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Solid oxide fuel cells (SOFCs) are electrochemical systems converting the energy
released during fuel oxidation into electrical energy. SOFCs are considered as a
promising clean energy technology due to the high efficiency of fuel-to-power
conversion and environmental friendliness. The potential applications of SOFCs extend
from stationary power generation units for industrial and household facilities to
auxiliary power units in vehicles and portable power sources. One of the main elements
of SOFCs is a solid oxide electrolyte possessing ionic conductivity at high temperatures
(above 700 °C). The main challenge in the SOFC commercialization is related to their
high operating temperature, which entails materials degradation, short life-time, long
start-up and shut-down times, and high cost. One of the most effective ways to reduce
the SOFC operating temperature is to minimize the electrolyte thickness. In this regard,
fabrication of SOFCs with a thin film electrolyte has been attracting high research
activity over the past few decades. Different fabrication techniques were reported to
be applicable for manufacturing thin film SOFCs, and the fuel cell performance was
found to be highly dependent on the appropriate selection of materials and processing
technologies. The present review is focused on state-of-the-art fabrication technologies
of the thin film SOFCs. A brief survey of configurations and geometries of the thin film
SOFCs and methods of deposition of solid-oxide films is given. Special attention is
focused on the electrical generation performance of the thin film SOFCs.

keywords: electrode-supported SOFC, metal-supported SOFC, thin film electrolyte, film deposition,
freestanding electrolyte
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1. Introduction

Fuel cells generate clean energy in an efficient and
reliable way. Solid oxide fuel cells (SOFCs) are considered

http://creativecommons.org/licenses/by/4.0/).

to be the most promising fuel cell technology among
other types of fuel cells (proton-exchange membrane-,
direct methanol-, alkaline-, phosphoric acid- and molten
carbonate fuel cells) due to their exceptionally high
efficiency, especially when the SOFC operation is

a:

combined with a heat source [1-4]. Application of SOFCs
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negative impact of existing energy technologies,
especially considering the issue of high greenhouse gas
emission. Besides, SOFCs are flexible with respect to fuel
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selection, being able to operate on a variety of fuels -
including natural gas, biogas, hydrogen, hydrocarbons,
syngas etc. [5-7]. Due to the high operation temperature
(700-1000°C), the internal reforming of light
hydrocarbons (e.g. methane) is feasible in SOFCs, which
eliminates the need for pre-reformers and allows for the
cost reduction [8-11]. The other advantage of high
operating temperature is that there is no need to use
expensive precious metals as a catalyst, in contrast to the
proton-exchange membrane fuel cells; instead, more
affordable oxides or composite materials possessing
high electrochemical activity at high temperatures can be
used in SOFCs [12-16]. SOFCs may find application in a
wide range of areas, including stationary power
generation for industrial and household facilities,
auxiliary power units in vehicles, power supply in all-
electric vehicles and portable electronic apparatus. The
use of SOFCs as a part of a combined heat and power
system, where the excess thermal energy from the fuel
cell is used for space and water heating, increases the
overall system efficiency.

Despite the obvious advantages of SOFCs, their high
operation temperature leads to a number of
difficulties such as time-consuming start-up and shut-
down procedures, materials degradation, short
lifespan and high cost. The increasing variety of
portable electronic devices such as cellular phones,
notebooks, laptops, military and medical apparatus
etc., has set the ground for the development of low-
sized SOFCs operating at intermediate temperatures
in order to provide the necessary energy supply
[2,5,7,17,18]. In contrast to batteries, which need
periodic recharges, the fuel cells produce power
permanently, as long as fuel and air are supplied.
Consequently, the current trend in the SOFC
technology development is directed at reducing
operating temperature and weight-size parameters of
the fuel cells. The most evident solutions of these
problems include searching for novel highly
conductive and electrochemically active materials,
decreasing thickness and optimizing microstructure
of the functional layers. Fabrication of SOFCs with a
thin film electrolyte has been attracting high research
activity over the past few decades; and the present
review aims to summarize the current challenges and
advantages in this field, including fabrication
technologies, design strategies, and electricity
generation performances.
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Figure 1 Schematic diagram of a hydrogen fueled SOFC and its
operation mechanism [19].

2. Operation mechanism, configurations and

geometries of thin film SOFCs

A typical SOFC is composed of two porous ceramic
electrodes separated by a dense solid oxide electrolyte.
Schematic structure and operation mechanism of SOFCs
are presented in Figure 1. Gaseous fuel (in the present
case, hydrogen) is fed to the anode side, while the air is
supplied to the cathode side. The difference of the
oxygen chemical potentials in the anode and cathode
gases creates a driving force for reduction of oxygen into
oxide ions at the cathode and diffusion of the oxide ions
through the solid oxide electrolyte to the anode, where
they oxidize the fuel. Accordingly, the electrons are
generated at the anode and flow toward the cathode
through an external circuit. Thus, chemical energy is
converted to electrical energy.

Yttria-stabilized zirconia (YSZ) with a fluorite structure is
the most commonly used electrolyte due to its excellent
electrolytic properties, chemical stability, and mechanical
strength [20-22]. The history of SOFCs began with the
electrolyte-supported cells due to the excellent
mechanical properties of YSZ ceramics. Later, other
oxide-ion electrolytes, such as CeO2 based oxides with
the fluorite structure, LaGaO3 based perovskites etc.,
and the proton-conducting electrolytes began to be used
[13,14]. The fact that the oxide-ion conductivity in solid
oxide electrolytes reaches a sufficient value at the
temperatures above 700°C determines the range of the
SOFC operating temperatures (700-1000°C). The use of
proton-conducting electrolytes allows for the reduction
of the SOFC temperature to 500-700°C due to the lower
activation energy of proton transport. A porous cermet
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made of nickel and YSZ or another electrolyte is generally
used in SOFCs as an anode [19,23-26]. The ceramic
component in the cermet anode smoothes the chemical and
thermal mismatch of the electrode and electrolyte materials,
which is crucial for the SOFC integrity [27]. Solid oxides
possessing high oxide-ion and electronic conduction are
considered as suitable cathode materials; the most
commonly used among them are the oxides AMO3 (A = La,
Ba, Sr; M= Mn; Fe, Co, Ni) with the perovskite-type structure
[19,28-33] and A2NiO4 (A = La, Nd, Pr or Sr) with the
Ruddlseden-Popper structure [34-38].

The main configurations of the thin film SOFCs are the cells
with (i) a supporting electrolyte, (ii) a supporting electrode
(an anode or a cathode), and (iii) an external support[39], as
schematically shown in Figure 2. The SOFC with a
freestanding electrolyte film, which is schematically
presented in Figure 3, can be considered as a distinct type of
thin film SOFCs [39,40]. In the case of the electrolyte-
supported SOFC, a dense ceramic electrolyte provides
mechanical support of the cell. For this purpose, the
electrolyte thickness should be at least 200 pm, which causes
significant ohmic losses during SOFC operation. Currently,
the most common types of thin film SOFCs are the anode-
and metal-supported ones. Cathode-supported SOFCs are
less frequent because of a significant mismatch of thermal
behavior of the materials. In addition, the need for high-
temperature sintering of an electrolyte film leads to chemical
reactions of the electrolyte with common cathode materials.

The main SOFC geometries are planar and tubular; their
schematic views are depicted in Figure 4. The planar cell is a
typical sandwich geometry with a planar electrolyte
membrane placed between electrodes. This geometry is
commonly used due to the relatively simple and low-cost
manufacturing technology of single cells and high density of
power; however, the assembling of single cells in a stack and
the stack hermetization are rather sophisticated [39-43]. In
contrast to the planar cells, the tubular geometry provides
much easier sealing and hermetization of stacks, but
manufacturing of single cells is more complicated.

s Electrolyte
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Electrolyte Cathode Anode Externally
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Figure 2 Schematic configurations of the film-supported SOFCs
[39]-
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Figure 3 Schematic configurations of a SOFC with a
freestanding electrolyte: (a) flat cell [40], (b) corrugated
cell [41].

3. Brief description of film deposition technologies

Film deposition technologies can be divided into
three groups: the methods based on (i) physical
processes (physical vapor deposition, PVD), (ii)
chemical processes (chemical vapor deposition (CVD)
and chemical solution deposition (CSD)), and (iii)
ceramic powder-based technologies [44-49].

PVD includes vaporization or sputtering of a solid
target in a vacuum and deposition of the vaporized
particles on a substrate surface [50-52]. High vacuum
conditions are required to ensure transport of the
film-forming particles to the substrate without losing
energy by colliding with gas atoms. A large variety of
PVD techniques such as electron beam physical vapor
deposition [53-56], ion beam sputtering [57,58],
magnetron sputtering [59-61] were shown to be
applicable for film deposition of solid oxide
electrolytes.

CVD technologies are based on deposition of gaseous
precursors on a substrate surface, followed by
chemical interaction to produce a film of a target
composition [62]. The gas phase can be generated by
spraying (Aerosol Assisted CVD, Spray Pyrolysis)
[63,64] or injection of liquid solutions (Direct Liquid
Injection) [65]. Atomic layer deposition (ALD) is a
variant of the CVD technology based on alternation of
two or more sequential surface reactions of gaseous
precursors; each surface reaction is completed by
formation of one atomic layer bound with the
underlying layer by chemical bonds [66-69].
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Figure 4 Schematic views of (a) planar and (b) tubular SOFCs
[41,43].

