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ABSTRACT

Solid oxide fuel cells (SOFCs) offer numerous advantages in terms of high efficiency and clean
electrochemcial energy conversion devices. However, owing to high operation temperature,
this technology is restricted to stationary applications and leads to components degradation
and long-term stability issues. The development of new design and their modifications for
improving the electrochemical performance at intermediate temperatures and durability of the
SOFC components are very important to bring this technology one step closer to the market. In
this context, the current research on the development, properties, performance, and stability of
geometrically modified flat-tubular (FT) SOFC cell and the stack is reviewed in detail. This
advanced design exhibits higher performance compared to the tubular type and longer
stability in comparison to the planar type SOFCs. The application of the interconnect material
is emerging as the key factor influencing the electrical output of the FT-SOFC and operation at
high temperatures and current density are the critical issues for cell durability. New stack
designs are discussed in detail and experimental findings are summarized.
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1. Introduction succeeded due to this being a high-temperature

The high consumption of fossil fuels is increasing the operation, cost (especially the sealing and current col-

concentration of CO, in the atmosphere, which is
considered to be the major cause of global warming
and climate change and ultimately the environmental
degradation [1,2]. The utilization of these resource-
limited fossil fuels into the clean and highly efficient
form of energy has acquired significant attention in
the development of advanced energy technologies
with negligible environmental impact. In this regard,
solid oxide fuel cells (SOFCs) offer the tremendous
potential of delivering high electrical efficiency and
substantial environmental benefits in terms of fuel
flexibility, cleanest and highly efficient power genera-
tion [3-5]. A SOFC produces electricity by an electro-
chemical combination of the fuel and oxidant through
an ion-conducting solid ceramic which acts as an elec-
trolyte and operates at high temperatures (~600-1000°
Q) [6,7]. The high-temperature operation permits inter-
nal reforming, promotes rapid electro-catalysis, and
results in high-quality heat as a by-product, which
can be further utilized. The efficiency of the SOFC
can reach up to 70% and a further 20% as a heat
recovery [3,8]. Despite the clear advantages, the com-
mercialization of SOFC technology has not entirely

lection materials), and materials degradation issues.
Recently, attention has focused on reducing the oper-
ating temperature of the SOFCs and developing high-
performing and stable devices [9-13].

1.1. Working principle of the SOFC

A SOFC unit comprises three basic components: porous
fuel electrode (anode), porous air/oxygen electrode
(cathode), and a dense solid oxide electrolyte sand-
wiched between these two electrodes as shown in
Figure 1 [6,14,15]. A metallic interconnect is required
for the electron conduction and to connect the unit
cells into stacks [16]. Hydrocarbons or hydrogen-rich
fuels are supplied to the anodic side of the SOFC,
where they are oxidized and release electrons,
a process known as fuel oxidation reaction (FOR) [17].
The electrons produced during the oxidation of fuel are
conducted by the current collector placed on the anode
to an external circuit. The cathode is supplied with air or
pure oxygen (O,) and converts O, into 0%, a process
known as oxygen reduction reaction (ORR). Since hydro-
gen
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Figure 1. Schematic representation of the working principle of the SOFC.

(H,) gas is commonly used as a fuel on the anode side
and the air is fed as an oxidant on the cathode side,;
therefore,the associated chemical reactions at the
anode and cathode are as follows:

Anode :Hy, — 2H" + 2e” (1N

1
Cathode :502 +2e” — 0> (2)

At the anode, steam forms, according to the following
reaction:

2HT + 0>~ — H,0 (3)

The partial pressure of oxygen (Pp,) or oxide ions
concentration gradient or oxygen chemical potential
across the electrolyte offers the driving force for above
mentioned electrochemical processes. The theoretical
reversible voltage (Ey) of the SOFC can be given by
Nernst equation [18]:

RT n POZ cathode

(4)

Eth F POZ anode
where R is the general gas constant, T is the tempera-
ture, n represents the number of electrons and F is the
Faraday’s constant.

The actual SOFC voltage is always less than the
theoretical Nernst value due to the polarization or
electrochemical losses. It includes the charge transfer
or activation polarization, Ohmic resistance, and con-
centration polarization. Activation polarization is coun-
tered during the charge transfer between electronic
and ionic conductors. Nonetheless, when the current
density is considerably low and can be approximated

as [18]:
RT \ .
Nact = (F,())’ (5)

Here, iois the exchange current density and (-

refers to intrinsic charge transfer resistance limited to
the specific interface of electrode and electrolyte [19].
Ohmic polarization arises due to the resistance in the
conduction of oxygen ions in a solid electrolyte and
lastly, concentration polarization is because of the
mass transport limitation in the cell. In other words,
when reacting species are consuming at a fast rate or
product evacuation is slow. These losses, however,
cannot be completely mitigated but can be minimized
with proper materials selection and optimized design
and/or fabrication techniques.

1.2. Materials for the SOFC

The present section summarizes the different materials
and general requirements for the major SOFC compo-
nents such as the anode, cathode and electrolyte.

1.2.1. Anode materials

The electrochemical oxidation of the fuel takes place at
the anode, preferentially at an area of the surface
where electrode, electrolyte, and pore/gas coexist
simultaneously. This site is referred to as the triple-
phase boundary (TPB). A material, to act as
a potential anode must possess an electrical conduc-
tivity of more than 100 Scm™" at the aforementioned
SOFC operating temperatures [20,21]. Therefore, nickel
(Ni) cermet such as Ni-yttria stabilized zirconia (Ni-YSZ)
is the promising anode material with numerous advan-
tages: enhanced catalytic activity for H, oxidation, high
electronic conductivity (102-10% Scm™ at 1000°C), and
reasonable ionic conductivity. In a porous Ni-YSZ
anode, the metal phase provides a catalytic activity
and electronic conduction while the ceramic phase
serves as the backbone and matches the thermal
expansion coefficient with the electrolyte, thus



extending the reaction zone [22]. However, Ni cermet
anode suffers from structural instability during the
long-term operation. This is owing to the agglomera-
tion of the Ni particles which reduces the TPB length
responsible for the electrochemical reaction [23-25].
Moreover, this anode material exhibits redox instability
and coking problem when altering the fueling envir-
onment to hydrocarbons. Redox instability is caused
by an interruption in fuel supply to the SOFC anode
which leads to the oxidation of Ni to NiO. The oxidation
of Ni can also occur if fuel utilization or partial pressure
of H,O increases on the anode side and causes
a volume expansion of 69.9% [22,26]. This phenom-
enon results in stress development, an increase in the
polarization resistance of the SOFC anode, and even-
tually mechanical failure [26-28]. On the other hand,
during the SOFC operation with hydrocarbon fuel,
carbon particles settle on the Ni particles of Ni-YSZ
anode and hinder the active electrochemical sites
and cause performance degradation. This degradation
process is termed coking [22,29,30].

Other anode materials such as Cu-Sm doped ceria
(SDC) composite are given considerable attention,;
however,it was concluded that Cu has less catalytic
activity toward the hydrocarbon fuels. Furthermore,
perovskite-based materials like La-doped SrTiO3 (LST)
have been investigated in detail but exhibited rela-
tively low electronic conductivity as compared to Ni
cermet anodes. The research and development of the
new anode materials are continuing and their progress
is discussed in detail in [18,31].

