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Abstract: The design of metal-supported solid oxide fuel cells (MS-SOFCs) has again aroused interest
in recent years due to their low cost of materials, strength, and resistance to thermal cycling, as
well as the advantages of manufacturability. MS-SOFCs are promising electrochemical devices for
hydrogen energy. Compared to SOFCs, where ceramic electrodes or electrolytes are used as a carrier
base, they are of great interest due to their fast start-up capability, greater reliability, mechanical
stability, and resistance to the thermal cycle. MS-SOFCs have many advantages over conventional
ceramic-based SOFCs, with the selection of metal-based electrode materials (anode, cathode) and
their degradation processes being some of the biggest challenges facing researchers. Therefore, this
review reports on the state of the latest research on MS-SOFCs with various structures, discusses the
corresponding electrode materials and their existing problems, and puts forward topical issues that
need to be addressed in MS-SOFCs.

Keywords: metal-supported solid oxide fuel cells; electrode; thermal expansion coefficient; substrate;
materials; degradation

1. Introduction

Throughout the 20th century, society became increasingly dependent on fossil fuels as
a source of energy for utilities, transportation, and a host of other sectors. Conventional
methods of generating energy from fossil fuels have numerous inherent disadvantages,
including high levels of pollution, low efficiency, and lack of renewable resources [1-3].

Electrochemical fuel cells, especially solid oxide fuel cells (SOFCs), are promising alter-
native energy conversion devices that have the potential to realize hydrocarbon neutrality
and are compatible with existing infrastructure, allowing certain steps towards completely
green fuels [4,5].

SOFCs are one of the most excellent fuel cell systems of particular interest due to
the control of high operating temperatures and fuel management [6]. Similar to other
types of fuel cells, SOFCs require fuel (hydrogen) and oxidizers such as oxygen to react
electrochemically at high temperature and generate electrical energy. Hydrogen is typically
the preferred fuel because of its high electrochemical activity. However, carbon monoxide
can also be used as a fuel in conjunction with hydrogen. Additionally, when operating in
the internal reforming mode, hydrocarbon gas can be directly used as a fuel [5]. Figure 1
illustrates the standard structure and operating principle of an SOFC.

As can be seen from Figure 1, an SOFC consists of three main components: a dense
electrolyte, a porous anode, and a porous cathode [2]. An SOFC is a solid-state energy
converter that directly converts the chemical energy of fuel (hydrogen, natural gas, etc.)
into electrical energy through electrochemical reactions. It has great prospects for use in
large power plants [3-5] due to its high efficiency, low emissions, and lack of noise.

However, SOFC power generation technology has not yet been developed for large-
scale applications, and its main limitations are its cost and lifetime. The new design of the
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metal support makes it possible to enhance the mechanical resistance of an individual cell,
increase the thermal shock resistance of the battery, and reduce the cost of the SOFC system.
As a result, in recent years, metal-based SOFCs (MS-SOFCs) have attracted wide global
attention and have gradually become an area of SOFC research [7].
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Figure 1. Typical structure and operating principle of SOFC.

Compared to traditional ceramic-supported structures, metal-supported SOFCs have
the following advantages [8,9]:

(a) Low cost. The use of metal substrates can lower material costs compared to ceramic-
supported SOFCs, which can require expensive materials such as yttria-stabilized
zirconia (YSZ).

(b) Quick startup. The good thermal conductivity of the metal can make the MS-SOFC
start up quickly, allowing it to be used in the mobile area.

(¢) Manufacturability. Stainless steel metal has good ductility, which greatly reduces the
complexity of SOFC processing.

(d) Ease of sealing. The use of proven technology for sealing metallic materials avoids
the difficulties associated with sealing conventional SOFCs [9].

However, along with the aforementioned advantages, there are some issues with the
development of MS-SOFCs. In this review, we extensively discuss the types of MS-SOFCs;
anode, cathode, and electrolyte materials and their degradation processes; issues with
the metal support; and finally, the future prospects and problems for the development
of MS-SOFCs.

Types of MS-SOFCs

So far, two generations of flat cell SOFCs have been studied in the world with a
significant improvement in performance: the first includes electrolyte-supported SOFCs
(ES-SOFCs), and the second includes anode-supported (AS-SOFCs) and metal-supported
SOFCs (MS-SOFCs) (Figure 2).

The commercialization of traditional SOFC technology faces significant challenges
due to various reasons. These challenges include the high cost of raw materials, is-
sues related to cell sealing, limited stress resistance of the cell under rapid thermal tran-
sients and mechanical shocks, susceptibility to anode oxidation, and difficulties in achiev-
ing high-yield production of large and intricate ceramic components. These factors
contribute to the complexity and cost of scaling up traditional SOFC technology for
commercial applications [10,11].
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Figure 2. Different generations of SOFCs.

The addition of a thick support layer to traditional anode cells results in a stronger
mechanical structure, as depicted in Figure 3. However, the layer is typically made of
ceramic or cermet materials which are expensive, brittle, and susceptible to failure during
the redox cycle. The conventional anode support is particularly vulnerable to thermal
shock due to its brittle nature and can crack with rapid temperature cycling. Even Ni-
YSZ-supported cells with their ceramic structure can fail during the redox cycle, even with
slow heating [12,13].

Figure 3. Schematic representation of the anode and metal support.

To avoid these problems, the use of metal supports is preferred, which is also less
expensive, as shown in Figure 3 [11,14].

The carrier metal base is able to provide the fuel cell with greater mechanical strength
compared to cells on a carrier electrode or electrolyte. In this regard, this design is attractive
for applications in mobile autonomous power plants. The presence of a rigid support allows
the remaining electrochemically active layers of the fuel cell (electrodes and electrolyte) to
be formed in the form of thin films. However, in practice, the thickness of the functional
elements of the fuel cell is determined by the method of their formation. This is also due to
the necessity to maintain the efficiency of energy conversion since the energy conversion
efficiency ¢ depends on the layer thickness L for the electrolyte with pronounced maximum
depending on a current density [15,16].

In most cases, stainless steels are used for the manufacture of SOFC load-bearing metal
bases [17], which is because they have a thermal expansion coefficient (TEC) close to other
components of fuel cells and high resistance to oxidation [13,16,18].

Researchers at Lawrence Berkeley National Laboratory (LBNL) have developed metal-
supported proton-conducting solid oxide fuel cell designs. The transportation of pro-
tons through electrolytes provides several benefits across different temperatures. For
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instance, during electrolysis, the transport of protons generates pure hydrogen, thus
eliminating the need to remove steam from the product stream. In fuel cell operation,
extracting hydrogen from the anode through the electrolyte can accelerate fuel decom-
position or reforming reactions. Additionally, proton ceramic fuel cells (PCFCs) exhibit
resistance to carbon coking and sulfur, enabling stable operation with a broad range of
hydrocarbon fuels [18-21].

MS-SOEFCs are typically composed of three layers: an anode, an electrolyte, and a
cathode. The electrolyte layer separates the anode and cathode and allows ions to move
from one electrode to the other. The anode is where the fuel is oxidized, and the cathode is
where oxygen is reduced [12,15,16].

There are three main types of MS-SOFC structures: planar, tubular, and flat-tubular.
Planar MS-SOFCs. Planar MS-SOFCs have a flat, sandwich-like structure, where the anode,
electrolyte, and cathode are stacked on top of each other. The electrolyte layer is typically
made of a dense ceramic material, such as yttria-stabilized zirconia (YSZ). The anode
is usually made of a porous metal such as nickel, and the cathode is made of a mixed
conductor oxide, such as lanthanum strontium manganite (LSM) [14,16,22].