Deposition of alternating monolayers results in the
formation of an epitaxial film of a target composition.
CVD and PVD technologies male it possible to obtain films
with a thickness from a few nanometers to hundreds of
nanometers.

CSD methods are based on deposition of liquid solutions
containing film-forming cations on a substrate surface,
followed by chemical reactions to produce a target film
[70-73]. The film-forming solution is typically deposited
on a substrate surface by multi-step spin-coating, dip-
coating or spraying; then the deposited layer is exposed
to drying and synthesis. Thickness of the films produced
by CSD depends on the solution characteristics
(concentration, viscosity, wetting ability), the substrate
surface state (roughness, porosity), and the deposition
process parameters, however, after a single deposition
step, it typically reaches tens of nanometers [73]. To
attain sufficient gas-tightness of the film membrane,
several steps of solution deposition are typically
required.

The ceramic powder-based technologies are used for
fabrication of ceramic layers with a thickness of several

REVIEW

micrometers. Most of the ceramic powder-based
methods are based on casting of a suspension, or aslurry,
which contains a fine oxide powder, a solvent, a binder, a
dispersant, a plasticizer, and other components. The
commonly used methods of the ceramic slurry casting
are tape-casting [74-77], tape-calendaring [78-80],
screen-printing [81-85], and phase inversion [86-88].
Electrophoretic deposition, in which fine ceramic
particles suspended in a liquid medium migrate to an
electrode, forming a coating under an applied electric
field, also can be considered the ceramic powder-based
technique [89-93]. The suspension composition and the
processing parameters must be thoroughly developed
for each composition and casting technology of the
produced ceramic layer. The powder-based methods are
technologically simple, cost-effective, and scalable; that
is why they are widely used in the SOFC manufacturing.

4. Anode-supported SOFCs

4.1 Fabrication and performance of planar type anode
supported SOFCs

The planar anode-supported SOFCs are considered to be
a promising type of thin film SOFCs due to the lowered
ohmic losses, which allows for the enhancement of the
cell efficiency, relatively low-cost and scalable
manufacturing processes. The fabrication technologies
and performance of the planar anode-supported fuel
cells have been reported in multiple studies. The
technologies based on the use of ceramic powders are
widely used for casting of oxide- and composite
functional layers for SOFCs due to their high scalability
and low cost.

A fuel cell with a thin proton conducting electrolyte
SrZro.5Ce0.4Y0.103-6 (SZCY) supported by NiO-SZCY
(weight ratio of 3:2) composite anode and
BaC00.4Fe0.4Zr0.1Y0.103-5 (BCFZY) cathode was
fabricated by using tape-casting and screen-printing
techniques by Leonard et al. [95]. First, the slurry
containing the SZCY ceramic powder was cast onto a
silicone-coated polymeric foil and dried at room
temperature, then a thin functional layer of NiO-SZCY
slurry was cast directly on the SZCY layer and dried, and
lastly the support layer of NiO-SZCY slurry was cast over
the functional layer and properly dried. This 3-layered
green tape was cut into square plates and sintered at
1300 °C for 5 h. Flat ceramic half-cells of 50 x 50 mm? and
100 x 100 mm?* with the sufficiently dense and gas-tight
electrolyte layer were obtained. The cross-sectional
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scanning electron micrograph (SEM) of the sintered
half-cell before reduction is presented in Figure 5a.
Lastly, a BCFZY cathode slurry was screen-printed
onto the SZCY electrolyte and sintered at 900 °C for 2
h. After sintering, the cathode exhibited porous
microstructure with a thickness of about 50 um, as
can be seen in the cross- sectional view of the cell
(Figure 5b). The thicknesses of the electrolyte film
and the supporting anode were approximately 16 um
and 400 um, respectively. The electrochemical testing
of the 50 x 50 mm? cell revealed the open circuit
voltage (OCV) of about 1.18 V and the power density
of 170 mW cm™ under the supply of humidified
hydrogen (5% H20) to the anode and air to the
cathode at 600 °C. The high OCV value confirmed the
good gas-tightness of the electrolyte film. According
to the authors, the obtained moderate power density
can be improved by reducing the electrolyte thickness
and enhancing the cathode microstructure.
Nonetheless, this research demonstrates that
sequential tape-casting combined with screen-printing
is applicable for low-cost fabrication of the planar anode-
supported SOFCs.

Figure 5 Cross-sectional SEM images of (a) sintered half-cell
before reduction and (b) complete cell, with SZCY electrolyte
deposited by tape-casting [95].
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Figure 6 Cross-sectional SEM image of the sintered anode-
supported cell with BCZY electrolyte deposited by dip-coating

[96].

Liu et al. [96] reported another ceramic powder-based
technology of manufacturing the planar anode-
supported SOFCs with a proton-conducting electrolyte. A
cermet of NiO-Ba0.96(Ce0.66Zro.1Ni0.04Y0.2)03-6
(BCZNY) was selected as the supporting anode. The
powder mixture of NiO and BCZNY (weight ratio of 3:2)
was axially pressed into button pellets and sintered at
800 °C for 2 h to obtain green anode substrates. For the
electrolyte layer casting, a suspension containing the
ceramic powder of proton electrolyte
Ba(Ce0.7Zro0.1Y0.2)03-86 (BCZY) was prepared. A thin
electrolyte layer was deposited on the green substrates
by dip-coating, and the obtained green half-cells were co-
fired at 1400 °C for 5 h. Then a composite cathode layer
consisting of La0.6Sr0.4C00.2Fe0.803-8 (LSCF) and BCZY
(weight ratio of 7:3) was brush-painted onto the central
part of the electrolyte and sintered at 1000 °C for 2 h. The
cross-sectional SEM image of the sintered cell is
presented in Figure 6. As can be seen, the thickness of
the electrolyte layer was approximately 35 um. It was
revealed that the addition of a small amount of Fe and/or
Ni into BCZY improved the electrolyte conductivity and
the SOFC performance at reduced temperatures. The
doping was shown to enhance the electrolyte
sinterability: the addition of 2 mol % of Ni/Fe helped fully
densify the electrolyte by sintering it at 1400 °C. The
highest electrochemical performance with a peak power
density of 973 mW c¢cm™ at 700 °C was demonstrated by
the fuel cell with the 2 mol% NiFe-doped BCZY electrolyte.
Furthermore, it was shown that the ohmic resistance
dominated the overall resistance of the fuel cell with the
35 um thick electrolyte at 700 °C. Accordingly, reducing
the electrolyte thickness is expected to result in a higher
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peak power density; however, the cells with 20 um and
10 um-thick electrolyte layers demonstrated the similar
values of the peak power densities (1070 and 1084 mW
cm™ at 700 °C, respectively), which indicated that the
electrode performance also needed improvement.

Another important finding of this research is that
diffusional interaction occurs between the electrolyte
and cathode materials during the cell fabrication and
operation [96]. Results of the energy-dispersive X-ray
spectrometry (EDX) of the fuel cell after 200 h operation
revealed the counter diffusion of Srand Ba. Ba was found
to have almost the same concentration in the cathode
layer as in the electrolyte, while accumulation of Sr, Zr,
andY in the electrolyte indicated formation of the related
oxides. The diffusion might cause the degradation of the
cell performance. The problem can be solved by putting
a barrier layer between the cathode and electrolyte
layers and preventing the diffusion, or by using the
cathode and electrolyte materials with a similar
composition.

Le et al. reported a successful fabrication of the single
proton-conducting planar SOFCs, which consisted of the
supporting Nickel-electrolyte anode,
BaCe0.2Zr0.6Y0.203-0 or BaCe0.4Zr0.4Y0.1Yb0.103-6
electrolyte, and BaC00.4Fe0.4Zr0.1Y0.103 (BCFZY)
cathode [97]. The anode supports were prepared by dry
pressing the anode powder. The electrolyte layer was
applied onto the supports by dip-coating of the
suspension containing the powders of BaCO3, CeO2,
ZrO2, and Y203 in stoichiometric ratios. The obtained
half-cells were sintered at temperatures between 1450
and 1550 oC for 15 h. Then the BCFZY cathode was brush-
painted onto the electrolyte. The completed cells were
sintered at 900 oC in air for 5 h. The single cells were
approximately 1 mm thick and 38 mm in diameter, with
an active area of about 5 cm? The thicknesses of the
anode support, electrolyte and cathode layers were 1
mm, 20 um and 20 um, respectively. A small stack
consisting of three single cells was assembled and tested
in the fuel cell regime for 2500 h. The stack exhibited
good electrochemical performance, with a maximum
power density of 690 mW cm™ upon supplying hydrogen
to the anode and air to the cathode at 600 °C. The long-
term testing of the stack revealed a voltage-degradation
rate of 1.5% kh™ at 550 °C, which is certainly a good resuilt.