1.2.2. Electrolyte materials
An electrolyte is the key component of the SOFC which
conducts the ions from the cathode to the anode and
accomplishes the overall electrochemical reaction [32].
The conduction of oxide ions takes place by an oxygen
vacancy mechanism, which is usually a thermally acti-
vated process. The main requirements for the electro-
lyte are: sufficiently high ion conductivity (~0.1 Scm™),
low electronic transfer number (<1073), chemically and
thermodynamically stable over a SOFC operation tem-
perature range, high mechanical strength, and compa-
tible TEC with other component layers [18].
Yttria-stabilized zirconia (YSZ) is recognized as the
most favorable electrolyte material for the SOFC due to
the characteristics mentioned earlier. Among various
electrolytes, 8 mol% YSZ (8YSZ) exhibits the highest
oxide ion conductivity of 0.1 Scm™ at 1000°C.
Moreover, numerous other doped zirconia systems,
scandia stabilized zirconia (SSZ) exhibits around 1.5
times higher ionic conductivity than the 8YSZ and
has received considerable attention [33,34]. Other
materials, such as bismuth oxide (Bi,O3) exhibit signifi-
cantly high ionic conductivity but suffers from struc-
tural instability upon cooling below 600°C [35-37].
Ceria-based oxide ion conductors, including Gd-
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doped ceria (GDC) or SDC, are also potential candi-
dates for electrolyte materials but they become par-
tially reduced on the anode side of SOFC and hence
cannot be used alone [38]. Another possibility is to use
Sr or Mg-doped LaGaOs (LGSM) perovskites, which are
currently the most promising materials [39,40].
However, their long-term stability needs to be
assessed, thus, YSZ or SSZ is the current choice of
electrolyte material for the SOFC.

1.2.3. Cathode materials

The most important requirements for the cathode are
the electro-catalytic activity for O, reduction and com-
patibility toward the electrolyte material, including TEC
match and chemical inertness. Platinum was used as
one of the earliest materials for oxygen electrodes in
SOFCs [41]. However, the high cost strongly limited its
range of applications. A porous perovskite-based elec-
tronic conductor, lanthanum strontium manganite
((La, Sr) MnOs; LSM) was the most commonly used
cathode material because of the superior chemical
stability. However, LSM exhibits poor performance at
reduced temperatures as it is primarily an electronic
conductor with nearly zero ionic conductivity [42,43].
Consequently, they only allow oxygen reduction reac-
tions near TPBs. However, cobaltite perovskite-type
oxide materials such as LagSrg4Cog.gFeq203_5 (LSCF)
or Bag55r5Cog,Feq505_5 (BSCF) are mixed ionic and
electronic conductors (MIECs) and exhibit
a significantly higher electrocatalytic activity for the
0O, reduction in comparison to LSM-based cathode
[44]. The chemical formula of perovskite oxide is
ABOs, where A and B represent two different types of
cations. Characteristic A-site cations include alkaline
earth ions and rare earth metal ions whereas B-site
cations are transition metal ions [45]. Numerous per-
ovskite-like derivatives, such as Ruddlesden-Popper
(RP) phases and double perovskite oxides are also
extensively studied as potential cathode materials for
SOFCs because of their structural features promoting
fast electron transfer [46,47].

It is well-known that (La, Sr)(Co, M)Os (i.e. M = Fe,
Mn, eetc. cobaltite-based perovskite electrode materi-
als tend to react with YSZ electrolyte and results in the
formation of insulating phases such as La,Zr,0, (LZO)
and/or SrZrO3 (SZ0) [48]. Therefore, GDC or SDC inter-
layers are practically being used in the SOFCs to avoid
the undesirable interaction between the cathode and
electrolyte [48-51]. Numerous studies revealed that
the GDC or SDC interlayer enhances the electrochemi-
cal performance of the SOFC owing to higher ionic
conductivity [52]. Besides this, cations surface segrega-
tion, such as Sr, of the perovskite-based SOFC cathodes
is a well-known degradation phenomenon [45]. The
chemical environment of cations on the surface of
the perovskite-based cathode materials could be dif-
ferent from that within the lattice. Both A- and B-site
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cations in perovskite-based oxide materials can segre-
gate to the surface and can separate out, leading to the
formation of secondary phases at the surface which is
insulating in nature [53,54]. This degradation phenom-
enon reduces the electrocatalytic activity and durabil-
ity of the cathode material [45].

1.3. Configurations of the SOFC

Figure 2 shows various structural configurations of the
SOFCs including anode, cathode, and electrolyte sup-
ported. However, SOFCs designs are mainly focused on
a thin electrolyte film coated on a porous electrode or
metallic substrate due to the preference of high-power
density at a lower operating temperature [55-57].
However, between electrode supported, anode sup-
ported type SOFCs are given high consideration due
to the lower polarization and superior electrochemical
performance [58-60]. Electrolyte supported SOFCs
exhibit low power density due to the higher Ohmic
resistance of the stabilized zirconia electrolyte, and
therefore are not widely used [61-63].

1.4. Types of the SOFC

From a geometrical point of view, the SOFC substrate
can be mainly classified into tubular type, planar type,
and single bbody-typegeometry. However, tubular and
planar type SOFCs are widely studied [64-67]. Figure 3
(a) displays the schematic diagram of the very well-
known tubular-type SOFC. In this type of SOFC, the
substrate or support is generally made up of the por-
ous electrode produced via the extrusion process. The
electrolyte, reaction barrier layer, and the other elec-
trode material are then coated onto the extruded sup-
port, simultaneously [68]. Tubular type SOFCs have
several distinct advantages: convenient stacking, resis-
tance to thermal stress, and higher mechanical
strength [64]. However, tubular SOFCs have the disad-
vantages of less power density in comparison to planar
type SOFCs and relatively high production costs [69].
Figure 3(b) displays the schematic design of the pla-
nar type SOFC. A planar type SOFC resembles the sand-
wich-type geometry where the electrolyte s
sandwiched between two porous electrodes. The planar

Cathode Anode Anode
Electrolyte Electrolyte Electrolyte
Anode Cathode

(a) Anode supported cell

Figure 2. Various configurations of the SOFCs.

(b) Cathode supported cell

(c) Electrolyte supported cell

(b)

Anode

Electrolyte

Cathode

Figure 3. Schematic diagrams of (a) tubular and (b) planar type geometries of the SOFCs. Reproduced with permission from [94].



type SOFCs produce higher current density compared
to tubular SOFCs and are relatively easy to fabricate.
However, demerits include unstable sealing, resulting
in fuel and oxidant leakage, poor thermal cycling stabi-
lity, and relatively high production cost [70-72].
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thermal robustness, fast start-up and shutdown, easy
high-temperature sealing, and interconnect fabrication.

1.5. Geometrically modified flat-tubular SOFC
Figure 4 shows the schematic design of the geometri-

Therefore, a geometrically modified SOFC design is in
need which should exhibit a high-power density,

cally modified flat-tubular (FT) SOFC which incorpo-
rates the advantages of both planar and tubular type

Cathode Fuel channel

GDC interlayer

(c)

Electrolyte Interconnect Anode support

(d) (e)

Cylindrical
- (1995)
€
£
3 22cmOD,1.8cmID and 1.5 m long HPD5
s HPD5
2 CCXXTO  em
w 4" wide and 0.75 m long HPD10
o
g DELTA9 Delta 9
o (2005)
3 4" wide and 0.75m long N - -
DELTAS (since
2006) Delta 8
6" wide and 0.75-1 m long
// ______________________ ~
,,,,, s \
" Lscr: 8~73um Unit Cell Interconnect
Current path i 7 LsCr/GDC Cathode
P e ppld
Electrolyte Current path

|
|
|
Electrolyte I
|
|
|
|

Figure 4. Schematic representation of the FT-OFC (a) cathode side view (b) interconnect side view (c) cross-sectional view
(Reproduced with permission from [92]) (d) graphic (e) actual image of FT-SOFCs developed by Westinghouse from 1990 s to 2000
s (Reproduced with permission from [17]) (f) SIS FT-SOFC submodule and unit cell (Reproduced with permission from [82]).
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SOFC. The FT-SOFC is comprised of extruded anode-
support having multiple cylindrical/semi-cyclical chan-
nels or ribs for the fuel flow as displayed in Figure 4(c).
The anode support appears to be a flattened tube in
a cross-sectional view. The ribs inside the anode sup-
port are electron conductive and provide a shorter
current path in the current collection, in addition to
the circumferential current flow. This attribute leads to
reduced ohmic resistance and higher power density.
The electrolyte, GDC interlayer, and cathode are
coated onto the FT anode support. The dense inter-
connect is coated onto the opposite side of anode
support for the current collection and electrical con-
nection of unit cells in a stack as represented in Figure
4(b). Further, advantages of the FT-SOFC include easy
gas-tight sealing, thermal robustness, and ease of fab-
rication in comparison to planar type SOFCs [73-76].
Table 1 represents the quantitative comparison of
advantages and disadvantages among planar, tubular,
and FT-SOFCs.