Advantages: 1. High power density due to the thin electrolyte layer. Simple manufacturing
process due to the planar structure. 2. Low cost compared to other MS-SOFC structures [23].

Disadvantages: 1. Limited durability due to the thermal and mechanical stress during
operation. 2. Difficult to seal and stack [16].

Tubular MS-SOFCs. Tubular MS-SOFCs have a cylindrical structure, where the elec-
trolyte layer is coated on the inner surface of a tubular support. The anode and cathode are
then coated on the outside and inside of the electrolyte layer, respectively.

Advantages: 1. High durability due to the tubular support structure. 2. Good
mechanical stability due to the cylindrical shape. 3. High fuel utilization due to the long
and thin tubular design.

Disadvantages: 1. Lower power density compared to planar MS-SOFCs. 2. Complex
manufacturing process due to the tubular structure [16,24,25].

Flat-tubular MS-SOFCs. Flat-tubular MS-SOFCs are a combination of planar and tubu-
lar structures, where the electrolyte layer is coated on the inner surface of a flat tubular
support. The anode and cathode are then coated on the outside and inside of the electrolyte
layer, respectively. The flat-tubular support provides both mechanical and thermal stability
to the cell.

Advantages: 1. High durability due to the flat-tubular support structure. 2. Good
mechanical stability due to the cylindrical shape. 3. High power density due to the thin
electrolyte layer.

Disadvantages: 1. Complex manufacturing process due to the flat-tubular structure.
Difficult to seal and stack [26-28].

2. Materials of MS-SOFC

In the design of SOFC with a supporting metal base, the formation of layers of an
electrochemically active cell occurs on the surface of a porous, and, as a rule, highly
corrosion-resistant steel support. For this, various powder technologies are used, such as
slip casting, screen printing, the sol-gel method, and others that require high-temperature
sintering [13,26,29]. However, the application of these methods is associated with sev-
eral difficulties; for example, the oxidation of the metal base during the sintering of the
anode layer results in a significant decrease in electrical conductivity, which leads to a
decrease in the efficiency of SOFC [19,24]. Therefore, a few stringent requirements are
imposed on materials intended for the manufacture of metal bases. Firstly, such a material
should have a TEC close to the TEC of other functional layers of the fuel cell to prevent
the mechanical destruction of the cell during thermal cycling from room temperature to
the operating temperature of SOFC. Secondly, the pore structure of the substrate mate-
rial must provide free access of reagents to the working zone and removal of reaction
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products from it, be resistant to a redox atmosphere, and have chemical stability at SOFC
operating temperatures [14,22,29].

A typical SOFC consists of at least three components, and in the case of a metal-based
solid oxide fuel cell, their number increases to four. These components work together to
produce electrical current; thus, their compatibility with one another is important. The
main candidates for employment in MS-SOFC as materials of its components are shown
in Table 1.

Table 1. Candidate materials for MS-SOFC.

Cell Materials TEC (ppm/K)
Cathode LSM, LNF, LSCF, SSC, LSC 12,12,18,184,22
Diffusion barrier layer GDC 12.7
Electrolyte YSZ, SCSZ, LSGM, GDC 10, 10.5,12.7,12.7
Anode Ni/YSZ, Cu/YSZ, Titanates 12
Diffusion barrier layer GDC 12.7

Metal support Ni, Ni-Fe (1:1), Ferritic stainless steel 16.5,13.7, 10-12

2.1. Substrate Materials

Over the years, scientists have experimented with various metals to be used as a
substrate in MS-SOFCs. The selection process considers certain factors such as:

1.  Compatibility with other materials used in SOFCs, particularly during heating and
cooling phases.

High ability to resist oxidation.

High ability to withstand thermal cycling.

High electrical conductivity.

Low cost of materials [14,30].

G LN

Metal-supported SOFCs have been developed using substrates made from different
metal compositions, such as Ni, FeNi, NiCrAlY, and ferritic stainless steel. Among these,
FeCr-based ferritic stainless steels are commonly used due to their low cost, high resistance
to oxidation at high temperatures, and similar thermal expansion to YSZ (a material
commonly used in SOFCs), as discussed by Tucker et al. [19]. Ferritic stainless steel usually
contains between 10.5 to 26 wt.% of Cr, and Al can be added to form a protective layer of
Al,O3 on the surface of the steel, which helps to resist further oxidation [31].

In their research, Xia et al. [32] utilized SS-430L as the metal substrate in their MS-
SOFCs, resulting in a peak power density of 246 MW /cm ™2 at a temperature of 700 °C.
However, there have been concerns raised regarding the suitability of SS-430L. For example,
a previous investigation [33] revealed that the chromium content of 16-18% in SS-430L
is inadequate for forming a protective coating against oxidation when employed as a
base metal for SOFC deposition. Despite the conductivity of the chromium scale, it still
represents the path with the least conductivity between the electrolyte and current collec-
tors [24], which can slightly elevate the overall ohmic resistance of the circuit. Furthermore,
prolonged oxidation can cause the S5-430L structure to fracture, leading to a disruption of
electrical pathways [25]. Researchers have determined that once a chromium layer reaches
a thickness of 5 um, SS-430L is prone to splitting [26].

According to the findings of Tucker et al. [27], it was observed that the SS5-430L
MS (metal substrate) on the cathode side (air) developed a chromium scale measuring
approximately 0.9 um in thickness after 1200 h of operation. By extrapolating the growth
rate of the scale, the researchers concluded that the cell could potentially function for up
to 30,000 h before experiencing cleavage. However, another important aspect to consider
when using ferritic stainless steel is the presence of silicon and aluminum, which have
the potential to form non-conductive oxides during operation. A previous study has
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highlighted that even a silicon content as low as 0.017 wt.% can undergo oxidation in
stainless steel [34].

In addition to SS-430L, Fr-Cr alloys such as Crofer 22APU and 22H have been utilized
as metal supports due to their higher chromium content, ranging from 20-24 wt.%, which
offers improved resistance to oxidation. To compare their performance, the area resistivity
of APUcrofer22 (0.02-0.03 () cm?) was found to be lower than that of SS-430L (0.1 Q cm?)
after exposure to air at 800 °C for 200 h [28], demonstrating its superior electrical conductiv-
ity [35]. Sarasqueta-Zabala et al. [36] conducted a study on the oxidation of Crofer 22APU
in 50% humidified hydrogen at 800 °C. They observed that the growth of the chromium
scale primarily occurs within the initial 500 h of operation, with only a slight increase in its
thickness up to 4500 h. After 3000 h of operation, the dross thickness was measured at a
mere 1.6 um.

One notable drawback of these materials is the presence of chromium, which, due to
prolonged operation of the fuel cell at SOFC operating temperatures (around 800 °C), can
diffuse to the anode surface and form compounds such as Cr;Os3. These compounds can
lead to the degradation of the anode and adversely affect its electrochemical properties [29].

