same time can be obtained?

One solution is to use an electrode support which is dense when the electrolyte is
deposited, then transforms to be porous while the SOFC operation. One example is the
SOFC cell developed in Kyushu University by using the Ni-Fe bimetal alloy as the
substrate of PLD-deposited Sr and Mg-doped LaGaO; (LSGM) electrolyte [55].
A dense sintered body of NiO-Fe,O5 from Fe,O3-coated NiO powder was prepared
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for the anode substrate of the electrolyte deposition. During in situ reduction of
the anode substrate prior to the cell operation, NiO-Fe,O5 reduces to Ni-Fe and the
volumetric change due to the reduction left micropores, while the structure of the
deposited electrolyte was kept intact. Although the thickness of the electrolyte is
rather more (~6 pm), high OCV and performance were obtained. However, in this
approach, the electrolyte delamination was observed depending on the reduction
condition, which is suspected to originate from the weak interfacial strength between
the metal electrode and the metal oxide electrolyte. Another concern is that the small
pore size is kept the same throughout the entire thickness of the support, which can
significantly hamper gas diffusion at the support.

The examples shown above suggest following conditions for successfully fabricat-
ing thin and dense electrolyte over a porous support:

1. The surface of the porous support should be modified to be sufficiently dense for the thin and
gas-impermeable electrolyte deposition.

2. The dense surface layer of the substrate should function as electrode, and should be porous
during the SOFC operation.

3. The dense surface layer better not be pure metal to secure the interfacial bonding with the
metal oxide electrolyte.

4. Except for the surface layer, the main volume of the support needs to be sufficiently porous
not to impede gas transport.

One candidate for the surface layer can be the anode material of the SOFC. Between
the two types of the electrode-supported cell shown in Fig. 15.2, anode-supported cells
are preferred for lower-temperature operation because the resistance of the anode is
generally lower than that of the cathode at low temperatures. Therefore, for the
LT-SOFC, an anode is a natural choice of a support material. Thus, for the material
compatibility, if a dense surface layer of the anode support can be constructed then the
above-mentioned conditions can be satisfied.

The most adopted anode is the composite of the catalyst metal, most commonly
Ni, and the electrolyte material, most commonly YSZ and other doped zirconia
and doped ceria, for securing both electronic and ionic conductivity, catalytic activity,
and material similarity with the electrolyte for interfacial adhesion and thermal
expansion coefficient matching. There have been efforts to deposit NiO-electrolyte
composite thin films [56-60], and by using thin film deposition, highly dense thin
films of NiO-electrolyte composite can be obtained, which can be a proper surface
modification layer of the porous support, as shown in Fig. 15.12A.

However, using as-deposited NiO-electrolyte composite layer as the anode of
LT-SOFCs were largely unsuccessful because of the rapid agglomeration of Ni on
reduction [57-59]. This is because of too fine size of Ni as shown in Fig. 15.12B,
which is only several nm at best, and this fine-sized Ni has huge driving force for
the agglomeration. The driving force of reducing the surface area of the reduced
Ni is so substantial that the Ni particles with size reaching micron scale are produced
on reduction, as shown in Fig. 15.12C and D. It appears that the Ni agglomeration is
somewhat mitigated when the deposited films are not perfectly dense [58,60], but the
complete understanding of the reason and prevention methods are not yet clear.
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(B)

(©) (D)

Fig. 15.12 (A) TEM and (B) high-resolution TEM micrographs of NiO-YSZ (40 vol% Ni after
reduction) film deposited at 700°C in ambient oxygen pressure of 6.67 Pa (50 mTorr).

SEM surface morphologies of the NiO-YSZ film: (C) as deposited; and (D) after 500°C 1-h
reduction in 4% H, [59].

Reproduced with permission from H.-S. Noh, J.-S. Park, J.-W. Son, H. Lee, J.-H. Lee, H.-W.
Lee, J. Am. Ceram. Soc. 92 (2009) 3059-3064, Copyright (2009) John Wiley and Sons.

If this layer is used as the surface modification layer of the porous anode support,
then the Ni agglomeration would destroy the thin film components over it [61].
In Fig. 15.13, a case of using the as-deposited anode composite thin film as the surface
modification layer of the porous substrate is displayed. An electrolyte layer and a cath-
ode layer were formed over the deposited NiO-YSZ layer and after the reduction
for the cell operation, it was found that the whole electrolyte-cathode layers were
lifted by the Ni agglomeration at the NiO-YSZ layer. A proper OCV value was not
obtained for this cell and the cell performance measurement was not possible [61].