The FT-SOFC design is developed by Siemens
Westinghouse, USA by modifying the previous tubular-
type SOFC design. Further development and modifica-
tion are being carried out by Kyocera, Japan, and KIER,
South Korea. The evolution from the tubular design to
the flat-tubular was first shown by Hassmann [77] to
improve the low power density of the tubular type
SOFCs, by shortening the current passage and thus,
decreasing the Ohmic resistance.

Figure 4(d, e) illustrate the schematic designs and
actual images of FT-SOFCs developed by
Westinghouse/Siemens from the 1990 s to 2000
s [78]. These types of cells are regarded as high-
power density (HPD) cells. The design and actual
image of the HDP5 cell with five air channels are
shown in Figure 4(d, e). However, a variety of para-
meters such as the number of air channels, wall thick-
ness, width, and height of these air channels can be
changed to optimize the cell performance. The
mechanical strength is equally important in optimizing
the electrochemical performance of the cell [17,79]. For
instance, a cell with wide and thin walls can produce
more power density due to the relatively shorter cur-
rent path and high surface area. On the other hand,
a thin-wall cell may not be favorable in terms of dur-
ability due to the lower mechanical strength.
Therefore, the optimization of HDP cells should con-
sider multiple factors [80,81]. Figure 4(f) represents the

Table 1. The planar, tubular, and flat-tubular SOFCs, advan-
tages and disadvantages.

Property Planar Tubular Flat tubular References
Power density High Low High [64-67]
Start-up and shutdown  Slow Fast Fast [70-72]
Interconnect fabrication ~ Easy Difficult Easy [73-76]
Thermal robustness Low High High [70-72]
High temperature sealing Difficult Easy Easy [73-76]

schematic diagram of a segmented-in-series (SIS) FT-
SOFC in which flat tubular SIS-SOFC cells are arrayed as
narrow strips on the surface of a porous ceramic sup-
port structure [82]. Fuel flows through the flat tubular
ceramic support and the cathode sides of the SIS-SOFC
are exposed to air on the outer side. Each unit cell
contains an anode-electrolyte-cathode composite and
an interconnect layer. In an SIS FT-SOFC, the porous
ceramic support provides excellent stability in both
reducing and oxidizing atmospheres, thereby, offering
the advantage of high resistance to redox cycling [83].
Researchers at Westinghouse/Siemens have made
further advancements in the FT-SOFCs by developing
a new design of Delta cells as an alternative to the HDP
cells in the 2000 s. The new design has a higher surface
area, leading to a higher power output without com-
promising the active area in a wavy shape as shown in
Figure 4 [80,84,85]. These cells in consideration were of
cathode supported configuration. However, the higher
surface area and the power output come at the
expense of low mechanical strength, thereby, consid-
ered less durable as compared to those HDP cells.

2. Cell materials and manufacturing processes

Details of the FT-SOFC component materials (anode,
electrolyte, cathode, etc.) and their manufacturing pro-
cesses are comprehensively reviewed in this section.
Various constituent layers in a unit FT-SOFC are pre-
sented in Figure 5(a).

2.1. Substrate

The substrate, also called cell support, mainly provides
mechanical support in FT-SOFCs, and therefore must
be mechanically and chemically stable. The substrate
acts as a vehicle on which the other cell components
are chronologically deposited and hence, TEC should
be similar to other cell components. The cell-substrate
can be made of an anode, cathode, or ceramic support.
Several methods are reported in the literature for man-
ufacturing the porous substrate of FT-SOFC including
slip casting, gel casting, and extrusion [68,86] and the
extrusion technique is widely used for the mass pro-
duction of porous substrates for FT-SOFCs [87]. In the
extrusion process, the shaping of FT-SOFCs occurs
bypassing the extrusion slips through the orifice of
the required cross-section die. These extrusion slips
contain desired materials such as the powders of por-
ous substrate mixed with pore former, water-based
binders (such as polyacrylamide, polyvinyl alcohol,
methylcellulose, etc.). This mixture of materials and
binders possesses extremely high viscosities, typically
in the range of 1000 Pa.s. The desired length of the
tube is removed and the substrates are de-binded at
high temperatures (up to 1100-1400°C) and prepared
for the deposition of other cell components [88]. In
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Figure 5. (a) SEM microstructure showing different component layers of the anode-supported FT- SOFC (Reproduced with
permission from [23]) (b) schematic diagram of the EVD process (c) SEM cross-sectional microstructure of EVD deposited 8YSZ
electrolyte on a porous cathode substrate (Reproduced with permission from [17]).

anode supported FT-SOFCs, the anode material typi-
cally consists of the composite of electronic and ionic
conductors (generally cermets). NiO-8YSZ cermet
meets most of the characteristics of a good anode
and hence, is widely used as an anode substrate mate-
rial in anode-supported FT-SOFCs [87]. Most research-
ers have used the extrusion process for the
manufacturing of Ni-YSZ anode support material
[23,73,74,83,89-91]. Recently, Khan et al. [92] made
NiO-8YSZ anode support by the extrusion process,
and the similar process was also used by Park et al.
[73] for the fabrication of NiO-8YSZ anode support for
the monolithic FT-SOFCs. Mushtaq et al. [82] success-
fully developed the SIS FT-SOFCs and used ceramic
support consisting of 3 mol% yttria-stabilized zirconia
(3YSZ) on which three layers of anode/electrolyte/cath-
ode were deposited subsequently. Furthermore, An
et al. [93] made an 8YSZ substrate for SIS FT-SOFCs
by extruding the mixture of YSZ powder, activated
carbon, and organic binders which were subsequently
sintered at 1100°C to form extruded flat tubular
supports.

Over the past half-century, Siemens/Westinghouse
used Ca- and Ce-doped LaMnOs; cathode substrate and
made the world’s first highly effective and durable
100 KW class cathode supported FT-SOFCs using a con-
ventional extrusion process [77,94]. Orui et al. [95]
fabricated cathode supported FT-SOFCs by co-firing
the LSM-YSZ cathode and YSZ electrolyte by an extru-
sion process. The reviewed studies show that extrusion

is a viable process for fabricating the flat tubular sub-
strate or support for the FT-SOFC.

2.2. Anode functional layer

The particle size, porosity, and ratio of constituent
materials are crucial for the overall electrochemical
performance of NiO/YSZ cermet anode [96,97]. The
multi-layer anodic structure is therefore suggested to
enable an anode functional layer (AFL) having
a reduced porosity and fine microstructure to expand
the TPB length of NiO/YSZ cermet anode so that the
activation polarization of an anode is restrained
[98,99]. Muller et al. [100,101] developed the graded
multilayer anode structure with AFL that can extend
the active sites of TPBs and the TEC is well-matched
with anode and electrolyte, resulting in enhanced long
term stability of SOFC. The fabrication techniques of
the AFL are the same in anode supported FT-SOFCs
and for anode coatings in the cathode or SIS FT-SOFCs.
Screen-printing, dip coating, and decalcomania paper
are the largely used fabrication techniques of anode
functional layer in FT-SOFCs [73,91-93,102].