Stainless steels are commonly utilized as supportive metal substrates in SOFCs because
they have a coefficient of thermal expansion (TEC) that closely matches other fuel cell
components, and they exhibit high resistance to oxidation. However, a challenge arises
at high temperatures where a reaction occurs between the iron (Fe) and chromium (Cr)
present in the metal substrate and the nickel (Ni) in the anode. This reaction results in a
decline in the catalytic activity of the anode [30]. To address this issue, diffusion barrier
layers are applied between the metal base and the anode to prevent such interactions [37].
Another approach to circumvent the interaction of chromium with nickel is to fabricate
metal substrates based on nickel (Ni) itself [38], or through the use of bimetallic compounds
such as Ni-Fe [39] or Ni-Al [40]. These alternative materials help mitigate the adverse
effects of chromium on the catalytic activity of the anode.

Solovyev et al. [41] fabricated and studied SOFCs on a Ni-Al carrier base with an
electrolyte of yttrium-stabilized zirconia (YSZ). However, Ni-Al has a TEC (~15 x 107 K~!
at 800 °C [42]) that is much higher than the TEC of YSZ electrolyte (10.7-11 x 10~ K1 [43]).
It is possible to reduce the TEC of Ni-Al by adding a substance with a low TEC to the
composition of the material. In [44], the following ceramics were used as additives to
Ni-Al: ZrO,, ZrO,-5i0,, Al TiOs, Al,Os, and an unspecified XO, oxide. It was shown
that the addition of 35—40% inert oxide XO, reduces the TEC of the resulting composite
t012 x 1076 K.

2.2. Anode Materials

The primary role of the anode is to facilitate the electrochemical oxidation of fuel and
to transport electrons to the external circuit. To fulfill these functions effectively, the anode
material should possess certain characteristics. These include:

(1) High electrical conductivity: The anode material should exhibit a high level of electri-
cal conductivity to facilitate efficient transportation of electrons from the active sites
to the external circuit.

(2) High activity for fuel oxidation: The anode material should have a high level of
activity towards the oxidation of fuel, enabling effective electrochemical reactions.

(3) Compatible thermal expansion coefficient (TEC): The anode material should have
a TEC that is compatible with the electrolyte material. This is important to prevent
warping or cracking of the fuel cell during start-up or cool-down processes [45,46].

According to reference [47], a material called Lag 4Srg4Feg03Nig 03Tig.9403 (LSFNT)
was employed as the primary anode material in an MS-SOFC. The LSFNT backbone was
infused with a Ni-GDC precursor solution, which was then thermally decomposed to form
Ni-GDC. At a temperature of 700 °C, a maximum power density (MPD) of 0.77 W /cm 2
was achieved with a fuel utilization (FU) of 51%. The system’s durability was tested for a
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duration of 800 h, during which the power density degradation rate was determined to be
0.151 W/em™2-h.

The literature suggests that both yttria-stabilized zirconia (YSZ) and samarium-doped
ceria (SDC) have the ability to stabilize nickel (Ni) in the anode and decrease anode
polarization resistance. However, when Ni is combined with SDC, it demonstrates better
performance compared to when Ni is mixed with YSZ [48,49].

Zhan Zh and his colleagues from the Shanghai Institute of Ceramics, Chinese Academy
of Sciences, have developed a Nano-SDC@430L anode by infiltrating nano Smg 2Ce( gO7.5
(SDC) into macro-porous 430L stainless steel scaffolds. This anode exhibited remarkable
catalytic activity for hydrogen electro-oxidation, demonstrating low polarization resistances
of 0.10 + 0.01 and 0.18 & 0.03 Q@ cm? at temperatures of 800 and 700 °C, respectively. The
outstanding redox properties of the anode, coupled with the high conductivity of the sup-
porting 430L scaffolds, contribute to its exceptional performance. Fuel cells incorporating
these anodes, combined with thin yttria-stabilized zirconia electrolytes, achieved promising
power densities of 0.94 W/cm ™2 at 800 °C and 0.55 W/cm 2 at 700 °C. This innovative
structural design not only addresses the challenges in anode preparation for MS-SOFCs
but also presents a new approach to fabricating high-activity anodes [50].

A group of researchers from the Shanghai Institute of Ceramics, Chinese Academy of
Sciences, has made significant progress in developing nickel-free anode materials [51,52].
In their study, they utilized SryFe sMog504_4 (SFMO) as the anode material in a metal-
supported solid oxide fuel cell (MS-SOFC). The SEMO-based anode exhibited an area
specific resistance (ASR) of 0.11 Q)-cm? and a maximum power density of 0.81 W/cm 2 at
800 °C, with a 16 wt% anode loading.

A comparison was made between SFMO, Lag ¢Srg 4Fep9Scy 103_gq (LSFSc) combined
with yttria-stabilized zirconia (YSZ) and LSFSc combined with Lag.gSry.1GagsMgp203_s
(LSGM) in terms of polarization resistance and maximum power density. At 800 °C, the
polarization resistances were 0.11 Q-cm? for SFMO, 0.21 Q-cm? for (LSFSc) | YSZ, and
0.90 Q-cm? for LSFSc | LSGM. The maximum power density exhibited an inverse trend to
the ASR, with SFMO demonstrating the highest value.

The inferior performance of LSGM could be attributed to its lower ionic conductivity
compared to YSZ. To enhance the performance of the LSFSc | LSGM system, copper was
added, resulting in a reduction of the ASR to 0.58 Q2-cm? and an increase of the maximum
power density from 0.18 to 0.54 W/cm 2. In comparison to a nickel-samarium-doped ceria
(Ni-SDC) anode, an ASR of 0.096 Q)-cm? was reported.

In the study referenced as [53], Persson et al. conducted an investigation into the
performance of ruthenium and nickel in conjunction with GDC (gadolinium-doped ce-
ria). The researchers discovered that ruthenium demonstrated superior electrochemical
performance in comparison to nickel. More specifically, the fuel cells utilizing ruthenium
exhibited a lower ASR of 0.322 2-cm?, whereas the cells utilizing nickel displayed a higher
ASR of 0.453 O-cm?. Additionally, the limiting current density was higher for the cells
incorporating ruthenium compared to those using nickel.

Interlayer diffusion of nickel (Ni) and chromium (Cr) poses a significant challenge
when employing a nickel-based anode electrocatalyst in MS-SOFC with the MS configu-
ration on the anode side [54,55]. The migration of chromium into the anode layer has the
potential to generate chromium oxide scales on active sites, thereby elevating the anode’s
polarization resistance [56]. In a similar vein, the diffusion of nickel into steel can induce
alterations in the microstructure of the steel material, leading to the conversion of ferritic
stainless steel to austenite due to its reaction with nickel.

Anode materials in MS-SOFCs play a crucial role in the electrochemical performance
of the fuel cell. In addition to polarization resistance, other important factors that influence
anode performance include:

1. Electrochemical activity: The anode material must be electrochemically active to
catalyze the oxidation of the fuel. This activity is usually evaluated by measuring
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the anode’s electrochemical oxidation current density and comparing it with the
theoretical current density calculated from the fuel’s chemical reaction kinetics.

2. Gas transport: The anode material should have good gas transport properties to
ensure efficient fuel supply and exhaust. This is particularly important for high-
performance MS-SOFCs where the anode material should allow for rapid transport
of fuel and waste gases while minimizing mass transport losses and reducing the
likelihood of fuel starvation.

3. Chemical stability: The anode material should have good chemical stability, meaning
that it should not undergo any chemical reactions that could lead to its degradation
or failure over time. This is particularly important in MS-SOFCs, where the anode is
often exposed to harsh chemical and thermal environments.