Majhi et al. successfully used the electrophoretic
deposition technique for fabrication of a planar SOFC
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with a NiO-YSZ supporting electrode [98]. The 10 um
thick YSZ film deposited from 1 wt % suspension in
acetylacetone at 50 V for 180 s and sintered at 1450 °C for
5 h exhibited dense grain morphology without cracks or
pinholes. The obtained YSZ/NiO-YSZ bi-layers were co-
sintered at 1450 °C for 5 h. An LSM-YSZ (LSM denotes
La0.8Sr0.2Mn03-3) cathode was paint brushed on the
electrolyte layer and sintered at 1200 °C for 2 h. Testing of
the completed SOFC in hydrogen as fuel and ambient air
as oxidant exhibited a high OCV value of 1.03 V, which
indicated satisfactory gas-tightness of the cell and peak
power density of about 624 mW c<m™ at 800 °C.
Impedance measurements revealed that the cell
performance was restricted by the polarization losses,
which can be reduced through optimization of the
electrode microstructure.

Russian research group reported on fabrication process
and testing of the planar large-area (100 x 100 mm?)
anode-supported cells with an oxide-ion conducting
electrolyte based on zirconia and a bilayer Nickel-cermet
supporting anode, using both the powder technologies
(tape-casting and screen-printing) and physical vapor
deposition (PVD) methods (magnetron sputtering and
ion-beam treatment) [99]. Anode substrates consisting
of (5c203)0.1-(Y203)0.01-(Zr02)0.89 (10Sc1YSZ) and
NiO were fabricated by tape casting. To reach the target
thickness of the supporting anode, five green tapes were
laminated, four of which contained rice starch as pore
former to create a highly porous layer, and the fifth tape
had no pore former to make a denser thin functional layer
on the top of the supporting anode. The laminated plates
were sintered in air at 1350 °C for 2—-4 h. Then, the two-
layer electrolyte was deposited on the sintered supports
by reactive pulsed dual magnetron sputtering in Ar/O2
atmosphere: first, the layer of Zr-Y (85:15 at. %), and then
the Ce-Gd (90:10 at. %) layer were deposited. The
substrates were heated to 400 °C to enhance the film
density. To improve the film gas-tightness, the surface of
the deposited electrolyte was treated with ion beams for
10 min, which allowed it to heat and densify the upper
electrolyte layer, avoiding unwanted chemical
interaction between the electrolyte and anode materials.
This method of enhancing the gas-tightness of refractory
solid oxide films deposited by sputtering techniques was
shown to be effective in [102]. A cross-sectional SEM
image of the fabricated anode-supported half-cell is
presented in Figure 7. The total thickness of the
sputtered two-layer electrolyte was about 5.5 um, which
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is much less than a typical thickness of layers deposited
by the ceramic powder-based technologies (tens
micrometers). To complete the cell, the La0.8Sr0.2Co03-
d cathode layer was applied by screen-printing. The fuel
cell demonstrated an excellent electrochemical
performance: the peak power densities of 1.8 W cm™ and
0.96 W cm™ at 800 and 700 °C were attained. The
decrease in power density by half upon lowering the
operating temperature to 700 °C was caused by an
increase in the polarization resistance by more than 5
times, whereas the contribution of ohmic losses changed
insignificantly. Thus, further optimization of the
composition and microstructure of the electrodes is
needed. The long-term stability of the fabricated cells
was not reported. Nonetheless, this study showed that
the applied combination of the powder and vacuum
deposition techniques for the solid-oxide cells
manufacturing has prospects for a scalable production.

Combination of the powder and PVD techniques for
fabrication of the planar anode-supported SOFCs was
also used by Kang et al. [100]. The supporting NiO-YSZ
electrode (weight ratio of NiO to YSZ of 63:37) consisted
of two layers — a highly porous anode collector layer
(ACL) and a denser thin anode functional layer (AFL) - as
well as in the cell described in[99]. The ACL was made by
tape casting using carbon black and graphite as pore
formers (10 wt%). The tapes were dried at room
temperature and atmospheric pressure for 48 h, then cut
and pre-sintered at 1000 °C for 4 h. The AFL was prepared
by the spin-coating technique with the NiO-YSZ paste
mixture (weight ratio of NiO to YSZ of 47:53). The bilayer
supports, co-sintered at 1350 °C for 4 h, were
approximately 2.5 c¢cm in diameter and 500 um in
thickness. Then, a bilayer electrolyte was deposited: first,
1 um-thick YSZ thin film was deposited on the anode
substrate by direct current reactive sputtering in Ar-O2
(8:2) at room temperature; then, 300 nm Ce0.9Gdo.102-
8 (GDCQ) thin film was deposited by radio-frequency
sputtering in the same atmosphere. After the electrolyte
deposition, the half-cells were co-sintered at 1000 °C for 1
h. La0.65r0.4C00.2Fe0.803-6 (LSCF)-GDC (weight ratio
of 6:4) cathode layer was coated by screen-printing and
sintered at 970 °C for 2 h. SEM study showed that the
thickness of the sintered cathode layer was about 30 um;
the ~1.3 um thick electrolyte had dense fine-grained
morphology without pinholes or cracks, with grain size
up to 100 nm. The fabricated SOFC demonstrated the
peak power density of about 600 mW cm™ at 650 °C.

REVIEW

Fabrication of a thin film electrolyte using PVD
technology for the planar type 10 x 5 cm? solid oxide fuel
cells was reported by Solovyev et al.[101]. Acommercially
available NiO-YSZ anode (SOFCMAN, China) with a
thickness of 400 um was used as a substrate. The 4 pm
thick YSZ and 2 pum-thick GDC electrolyte layers were
deposited by reactive magnetron sputtering using
metallic targets Zr0.86Y0.14 and Ce0.9Gdo.1in Ar-02 gas
mixture at the substrate temperature of 450 °C. The
deposited films were sintered at 1200 °C for 1 h in air.
Then, a composite cathode La0.6Sr0.4C00.2Fe0.803-
Ce0.9Gd0.103 (LSCF-GDC) was screen-printed on the
electrolyte surface and dried at 100 °C for 1 h. The
sintering of the cathode layer was completed during the
first testing of the cell at 750°C. After sintering, the
cathode thickness was 15 um. No cracks or delamination
of the layers were found. Testing of the fuel cell
demonstrated a high OCV of 1.14 V at 750 °C, which
confirmed the sufficient gas-tightness of the electrolyte
layer. However, the peak power density of the cell was
rather low, approximately 470 mW cm™. The authors
explained it by the high resistance of the cathode/current
collector interface (the latter was made of stainless steel)
due to insufficiently tight contact over the large interface
area. Nonetheless, the possibility of using PVD
technology for manufacturing the large-area planar type
SOFCs with a thin film electrolyte was demonstrated.
Moreover, a three-cell SOFC stack was assembled using
the 10 x 5 cm®> anode-supported cells, metallic
interconnects, and glass sealing. The peak power density
of the stack (520 mW cm™ at 750 °C) was just slightly
higher than that of the single cell, which may indicate
problems with the stack assembling.

Figure 7 Cross-sectional SEM image of the anode-supported
half-cell with YSZ/GDC electrolyte deposited by reactive pulsed
dual magnetron sputtering [99].
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Attempts to increase an effective area of the planar thin
film SOFCs often cause serious cell integrity problems.
Kim et al. [103] investigated the thermal and structural
stability of a planar anode-supported SOFC using a 10 x 10
cm? single cell and found that the cell was vulnerable to
the thermal RedOx cycling caused by poor sealing. It was
concluded that the cell gas tightness had to be enhanced
to increase the lifespan. Moreover, thermal stresses
caused by mismatch of thermal expansion between cell
components and thermal gradients, which were shown
to be significant in the planar SOFCs, can lead to
microstructural changes, fractures, and delamination
[104-106].

Thus, the current state of research confirms that the
planar anode-supported SOFCs have a potential of highly
efficient electricity generation, but serious challenges,
mainly related to the stack assembling and the long-term
stability, need to be addressed [101,103,107]. The low-
cost, simple, and scalable ceramic powder-based
technologies are applicable for deposition of a gas-tight
electrolyte layer with a thickness of tens micrometers. To
obtain thinner membranes, it is more appropriate to use
PVD or CVD technologies.

4.2 Microtubular anode-supported SOFCs

The possibility of manufacturing microtubular SOFCs was
first reported at the end of the 20th century: Alston et al.
[108] demonstrated extrusion of thin YSZ ceramic tubes
with wall thickness of 100-200 pum, which could be used
as the electrolyte for SOFC operation, and assembled a
stack of 1000 microtubular cells. It was shown that the
tubular fuel cells could withstand 200 °C/min temperature
rise. The peak power density of the reactor was not high
- only 82 mW cm™ at 850°C; nonetheless, significant
advantages of the microtubular SOFCs, such as small size
and fast start-up, were demonstrated. Later, it was
reported that even faster thermal cycling did not cause
any degradation of the microtubular cells: the stacks
could withstand the heating rates of 550 °C min™,
producing normal power at the operating temperature
of 800 °C [109]. The single cells were put into preheated
ovens for heating up and pulled out for cooling down.
Fast start-up and small size are essential for use as
auxiliary power units on a vehicle, automotive power
supply systems, mobile electricity generators, and
battery rechargers.