As the minute particle size of NiO and the resulting tiny size of Ni is the main
reason of the excessive agglomeration, a solution to avoid this phenomenon is to inten-
tionally grow the grain size of NiO. Muecke et al. [58] reported a systematic study
based on spray pyrolysis Ni/NiO-GDC thin films as a function of the grain size of
the composite. If the grain size is too small and the GDC particles are not well sintered
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| Electrolyte and cathode

Fig. 15.13 (A) Low magnification picture of the surface of the cell with NiO-YSZ interlayer
without postannealing after cell test. (B) Image of delaminated layers [area marked (b) in
(a)]. (C) Ni agglomerates observed underneath delaminated electrolyte layer [area marked (c) in
(a)]. (D) Cross-sectional micrograph showing delaminated electrolyte-cathode layer and
relatively dense interlayer [61].

Reproduced with permission from H.-S. Noh, J.-W. Son, H. Lee, H.-S. Song, H.-W. Lee,
J.-H. Lee, J. Electrochem. Soc. 156 (2009) B1484-B1490, Copyright (2009) The
Electrochemical Society.

together, the driving force to reduce the surface area of the Ni is huge and gigantic Ni
agglomerates would form and destroy the weak ceramic network. The stability of the
ceramic (in this case of GDC) network would be strengthened and the surface area
of the Ni would be reduced by intentional grain growth by postannealing at higher
temperatures. The abnormal coarsening of Ni can be prohibited during the reduction
by both a more rigid ceramic framework and a less driving force for Ni agglomeration.
In Fig. 15.14, a schematic is presented based on the results of this study [58].

One disadvantage of the postannealing of the anode composite is that this cannot be
applied after the thin film electrolyte is deposited such as micro-SOFCs, because thin
film electrolyte cannot sustain its structure at the postannealing temperature. For the
modification of the surface of the porous support like anode supports, however, it is a
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Fig. 15.14 Schematic representation of the different morphologies of nanocrystalline
NiO-GDC (i.e., CGO) films and Ni-GDC cermets as a function of grain size and operating
times [58].

Reproduced with permission from U.P. Muecke, S. Graf, U. Rhyner, L.J. Gauckler,

Acta Mater. 56 (2008) 677-687, Copyright (2008) Elsevier.

very appropriate solution as long as a dense anode thin film layer can be fabricated.
It will satisfy the 1-4 conditions listed earlier, and the material compatibility with
the anode support is perfect, and that with the electrolyte is descent. When the anode
composite is deposited by PVD, almost perfectly dense films can be formed as shown
in Fig. 15.12A, unlike spray-based methods [59]. It was also found that when the
composite film was deposited, each component disturbed each other so the grain struc-
tures of each were equiaxed, not columnar, as shown in Fig. 15.12B [59]. After pos-
tannealing, it was found that the grain growth of each component occurred and
interconnected networks with enlarged grains were formed [62]. By changing the
postannealing temperature, the grain size can be controlled and as grain grows to
a ~100-nm level, no excessive agglomeration of Ni on reduction was observed, as
shown in Fig. 15.15. The TPB density of this structure was found to be almost 20 times
higher than that of the powder-processed anode due to the fine particle size [16], and
plays a key role in securing the low-temperature performance by reducing the resis-
tance originating from the anode-electrolyte interface, owing to the increased TPB
density [17].
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Multilayer Porosity-gradient cathode
thin film Do
electrolyte

Fig. 15.16 A schematic, a digital picture, and an SEM micrograph of a fabricated
multiscale-architectured LT-SOFC.

Based on this layer, the interface structure control at the porous anode support and
the thin electrolyte became possible. The thin film-based LT-SOFC constructed on
this structure is called “multiscale-architectured” thin film SOFC because various
marco-micro-nano structural scale levels are contained in this cell platform [63]. In
Fig. 15.16, a schematic, a digital picture, and an SEM micrograph of an exemplary
2 cm X 2 cm multiscale-architectured LT-SOFC are displayed.

The multiscale-architectured LT-SOFC has following characteristics:

1. Owing to the surface modification of the anode support with a dense and nanostructure anode
composite layer as shown in Fig. 15.16 on the left hand side, the OCV can reach almost the
theoretical value, which indicates that the thin and gas-impermeable electrolytes can be
deposited [62]. The dense nanostructure anode layer transforms into a porous layer during
reduction, which is prior to the initiation of the cell operation [62,64], thus functions properly
as a porous anode.

2. The maximum power density of the cell using conventional SOFC materials has reached
above 2 W/em? at 650°C and about 0.6 W/cm? at 500°C [65]. This performance is about
3—4 times higher than that of powder-processed HT-SOFCs based on the same materials
at the same operation temperature. See Fig. 15.17A and B.