4. Microstructure: The anode material should have a well-defined microstructure with
good porosity and tortuosity. This allows for efficient fuel distribution and diffusion
while minimizing mass transport losses and ensuring high electrochemical activity.

5. Adhesion to metal support: In MS-SOFCs, the anode material is deposited onto a
metallic support. The anode material should have good adhesion to the metal support
to prevent delamination and ensure mechanical stability during cell operation.

6.  Redox stability: The anode material should have good redox stability, meaning that it
should be able to tolerate repeated changes in oxidation state without undergoing any
significant changes in its microstructure or electrochemical activity. This is particularly
important for MS-SOFCs that operate under cyclic or transient conditions [45].

As an anode material, Ni has been widely used in SOFCs due to its high electrochemi-
cal activity towards hydrogen oxidation, which is the most commonly used fuel in SOFCs.
Ni-based anodes can also be easily fabricated using cost-effective methods such as screen
printing or spray coating, making them attractive for large-scale production [57].

As a metal support material, Ni has several advantages, such as its high thermal con-
ductivity, low coefficient of thermal expansion, and compatibility with high-temperature
SOFC operating conditions [58]. Ni-based metal supports can also be easily processed and
have been shown to provide excellent mechanical stability and resistance to
thermal shock [59,60].

By combining the functions of anode and metal support into a single Ni-based layer,
MS-SOFCs can offer several advantages over traditional SOFC designs. For example, the
use of a Ni-based anode/metal support layer can lead to a reduction in cell thickness,
which can improve the fuel cell’s performance and reduce manufacturing costs. Moreover,
the integration of anode and metal support functions can simplify the fuel cell’s design,
leading to improved reliability and durability [46,52].

The reason for this is that it is the most active catalyst for electrochemical oxidation
and that the aforementioned problems can be solved by making structural changes to
MS-SOFC [61], such as adding thin layers of a micron-level diffusion barrier [51,62,63].

2.3. Electrolyte Materials

The electrolyte plays a crucial role in the functioning of the SOFC, as it carries negative
oxygen ions and completes the electrical circuit while also providing oxygen ions for
the reaction with the fuel at the anode. To ensure optimal performance, the micro- and
macrostructure of the electrolyte must meet several key requirements [46,64,65].

Firstly, the electrolyte body must be dense to minimize the chance of fuel or oxidizing
gas diffusing to the other side and causing reactants to react without forming an external
current. This also ensures good ionic conductivity by providing a cohesive path for the
transport of oxygen ions [66]. Secondly, the electrolyte must adhere to the anode and
cathode layers to avoid delamination of layers and cracks between layers, which can lead
to cell failure. Lastly, electrolyte shrinkage during manufacturing must correspond to the
shrinkage of all components to avoid any issues [67,68].

To meet these requirements, most electrolytic materials are doped zirconium or cerium
oxides [69,70]. The crystal structure of these oxides contains oxygen positions that are fixed,
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forming a pathway for oxygen within the material. Introducing a low-valent cation as a
dopant in the oxide creates oxygen vacancies, which serve as pathways for oxygen ions.
According to existing literature, dense electrolytes typically exhibit an open circuit voltage
(OCV) slightly above 1V when hydrogen is used as the fuel source [46].

Protonic electrolytes have several advantages over oxide-ion conductors in MS-SOFCs.
They have higher proton conductivity at lower temperatures, which makes them suitable
for use in MS-SOFCs that operate at lower temperatures than traditional SOFCs. The
main characteristics of protonic electrolytes for MS-SOFC and their sealing methods are
presented in Table 2 [71].

Table 2. Main characteristics of protonic electrolytes for MS-SOFC and their sealing methods.

Electrolyte Electrolyte ocCy, Polarization Maximum Power Sealing

Material Thickness Temperature Resistance Density, Temperature Method Ref.
BaZrOs-based o 2 66 mW /cm?
electrolytes 30-50 um 1.1 Vat500 °C 0.4 Q) cm at 550 °C Ag paste [72]
SrZrOz-based o 2 300 mW/cm? glass-ceramic
electrolytes 10-30 pm 1.0V at450 °C 0.3€Q cm at 700 °C sealant [75]
H3POy4-doped 5 .
SrZrO3-based 10-30 pm 0.9V at 400 °C 0.1 Q cm? 17 mW/cm glass-ceramic [74]
at 500 °C sealant
electrolytes
Nafion-based 5-10 yim 0.4V at room 050 em? 2 mW/em? at 80 °C glass-ceramic (75]
electrolytes temperature sealant

To achieve the maximum densification of the electrolyte, high sintering tempera-
tures are necessary. However, this process may cause deformation and alterations in the
microstructure of the metal substrate and anode [67].

When it comes to MS-SOFCs, many designers show a preference for utilizing YSZ
(yttria-stabilized zirconia) as the electrolyte material due to its numerous advantages
compared to other electrolyte materials. YSZ offers notable stability, well-defined cost,
and exceptional performance [76]. Furthermore, the YSZ electrolyte exhibits pure ionic
conductivity and remarkable stability, enabling the operation of SOFCs at high temperatures
exceeding 650 °C. In contrast, the CGO (cerium gadolinium oxide) electrolyte demonstrates
significant electronic conductivity at temperatures above 600 °C [77]. The high operating
temperature capability of YSZ electrolyte facilitates the internal reforming of hydrocarbon
fuels, eliminating the need for an external pre-reformer [48].

A significant challenge related to the utilization of YSZ electrolyte is the inability to
achieve full density when working with limited geometries. In order to tackle this issue,
scientists have explored various methods [78]. These include the deposition of a dense
layer of YSZ using techniques such as plasma or flame spraying, as well as co-sintering
with a wet substrate after the colloidal/wet deposition of YSZ to achieve full density [49].

The future discussion will delve into the advantages and disadvantages of the methods
used to create a dense electrolyte on a metal surface. One approach involves utilizing YSZ
plasma spraying to deposit a nearly dense layer of YSZ onto an existing metal substrate.
The subsequent full densification is achieved through heat treatment at a relatively lower
temperature, which helps maintain the high porosity of the metal substrate during fabrica-
tion. However, in order to ensure gas-tightness, the electrolyte layer must have a thickness
ranging from 30-70 pm. Moreover, several sources have observed that the apparent ionic
conductivity of plasma-deposited YSZ is lower compared to sintered YSZ [79,80].

The co-sintering technique encompasses the application of a slender and permeable
layer of YSZ onto a metal substrate in its initial state, employing wet/colloidal deposition
methods such as tape flooding, drip coating, screen printing, spray coating, dip coating, and
spin coating. Subsequently, the green layers are subjected to high-temperature sintering
from 1200-1400 °C to achieve a compact electrolyte structure. This method presents a
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favorable advantage for large-scale industrial production due to its cost-effectiveness
in manufacturing [43,47].

In contrast to plasma spraying, wet/colloidal deposition methods offer the capability
to deposit and sinter a thin YSZ layer (10-20 um). This allows the cell to function within
a relatively lower temperature range (650-700 °C), which helps prevent rapid oxidation
of commonly utilized stainless steel substrates. During the sintering process, YSZ un-
dergoes shrinkage of 10-25% based on the green density. It is crucial to ensure that the
substrate’s shrinkage matches that of the electrolyte to avoid tension-induced cracks during
co-sintering. Achieving the appropriate level of warp shrinkage while maintaining suffi-
cient porosity can be challenging, but it is achievable through a meticulous combination of
factors such as particle size, granulometry, initial packing density, blowing agent quantity,
and binder count [49,81].