Currently, the most studied microtubular cells are the
anode-supported ones, as this configuration allows for
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the reduction of the ohmic losses [39,110-112,117-119].
The supporting microtubes are usually made by phase
inversion method, which has the flexibility in control and
tailoring of the microstructure. Monzdén et al. [110]
reported on fabrication of NiO-YSZ (volume ratio of 1:1)
tubular anode supports by the phase inversion process.
YSZ electrolyte film was deposited on the NiO-YSZ tubes
by dip-coating and co-sintered at 1500 °C for 2 h. Then, a
multilayer cathode (La0.8Sr0.2)0.98Mn0O3 (LSM) was
deposited by dip-coating as follows: first, a composite of
LSM-YSZ (weight ratio of 1:1) was deposited on the
electrolyte surface to serve as a functional layer, then the
composite with a higher LSM content (weight ratio of 4:1)
was applied to the current collector layer. The fabricated
microtubular cells were 6 mm in length, 3.2 mm outer
diameter, 2 mm inner diameter, 20 um YSZ electrolyte, 15
pum LSM-YSZ functional layer and 15 pm LSM-YSZ current
collection layer. The cell was tested using H2-3% H20 as a
fuel at 800 °C for a period over 1000 h. High OCV value
(~1.1V) proved the good gas-tightness of the cell. Cross-
sectional SEM images of the fabricated microtubular
anode-supported cell before and after 1000 h operation,
shown in Figure 8, demonstrate that nickel coarsening

Initial state

Figure 8 Cross-sectional SEM images of microtubular anode-
supported cell with dip-coated YSZ electrolyte before and after
1000 h operation [110].
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occurs during the long-term operation; however,
impedance measurements revealed negligible cell
degradation. Chronoamperometric testing of the cell
performed at 800 °C, 0.8 V and 5 cm? min™ of humidified
hydrogen (3% H20) as fuel demonstrated almost
constant current densities of ~400 mA cm™ for 1000 h.

The microtubular type electrochemical cells are also
being developed in Russia: the use of the phase inversion
process for fabrication of the anode-supported fuel cells
and the oxygen permeable membranes was reported in
[111,121-123].  Zazhigalov et al. [111] reported on
manufacturing the microtubular anode supports NiO-
YSZ using the polymer paste made of the stoichiometric
amounts of YSZ and NiO powders, N-methylpyrrolidone
as a solvent, and polysulfone as a polymer (weight ratio
of 12:4:1). The polymer paste was extruded in the
coagulation bath. The obtained green tubes were
calcined at 600 °C for 2 h to burnout the organic binder
and sintered at 1150 °C for 6 h in air. A 10 um layer of YSZ
electrolyte and a 20 pum layer of composite cathode
La0.6Sr0.4C00.2Fe0.803-6(LSCF)-Ce0.9Gd0.102-8 (GDC)
(weight ratio of 1:1) were deposited by dip-coating.
Electrochemical testing of the microtubular fuel cell
demonstrated high current density of about
200 mA cm™ at 800 °C.

Adnode Functional layer 10 ym
Anode

Electrolyte 10 ym

——  Cathode 30 ym

Figure 9 Cell configuration of tubular Ni-BZCY-supported SOFC
developed in [112].
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A microtubular SOFC with the proton-conducting
Ba(Zro.1Ce0.7Y0.2)03-8  (BZCY)  electrolyte  was
developed by Min et al. [112]. Ni-BZCY anode tubes were
fabricated by the phase inversion method and served as
the cell support. The green tubes were dried for 2-3 days
and pre-sintered at 1100 °C for 3 h. The inner and outer
diameters of the anode tubes were about 7.5 mmand 9.3
mm, respectively, and the length reached 4 cm (see
Figure 9). Then, Ni-BZCY nanocomposite slurry was
deposited on the tubes by dip-coating to act as an anode
functional layer. Later, the layer of BZCY electrolyte was
deposited by vacuum slurry coating method and co-
sintered at 1450 °C for 5 h. Finally, LSCF-BZCY cathode
(LSCF denotes Lao.65r0.4C00.2Fe0.803-8) was prepared
by dip-coating, and the completed cell was sintered at
1100 °C for 3 h. The fabricated tubular-type cell exhibited
good performance: the OCV value of 1.01V and the peak
power density of about 0.5 W cm™ were measured upon
supply of humidified hydrogen (5% H20) as fuel at 700 °C.

It is well known that microstructure of a supporting
anode has a strong effect on the SOFC performance. A
significant advantage of the porous supporting
electrodes produced by the phase inversion method is
that the pore orientation and size facilitate diffusion of
gaseous fuel to the triple phase boundary where the
electrochemical reactions occur, which should enhance
the SOFC performance [87,111]. For illustration, the cross-
sectional SEM images of the YSZ film deposited by dip-
coating on the NiO-YSZ tube produced by phase
inversion are presented in Figure 10.

Rabuni et al. [114] developed an enhanced tubular
electrode design with the help of a modified phase-
inversion method. YSZ microtubes were produced by
extrusion of a suspension containing YSZ ceramic
powder through a custom-designed spinneret into an
external coagulation bath of deionized water. The green
microtubes were left in water overnight to complete the
phase inversion and then sintered at 1450 °C for 6 h. SEM
images of the fabricated YSZ tube presented in Figure 11
demonstrate a non-uniform structure consisting of a
thick porous layer with radially oriented microchannels
and a dense thin outer layer with a thickness of about
10 um. The dense layer serves as an electrolyte, while the
porous layer is an appropriate framework for deposition
of anode materials. The dual-layer cathode consisting of
an inner LSM-YSZ (weight ratio of 1:1) layer and an outer
LSM layer was painted onto the YSZ microtubes and
sintered at 1000 °C for 2 h. The Cu-CeO2 anode was
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deposited onto the inner surface of the porous YSZ
microtubes via vacuum-assisted co-impregnation
process, using a mixed aqueous solution of copper
nitrate and cerium nitrate; the impregnation was
followed by heating to 450 °C (1 h) to decompose the
nitrates. The impregnation process was repeated until a
target loading of 25 wt% was achieved. Thus, a
continuous and well-dispersed Cu-CeO2 layer was
incorporated inside the porous framework of the
supporting layer. The open microchannels should
facilitate the gas transport to the triple phase boundary,
and, consequently, the SOFC performance due to a lower
concentration polarization.

Electrochemical performance of the fabricated cells was
tested in dry H2 or CH4 as fuel and ambient air as oxidant.
The OCV value of up to 1.19 V for H2 at 650 and 700 °C
indicated high gas-tightness of the YSZ membrane. The
peak power density of up to 0.4 W cm™ and 0.55 W cm™
was achieved at 700 and 750 °C with H2 as a fuel. High
performance of the SOFC may be attributed to the
unique hierarchical structure of the supporting
microtubes.

Majewski et al. studied the possibility of using silver as a
cathode material, an interconnect wire, and a sealing for
anode lead connection in microtubular SOFCs [115].
Though the addition of silver as a cathode conductive
layer reduced the cell overpotential and increased the
cell performance, it was revealed that silver may lead to
the cell degradation, since it is unstable in the
interconnect and cathode environments. Moreover,
silver may migrate from a cathode to electrolyte surface
at the SOFC operating temperatures, leading to a short
circuit formation.

Figure 10 Cross-sectional SEM images of YSZ film deposited on
NiO-YSZ cermet produced by phase inversion [87].

REVIEW

Villegas et al. [116] reported on fabrication and testing of
microtubular SOFCs fabricated by dip coating of
electrolytic (Ce0.8Gdo.201.95), anodic (50 wt% NiO-50
wt% Ce0.8Gd0.201.95), and cathodic
(La0.85r0.2C00.2Fe0.803)  suspensions onto  the
polymethylmethacrylate cylindrical rods which were
used as sacrificial cores. The fabricated cell had a length
of ~2 cm, an outer diameter of ~1.5 mm; the anode,
electrolyte and cathode thicknesses were ~350, 15 and 40
um, respectively. The fuel cell testing, which was
performed in air and hydrogen humidified at room
temperature at 500 °C, revealed good electrochemical
characteristics: the OCV value reached about 1V, the peak
power density reached ~300 mW c¢m™. However, the
single microtubular cell cracked during the testing, and
the cell characteristics significantly dropped, which
indicated that chemical, thermal and mechanical
engineering issues still remained unresolved.

Anode-supported microtubular SOFCs with a diffusion
barrier layer to mitigate the interaction of YSZ
electrolyte and La0.6Sr0.4C00.2Fe0.803-8 (LSCF)
cathode, which exhibited excellent performance,
were prepared by Milcarek et al. [117] using the
extrusion, dip-coating and wet powder spray
techniques. YSZ electrolyte with a thickness of 22 um
was dip coated onto the extruded NiO-YSZ tubes and
sintered at 1400 °C for 4 h. Then a buffer layer of
Smo.2Ce0.802-5 (SDC) or Gdo.1Ce0.901.95 (GDC) was
deposited by spraying and sintered at 1350 °C for 4 h.
To complete the cell, the cathode layer of LSCF-SDC
(weight ratio of 7:3) and LSCF-GDC (weight ratio of
7:3) was dip coated and sintered at 1100 °C for 2 h. The
best electrochemical performance was demonstrated
by the cell with the 1.7 um thick SDC buffer layer
deposited by 105-step spraying: the OCV value
reached more than 1.1V, and the peak power density
was about 1 W cm™ upon supply of hydrogen as a fuel
and air as an oxidant at 750 °C. The thinner SDC and
GDC layers resulted in high polarization and ohmic
resistance, which was caused by interdiffusion of the
cathode and electrolyte materials, resulting in the
formation of non-conductive layers. Furthermore, it
was shown that GDC was less effective as a barrier
layer preventing species interdiffusion than SDC.
Milcarek et al. reported the highest cell performance
for the micro- tubular SOFCs to date. However, long-
term testing of the cell was not reported.
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Figure 11 SEM images of the sintered YSZ microtube: (a-d)
cross-sectional images, (e) inner surface, (f) outer surface [114].