In screen printing of NiO-YSZ or NiO-Sc,0s-
stabilized ZrO, (SSZ) cermet AFLs, characteristically
powder loadings are in the range of 60% in the pastes,
and the rest of the materials are binder (e.g. ethylcel-
lulose) and a solvent (e.g. alpha-terpineol). The AFL
paste, which has a viscosity in the range of a few Pa’s,
is then pressed through the printing screen mesh by
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squeezing on the substrate [103,104]. After subse-
quent sintering, the screen-printed AFLs have
a thickness ranging from 5 to 100 um [88]. Generally,
this screen-printing technique for coating AFL is
applied on SIS FT-SOFCs where the coating of the
thin anode is required on the extruded porous sub-
strate. The screen printing of NiO-CScSZ (NiO-Ce,
ScSZ,0) cermet anode on pre-sintered ceramic support
of 3YSZ has been successfully employed by Mushtaq
et al. [82]. Similarly, Park et al. [83] have also used the
screen printing process for the coating of NiO-SSZ for
segmented-in-series FT-SOFCs. Dip-coating of AFLs on
the substrate is another widely used technique in FT-
SOFCs [88]. In the dip-coating process, the porous
support is dipped into a suspension containing NiO-
YSZ or NiO-SSZ powder, an organic vehicle (containing
a plasticizer, dispersant, and binder), and a solvent
[105,106]. The dipped substrate is withdrawn from
the cermet suspension at a very controlled speed.
The thickness of dip-coated AFLs depends on the
time at which the substrate is immersed in the solution
and the number of repetitions of dip coating by curing
the previous AFL layer by conventional thermal, UV, or
IR techniques. After achieving the desired AFL thick-
ness, the coating can be dried and sintered at the
desired temperature, typically at 1000°C [92]. The man-
ufacturing process of anode and cathode supported
FT-SOFCs have mostly used this dip-coating method to
coat the AFLs on the pre-sintered anode/cathode sub-
strate [107]. For instance, Khan et al. [23] have used
dip-coating process for fabricating the AFL on the
anode support of FT-SOFC.

These AFL fabrication techniques offer several
advantages such as scalability, cost-effectiveness, and
ease of automation [68,108,109]. However, these tech-
niques can only produce simple designs consisting of
definite lines and shapes. Moreover, in the dip-coating
and screen-printing fabrication techniques of AFLs, the
slurry penetrates the pores of the substrate. This results
in the non-uniform deposition of AFLs that can be
delaminated easily during the sintering of these layers
[110]. To cope with the drawbacks related to screening
printing and dip-coating of AFLs, fabrication of SOFC
components using decalcomania paper was intro-
duced and mostly used to produce SIS FT-SOFCs. This
method of fabrication of FT-SOFC components
involves the attachment of component layers from
prepared decalcomania paper to the surface of porous
ceramic substrates. Moreover, this method of fabrica-
tion of AFLs or other cell components offers several
advantages over traditional methods as it involves the
manufacturing of SOFC components layers with con-
trolled thickness into any desired size and shape
[93,110]. Cho et al. [111] investigated the effect of
AFL preparation by decalcomania paper and their
results demonstrated that the roughness factor (R,) of
electrolyte deposited on anode was non-uniform, with

R, = 7.86 nm. The R, is reduced to 2.65 nm when the
electrolyte is coated on AFL, resulting in high perfor-
mance compared to the cell without the AFL layer,
thereby, indicating the advantage of using the decal-
comania method for the fabrication of AFLs. A similar
study of the effect of using AFLs prepared by decalco-
mania paper in anode-supported FT-SOFCs was inves-
tigated by An et al.[112]. Their results revealed that the
Ohmic and polarization resistance was dramatically
reduced in the case of laminating AFLs and could be
attributed to the improved interfacial adhesion of AFLs
prepared by the decalcomania paper method.

2.3. Electrolyte

An electrolyte is a key component of the SOFC which
conducts oxide ions from the cathode toward the
anode where it reacts with oxidized fuel to form H,0 or
CO, and thus culminates the overall electrochemical
reaction of SOFC. The manufacturing of thin films of
electrolytes is a crucial step in the production of all
types and designs of SOFCs. For the fabrication of thin
and dense electrolyte coating, various conventional
fabrication techniques are used such as electrochemi-
cal and physical vapor deposition (EVD and PVD), ther-
mal spray methods (e.g. atmospheric plasma spray),
slurry coating techniques (e.g. screen printing, electro-
phoresis deposition, vacuum slurry, wet powder spray,
decalcomania paper, etc [17,100,113-116]. Among all
these techniques, slurry coating techniques are widely
used for the fabrication of thin and dense electrolytes
for FT-SOFCs. For example, Kim et al. [117] fabricated
the YSZ electrolyte layer on the pre-sintered anode
substrate by repeating the slurry dip-coating process
to obtain the dense layer. The dip-coating technique is
relatively simple, cost-effective, and has high flexibility
in coating the dense electrolytes even with complex
geometries [118]. Nevertheless, it is very difficult to
fabricate a dense and thin electrolyte coating using
this conventional dip-coating method. The formation
of cracks during drying and large pore and pin-hole
distribution of a green electrolyte layer due to weak
capillary forces demand certain changes in dip-coating
methodology. To overcome the demerits associated
with dip-coating of electrolytes in FT-SOFCs,
a vacuum slurry-coating process has been studied to
get a dense and thin layer on ceramic porous supports
[114]. This modification of applying vacuum inside the
porous substrate enhances the intensity of the capil-
lary forces of slurry for coating the dense electrolyte
onto the pre-sintered substrate. However, the thick-
ness of the electrolyte depends on the number of
coats, immersion time, and slurry concentration [114].
The process of vacuum slurry-coating of 8YSZ electro-
lyte has been described in detail in [114]. Son et al.
[114] studied the influence of fabrication parameters
on the coating properties of the tubular SOFC type



electrolyte using the vacuum slurry coating process.
Their results revealed that the vacuum slurry-coating
process can be utilized effectively to obtain the dense
and thin film of zirconia-based electrolytes on porous
AFL coated anode support. Considering the benefits
associated with the vacuum slurry-coating process of
electrolyte, many researchers adopted this methodol-
ogy to coat the electrolytes, mainly SSZ or 8YSZ, onto
porous substrates of FT-SOFCs [23,82,83,91,92,119].
Additionally, the GDC reaction barrier layer has also
been reported to be fabricated using this process [92].
The decalcomania paper method is also used for the
fabrication of thin dense films of electrolytes. Lee et al.
[120] prepared 10 pum 8YSZ electrolyte by decalcoma-
nia paper method that exhibited a very dense structure
after sintering at 1450°C. Fabrication of thin YSZ elec-
trolyte film by decalcomania paper method for SIS FT-
SOFCs has been reported by numerous researchers in
the literature [93,110,121].

Siemens/Westinghouse has used the EVD technique
for electrolyte fabrication by early 1977 for the cath-
ode-supported FT-SOFCs. This EVD technique was gra-
dually modified to atmosphere plasma deposition
(APS) since the 2000s, due to the drawbacks of cost
and mass production associated with the EVD process
[122,123]. In a typical EVD process for the deposition of
thin YSZ film on cathode substrate, the gaseous mix-
ture of ZrCl, and YCls is passed through the outer
surface of the flat tube of cathode substrate while the
steam is introduced to the inner surface at higher
temperatures, where they react with each other at
pores of the substrate. As soon as the surface pores
are sealed, the thin and dense layer of 8YSZ is depos-
ited on the surface of the substrate, at a slow rate. The
EVD process is schematically explained in Figure 5(b)
and can be explained by the following electrochemical
reaction [123]:

ZrCly 4 205 — ZrO; + 2Cl, + 2V + 4e”

2YCl; + 205 — Y,03 + 3Cl, + 3V; + 6e”

Where O}, V;, and e~ are the regular oxygen ion lattice,
oxygen vacancy, and free electrons respectively. SEM
image of the cross-section of highly dense EVD depos-
ited 8YSZ electrolyte on a porous cathode substrate is
displayed in Figure 5(c).

2.4. Cathode

Large cathodic polarization, due to the high activation
energy required for oxygen reduction reaction (ORR) is
a major issue associated with the FT-SOFCs cathode
materials. A cathode material should exhibit enough
electronic conductivity (ionic conductivity is added
advantage) to minimize the polarization losses. The
TEC should be matched well with electrolyte materials
and it should be stable during long-term SOFC
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operation. Multi-layered cathode composed of LSM-
YSZ composite and LSCF was widely used as cathode
material in FT-SOFCs and coated on the electrolyte co-
sintered flat substrate by a dip-coating method
[74,91,102,117,119]. Park et al. [73] also used LSM-YSZ
composite cathode for monolithic FT-SOFCs using
a spray coating method. LSCF is an important MIEC
cathode material that plays a very vital role in the
commercialization and development of SOFC technol-
ogies. T. Suzuki et al. [124] used a cost-effective dip-
coating technique to coat the composite air electrode
of LSCF-GDC (Ceg9Gdg 104 95) on the GDC interlayer for
the fabrication of 1.3 cm wide and 0.2 cm thick micro
FT-SOFCs.