Co-sintered MS-SOFCs have demonstrated remarkable performance, stability, thermal
cycling resistance, and redox cycling resistance according to reports [55]. Additionally,
alternative electrolyte materials such as Sc;O3-ZrO, [82], Bi;O3-doped cerium oxide [83],
and lanthanum strontium magnesium gallate perovskite (LSGM) are being explored due to
their enhanced ionic conductivity [64]. Scandium-doped zirconia exhibits similar properties
to yttria-zirconium oxide, with a 9% Sc;O3-ZrO3; composition showcasing nearly twice the
ionic conductivity of 8YSZ at 1000 °C [84]. However, the limited availability and high cost
of Sc,O3 make it unfeasible for large-scale applications of SOFCs [81,85].

Apart from Sc;03-ZrO,, other families of electrolytes such as doped cerium oxide and
doped Bi; O3 exhibit electronic conductivity above 600 °C, necessitating the application of a
thin YSZ layer for protection [86]. The ionic conductivity of gadolinium-doped cerium oxide
electrolyte (CGO-Ce9Gd101.95) at 600 °C is equivalent to that of YSZ at 800 °C. However,
the reduction of Ce** ions to Ce®* in CGO can lead to electron short-circuiting caused by
electronic conduction and undesired lattice expansion [65]. It has been observed that SOFCs
with CGO electrolytes can operate at lower temperatures, approximately 500 °C, where the
influence of electronic conductivity is insignificant. Furthermore, low-temperature ferrite
supports components and sealing materials utilized within this temperature range [65].

2.4. Cathode Materials

The cathode plays a crucial role in the process of reducing oxygen to oxygen ions in
solid oxide fuel cells (SOFCs). Typically, cathodes are composed of doped metal oxides
that provide active sites for oxygen adsorption and reduction. Various cathode materials,
including LSCF, LSC, LSM, and SBSCo, have been evaluated and classified based on their
polarization and reactivity with the electrolyte [87]. The cathode is commonly applied in the
form of a suspension, which is subsequently dried and sintered to ensure proper adhesion
to the electrolyte. However, this cathodic sintering method can give rise to challenges such
as high cathode polarization or catalyst inactivity due to changes in the crystal structure
of the doped metal oxides at elevated sintering temperatures in a reducing atmosphere.
In the case of metal-supported solid oxide fuel cells (MS-SOFCs), YSZ is a frequently
used electrolyte material due to its ease of handling. However, many commercial cathode
materials react with YSZ, leading to physical alterations in the electrolyte and cathode
layers, ultimately reducing the lifespan of the cell [62,87,88].

Selecting a cathode for sintered cells is a complex process that requires consideration
of several factors. To prevent oxidation of the metal carrier during sintering operations, a
reducing atmosphere is typically used. Cells on a metal support also require processing
in an inert or vacuum atmosphere, which can cause standard cathode catalysts to decom-
pose [68]. Therefore, cathodes are usually deposited on metal supports after completion
of all processing steps in a non-oxidizing atmosphere [89]. While cathodes are usually
processed in air, the maximum sintering temperature must be kept below approximately
900 °C to avoid oxidation of the metal base [90]. This restriction limits the choice of cathode
since conventional compositions such as LSM (LaMnO3 doped with Sr) and LSCF (lan-
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thanum cobaltite strontium ferrite) require sintering in air in the range of 1000-1200 °C to
achieve high performance [48,91,92].

High-temperature solid oxide fuel cells (SOFCs) often use a cathode material called
strontium-doped lanthanum manganite (La;.xSrxMnO3 or LSM) from the perovskite man-
ganite family, where strontium partially replaces lanthanum [93]. Perovskite structures can
have different compositions and oxygen levels, which affect their electrical and catalytic
properties. This cathode material performs better at high temperatures, particularly above
800 °C [94], but if there is too much lanthanum or strontium oxide, it can form an insulating
phase (such as LayZr,O7 or SrZrO3) when it interacts with zirconium oxide (a stabilizer),
leading to poor performance [95].

To address this issue, one solution is to increase the concentration of manganese while
keeping the fabrication temperature below 1300 °C. At 900 °C, strontium-doped lanthanum
manganite (LSM) has low oxygen ion conductivity but high electrical conductivity [96]. As
a result, the reaction area is limited to the interface between the electrode and electrolyte.
To enable oxygen reduction, the cathode must be sufficiently porous to allow oxygen
diffusion at this interface. In practice, a composite layer or a gradient LSM/YSZ structure
can increase the number of triple-phase boundaries [88].

The process of cathodic reaction in materials with electronic conductivity, such as
perovskites, can occur through different stages and mechanisms depending on the type of
electrode material. The surface path is the most appropriate mechanism for the cathodic
reaction in intact electronic conductors [62]. In mixed ion-electronic conductors, the com-
mon path is the typical mechanism, while in composite materials such as LSM/YSZ, the
electrolyte surface path is considered. Figure 4 illustrates three different pathways for
oxygen reduction [87].
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Figure 4. Three ways of oxygen reduction reaction.

There is a significant focus on enhancing the efficiency of electrodes for low- and
medium-temperature solid oxide fuel cells (SOFCs) [67]. Researchers have explored var-
ious cathode materials with improved electronic/ionic conductivity and higher oxygen
exchange rates, which can extend the oxygen reduction process within the cathode structure
or at the fuel/cathode junction, thereby increasing the reaction rate. To this end, other per-
ovskite materials such as Laj.xSryFe;.yCoyO3 (LSCF) are being studied [68]. In a research
study [97], LSM-YSZ (composite) and LSCF cathodes with YSZ-CGO electrolyte were
investigated using current-over-potential measurements and impedance spectroscopy. The
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findings revealed that at an operating temperature of 850 °C, LSM-YSZ exhibited a higher
polarization resistivity of 1.8 Q)-cm?, whereas LSCF demonstrated a lower polarization
resistivity of 0.4 O-cm? [98,99].

Blennow et al. [100] conducted a study to investigate the use of a GDC diffusion barrier
layer between YSZ and cathode catalysts containing cobalt and strontium (LSCF and LSM).
Two methods of applying the barrier layer were evaluated: physical vapor deposition
(PVD) and spinning. The results indicated that a dense barrier layer deposited with PVD
was effective in blocking the reaction between LSCF and LSM.

Franco et al. [48] conducted a study on the utilization of a thin magnetron sputtered
GDC (gadolinium-doped ceria) barrier layer in combination with LSE, LSCF, and LSM cath-
odes. They investigated the performance of these cathodes with different cobalt contents in
Lag gSrp2Co1xMnyO3.5 (LSCM) through their study [101]. The findings indicated that a
cobalt content of 40% resulted in optimal performance. Higher cobalt content can lead to
reactions with the YSZ electrolyte, and cobalt content exceeding 40% in LSCM can cause
a change in its thermal expansion coefficient (TEC), leading to cracking. To address this
issue, Bae et al. explored the use of chromium-containing cathodes, varying the chromium
content in Lag gSrg2Cr1xMnyxOs3.5 (LSCrM) from 0 to 80%. They also investigated a binary
cathode composed of LSCrM and 5% ruthenium [102].

The researchers reported that replacing cobalt with chromium enabled the cathode to
be sintered in an inert atmosphere. It is worth noting that the selection of cathode materials
extends beyond the compounds mentioned above, and there is ongoing active research and
exploration for effective cathode materials in the field.