Excellent power generation performance of the
microtubular solid oxide cell operating in both the SOFC
mode and the solid oxide electrolysis cell (SOEC) mode
was reported by Sahu et al. [118]. The cell was fabricated
by the multi-step dip-coating technique using Ni-YSZ, Ni-
ScSZ (ScSZ denotes scandia stabilized zirconia), S¢Sz, Sm-
doped CeOz2 (SDC) and LSCF to form the supporting fuel
electrode layer, the fuel electrode functional layer, the
electrolyte layer, the diffusion barrier layer, and the air
electrode, respectively. Each dip-coating step was
followed by drying in air. The thicknesses of the Ni-YSZ,
Ni-ScSZ, ScSZ, SDC, and LSCF layers in the fabricated cell
were 400 pm, 15 pgm, 10 ym, 2 pm, and 20 pm,
respectively. Electrochemical performance of the
fabricated cells was tested in dry hydrogen as fuel and
ambient air as oxidant. The OCV value was above 1.2V in
the temperature range of 700-800 °C, which proved the
excellent gas-tightness of the cell. The peak power
density reached 0.69 W cm™ at 800 °C. Testing of the cell
under reversible operation for more than 500 h revealed
that the degradation rate was much higher in the
electrolysis mode (~50%) than in the fuel cell mode (~31%).
Analysis of the impedance data and the scanning electron
microscopy images of the cell after the long-term
operation led to the conclusion that the coarsening of
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the Ni particles of the fuel electrode and the formation of
zirconia and NiO nanoparticles at the
electrode/electrolyte interface during the electrolysis
operation were the main reasons for the degradation.

The long-term stability study of the anode-supported
microtubular SOFCs was conducted by Laguna-Bercero
et al. [119]. The cells were fabricated using the YSZ-NiO
supporting tubes prepared by the cold isostatic pressing
and pre-sintering at 1000 °C. The YSZ electrolyte layer was
deposited onto the supporting tubes by spraying, and
the half-cells were co-sintered at 1350 °C for 2 h. The
bilayer cathode was applied by dip-coating using the
(La0.8Sr0.2)0.98Mn0O3 (LSM) powder. First, the LSM-
YSZ composite with the weight ratio of 1:1 was deposited
as a functional layer, then the composite with the weight
ratio of 4:1 was applied as a current collector layer. After
sintering, the electrolyte thickness was 15 um, and the
total thickness of the cathode was about 40 um. The
tubular cell had 100 mm length, 2.4 mm inner diameter,
and 340 um total thickness. The fabricated cell was
tested under current load for 650 h at 766-873 °C. The
degradation rate was about 4% per 1000 h. The cells
demonstrated an excellent resistance to rapid thermal
cycling; however, the cracking of the electrolyte layer
was observed after the reoxidation, which indicated
insufficient redox stability of the cell.

4.3 Dense hydrogen permeable metal anode-supported
SOFCs

Exceptionally high electrical generation performance
was reported for the SOFCs with a thin proton-
conducting ceramic electrolyte supported on a dense
hydrogen permeable metal anode [124-126]. Ito et al.
reported on fabrication of an ultra-thin SrZro.8In0.203-3
electrolyte on an 8o pum thick Pd foil by pulsed laser
deposition [124]. Thickness of the electrolyte films was
varied from 0.7 to 6.0 um by controlling the deposition
time. To complete the «cell a 30pm thick
La0.6Sr0.4Co003-d cathode was screen-printed onto the
electrolyte film and dried with a heat gun. The highest
OCV values (about 1.1V at 400 °C under hydrogen and air
supply to the anode and the cathode) were obtained for
the electrolyte film thicknesses of 4.0 and 6.0 um, while
OCV values for the thinner films (0.7 um and 2.0 um)
were approximately 1V, which indicated that the film gas-
tightness increased with a rise of thickness.
Nevertheless, the cells with the thinner electrolytes
demonstrated the higher performance. Analysis of the

1
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polarization losses based on the impedance
measurements revealed that the cathode polarization
dominated over other losses for the fuel cells with the
thinner electrolytes, while the increase of electrolyte
thickness to 6.0 um caused the prevalence of the ohmic
losses. The anode polarization was the lowest for all
fabricated cells.

A hydrogen membrane-supported SOFC consisting of a
Pd solid anode, 1 um thick BaCe0.8Y0.203-6 electrolyte,
and Lao0.65r0.4C00.2Fe0.803-6 cathode was fabricated
and tested by Aoki et al. [125]. The electrolyte film was
deposited by RF sputtering on a 0.5 mm thick Pd foil. A
porous cathode was deposited by screen-printing and
heated with a heat gun for 2 min. Despite the fact that
proton conductivity of the electrolyte films was 2 orders
of magnitude smaller than the values reported for the
bulk samples, the fabricated SOFCs provided the OCV
values of 1.08 V and an extremely high power density of
1.05 W cm™ at 600 °C under the supply of hydrogen to the
anode and wet air to the cathode.

Application of a PdAg alloy as a hydrogen permeable
supporting anode, instead of expensive pure Pd, was
reported by Aoki et al. [126]. 1 um thick BaCe0.8Y0.203-5
films were deposited on 0.03 mm thick Pd1-xAgx foils (x
=0, 0.2, 0.4) by RF sputtering. The cathode was prepared
as described in [124]. The fabricated cells were tested in
dry H2 supplied to the Pd anode side and wet O2/Ar
mixed gas (pH20 = 3 kPa) fed to the cathode side. It was
revealed that the hydrogen permeability of the
supporting anodes was crucial to the cell performance.
The cell with the Pdo.8Ago.2 anode possessing high
hydrogen  permeability  displayed low anode
overpotentials when operated at high current densities
of about 1 A cm™. On the other hand, large concentration
overpotentials were observed for the cells with the
Pdo.6Ago.4 anodes, which showed relatively low
hydrogen permeability. The Pdo.8Ago.2-supported fuel
cell exhibited a superior performance with the peak
power density reaching 1.2 W cm™ at 600°C.

The reported results for the dense hydrogen permeable
metal anode-supported SOFCs demonstrate their
superior electrical generation performance due to the
unique transport properties of Pd or Pd-containing alloys.
However, high thermal expansion mismatch between
ceramic and metal components might affect the thermal
cycling ability of these SOFCs; furthermore, diffusional
interaction can lead to degradation of the «cell
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components. Thus, the long-term testing and
degradation study of this type of SOFCs, which have not
been reported, are strongly required.

5. Metal-supported SOFCs

Development of thin film SOFCs with an external metal
support also attracts extensive attention from
researchers. In this type of cells, both the ohmic and
polarization resistances can be minimized due to the
possibility of decreasing the thicknesses of all functional
layers by depositing them on a metal support, which
provides mechanical strength, high electrical and thermal
conduction. The metal support is typically made from
inexpensive and robust porous material by using powder
metallurgy, laser drilling, or tape-casting technologies
[127,128]. The metal-supported SOFCs are characterized
by faster start-up times, superior mechanical stability and
thermal cyclability compared to all-ceramic SOFCs [127-
133]. Furthermore, manufacturing costs of the metal-
supported SOFCs are lower due to the less-expensive
metal substrate. The supporting metal is required to
possess similar thermal expansion to that of the
electrolyte to enable fast thermal cycling. A variety of
metals and alloys, including Ni[134,135], Ni-Fe [136], Ni-Al
[137], ferritic stainless steel [130,132], and others
[127,129,133] were reported to be used as the supports.

Application of porous pure Ni as a support material was
reported by Hwang et al [134]. SOFCs were fabricated by
atmospheric  plasma spraying of YSZ/NIO anode,
La0.8Sr0.2Gao0.8Mgo.203-6 (LSGM) electrolyte and
La0.585r0.4C00.2Fe0.803-6 (LSCF) cathode on porous Ni
substrates. SEM study of the polished cross-section of the
fabricated YSZ/Ni-LSGM-LSCF cell after the thermal
treatment at 1000 °C for 2 h and the OCV testing for 55 h
showed that the layers exhibited good adhesion without
cracks or delamination; the thicknesses of LSCF, LSGM and
YSZ/Ni layers reached 20-30, 50-60 and 10-20 um,
respectively. Analysis of the impedance data of the cells
sintered at different temperatures in the range of 820-1150
°C(2h)revealed that the cell sintered at 1000 °C had minimum
resistance. This cell showed high OCV value (above 1 V),
indicating the good gas-tightness of the electrolyte, and the
peak power densities of 440 mW cm™at 800 °Cand ~170 mW
cm at 700 °C. Element interdiffusion between YSZ/Ni anode
and LSGM electrolyte was observed at higher sintering
temperatures. The interdiffusion could lead to generation of
high resistive phases and, consequently, to degradation of
the SOFC performance.
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Figure 12 Cross-sectional SEM-images of the metal-supported
half-cell with the graded Ni-YSZ anode, sputtered YSZ
electrolyte and GDC diffusion barrier layers (DBL) [130].