The screen printing technique has been widely used
by researchers [23,82,92,125] to coat the multilayer air
electrode consisting of LSCF-GDC composite and LSCF
layer. Park et al. [83] screen printed dual-layer cathode
of LaggSrp4Co05-GDC and Lag gSry4Co05 (LSC) for SIS
FT-SOFC to study the dual-layer ceramic interconnect.
The materials and manufacturing processes of FT-SOFC
components, from the literature reviewed, are sum-
marized in Table 2.

2.5. Interconnect

The interconnect is a key component of the FT-SOFC as
it is used to separate fuels, oxidant gases in a stack, and
transport current [16,126-128]. The interconnector is
in junction with both electrodes i.e. anode and cath-
ode, therefore it should be stable in reducing and
oxidizing atmospheres [16,129,130]. Additionally, the
interconnector must be electrically conductive and
chemically compatible with other components of the
cell [129,131]. Several interconnect materials have
been reported in the literature which were tested to
accomplish these properties for the FT-SOFC. Some of
these studies are summarized in Table 3. Park et al. [91]
fabricated anode-supported FT-SOFC with a multi-
layer ceramic interconnect on NiO-8YSZ porous
anode support, developed by the extrusion process.
The Srg;Lag,TiOs (SLT; 10 um) and LaggSrooMnOs
(LSM; 20 pum) were coated by using a screen-printing
process and the co-sintering was performed at 1400°C.
This was followed by the cathode, which consisted of
three layers i.e. LSM-YSZ, LSM, and LCSF, and was dip-
coated again and sintered at 1150°C subsequently. The
EDS results revealed that SLT and LSM did not form any
secondary phases during the co-sintering process. The
ASR values of the interconnect film were in the range
of 25-76 mQcm? between 700-900°C which suggested
low electrical resistance as SOFC interconnect film. Xu
et al. [132] developed an SLT/LSM bilayer interconnect
using the slurry-brushing and co-sintering process, by
first preparing slurries of SLT and LSM powders by
mixing them with ethanol, PVB, and triethanolamine
(TEA) appropriately. The green tubular anode NiO-YSZ
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Table 2. Materials and manufacturing processes of FT-SOFC components.

FT-SOFC component Materials Fabrication technique Design of FT-SOFC References
Substrate NiO-8YSZ Extrusion Anode supported [5-12]
3YsZ SIS [82]
8YSZ SIS [93]
Ca- and Ce-doped LaMnOs Cathode supported [77,94]
LSM-YSZ Cathode supported [95]
Anode functional layer NiO-SSZ Screen printing SIS FT, Anode support [82,83]
Dip coating Anode supported [23,92]
NiO-8YSZ Dip coating Anode supported [90]
Decalcomania paper SIS [93,110]
Electrolyte 8YSZ, SSZ Dip coating Anode supported [117]
Vacuum slurry coating Anode supported [23,82,83,91,92,119]
Decalcomania paper SIS [93,110]
EVD Cathode supported [77,94]
Cathode LSM-YSZ Dip coating Anode supported [74,91,102,117,119]
Spray coating Monolithic [73]
LSCF-GDC Dip-coating Anode supported [124]
Screen printing Anode supported, SIS [23,82,92,125]
LSC-GDC Screen printing SIS [83]

was developed by the dip-coating process and the
electrolyte (SSZ) was also deposited on the anode sur-
face by the dip-coating. The SLT slurry was then
brushed on the anode by removing a rectangular
area (0.6 cm x 4.5 cm) of the electrolyte (which was
deposited earlier). Subsequently, the LSM slurry was
brushed on the SLT coating. This was followed by the
green FT electrode with three layers deposited on it
was then co-sintered at 1400°C for 3-5 h. The EDS
analysis revealed that the thickness of LSM and SLT
was 10 um and 20 pm, respectively. The electrical
resistance between anode and interconnector (SLT/
LSM) were 0.186 Qcm?, 0.22 Qcm?, 0.265 Qcm? and
0.338 Qcm? at 900°C, 850°C, 800°C and 750°C, respec-
tively and the cell showed a maximum power density
of 290 mWcm™2 at 900°C. Park et al. [89] also produced
anode-supported FT-SOFC with a La-doped SrTiOs
interconnector. The FT-anode support (NiO-8YSZ) was
developed by the extrusion process. Powders of Sryg
Lag,TiOs3 and Srg;Lag,TiOs (synthesized by the Pechini
method) were screen printed on the FT anode.
Thereafter, the green FT anode was sintered at 1400°
C for 5 h. The thermal, mechanical, and electrical prop-
erties of the interconnector were evaluated based on
Sr content. Srg;Lag,TiOs depicted higher electrical
conductivity than the Srgglag,TiOs while the latter
showed better thermal expansion and fracture
strength. Pi et al. [133] developed an Ag-glass inter-
connector for anode-supported FT-SOFCs to operate
below 700°C using the screen printing method. The Ag
and glass powders were mixed in various weight ratios;
Ag + glass x wt%, x = 0, 10, 20, 30. Subsequently, the
mixtures were ball-milled in ethanol for 24 h, followed
by drying at 900°C. Afterward, pastes and pellets of the
mixed powders were prepared for characterization
purposes. The pellets were prepared by applying 7
MPa pressure followed by isostatic pressing at
300 MPa and were finally sintered at 800°C in the air
for 30 min. The pastes of the Ag-glass composite were
prepared using a-terpineol as solvent and ethyl

cellulose as a binder. The anode-supported FT-SOFC
was fabricated by the extrusion process and the Ag-
glass paste was deposited on the anode side of the FT-
SOFC using the screen-printing method. Phase stability
was measured using the Ag-glass composite pellets in
X-ray diffraction (XRD). The Ag-glass composite
showed sufficient conductivity to be used as an inter-
connector. The composite formed a dense layer on the
anode support due to pore filling by the glass. The Ag-
glass 10 wt% showed the highest performance in
terms of power density and long-term stability below
700°C. Yoon at el [134]. fabricated an interconnector
with LSM and Lag 4Sro.6TipsMng 403 (LSTM) on NiO-YSZ
anode-supported FT-SOFC using the dip-coating and
auto-spray methods. The gas permeation tests indi-
cated the formation of a dense bilayer on anode sur-
face after sintering at 1400°C for 3 h. The stability of the
bilayer interconnector was studied in different concen-
trations of gases (H,/O,) in a reducing and oxidizing
environment. A maximum power density of 464
mWcm™2 at 800°C was calculated in LSM/LSTM inter-
connector. ASR value of LSM/LSTM remained stable in
oxidizing/reducing environment while the ASR value
increased in low H, concentrations. The LSM/LSTM
bilayer was compared with the SLT/LSM bilayer and
the latter showed 74-90% better performance as com-
pared to the former, which suggested that the LSM/
LSTM bilayer as an ideal candidate for interconnector
since it did not require bipolar plates for stacking. Kim
et al. [74] developed Lag75Cag,,CrO3 interconnector
for anode-supported FT-SOFC, by using plasma spray
coating and dip coating and found out the plasma
spray method resulted in dense layer as compared to
dip coating which formed a porous layer. The XRD
analysis revealed that sintering below 1000°C resulted
in secondary phase particles while secondary particles
were not found for samples sintered above 1000°C.
The electrical conductivity of LSM dip coated FeCr
alloy (Fe-20Cr-5Al) and SUS430 (Fe-16Cr), were also
tested and it was found that the electrical resistance
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Figure 6. (a) Schematic design of two unit FT-SOFC bundle and (b) actual image of the 1 kW class FT-SOFC stack, before the test.