3. Degradation Processes in MS-SOFC Electrodes

The high operating temperatures (600-1000 °C) of solid oxide fuel cells (SOFCs) make
all of their components susceptible to degradation, resulting in a decline in the power
output of metal-supported solid oxide fuel cells (MS-SOFCs) [92]. This degradation occurs
as the functional properties of the components deteriorate over time. Degradation phe-
nomena are difficult to classify because are a combination of physicochemical processes
of various natures, for example, the sintering of electrode particles [103], the effect of
electrode polarization [104], and the poisoning effect of a gas environment, in many cases,
occurring in parallel [105]. However, it should be noted that the depth (degree) of degra-
dation can be determined both by a combination of many phenomena and only by one
dominant process [106-108].

3.1. Carbon Deposition Problems

Carbon deposition occurs when hydrocarbons in the fuel stream are not fully oxidized
at the anode surface and instead deposit carbon on the anode material. Carbon deposition
can lead to several degradation mechanisms in MS-SOFCs, including:

- Reduced electrochemical activity: Carbon deposited on the anode surface can block
the active sites and reduce the effective surface area available for electrochemical
reactions, leading to decreased anode activity and cell performance.

- Increased polarization resistance: Carbon deposition can increase the polarization
resistance of the anode, making it more difficult for electrons to be transferred from
the anode to the cathode, resulting in decreased cell performance.

- Formation of carbonates: Carbon deposition can also lead to the formation of carbon-
ates on the anode surface, which can further reduce the electrochemical activity and
lead to reduced cell performance [102].

- Several factors can contribute to carbon deposition in MS-SOFCs, including the fuel
composition, operating temperature, and anode material properties. Strategies to
mitigate carbon deposition in MS-SOFCs include:

- Increasing the operating temperature: Raising the operating temperature can pro-
mote more complete oxidation of hydrocarbons at the anode surface and reduce the
likelihood of carbon deposition.
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- Use of reforming catalysts: Catalysts can be used to promote more complete oxidation
of hydrocarbons and reduce carbon deposition on the anode surface.

- Optimization of fuel composition: The fuel composition can be optimized to reduce the
concentration of hydrocarbons and other species that are prone to carbon deposition.

- Anode design: The anode design can be optimized to promote a more uniform
distribution of fuel and oxygen and reduce the likelihood of hot spots that can promote
carbon deposition [91].

Carbon deposition is a significant degradation mechanism in MS-SOFCs that can lead
to reduced cell performance and efficiency. Strategies to mitigate carbon deposition can
help improve the long-term stability and performance of MS-SOFCs [109].

3.2. Anode Problems

Ni-YSZ composites are commonly used as the main material for SOFC anodes and
also serve as the carrier base of the fuel cell. The ceramic component plays a crucial role
in stabilizing the microstructure and preventing nickel particles from sintering while also
expanding the zone of the electrochemical reaction at the interface between the three phases
of electronic conductor/ionic conductor/gas. In addition, the tortuosity of the pores and
the connectivity of individual phases are also important microstructural characteristics
of nickel-ceramic anodes, which determine the stability of their functional characteristics
over time [91].

The primary issue with using a nickel-based electrocatalyst in MS-SOFC (MS on the
anode side) is the diffusion of nickel and chromium between layers [109]. Chromium can
move into the anode layer and form deposits on active sites, which increases the anode’s
resistance to electrical current [110]. Similarly, nickel can diffuse into steel and alter its
microstructure, causing ferritic stainless steel to become austenitic. To address this problem,
one solution is to modify the structure of MS-SOFC by adding thin diffusion barrier layers
(DBLs) at the micron level [100,111].

In their research, Kim et al. [54] developed innovative fuel cell half-cells. These half-
cells consisted of a dense YSZ layer, a porous Ni-YSZ anode layer, and a stainless-steel (STS)
ferrite substrate. Additionally, a layer of YST-CeO, composite material (approximately
60 mm thick) was incorporated into certain cells. This composite layer effectively prevented
the diffusion of Fe and Ni while capturing evaporated Cr during the fabrication process
conducted at high temperatures (1350 °C). When combined with a Lag ¢Srg 4Cop 2Fe 8034
(LSCF) cathode, the cell with the DBL configuration achieved an impressive maximum
power density of approximately 220 MW /cm?, which remained stable even at 700 °C.

3.3. Agglomeration and Enlargement of Nickel Particles

The degradation of Ni-YSZ anodes primarily occurs due to the agglomeration and
growth of nickel particles. However, comprehensive studies on these phenomena have
been limited due to their time-consuming nature. Only a handful of publications [112-114]
have reported findings from such experiments. Symbolis et al. [112] demonstrated that
the enlargement of nickel grains in nickel-ceramic anodes leads to various negative effects,
including a reduction in the specific surface area of the anode, a decrease in the number of
electrochemically active sites for fuel electrooxidation on the anode, and a decline in the
level of percolation between nickel particles. Matsui et al. [115] observed that the degra-
dation of nickel-ceramic anodes is accompanied by an increase in their ohmic resistance.
The article demonstrates the relationship between changes in electrical conductivity and
the particle size of the anodes. Additionally, Tanasini and Faes et al. [116] established a
correlation between anode degradation, nickel particle growth, and a decrease in the length
of the three-phase boundary (TPB) (Figure 5).



Energies 2023, 16, 4700

14 of 24

(o 2o O2-

lons

onductor \

TPB

Fuel

Current Fuel channel
collector

Figure 5. Schematic representation of the TPB.

Numerous studies have investigated the changes in resistance of anodes over time.
It has been noted that the dependence of such changes has an exponential nature, and
the time constant reflects the rate of degradation processes [107,108]. In their research,
Pihlatie et al. [117] discovered that the electrical conductivity of Ni-YSZ anodes decreases
over time and is influenced by external factors such as temperature and water content in
the gas phase [118]. The study [107,108,115,116] described the time-dependent behavior
of conductivity using a linear combination of two exponential functions with distinct
time constants. This observation suggests the presence of two degradation processes
occurring concurrently.

4. Cathode Problems

Conventional cathode materials such as LSM and La;_«SrxFeOj3_4 (LSF) require sin-
tering in an air atmosphere at temperatures ranging from 1000 to 1200 °C to ensure good
adhesion with the electrolyte and acceptable electrochemical performance. However, such
high temperatures can lead to excessive oxidation of the stainless steel substrate. To over-
come this issue, a reducing atmosphere can be employed to protect the steel substrate,
although it may result in the decomposition of these cathode materials. Alternatively,
physical deposition techniques such as plasma spray can be utilized to avoid this prob-
lem [115]. However, due to the high cost associated with these deposition techniques,
many researchers opt for the in-situ sintering method, which involves sintering the cath-
ode during the cell testing process to fabricate cathodes for MS-SOFCs [116]. Kim et al.
investigated the in-situ sintered Bag 551 5Cog gFep203.4 (BSCF) cathode and demonstrated
good sinterability [119]. Nonetheless, the poor chemical compatibility between these in-situ
sintered cathodes and zirconia-based electrolytes can reduce the overall stability of the
fuel cells. Similar to the anode, cathode-related issues can be addressed by utilizing the
infiltration method. The application of LSM-infiltrated YSZ cathode in MS-SOFCs has
shown promising performance in the temperature range of 650-750 °C [27,108].