3. The multiscale-architectured LT-SOFC can produce a comparable cell performance to that
of the HT-SOFC at about 150°C lower operation temperature, which demonstrates the
impact of the reduction of the physical dimensions of cell components by metal oxide thin
film technology. See Fig. 15.17C.
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Fig. 15.17 Current density-voltage-power (I-V-P) curve comparison between LT-SOFC [65] and
HT-SOFC [77]. Both LT-SOFC and HT-SOFC were constructed using the same materials:
Ni-YSZ anode, YSZ/GDC bilayer electrolyte, LSC-GDC, and LSC cathode. Cell performance
comparison (A) at 600°C and (B) 550°C. (C) I-V-P curves obtained at temperatures where

the comparable cell performances were obtained, LT-SOFC at 650°C and HT-SOFC at 800°C.

4. The thermomechanical stability is superior to that of micro-SOFCs due to the multiscale
support. It can sustain more than 50 times of thermal cycling and in spite of the cycling,
the cell performance degradation was only 17%/100 h [63]. Under the constant load condi-
tion, the cell degradation does not exceed 1%/100 h at 450°C.

5. The scalability of the cell can be attainable to significantly larger area. It was demonstrated
thata 5 cm x 5 cm multiscale-architectured cell can be fabricated by using a 2-in. sputtering
system [66]. Much larger substrates can be held by a bigger sputtering apparatus and if the
deposition ratio of the complex metal oxides and composites can be secured, then it is
expected that larger area cell fabrication can be easily achievable.

6. Various SOFC electrolyte materials, YSZ/GDC [61,65,67-69], LSGM [70]; cathode mate-
rials like single-phase LSC and LSC-GDC nanocomposites [71-73] can be easily integrated
over the multiscale anode support.

7. Even at the anode side, material flexibility can be achieved owing to the thin film deposition.
Incorporating heterogeneous catalysts at the nanostructure anode functional layer (fuel elec-
trode), nearby the fuel electrode, and the electrolyte interface is possible by multiple layer
depositions [74].

8. Recently, a successful fabrication of a PCFC with doped BaZrOj; thin-film electrolyte built
over multiscale proton-conducting anode supports was demonstrated as well, in spite of the
difficulties of the handling and processing of the doped BaZrO; [75]. In addition, even a
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PCFC can be constructed over an SOFC anode support based on this technology, in spite of
the material dissimilarity [76].

9. The characteristic 8 and 9, that is, various material combinations, is possible because the cell
components of multiscale-architectured LT-SOFCs are fabricated by thin film deposition.
After a surface-modified multiscale anode is fabricated as a rigid substrate, the metal oxide
thin film components are deposited at much lower temperatures than that of the sintering
temperature, which eliminates the problems related to the sintering shrinkage and the unde-
sirable chemical reaction accompanying the high-temperature sintering.

In all, the multiscale-architectured thin film-based LT-SOFC can be a representative
example, which demonstrates the importance of the proper interface structure modi-
fication between the porous support and the thin film electrolyte for obtaining an
LT-SOFC not only with high performance but also with reasonable stability. In addi-
tion, it demonstrates the impact of the thin film and nanostructures for the operating
temperature reduction of the SOFC, as well as the advantage of the thin film
processing when properly used. Although much further research and development
are required to construct an integrated LT-SOFC system with long-term stability
for practical applications, this cell platform shows promising potentials at the unit cell
level in comparison with other competing technologies.

15.8 Concluding remarks

In this chapter, efforts to lower the operating temperature of SOFCs by using metal
oxide thin film technology and interface control is discussed. The advantages of the
SOFC can be retained, whereas the disadvantages like fast degradation and poor reli-
ability can be effectively overcome if the metal oxide thin film technology is properly
utilized to lower the operating temperature of the SOFC without compromising the cell
performance. However, interfacial structure control to suppress instability of the thin
electrolyte and nanostructure electrodes at an elevated temperature should be seriously
considered to realize an LT-SOFC, which can be reliably applicable to real devices.
Especially, the most important prerequisite is to realize a dense, gas-impermeable thin
film metal oxide electrolyte over porous electrode structures. Here, an example of such
a cell platform, the multiscale-architectured thin-film-based LT-SOFC, is introduced.
Although this platform demonstrated the potential of a thin-film-based LT-SOFC with
high performance and improved stability, there still remain many tasks to further mit-
igate the intrinsic weakness of the thin film and nanostructures at the operating temper-
ature of the LT-SOFC. Provided these issues are resolved, the possible applications of
the SOFC technology will be expanded to the greatly integrated high-energy density
power sources of which the need is ever increasing for the portable and mobile appli-
cations such as unmanned aerial, ground, undersea vehicles, robots, and electric cars, as
well as for the conventional SOFC usages.
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