Reproduced from with permission [102].

of SUS430 (Fe-16Cr) decreased from 148 mQcm? to
43 mQcm? after 450 h operation at 750°C. Hosseini
et al. [90] fabricated Lag4CageTi(1-9MNnOs.s
(X = 0.0,0.2, 04, 0.6) interconnector for anode-
supported FT-SOFC. The interconnector was coated
on the anode support by screen printing method and
the deposited layer was sintered at 950°C. The electri-
cal conductivity of all the samples was measured in
reducing and oxidizing conditions and it was observed
that the layer with X = 0.6 exhibited highest electrical
conductivity. The X = 0.6 interconnector showed
power density of 208 mQcm? at 800°C under 3% H,
(humidified) fuel. These results indicated that the layer

(a)

interconnect P

fuel inlet

with X = 0.6, can be potentially used as interconnector
material in anode-supported FT-SOFC.

3. FT-SOFC stack designs and fabrication

Various designs of the FT-SOFC stacks are reported
extensively in the literature. For instance, Lim et al.
[102] have designed and fabricated a 1 kW class anode-
supported FT-SOFC stack in which the FT-SOFCs were
comprised of three ribs inside the anode support. The
stack module is comprised of four FT-SOFCs where two
cells are connected in parallel and two in series and the
schematic design of the two-unit module of the stack

fuel outlet

i

ST

Figure 7. (a) graphic design of 600 W class FT-SOFC stack, (b) microstructures of Ag-Cu braze after preparation (c) after 1000 h

testing. Reproduced with permission from [137].



is shown in Figure 6(a). The cell consisted of Ni-YSZ
anode, YSZ electrolyte, and LSM-YSZ/LSCF multi-
layered cathode. The extruded FT anode support act
as a fuel electrode and other cell components were
fabricated in thin layers on that support. NiO-YSZ
anode powder was mixed with activated carbon
(pore former) by ball milling in ethanol for two weeks
followed by oven drying at 120°C. The pore former
mixed dried NiO-YSZ powder was further added with
a suitable amount of organic binder and plasticizer
followed by the extrusion of anode support in the

Sealant

Fuel
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form of a flat tube. Subsequently, the extruded flat
tubes were subjected to drying in a microwave oven
at 120°C, and then pre-sintering was performed at
1100°C. A vacuum slurry dip-coating method was
used to coat the YSZ electrolyte on the pre-sintered
flat anode to form a thin and crack-free layer. The
coated thin layer on the flat tube anode was co-fired
at 1400°C. The thickness of the YSZ electrolyte layer on
a flat anode was measured to be 7 um. Cathode mate-
rials; LSM and LSCF, were prepared by solid-state pow-
der reaction for which the materials were first

Cell #1

Cell #2

W Interconnector
Cell #3 (LSTM/LSM bilayer)

Air channel

L
<%= Fuel channel

Current collector (LSC)
R Cathode

g :t Electrolyte
Anode support

15 pm

nterconnector

Anode support

Figure 8. (a) design of the monolithic five cell FT-SOFC stack without any metallic interconnect plate, actual image of (b)
monolithic 5-cell stack (c) testing set-up, cross-sectional SEM image of (d) the unit cell sintered at 1400°C for 3 h (e) dual layer

ceramic interconnect. Reproduced with permission from [73].
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weighted in the desired proportions and then mixed in
ethanol using ball milling for ten days. The cathode
paste was screen printed onto the electrolyte sintered
FT anode support and then sintering was done at
1000°C for 5 h. Each FT-SOFC was attached with
a metallic cap using an induction brazing process for
the fuel flow [135,136]. The two brazed FT-SOFCs were
connected in parallel and named as a unit bundle of
the stack as shown in Figure 6(b). Every bundle con-
sisted of two FT-SOFCs in parallel, was connected in
series using a metal jig. The unit bundle was placed on
the top side of the fuel manifold using a specific seal
and insulation method to make the unit bundle more
compact. The whole 1 kW stack was fabricated by
repeating the same concept, with 30-unit bundles
and a total of 60 cells were contributing to power
generation.

Jiet al. [137] designed and fabricated a 600 W class
FT-SOFC stack which comprised of 36 cassettes of
FeCrAl alloy (commercially known as 1Cr21Al4) in
total as shown in Figure 7(a). The anode, electrolyte,
and cathode materials of the cells were Ni-YSZ, YSZ,
and LSM-YSZ, respectively, and the cells were sealed
on cassettes by Ag-Cu air braze as shown in Figure 7(b,
c). FeCrAl alloy interconnects with silver mesh were
used to electrically connect the cathode and LaCrO;
was applied to improve the electrical conductivity and
contact performance. The anode substrates were pro-
duced using the tape casting method. YSZ electrolytes
of 15 um were prepared by wet powder spraying and
cathodes of 4 x 4 cm? were synthesized by a screen
printing method. Fuel inlet and outlet were provided
at the opposite ends.

Most of the FT stack designs reported in the litera-
ture have used a metal plate for cell separation for
oxidant supply and electrical connection [137-139]
which causes fast performance degradation due to Cr
poisoning [140-142]. During high-temperature opera-
tion, Cr vapor species such as CrO3 and CrO,(OH), react
with the perovskite cathode of the SOFC and deposit
on the active site, thereby, reducing the electrochemi-
cal performance of the cell [143,144]. Considering this
aspect, Park et al. [73] designed and fabricated
a monolithic FT type SOFC stack with integrated elec-
trode and gas channels, and these FT cells were
stacked without metal interconnect plates as displayed
in Figure 8(a) for the 5-cell short stack. Figure 8(b, c)
show the actual images of the 5-cell short stack and its
testing setup, respectively. Cell materials include Ni-
YSZ anode, YSZ electrolyte, GDC reaction barrier layer,
LSM-GDC/LSCF multilayer cathode as shown in Figure
8(d). The LSTM and LSM dual-layer ceramic intercon-
nect layer was coated onto the FT anode support as
presented in Figure 8(e). The unit cells in the stack
were connected using LaggSrg4-CoOs (LSC) paste
which acted as a current collector to enhance the
conductivity between the ceramic interconnector of

the next cell and the cathode of the previous cell and
after that the stack was calcinated at 850°C for 3 h. The
Au-mesh connected with Au wire was connected to
both ends of the stack with LSC paste to improve
current collection and finally, the Au-meshes were
joined with a porous Al,Os plate to secure the connec-
tion for high temperature as illustrated in Figure 8(c).
Fuel was supplied to the extruded anode support and
air channels were engraved or extruded outside the
tube where the cathode layer was coated onto that.
This design presented various attributes such as easy
stacking without metal interconnect plate, gas-tight
sealing, high performance, lower degradation owing
to Cr poisoning, and low manufacturing cost, demon-
strating that the monolithic design as a promising new
stack design.

4. Electrochemical performance and stability

Various research groups have reported electrochemi-
cal performance results of the FT single cells and stacks
under a range of operating conditions. However, the
cell performance highly depends on the materials
composition, fabrication process, microstructure, sup-
plied fuel, and operating temperature
[79,101,145-148].

4.1. Single-cell performance

Lim et al. [102] have compared the performance of
anode-supported tubular and FT-SOFC with 3 vol%
H, and air at 750°C as shown in Figure 9(a). The vol-
tage-current density (IV) polarization curves show that
the corresponding peak power density of the tubular
SOFC was around 375 mWcm™ whereas FT-SOFC
showed a significant increase of 430 mWcm~2, under
the same operating conditions. Both cells were com-
posed of NiO-8YSZ anode, 8YSZ electrolyte, and LSM-
YSZ/LSM/LSCF multilayer cathode. Kim et al. [74] fabri-
cated and characterized the anode-supported FT-
SOFCs at KIER where NiO-8YSZ FT anode support was
fabricated via the extrusion process and 8YSZ electro-
lyte and LSM-YSZ cathode were coated using dip-
coating process. A plasma spray-coated Lag;5Cag.oy
CrO3 (LCC) ceramic interconnect was used for the
anode current collection. The anode-supported FT-
SOFC showed a maximum power density of 225
mWcm™ (0.6 V, 375 mAcm ) measured at 750
°C with Ar and 10% H, as fuel and air as an oxidant.
Likewise, Hosseini et al. [90] have reported the peak
power density of 207.94 mWcm™2 at 800°C using Lag 4
CageTlipaMng0s.q (LCTM) dense ceramic interconnect.
The cell is comprised of NiO-8YSZ anode, 8YSZ electro-
lyte, and LSC-YSZ cathode. Pi et al. [133] have devel-
oped an Ag-glass composite interconnect for the
anode-supported FT-SOFCs and studied the electro-
chemical performance by optimization of glass
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at 750°C (Reproduced with permission from [102]) (b) FT-SOFCs with Ag-glass composite interconnect and SLT/LSM ceramic
interconnect measured at 750°C. (Reproduced with permission from [91]).