One of the primary issues with MS-SOFC cathode materials is the co-sintering process.
To solve this problem, the sintering temperature of the cathode material can be lowered,
or a cathode material that can be sintered in a reducing atmosphere at high temperatures
can be used [117]. In a recent study [119], the authors suggested using a barium-containing
cathode that can be sintered at lower temperatures (below 1000 °C). Substituting barium in
the crystal structure can increase the interface resistance associated with the caking ability
of the cathode particles and adhesion between the cathode and the electrolyte. In situ, the
use of SBSCO50 and BSCF as cathodes resulted in very low ASR values of 0.020 Q-cm?
and 0.054 Q-cm? at 800 °C operating conditions. Metal-supported cells with SBSC50 and
BSCF cathodes at an operating temperature of 800 °C showed maximum power densities of
0.50 W/cm? and 0.65 W/cm?, respectively.
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When electrodes that have been impregnated are utilized, it allows for a wider range
of cathode catalytic materials to be used. This is because catalytic materials with a high TEC
(thermal expansion coefficient) can penetrate into the porous cathode base as nanoparti-
cles [119-121], which avoids a mismatch between the cathode and the electrolyte. Addition-
ally, the coarsening of the cathode microstructure caused by sintering can be avoided [122],
as there is no need for additional sintering of the impregnated nanoparticles [109,123].

5. Problems with the Metal Support

The most commonly used materials for metal substrates are Crofer22 APU steel, as well
as a small number of special iron-chromium steels obtained by traditional metallurgical
methods of sintering metal powders [124]. A significant disadvantage of such materials
is the presence of chromium in them [125], which, because of the long-term operation of
the fuel cell at SOFC operating temperatures (about 800 °C) [126], is able to diffuse to the
anode surface with the formation of compounds of the Cr,O3 type [127], which destroy the
anode and worsen its electrochemical characteristics [30,128,129].

To prevent this unwanted diffusion, barrier layers [130] are formed on the surface
of porous metal plates [78,131]. The task of such a barrier layer is to prevent mutual
diffusion of the materials of the metal substrate and the anode layer. In addition, the barrier
layer should be electrically conductive and should not impede the gas flow, should be
close to the rest of the layers of the TEC fuel cell, and should also be mechanically and
chemically resistant to SOFC operating conditions. Spinels [132-134] or such composites
as Lag ¢Srp2Cag,CrO; [78], CeO,, and CegGdp,O, [131] are used as efficient diffusion
barrier layers.

Most of the chromium steels used have a TEC greater than that of ZrO,:Y,03 (YSZ),
Cep9Gdp 1035 (CGO) or Lag gySrp 20Gag.goMgo.2003-x (LSGM) (10-12 ppm K_l) electrolyte.
The problem can be solved, as shown in the study [29], by introducing various addi-
tives into the composition of the main initial alloy. Thus, for example, the TEC of the
initial Fe30Cr alloy was as close as possible to the TEC of the 8YSZ electrolyte by adding
3 wt.% Al; 57Feq43TiOs (AFT). A single cell with a Fe30Cr3AT base, a Ni/YSZ anode, a
YSZ electrolyte 10-30 um thick, and an LSM cathode at a temperature of 900 °C showed a
maximum power density of 350 MW /cm? [29]. Data on the stability of such a cell during
its long-term operation are not given in the article [29].

The bearing metal base is known to be made of pure nickel. However, this approach
proved to be insufficiently effective due to the high cost of nickel, its significantly different
TEC (16.5 ppm K1), and its low resistance to redox environment [135].

The addition of iron to nickel, as shown in [136,137], reduces the cost of the material,
and equalizes the discrepancy between the TEC of pure nickel, but at the same time, the
resistance to the redox atmosphere and to the effects of sulfur and to the coking of such
materials remains quite low. With a ratio of Ni to Fe equal to 1:1, the TEC of the Ni-Fe
system is 13.7 ppm K~1, which is closest to the TEC of electrolyte materials. At the same
time, the maximum performance was obtained by adding only 10 wt to nickel. % iron.

Excellent resistance to oxidation at operating temperatures up to 900 °C was demon-
strated by the porous NiCrAlY alloy obtained by hot stamping and tested as the SOFC
metal base [25]. However, the question arises about the mechanical stability of a fuel cell
with such a metal base, since the TEC of NiCrAlY is 15-16 ppm K™, which significantly
exceeds the TEC of the anode and electrolyte.

An alternative to the traditionally used chromium stainless steels, according to the
project implementers, can be intermetallic alloys based on nickel and aluminum. Such
compounds have better resistance to oxidation at high temperatures [138]. While significant
research has been conducted on the oxidation resistance of bulk Ni-Al alloys and coat-
ings [139,140], there is relatively limited published literature available regarding porous
Ni-Al alloys. Furthermore, only a few studies have specifically focused on fuel cells based
on porous Ni-Al alloys [141].
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6. Sealing Problems of MS-SOFC

Sealing is a critical issue in MS-SOFCs, as it is essential to prevent gas leaks and
maintain a stable operating environment. There are several sealing problems associated
with MS-SOFCs, including;:

1.  Thermal expansion mismatch: The metal substrate and the ceramic components of
the fuel cell have different coefficients of thermal expansion, which can cause stress
and cracking at the interface between the two materials. This can lead to gas leaks
and reduced performance.

2. Oxidation and corrosion: The high operating temperatures of MS-SOFCs can cause
the oxidation and corrosion of the cell components, including the sealing materials.
This can lead to gas leaks and reduced performance over time.

3.  Sealant compatibility: The sealing materials used in MS-SOFCs must be compat-
ible with both the metal substrate and the ceramic components of the fuel cell.
If the sealant is not compatible, it can degrade and fail, leading to gas leaks and
reduced performance.

4. Mechanical stability: The sealing materials must also provide mechanical stability to
the cell components and maintain a tight seal under varying operating conditions.
This requires careful design and testing of the sealing materials and
assembly methods [142,143].

To address these sealing problems, researchers are exploring new sealing materi-
als and designs that can better withstand the harsh operating conditions of MS-SOFCs.
These include advanced ceramics, metal alloys, and composite materials that can provide
improved thermal stability, corrosion resistance, and mechanical strength. Additionally,
advanced manufacturing techniques, such as laser welding and plasma spraying, are being
investigated to improve the precision and reliability of the sealing process [144].

For example, Sudireddy and colleagues utilized laser welding to seal an MSCs stack,
which demonstrated a degradation rate of 0.5-1.2% per 100 h (over 2000 h) at 700 °C
in moist hydrogen [145]. In 2019, Leah and her team at Ceres Power reported a better
outcome, with the development of 1 kW stacks exhibiting a degradation rate of 0.2% per
1000 h (over 17,600 h) at 610 °C in reforming gas. This finding further promotes the full
commercialization of MSCs [146].

Reference [147] explores the application of brazing technology to create a novel self-
sealing structure for metal-supported solid oxide fuel cells (MS-SOFCs). This innovative
design effectively addresses the sealing challenges on the anode side of planar SOFCs
and achieves a highly reliable self-sealing effect. The cell’s functional layers, including
the anode, cathode, and electrolyte, are fabricated using plasma spraying technology. A
single cell is assembled with a Sc;Os-stabilized ZrO, (ScSZ) electrolyte layer, which has
a thickness of 50-60 um, and the gas permeability of the self-sealed MS-SOFC without
a cathode layer is measured at 0.42 x 1077 m?. The cell demonstrates an open-circuit
voltage of approximately 1.1V within an operating temperature range of 550 to 750 °C. In
standard atmospheric conditions, the cell achieves a power density of 1109 mW /cm~2 at
750 °C. Moreover, when the fuel gas pressure exceeds the cathodic gas pressure by 20 kPa,
the cell’s power density significantly increases to 1782 mW /cm~2 at 750 °C. The innovative
cell structure, combined with the gas tightness of the ScSZ electrolyte produced through
plasma spraying, indicates its suitability for SOFC applications.