Manufacturing of a metal-supported SOFC based on a
porous steel substrate, a graded three-layer Ni/YSZ
anode, and a thin YSZ membrane was described in [130].
First, the 0.8 mm thick porous (porosity of about 40%)
supports based on FeCr alloy (Cr26-Fe) were fabricated
by the powder-metallurgical process. The fabricated
substrates were coated with a 500 nm thin gadolinium
doped ceria (GDC) layer by magnetron sputtering to
avoid diffusion of Fe and Cr into the anode. It is known
that Fe and Cr form alloys with the Ni-catalyst, which
results in degradation of SOFC performance [131]. Then,
a graded Ni/YSZ anode with a thickness of 40 um was
applied to the substrate by 3-step screen-printing, followed
by annealing at 1180 °C in the H2 atmosphere (to avoid
oxidation of Ni). In each screen-printing step, the ink
composition was varied to gradually decrease the
porosity and the particle size in the anode layer. After the
anode deposition, YSZ electrolyte layer with a thickness
of 4 um was applied by gas-flow sputtering. A 500 nm
thin GDC layer was deposited by magnetron sputtering
over the YSZ layer to serve as a diffusion barrier. Finally,
a 40 um LSCF cathode was screen-printed on top of the
magnetron-sputtered GDC. The cross-sectional SEM-
images of the metal-supported half-cell with the
fabricated cell are given in Figure 12.

Testing of electrical performance of the fabricated single
fuel cells with 1 cm?® area cathodes revealed the power
density of about 1W cm™ and the current density of 1.5 A
cm™ at 800 °C in air at the cathode and H2 + 3% H20
atmosphere at the anode. A stack of two single cells with
84 cm? active area exhibited the peak power density of
about 430 mW cm™ at 750 °C. However, degradation of
the stack performance was higher compared to
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traditional all-ceramic SOFCs. It was revealed that
progressive corrosion of the porous metal-support
occurred which indicated the insufficient stability of the
GDC barrier layer under the fuel cell conditions. The
authors concluded that the lifetime of the metal-
supported SOFC can be increased by applying a more
redox-stable barrier layer.

Uchiyama et al. reported on manufacturing of a SOFC
with a thin Y-doped SrZrO3 electrolyte supported by a
porous stainless-steel plate with a Pd layer [132]. The
substrates were fabricated by sintering of stainless-steel
powders. A several-um thick Pd layer was deposited by
plating on the polished surface of the sintered
substrates. SrZro.8Y0.203-3 (SZY) films were deposited
on the substrates by spin-coating. The solution with
concentration of 5 wt% was repeatedly spin-coated on
the substrates, until the film thickness reached about 300
nm. The deposited film was annealed at 500-800 °C for 1
h. Although the possibility of deposition of dense thin
SZY films on the Pd-coated porous stainless-steel
substrates was demonstrated, the authors noted that
high temperature (> 1000 °C) sintering of the cathode
layer caused deformation of the substrate.

Fabrication and testing of a micro-SOFC with a thin YSZ
electrolyte supported by porous duallayer stainless
steel/composite was reported by Kim et al. [133]. The
composite layer consisted of YSZ and La-doped SrTiO3 (LST)
due to the comparable thermal expansion to those of YSZ
and stainless steel, as well as high electronic conductivity and
redox stability. The dual-layer substrate was prepared using
tape-casting and lamination, followed by co-firing in reducing
gas to avoid oxidation of stainless-steel. The 40 um thick LST-
YSZ layer had pore size of ~500 nm and surface roughness of
44 nm. The layers of NiO-YSZ anode, YSZ electrolyte and
La0.75r0.3C003-6 (LSC) cathode were deposited by pulsed
laser deposition (PLD). Finally, a Pt current collector was
sputtered on top of the cathode. The cross-sectional SEM
images of the fabricated layers are presented in Figure 13. The
cell consisted of 0.7 um thick LSC cathode, 2 um thick YSZ
electrolyte, and 0.6 um thick Ni-YSZ anode. Both electrodes
possessed porous morphology with the grain and pore size
of <100 nm. The YSZ layer was dense and uniform. Analysis
of the mutual elemental diffusion between LST-YSZ and
stainless-steel layers co-fired at 1250 °Crevealed that diffusion
of Fe or Cr from the stainless-steel layer was negligible, thus
the LST-YSZ composite could be used as the diffusion barrier
layer.
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Figure 13 Cross-sectional SEM images of (a) Pt/LSC/YSZ/Ni-YSZ,
(b) YSZ/Ni-YSZ/LST-YSZ, and (c) LST-YSZ layers [133].

The OCV value of the fabricated cell, measured at 450-
550 °C under supply of air to the cathode and humidified
hydrogen (3% H20) to the anode, was over 1.05 V. The
high OCV value confirmed the high gas-tightness of the
thin film electrolyte and good sealing of the cell. The peak
power density reached 560 mW cm™ at 550 °C and
exhibited no degradation during rapid thermal cycling.
Thus, the stainless steel/LST-YSZ composite supported
cell has the potential of being used as a power source for
portable electronic devices that require high power
density and fast thermal cycling.

Ju et al. reported on fabrication of Ni-Fe metal supported
fuel cell with LSGM (LaGaO3 doped with strontium and
magnesium) electrolyte, which was deposited by PLD,
and Smo.55r0.5Co03 cathode applied by slurry coating
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method [138]. LSGM electrolyte is known to possess high
nearly pure ionic conductivity [138,139]; however, it easily
reacts with Cr203 and Cr-containing vapors, which limits
the use of stainless steel supports [140]. Moreover, it
reacts with Ni in the anode or Ni-Fe metal support. The
interaction with nickel can be suppressed by application
of an additional thin layer of ceria-based electrolyte
between the electrolyte and metal support. The
fabricated cell demonstrated a high peak power density
of 1.6 and 0.9 W cm™ at 700 and 600 °C, respectively, in
moist hydrogen as a fuel and oxygen as an oxidant.
However, the power density decreased by about 50%
upon the second cooling/heating cycle, which could be
caused by the thermal cycling or oxidation of the
support. Long-term testing of the cell was not reported.

Remarkable performance of stainless steel-supported
SOFCs was reported by Dogdibegovic et al. [142]. Green
cells were assembled by laminating the stainless-steel
[10Sc1CeSZ/stainless-steel layers (10Sc1CeSZ denotes
(Sc203)0.1-(Ce02)0.01—-(Zr02)0.89 electrolyte),
prepared by tape-casting. Cells were fired in air at 525 °C
for 1 h to remove the binder and poreformer, then
sintered at 1350 °C for 2 h in the Ar + 2% H2 atmosphere.
The prepared cells consisted of 7 um or 12 um thick
electrolyte, 200 um thick porous metal supports,
25 um thick porous cathode and anode backbones.
PrOx was selected as a cathode material, while Sm-
doped ceria-40% Ni composite was chosen as an
anode. The anode and cathode sides of the cell were
infiltrated with corresponding metal nitrates. The
fabricated cell with 7 um thick electrolyte
demonstrated the peak power density of 1.56 W cm™
at 700 °C and 2.85 W cm™ at 800 °C upon supply of air
to the cathode and hydrogen, humidified at room
temperature, to the anode. This is the highest cell
performance reported for stainless steel supported
SOFCs to date. However, the issues of diffusional
interaction between the metal support and electrode
materials were not considered and the long-term
testing of the cell was not reported.

Pirou et al. fabricated a monolithic metal-supported
fuel cell stack with high power density using cost-
competitive and scalable manufacturing methods
[143]. The configuration of a single cell included a 10

pum  thick Sc-doped YSZ (ScYSZ) electrolyte,
sandwiched between two porous 15 pm thick
electrodes  (ScYSZ-Fe22Cr  composite).  These

electrode/electrolyte/electrode layers were placed
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between the thicker layers consisting of gas
distribution channels (250 upm) and metallic
interconnects (dense  Fe22Cr, 150 pm). All

components of the monolith were fabricated by tape-
casting, then the layers were laminated. The green
monoliths were debinded at 600 °C for 4 h in air and
then sintered at 1290 °C for 6 h in H2 in one firing step.
The sintered cells were infiltrated with Gd-doped
ceria to form a diffusion barrier layer, preventing
diffusional interaction of electrodes with steel during
operation. Electrochemical testing of the monolith
heated to 780 °C upon feeding dry hydrogen to the
anode and oxygen to the cathode showed the OCV
value of 1.07 V and the peak power density of about
0.47 W cm™. The developed technology allows one to
reduce the total number of firing steps in the
manufacturing process.

Summarizing the findings in the area of the metal-
supported SOFCs, we must acknowledge the current
challenges. Interdiffusion between metal supports
and Ni-containing anodes during the high-
temperature processing steps and operation of the
cell can cause formation of insulating oxides, which
leads to the performance degradation. Insertion of a
diffusion barrier layer between the support and the
anode was shown to help solve the interdiffusion
issue. Another difficulty is related to the cathode
selection, since the cathode is supposed to be
sintered in reducing atmosphere or at the
temperature below 900 °C to avoid oxidation of the
metal support, while the commonly used cathode
materials require sintering in air at 1000-1200 °C to
achieve high performance. Largely because of this,
the cathode performance in the metal-supported
SOFCs often needs improvement. Moreover, such
issues as nickel coarsening, carbon deposition,
chromium poisoning, and sulfur poisoning restrict the
performance and lifetime of the metal-supported
SOFCs. In spite of the open challenges, the metal-
supported SOFCs are a promising type of fuel cells to
use as auxiliary power units and as a power source for
mobile apparatus.