content in Ag-glass composite interconnect. The max-
imum power density of the 270 mWcm ™2 was obtained
at 700°C, with 10 wt% glass in the Ag-glass composite
interconnect. Similarly, Park et al. [91] compared the
performance of the Ag-glass composite interconnect
and SLT/LSM dual-layer ceramic interconnect. The cell
with Ag-glass interconnect showed a performance of
360 mWcm ™2, whereas SLT/LSM ceramic interconnect
exhibited a peak power density of approximately 225
mWcm™2 at 750°C, with 3 vol% humidified H, as fuel
and air as oxidant as displayed in Figure 9(b). The
anode, electrolyte, and cathode materials were NiO-
8YSZ, 8YSZ, and LSM-YSZ, respectively in a unit FT-

SOFC. Moreover, Khan et al. [23] have reported
improved single-cell performance of the anode-
supported FT-SOFCs. The cell comprised of NiO-8YSZ
anode support, NiO-SSZ AFL, SSZ electrolyte, GDC
interlayer, LSCF-GDC cathode, and Ag-glass composite
interconnect. The peak power density was measured
to be 615 mWcm™2 at 800°C, with 3 vol% humidified H,
as fuel and air as oxidant. The comparison of the
electrochemical performances of the FT-SOFCs and
tubular SOFCs is shown in Tables 4 and 5, respectively.
The data in Table 5 indicates that FT-SOFCs have sig-
nificantly higher performance compared to the tubular
SOFCs.
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Table 4. Electrochemical performance of the single FT-SOFC.

Cell materials Performance
Support type (anode/electrolyte/cathode) Interconnect Temperature (°C)  (peak power density; mWcm™)  Reference
Anode NiO-8YSZ/YSZ/LSM-YSZ LCC 750 225 [74]
Anode NiO-8YSZ/YSZ/LSC-YSZ LCT™ 800 207.94 [90]
Anode NiO-8YSZ/YSZ/LSM-YSZ Ag-glass 700 270 [133]
Anode NiO-8YSZ/YSZ/LSM-YSZ Ag-glass 750 360 [91]
SLT/LSM 225

Anode NiO-SSZ/SSZ/GDC/LSCF-GDC Ag-glass 800 615 [23]
Anode NiO-8YSZ/YSZ/LSM-YSZ Ag-glass 800 416 [117]
Anode NiO-8YSZ/SSZ/GDC/LSCF-GDC+18 wt% Ag  Ag-glass 700 537 [149]
Anode NiO-8YSZ/YSZ/LSM-YSZ Brazed metal cap 750 430 [102]
Anode NiO-8YSZ/YSZ/GDC/LSM-GDC+LSCF+LSC LSTM-LST 800 498 [73]
Anode NiO-8YSZ/5SZ/GDC/LSCF-GDC+SSC Ag-glass 800 796 [152]
Cathode Ni-8YSZ/8YSZ/LSM-YSZ Pt 1000 830 [95]

Pi et al. [149] enhanced the performance of FT-SOFC
by infiltrating nano-scale Ag particles to the porous
LSCF-GDC cathode using wet-infiltration technique
[150,151]. The performance tests demonstrated that
Ag infiltration significantly improved the electrochemi-
cal performance and a maximum of 537 mWcm™
power density was attained at 700°C. Song et al. [152]
infiltrated the SmgsSrysC0035.5(SSC) nano-particles
into porous LSCF-GDC cathode. This doubled the cell
performance and was attributed to the high mixed
ionic and electronic conductivity of SSC. The peak
power densities of the cells without and with SSC
infiltration were 343 and 796 mWcm™2 at 800°C,
respectively, indicating that infiltration is an effective
technique to enhance FT-SOFC performance.

4.2. Stacks and bundles performance

Kim et al. [125] fabricated the 5-cell unit bundle of
SIS FT-SOFC using Ni-3YSZ anode support, Ni-SSZ
AFL, SSZ electrolyte, GDC interlayer, and LSCF-GDC
cathode, with Ag-glass as an interconnect for each
SIS-SOFC. The unit bundle exhibited a peak power
of 2.5 W and OCV of 5.07 V at 800°C, using 3 vol%
humidified H, as fuel and air as an oxidant as
shown in Figure 10(a). The corresponding power
density of the unit bundle is 618 mWcm™ at
800°C.

Lim et al. [43] fabricated the anode-supported
FT-SOFC stack comprising of 30 bundles in which
each bundle was composed of two FT-SOFCs con-
nected in parallel, with a single cell active area of
90 cm? The FT-SOFC stack showed a maximum

Table 5. Electrochemical performance of the single tubular SOFC.

power of 921 W and a corresponding average
power density of 170 mWcm™2 at 750°C using 3
vol% humidified H, and air. Likewise, Ji et al. [137]
also reported a 614 W power output and an aver-
age power density of 213 mWcm™2 of the FT-SOFC
short stack containing 36 FT cassettes made by
FeCrAl alloy at 750°C, with 3% H, and air. The
short stack was tested for 1000 h and resulted in
stable performance.

Park et al. [73] fabricated and tested a 5 cell monolithic
FT-SOFC stack comprising of the integrated cathode and
air channels and requiring no interconnector plate for
electrically joining the unit cells in the stack. The design
characteristics of the cells have been discussed in section
3 in detail. The short stack exhibited the maximum power
output of 46 W and an average power density of 306
mWcm ™2 at 750°C, with 3% humidified H, and air supply
as shown in Figure 10(b). Moreover, the stack showed
excellent durability with a degradation rate of 0.69% per
1000 h, thereby, showing a promising candidate for scal-
ing up this technology.

4.3. Stability of FT-SOFC stacks

Anode-supported FT-SOFCs are preferred over planar
SOFCs due to their ability to withstand thermal cycles,
high power density, and simple gas-tight sealing [73].
Figure 11(a) shows the long-term voltage degradation
of the 4 cells (layer) and 2 cell planar SOFC stacks,
conducted by Forschungszentrum Jilich [160]. The
cells in the stacks consisted of Ni-8YSZ anode, 8YSZ
electrolyte, GDC interlayer, and LSCF cathode. Both
stacks showed degradation in the voltage over time.

Cell materials Performance
Support type (anode/electrolyte/cathode) Temperature (°C) (peak power density; mWcm™) Reference
Anode Ni-8YSZ/8YSZ/LSM-YSZ 800 251 [153]
Anode Ni-8YSZ/8YSZ/LSM-YSZ 750 400 [154]
Anode Ni-GDC/GDC/LSCF-GDC 700 220 [155]
Electrolyte Ni-LDC/LCNCO-LSGM/LSGM 750 178 [156]
Metal Ni-8YSZ/8YSZ/LSM-YSZ 800 260 [157]
Anode Ni-YSZ/SSZ/LSM-SSZ 800 316 [158]
Electrolyte Ni-SSZ/SSZ/LSM-GDC 900 230 [159]
Anode Ni-YSZ/SSZ/LSCF-GDC 700 550 [124]
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The mean voltage degradation of the 2-cell short stack 700°C and 0.5Acm™2. In contrast, Figure 11(b) displays
was 0.6% per 1000 h during the 70,000 operations at  the durability data of the SIS FT-SOFC stacks developed
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by Mitsubishi Hitachi Power Systems (MHPS) and oper-
ated by the Central Research Institute of Electric Power
Industry (CRIEPI), Japan under the NEDO Project [161].
The stacks were operated at 900°C and 150 mAcm ™2
with and without the presence of a Cr vapor source on
the cathode side. The voltage of the stacks operated
with Cr vapor on the cathode side decreased with
a degradation rate of 0.2% per 1000 h whereas the
voltage degradation rate of the stacks operated with-
out Cr vapor was 0.1% per 1000 h. These results indi-
cate that the better stability of the SIS FT-SOFC stacks
compared to the planar SOFC stacks presented in
Figure 11(a).