7. Future Perspectives and Problems

MS-SOFCs have shown promising potential for efficient and clean energy conversion.
However, there are still some challenges that need to be addressed before widespread
commercialization can occur. Below, we will discuss in detail the future perspectives and
problems of MS-SOFCs.
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7.1. Future Perspectives

Despite the challenges, MS-SOFCs have great potential for a wide range of applications,
including stationary power generation, transportation, and portable power devices. The
following are some of the future perspectives of MS-SOFCs:

1.  Enhanced Electrode and Electrolyte Stability: The development of new materials for
the electrode and electrolyte layers is essential to improve the stability of MS-SOFCs.
Research is currently focused on developing new cathode materials with improved
catalytic activity and stability under high-temperature and corrosive conditions. Ad-
ditionally, new electrolyte materials with higher ionic conductivity and improved
chemical stability are being developed.

2. Low-Cost Substrates: The use of low-cost metal substrates such as iron and steel
can significantly reduce the cost of MS-SOFCs. Research is ongoing to optimize the
manufacturing process of MS-SOFCs and reduce the cost of the metal substrates.

3. Integration with Renewable Energy Sources: MS-SOFCs can be integrated with re-
newable energy sources such as solar and wind power to provide a reliable and
sustainable source of electricity. This technology has the potential to revolutionize the
energy sector by providing clean and affordable energy to remote and off-grid areas.

4. Miniaturization: MS-SOFCs can be miniaturized to create portable power devices
for various applications such as laptops, mobile phones, and medical devices. The
miniaturization of MS-SOFCs requires the development of new materials and manu-
facturing processes.

7.2. Future Problems

One of the major challenges is the high operating temperature required for MS-SOFCs,
typically above 600 °C. This limits their use in certain applications, such as portable power
sources. Lowering the operating temperature while maintaining high performance is
therefore an important research direction for MS-SOFCs. Research efforts have been focused
on developing new materials and device designs that can operate at lower temperatures
without compromising performance.

Another challenge is the compatibility between the metal substrate and the ceramic
layers. The high-temperature processing required for fabricating the ceramic layers can
cause interdiffusion and reactions between the metal and the ceramics, which can degrade
the performance and stability of the cell. Various strategies have been proposed to mitigate
this issue, such as using a buffer layer or a ceramic interlayer to prevent direct contact
between the metal and the ceramic layers. However, more research is needed to develop
reliable and cost-effective strategies for addressing this issue.

The mechanical properties of the metal substrate can also affect the performance and
stability of MS-SOFCs. The mismatch in the coefficient of thermal expansion between
the metal and the ceramics can cause thermal stresses, which can lead to cracking and
delamination of the cell. Developing metal substrates with improved mechanical properties,
such as lower thermal expansion coefficient and higher strength, is, therefore, an important
research direction. Additionally, advanced manufacturing techniques, such as additive
manufacturing or roll-to-roll processing, can be used to fabricate metal-supported SOFCs
with improved mechanical properties.

The cost of MS-SOFCs is another challenge that needs to be addressed. While metal
substrates are generally less expensive than ceramic substrates, the cost of other materials,
such as the ceramic electrolyte and the catalysts, can still be a barrier to the widespread
adoption of MS-SOFCs. Research efforts have been focused on developing low-cost materi-
als and fabrication techniques to reduce the overall cost of MS-SOFCs.

In terms of future perspectives, MS-SOFCs have the potential to be used in a wide
range of applications, including stationary power generation, distributed power generation,
and transportation. For example, MS-SOFCs can be used in hybrid vehicles, where they can
provide power for auxiliary systems, such as air conditioning and lighting. Additionally,
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MS-SOFCs can be used in remote or off-grid locations, where access to traditional power
sources may be limited.

Overall, MS-SOFCs have shown great promise as a technology for clean and efficient
power generation. While there are several challenges and limitations that need to be
addressed, continued research efforts in materials and device design, as well as advanced
manufacturing techniques, can lead to further improvements in the performance, stability,
and cost-effectiveness of MS-SOFCs.

8. Conclusions

Metal-supported solid oxide fuel cells represent a promising technology with the
potential to address some of the challenges faced by traditional ceramic-supported SOFCs.
Recent developments in advanced manufacturing techniques and new materials have
shown promise in addressing some of the challenges facing MS-SOFCs. However, MS-
SOFCs have developed rapidly and made great strides, but most of them are still in the
research stage, and there are still many problems to be explored and solved, for example:

1. The formation of an insulating oxide layer on the metal support during operation,
which can decrease cell performance over time, and the need for cathode materials that can
operate at lower temperatures.

2. It is necessary to study the internal relationship between the intrinsic properties
of the cathode, anode, and electrolyte materials, the microstructure of the battery inter-
face, and the polarization characteristics of the battery, as well as their influence on the
SOFC characteristics.

3. The mutual diffusion of Fe, Cr, and Ni between the metal substrate and the anode
will lead to a rapid deterioration in the characteristics of SOFC with a metal substrate.
Interdiffusion of the Fe-Cr-Ni elements will promote the formation of austenite in the
substrate, causing the thermal expansion coefficient of the substrate to change, making it
unable to match the thermal expansion characteristics of other components. In addition,
the diffusion of the Cr element to the anode will lead to the formation of oxides on the
surface of the Ni particles, which will eventually lead to a rapid degradation of the SOFC
performance. In addition, the cathode film preparation process still needs to be improved.

4. For MS-SOFC cells in which Fe-based stainless steel is used as a substrate, reduction
or joint firing in an inert atmosphere is often used for their preparation to avoid excessive
oxidation of the substrate. However, conventional perovskite cathode materials cannot
be sufficiently stable under these conditions, and in severe cases, cathode materials may
even decompose.

5. One major issue is the compatibility of the metal support with the electrode and
electrolyte materials. The high temperatures and corrosive environment in SOFCs can lead
to the degradation of the metal support, which can negatively affect the performance and
lifespan of the cell. Additionally, the properties of the metal support, such as its thermal
expansion coefficient and electrical conductivity, must be carefully matched with those of
the other materials in the cell to ensure optimal performance.

6. Another challenge of MS-SOFCs is the thermal expansion mismatch between the
metal support and the ceramic materials, such as the electrolyte and the electrodes. This
difference in expansion coefficients can lead to mechanical stresses that cause de-lamination,
cracking, and failure of the fuel cell. Additionally, the formation of interfacial reactions
between the metal support and the ceramic materials can also impair the performance of
the fuel cell by creating unwanted compounds that hinder ionic and electronic transport.

In conclusion, MS-SOFCs offer great potential for efficient and sustainable electricity
production. However, there are still several problems in MS-SOFC research, as outlined
above, to realize their commercial potential. Researchers are actively exploring various
approaches to improve the performance and stability of the cell, enhance thermal man-
agement, and develop new fabrication and manufacturing techniques. With continued
research and development efforts, it is hoped that MS-SOFCs will play an important role in
the transition to a clean and sustainable energy future.
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