6. SOFCs with a freestanding electrolyte film

The issues related to the diffusional interaction
between the film and support materials can be
avoided in SOFCs with a freestanding thin film
electrolyte. A freestanding film is typically fabricated
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on Si wafers possessing extremely low surface
roughness, which allows for uniform depositing of
very thin films. After the film deposition, the silicon
substrate is removed by lithography and etching to
leave the freestanding film. To complete a fuel cell, an
anode and a cathode are deposited on the free
surfaces of the electrolyte. For the film deposition,
such technologies as direct-current (DC) and radio-
frequency (RF) sputtering, pulsed laser deposition
(PLD) and atomic layer deposition (ALD) are used.

The possibility of fabrication of freestanding films of
YSZ electrolyte using the ALD method was reported
in [144]. The films were deposited on a Si3N4 buffer
layer on Si(100) substrates. Prior to depositing, a
Si3N4 buffer layer was patterned to fabricate open
window structures. After YSZ deposition, the
patterned windows were etched in KOH, leaving
freestanding YSZ film and silicon nitride squares with
dimensions of tens of micrometers. The Si3N4 layer
was removed by plasma assisted chemical etching
using SF6 gas, leaving freestanding YSZ layers. The
microstructure of the freestanding films consisted of
grains of tens of nanometers in diameter. To evaluate
the electrical conductivity, porous platinum
electrodes were deposited on both sides of the
freestanding 60 nm film using DC sputtering (see
Figure 14). Testing of the single cell in a SOFC regime
demonstrated good performance: a maximum power
density of 270 mW cm™ was observed at 350 °C, which
was explained by low electrolyte resistance and fast
electrode kinetics.

ALD YSZ

Figure 14 Cross-sectional SEM image of freestanding YSZ films
deposited by ALD with porous Pt cathode and anode layers

[144].
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Another PVD technique - pulsed laser deposition (PLD) -
was used for fabrication of freestanding films of YSZ
electrolyte by Garbayo et al. [145]. The films with the
thickness ranging from 60 to 240 nm and window areas
ranging from 50 x 50 um* to 820 x 820 um’ on silicon-
based substrates were obtained. After the film
deposition, the SiO2 layer was removed using wet
etching in HF solution. It was shown that high quality
films could be obtained (yield > 90%) at the deposition
temperatures ranging from 200 to 700 °C, while yield
dropped considerably for membranes deposited at 800
°C. According to the authors, the drop was caused by high
tensile residual stress. The residual stresses in the YSZ
membranes deposited by PLD were shown to be
significant but tunable by means of post-annealing. For
electrical characterization, two symmetrical Pt
electrodes were deposited by DC sputtering on the
opposite faces of the freestanding films. The electrical
conductivity of the films was shown to be similar to the
conductivity of bulk YSZ.

Manufacturing and testing of a micro-solid oxide fuel cell
with 80 nm thick freestanding YSZ electrolyte membrane
deposited by ALD with improved mechanical stability was
reported by Baek et al. [146]. The square freestanding Si-
supported membrane, fabricated by combining ion
etching and wet etching processes, had thicker edges
and corners compared to the center part, enhancing the
cell mechanical stability. 100 nm thick platinum
electrodes were deposited by radio frequency
sputtering. The fuel cell was tested upon supply of dry
hydrogen as a fuel and air as an oxidant. High values of
OCV (1.04 V at 350 °C for more than 30 h of operation) and
peak power density (317 mW/cm? at 400 °C) were
obtained.

Despite the high power density of the SOFCs with a
freestanding thin electrolyte, which was reported in [144,
146], the absolute power output was low because of the
small active area. Su et al. [147] applied an advanced
method to increase the SOFC effective surface area by
manufacturing corrugated YSZ films. The corrugated
films were fabricated on silicon templates with the target
geometry by ALD method. After deposition, the silicon
substrate was partially removed, leaving a freestanding
YSZ membrane as shown in Figure 15.

The authors revealed that pinhole free membranes could
be fabricated only if the shaped substrate had no sharp
corners and the surface roughness was less than the film

REVIEW

thickness. A fuel cell with a 70 nm thick YSZ membrane
and 120 nm thick porous Pt electrodes deposited by DC
magnetron sputtering on both sides of the freestanding
membrane was successfully fabricated and tested. The
membrane surface was 600 x 600 um? the size of the
cups was 15 um in diameter and 20 pm in depth. The peak
power density was as high as 861 mW cm™ at 450 °C due
to the increased effective surface.

Figure 15 Images of the corrugated YSZ membrane: (a) optical
microscopy image of freestanding corrugated YSZ membrane;
the white square is the freestanding YSZ membrane released
after KOH etching; (b,c) cross-sectional images of cups in the
corrugated membrane [146].
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It is obvious that the electrolyte thickness must be
minimized to reduce the ohmic resistance of a SOFC.
However, the freestanding membrane must be free from
pinholes or cracks to avoid electrical current leakage and
the related decrease in the cell performance. Moreover,
the membrane must be thick enough to withstand
dielectric breakdown; the calculated minimum thickness
of YSZ membrane should be approximately 6 nm to avoid
the breakdown [148]. Finally, the membrane loses its
mechanical strength with decreasing thickness.
Therefore, the membrane must have an optimum
thickness to satisfy the above requirements. The
reported thickness values of the freestanding YSZ
membranes which demonstrate acceptable OCV values
varies from 50 to 300 nm [144, 148-151]. However, the
thermal cycling resistance of freestanding membranes
has not been reported to date.

Summarizing the current findings in the area of SOFCs
with a freestanding membrane, we should emphasize
their undoubted advantages. The thickness of the
freestanding membrane can be decreased to several
nanometers and its ionic conductivity can be finely tuned
by the precise variation of the composition using the ALD
method. Thin electrodes can be easily deposited by the
vacuum sputtering methods without wusing high
temperature co-sintering processes, which eliminates
the issue of the diffusional interaction. The drop in the
ohmic losses allows one to decrease the operation
temperature of the fuel cell to 350-450 °C. However, the
decrease in the SOFC temperature requires the use of
expensive platinum electrodes, since the oxide or
composite materials possess low electrochemical activity
at low temperatures. Moreover, sophisticated
fabrication and very high fragility remain critical
challenges.

7. Comparative Summary

Table 1 summarizes the types, configurations, and
electrochemical performance of the SOFCs with a thin
film electrolyte reported in literature. As can be seen, the
dense hydrogen permeable metal anode-supported
SOFCs with the 1 um thick proton-conducting electrolyte
BaCe0.8Y0.203-0 demonstrate excellent electrochemical
characteristics [125,126]. This can be explained by the low
ohmic and polarization resistances of the cells due to the
possibility of depositing very thin functional layers on the
dense supporting anode, as well as the high proton
conductivity of the electrolyte. However, the long-term

REVIEW

behavior of these cells may be affected by diffusional
interaction and thermal expansion mismatch between
the ceramic and metal components. Perhaps this is the
reason why the long-term testing and degradation study
of this type of SOFCs have not been reported.

High power density was attained in the metal-supported
cells due to the possibility of decreasing the thicknesses
of all functional layers by depositing them on a porous
metal support [130,142]. In contrast to the SOFCs with a
dense hydrogen permeable supporting anode, the
thickness of the membranes deposited onto the porous
metal supports varies in the range of several micrometers
to tens of micrometers. For this reason, the metal-
supported cells operate at higher temperatures (typically
700-800 °C). The metal-supported SOFCs demonstrate
superior mechanical stability, thermal cyclability, and
faster start-up time compared to the all-ceramic SOFCs.
In addition, the use of inexpensive metal substrates
allows one to reduce the manufacturing costs. The
problem of interdiffusion between the metal support and
the functional layers of the fuel cell is effectively solved
by insertion of the diffusion barrier layer over the
support. However, such issues as the development of
more active cathodes, restraining of nickel coarsening,
carbon deposition, and chromium and sulfur poisoning
still need to be addressed.

Significant technological advances have been achievedin the
field of the planar anode-supported SOFCs. The use of
ceramic powder-based technologies and vacuum methods
for deposition of the functional layers, the appropriate choice
of materials and the cell design resulted in excellent
electrochemical characteristics of the oxide-conducting
anode-supported SOFC [99]. The proton-conducting SOFC
with a supporting anode, fabricated by the technologically
simple and cost-effective ceramic powder-based methods,
demonstrated very good power generation performance, in
spite of the rather thick membrane layer (35 um) [96].

The microtubular SOFCs have a great potential for portable
applications due to fast start-up, small size, and high
electrochemical characteristics reported in multiple studies
(see e.g. [112-119]). However, the degradation of the cells
during the long-term operation remains a weak point.