5. Degradation of FT-SOFC cells and stacks

The use of high current density in anode-supported FT-
SOFCs can cause local Joule heating at the active area,
which can resultantly increase the degradation behavior
of cells and stacks [48,51,107,162]. Besides, the mechan-
ical stability of anode/electrolyte is directly affected by
the steam produced due to the high operating current in
anode-supported FT-SOFCs [163,164]. The applied cur-
rent density affects the long-term performance degrada-
tion behavior of FT-SOFCs, and various studies have
reported the degradation mechanisms of anode-
supported FT-SOFCs due to applied current density.
Among them, Khan et al. [92] conducted the long-term



performance degradation tests of anode-supported FT-
SOFC at current densities of 200, 450, 700, and 1000
mAcm ™ for 1000 h, at 800°C. The results revealed that
the voltage decreased with an increasing current density
as shown in Figure 12. As it can be observed in Figure 12,
that the rapid decrease in voltage occurs in the
200-400 h operating time and, followed by a constant
rate which shows a similar degradation mechanism in all
cells. The decrease in voltage was 30 mV after the 1000 h
long-term degradation test for the cell operated at 200
mAcm-2 whereas it increased to 190 mV for the cell
tested at 1000 mAcm-2. Moreover, the cell tested at
1000 mAcm-2 showed the highest decrease of 231
mWcm™2 in the peak power density after 1000 h opera-
tion, while the cell tested at 200 mAcm ™ exhibited the
lowest decline of 58 mWcm™ in the peak power density.

JOURNAL OF ASIAN CERAMIC SOCIETIES . 763

The impedance results showed that the ohmic resistance
and electrodes polarization increased by increasing the
applied current density. One of the degradation mechan-
isms at higher current densities was recognized to be the
coarsening of Ni particles in anode due to high steam
content with increasing applied current density as shown
in Figure 13(a-e). The higher steam content enhanced the
mass transfer resistance in the anode support. Also, the
migration of Sr from the cathode toward the GDC inter-
layer and electrolyte at high current densities resulted in
the formation of an insulating phase, such as SZO, which
eventually degraded the electrochemical performance of
the SOFC. The quantity of the SZO phase formation was
observed to increase with the raise in applied current
density as displayed in Figure 14(a-e). Moreover, the
presence of small particles in CFL also contributed to
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1.0 | 2
000 200mAcm
00000000000000000000000000000000000000
0.8 Yas, 450mAcm™ ]
> Yo X
~ Vvavv 700mAcm’
& 0.6 0y MMM AL e Al AR
© [+
) 2
% 000, 1000mAcm
S 04} 99020000, .
0.2 800 °C, H,= 300 cc/min, Air = 1.5 L/min -
0.0 M 1 " 1 1 " 1 1
0 200 400 600 800 1000
Time/h

Figure 12. Voltage variation with time as a function of applied current density (Reproduced with permission from [92]).

Figure 13. BSE microstructure image of the Ni-SS5Z AFL of (a) before cell test, after test for 1000 h at 800°C and (b) 200 mAcm ™ (c)
450 mAcm™ (d) 700 mAcm™ (e) 1000 mAcm™2, (Reproduced with permission from [92]).
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the decay of the long-term performance of anode-
supported FT-SOFC. The observed smaller particles in
the cells after operation at high current load, refer to
the Sr surface segregated particles such as SrO which
are insulating in nature. These particles cover the active
electrochemical surface area of the cathode and increase
the cathode polarization resistance [165-167]. These
observed degradation mechanisms are graphically sum-
marized in Figure 15. Furthermore, Khan et al. [23] exten-
sively investigated the coarsening effect of Ni particles in
FT-SOFC anode using experimental and mathematical
approaches at a high temperature of 900°C. The change

in TPB length and particle size due to Ni coarsening in
anode was predicted mathematically and co-related well
to the experimental results. Based on the time-
dependent Ni coarsening results, it is suggested that
surface diffusion along the interface is the dominant Ni
particle coarsening phenomenon. The calculated TPB
length volume (Lypg) Using the power-law coarsening
model was found to be consistent with the experimental
data. The predicted and experimental results showed
that L,rpg) decreased with increasing time due to Ni
agglomeration. Moreover, the measured time-
dependent charge-transfer resistance of anode also co-



related well with the calculated data from Lyqpg).
Similarly, this Ni coarsening degradation phenomenon
is widely studied for the SOFC anodes in the literature
[168-172]. On the other hand, Kim et al. [117] studied the
degradation behavior of various cathode current-
collecting materials for anode-supported FT-SOFC.
Several conductive pastes such as Ag-Pd, Pt, LagsSro4Co
05 (LSCp), and LSCF were painted between the cathode
and Ag current collecting wire. The cathode with LSCo
current collecting paste on Ag wire showed the least
degradation rate and highest long-term performance
stability. On the other hand, Pt paste coated cell per-
formed well initially, however, degraded at a higher rate
due to rising polarization resistance after 925 h.
Moreover, the LSCF paste cell had higher ohmic resis-
tance than the LSCy paste cell, which resulted in poor
performance. The metal particle sintering in the Ag-Pd
paste cell resulted in the formation of a dense paste layer
at 750°C, which led to the poorest long-term stability and
performance by this cell. Guan et al. [173] investigated
the degradation mechanism of anode-supported FT-
SOFCs using symmetric cells with double-sided LSCF-
GDC cathodes. The degradation was studied under 102
thermal cycles and the results indicated that power
degradation took place for the initial 100 cycles between
750-200°C. Subsequently, for the 101** and 102" ther-
mal cycles, the cathode side was loaded with a force that
led to better power output than the initial power.
Besides, the ohmic impedance was also observed to
have decreased due to the applied force. This behavior
showed that the degradation for the initial 100 cycles was
due to delamination between the cathode and the inter-
layer, which primarily took place during the early 34
cycles and the degradation for this cell can be avoided
by using a moderate force on the cathode side.
Yoshikawa et al. [161] explored six different types of
SOFCs including FT stack and discussed their durability
and prominent factors contributing to the degradation.
The degradation in the FT-SOFC stack was due to con-
tamination of the cathode by sulfur which caused over-
voltage at the cathode and IR drop. A chemical filter for
SO, was used to prevent the contamination of the cath-
ode from the sulfur. Pi et al. [149] analyzed the perfor-
mance and durability of anode-supported FT-SOFCs, with
Ag-infiltered cathodes. The electrochemical results
revealed that the infiltration of Ag in the cathode
enhanced the performance of the cell. The power density
also increased and the maximum value of 537 mWcm™
at 18 wt% Ag infiltration was achieved. The durability
tests showed that further infiltration of Ag in cathode
degraded the cell performance over time due to the
agglomeration of Ag particles. A mitigation technique
of co-infiltration of Ag and CeO, in the cathode main-
tained the performance of cells at moderate tempera-
tures by inhibiting the agglomeration of Ag particles.
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6. Summary

High power density owing to the shorter current path,
easy gas-tight sealing, resistance to thermal shock,
and ease of fabrication have been recognized as the
major distinguishing factors of the FT-SOFC cells and
stacks from a design point of view. Scaling up the FT-
SOFC technology was discussed and new stack
designs are summarized. The maximum reported
power density of the FT-SOFC in the literature was
830 and 796 mWcm™2 at 1000 and 800°C, respectively,
however, the balance of plant must be considered for
the industrial applications. The fabrication of the
nanostructures using the infiltration process is found
to be an effective process in the performance
enhancement of the FT-SOFCs. However, the long-
term operation at an intermediate temperature and
relatively low applied current density results in longer
stability of the cells and stacks. The focus of recent
development in the anode-supported SOFC stack is
the elimination of the metal interconnect plate to
avoid cathode degradation by chromium poisoning.
The FT-SOFCs offer an active research area with the
objective of design optimization, better interconnect
material development, and scaling up to the high-
power output stacks.
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