Much effort has gone into developing SOFC technology and
increasing market penetration; however, further efforts
need to be made to developing SOFCs with faster start-up
and shut-down times and longer lifespan.
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Table 1 - Electrochemical performance of different types of SOFCs with a thin film electrolyte.
Testing
conditions:
Components of SOFC, thickness, I PPD,
. temperature, ocv, Vv ~ Ref.
deposition technology mW cm™
fuel gas,
oxidizing gas
Planar anode-supported SOFCs
Electrolyte: SrZro.5Ce0.4Y0.103-3 (SZCY), 16 um, tape-casting 600 °C
Anode: Ni-SZCY, 400 pm, tape-casting H2 + 5% H20 118 170 95
Cathode: BaC00.4Fe0.4Zr0.1Y0.103-9, 35 um, screen-printing Air
Electrolyte: Ba(Ce0.7Zr0.1Y0.2)03-8 (BCZY) + 2% NiFe, 35 um, dip-
coating o
. ; . 700 °C
Anode: Ni-Ba0.96(Ce0.66Zr0.1Ni0.04Y0.2)03-3, pressing and
. . Hydrogen - 973 96
sintering Air
Cathode: La0.6Sr0.4C00.2Fe0.803-3 (LSCF)-BCZY, 40 pm, paint
brushing
Electrolyte: BaCe0.4Zr0.4Y0.1Yb0.103-3, (BCZYY), 20 um, dip-coating 600 °C 600
Anode: Ni- BCZYY, 1 mm, dry pressing Hydrogen ~1 ( cellgstack) 97
Cathode: BaC00.4Fe0.4Zr0.1Y0.103-8, 20 um, paint brushing Air 3
Electrolyte: YSZ, 10 um, EPD 800 °C
Anode: Ni-YSZ, slip-casting Hydrogen 1.03 624 98
Cathode: La0.8Sr0.2Mn03-6-YSZ, paint brushing Air
Electrolyte: bilayer YSZ/Ce0.9Gdo.102-3 (GDC), 4/1.5 um, reactive
pulsed magnetron sputtering 100°C 960
Anode: Ni-10Sc1YSZ Sc203)0.1-(Y203)0.01-(Z2r02)0.89), t o -
node: Ni-105c ((5c203)0.1-(Y203)0.01-(2r02)0.89), tape 800°C 1800 99
casting
Cathode: La0.85r0.2C003-9, screen-printing
Electrolyte: bilayer YSZ/GDC, 1/0.3 um, DC reactive sputtering/RF
magnetron sputteri
& . puttering . ) . 650 °C - 600 100
Anode: Ni-YSZ, 500 um, tape-casting/spin-coating
Cathode: LSCF-GDC, 30 um, screen-printing
Electrolyte: YSZ/GDC, 4/2 pm, reactive magnetron sputtering
Anode: Ni-YSZ (SOFCMAN, China), 400 pm 750 °C 1.14 470 101
Cathode: LSCF-GDC, 15 um, screen-printing
Dense hydrogen permeable metal anode-supported SOFCs
Electrolyte: SrZro.8In0.203-8, 0.7-6.0 um, pulsed laser deposition 400 °C
Anode: Pd-foil, 80 um Hydrogen 1.1 - 124
Cathode: LSCF, 30 um, screen-printing Air
Electrolyte: BaCe0.8Y0.203-3, 1 um, RF sputtering 600 °C
Anode: Pd-foil, 0.5 mm Hydrogen 1.08 1050 125
Cathode: LSCF, screen-printing Air
Electrolyte: BaCe0.8Y0.203-3, 1 um, RF sputtering 600 °C
Anode: Pdo.8Ago.2-foil, 30 pm Hydrogen - 1200 126
Cathode: LSCF, screen-printing Air
Microtubular SOFCs
Supporting anode: Ni-YSZ tube, 0.6 mm thick, phase inversion 800°C
Electrolyte: YSZ, 20 um, dip-coating H2 + 3% H20 ~1.1 - 110
Cathode: (La0.85r0.2)0.98Mn03-3, 30 um, dip-coating Air
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Supporting anode: Ni-BZCY tubes, 0.9 mm thick, phase inversion 100°C
Elect.rolyte: Ba(Zro.1Ce0.7Y0.2)03-8 (BZCY), 10 um, vacuum slurry Ha + 5% H20 101 500 .
coating .
. . Air
Cathode: LSCF-BZCY, 30 um, dip-coating
Supporting electrolyte: YSZ, 10 um, phase inversion 700 °C
Anode: Cu-Ce02, vacuum-assisted co-impregnation Dry hydrogen 1.19 400 14
Cathode: LSM, paint brushing Air
500 °C
Supporting anode: 50 wt% NiO-50 wt% Ce0.8Gd0.201.95, 350 um, dip Hydrogen
coating humidified at
. : ~1 300 16
Electrolyte: Ce0.8Gd0.201.95, 15 um, dip coating room
Cathode: La0.85r0.2C00.2Fe0.803-8, 40 um, dip coating temperature
Air
Supporting anode: NiO-YSZ, phase inversion 750 °C
Electrolyte: YSZ, 22 um, dip coating Hydrogen 1.1 1000 17
Cathode: La0.65r0.4C00.2Fe0.803-8 (LSCF), 6 um, dip coating Air
Supporting anode: Ni-YSZ, Ni-ScSZ, 400 pm, 15 ym, dip coating 800°C
Electrolyte: ScSZ, Sm-doped CeO2, 10 um, 2 ym, dip coating Hydrogen ~1.2 690 118
Cathode: LSCF, 20 um, dip coating Air
Supporting anode: NiO-YSZ, 285 um, cold isostatic pressing 872°C ~600
Electrolyte: YSZ, 15 um, spraying Hydrogen >1.1 after 650 h 119
Cathode: (La0.85r0.2)0.98MnO3, 40 um, dip-coating Air testing
Metal-supported SOFCs
Support: porous stainless-steel (Cr26-Fe), 0.8 mm thick, porosity
40%, powder-metallurgical process o
Diffusion barrier layer (DBL): GDC, 500 nm, magnetron sputtering 8oo"c
. . H2 + 3% H20 - 1000 130
Anode: Ni-YSZ, 40 pm, screen-printing Air
Electrolyte: YSZ, 4 um, gas-flow sputtering
Cathode: LSCF, 40 pm, screen-printing
Support: porous stainless-steel/ YSZ-La-doped SrTiO3, tape-casting
and lamination 550 °C
Electrolyte: YSZ, 2 um, pulsed laser deposition H2 + 3% H20 1.05 560 133
Anode: Ni-YSZ, 0.6 um, pulsed laser deposition Air
Cathode: La0.75r0.3C003-9, 0.7 um, pulsed laser deposition
Support: porous Ni
Anode: YSZ/Ni, 10-20 um, atmospheric plasma spraying
Electrolyte: La0.8Sr0.2Gao.8Mgo.203-5, 50-60 um, atmospheric 700 °C o 170 134
plasma spraying 800 °C 440
Cathode: La0.58Sr0.4C00.2Fe0.803-0, 20-30 um, atmospheric
plasma spraying
Support: porous Ni-Al, combustion synthesis
Anode: YSZ/Ni, 40 um, screen-printing 800 °C
Electrolyte: YSZ, 25 um, reactive magnetron sputtering followed by | Dry hydrogen >1 360 137
pulsed electron beam treatment Air
Cathode: LSCF, 15 um, screen-printing
Support: porous stainless-steel, 200 pm, tape-casting 200°C
Electrolyte: (SczO3)o.‘1—(CeO2')0.01—(21"02')0.8'9, 7 um, tape-casting Hydrogen ~ 1560 142
Anode: Sm-doped ceria-40% Ni, 25 um, infiltration Air
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REVIEW

Support: dense Fe22Cr, 150 pm

Electrolyte: Sc-doped YSZ (ScYSZ), 10 um, tape-casting
Anode: ScYSZ-Fe22Cr, 15 uym, tape-casting

Cathode: ScYSZ-Fe22(r, 15 um, tape-casting

780 °C
Dry hydrogen
Oxygen

1.07 470 143

SOFCs with a freestanding electrolyte film

Electrolyte: flat YSZ film, 60 nm, ALD
Anode: Pt, DC sputtering
Cathode: Pt, DC sputtering

350°C - 270 144

Electrolyte: flat YSZ film, 80 nm, ALD
Anode: Pt, 100 nm, RF sputtering
Cathode: Pt, 100 nm, RF sputtering

400 °C 1.04 317 146

Electrolyte: corrugated YSZ film, 70 nm, ALD
Anode: Pt, 120 nm, DC magnetron sputtering
Cathode: Pt, 120 nm, DC magnetron sputtering

450 °C - 861 147

8. Conclusions and Outlook

SOFCs with a thin film electrolyte have significant
advantages over the electrolyte-supported SOFCS,
including reduced operating temperature, higher
stability to thermal cycling and redox cycling, and
potentially longer lifespan. In the last decades, notable
progress has been made towards the improvement of
thin film SOFCs; however, serious challenges still remain.
This review article summarizes the configurations,
geometries, fabrication technologies, and the obtained
characteristics of the thin film SOFCs currently in use,
emphasizing the advantages and the current challenges
in manufacturing technologies and design strategies, as
well as their effect on the electricity generation
performances. The review will hopefully contribute to
the further development and commercialization of
SOFCs with a thin film electrolyte.
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