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Abstract: Solid oxide fuel cells (SOFCs) are amongst the most widely used renewable alternative
energy systems with near-zero carbon emission, high efficiency, and environment-friendly features.
However, the high operating temperature of SOFCs is still considered a major challenge due to
several issues regarding the materials’ corrosion, unwanted reactions between layers, etc. Thus,
low-temperature SOFCs (LT-SOFCs) have gained significant interest during the past decades. Despite
the numerous advantages of LT-SOFCs, material selection for each layer is of great importance as the
common materials have not shown a desirable performance so far. In addition to the selection of the
materials, fabrication techniques have a great influence on the properties of the SOFCs. As SOFCs
with thinner layers showed lower polarisation resistance, especially in the electrolyte layer, different
thin-film fabrication methods have been employed, and their effect on the overall performance of
SOFCs has been evaluated. In this review, we aim to discuss the past and recent progress on the
materials and thin-film fabrication techniques used in LT-SOFCs.

Keywords: solid oxide fuel cells; low-temperature SOFCs; materials selection; thin film; fabrication
techniques

1. Introduction

Global warming is the gradual increase in the Earth’s average surface temperature
due to the increase in greenhouse gases in the atmosphere. One of the major sources of
greenhouse gases is the burning of fossil fuels, which release carbon dioxide and other
pollutants into the atmosphere. These gases trap heat from the sun and cause the planet’s
temperature to rise. The effects of global warming are numerous and can have serious
consequences for life on Earth. Moreover, due to the exhaustible nature of fossil fuels, they
cannot be considered a long-term solution for the ever-increasing energy demand [1,2].
Governments, businesses, and individuals around the world are taking action to reduce
their carbon footprint and limit the effects of global warming, including transitioning to
renewable energy sources, improving energy efficiency, and adopting more sustainable
practices. Fuel cells can be seen as a potential solution to the problem by reducing green-
house gas emissions released into the atmosphere. This could help to slow the rate of
global warming and mitigate some of its negative impacts. They are generally considered a
clean and efficient source of energy because they do not emit greenhouse gases or other
pollutants during operation. Other advantages of fuel cells over fossil fuels are higher
energy efficiencies, power quality and reliability, quiet and decentralised operation, energy
security and resilience, fuel versatility, etc. [3-6].

Fuel cells are electrochemical devices that convert chemical energy into electricity
with low emissions [7]. Since fuel cells do not have the limitations of internal combustion
engines (Carnot cycle), they can generate electricity with higher efficiency [8]. In addition,
the progressive increase in utilising hydrogen as a clean energy carrier has caused a great
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interest in developing more efficient fuel cells as a prospective power source by both
research and manufacturing communities. In this regard, fuel cells have already shown
great potential in providing electricity for rural areas with no or limited access to the public
grid, removing the huge cost of wiring and electricity transfer to these areas [9,10]. As
presented in Table 1, when compared to common power generation systems, fuel cells
provide the highest efficiency and can reach efficiencies as high as 80% when used in
combined heat and power (CHP) applications [11].

Table 1. Comparison of fuel cells with other power-generating systems [11].

Reciprocating Turbine

Engine: Diesel Generator Photovoltaic Wind Turbine Fuel Cells
Power range 500 kW to 50 MW 500 kW to 5 MW 1kW to 1 MW 10 kW to 1 MW 200 kW to 2 MW
Efficiency 35% 29-42% 6-19% 25% 40-85%
Capital cost
(USD/KW) 200-350 450-870 6600 1000 1500-3000
Operation and
Maintenance cost 0.005-0.015 0.005-0.0065 0.001-0.004 0.01 0.0019-0.0153

(USD/KW)

According to the choice of fuel and electrolyte, fuel cells are categorised into six
major groups: (1) alkaline fuel cell (AFC) [12], (2) phosphoric acid fuel cell (PAFC) [13],
(3) solid oxide fuel cell (SOFC) [14], (4) molten carbonate fuel cell (MCFC) [15], (5) proton
exchange membrane fuel cell (PEMFC) [16], and (6) direct methanol fuel cell (DMFC) [17].
As shown in Table 2, SOFCs show promising properties compared to other types. SOFCs
are among the most promising fuel cells in providing efficient electric power generation
and substantial environmental benefits in case of a high level of fuel flexibility. It is this fuel
flexibility that has made it possible to operate SOFCs on today’s conventional hydrocarbon
fuels, such as methane, methanol, and ethanol [18]. It should be mentioned that anode,
cathode, and electrolyte materials differ from one fuel cell technology to another. For
example, polybenzimidazole (PBI) and Nafion are the most common membrane materials
in PEMECs, yttria-stabilised zirconia (YSZ), gadolinium-doped ceria (GDC), and lanthanum
strontium gallium magnesium oxide (LSGM) are the most common electrolyte materials
in SOFCs, molten potassium and lithium carbonate are the most common electrolyte
materials in MCFCs, etc. Several anode and cathode materials can also be mentioned
for each fuel cell technology, including Ni/GDC, LSCEF, lithium metatitanate, porous
Ni, and Pt [5,16,19]. Nonetheless, further development is required to overcome some
existing limitations surrounding common fuel cell technologies. Reducing cost, improving
durability, and further optimising performance have been the focus of most fuel cell
research at the individual cell level, stack level, and general system level [20]. Figure 1
illustrates a schematic image of an SOFC in operation. The electrolyte transfers the reduced
oxygen atoms formed in the cathode to a fuel-rich anode zone, where the oxygen ions react
with the fuel, e.g., hydrogen, as follows:

%Oz +2e7 & 0* Cathode half-cell reaction 1)

Hy 4+ O?~ <3 HyO + 2~ Anode half-cell reaction )

1
H, + EOZ + HyO Overall reaction 3)
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Table 2. Comparison of different types of fuel cells [6].

Operating . . o A
Fuel Cell Temperature (°C) Power (kW) Efficiency (%) Application
PEM 60-110 0.01-250 40-55% Portable, mobile, and low power generation
AFC 70-130 0.1-50 50-70% Mobile, space, and military
PAFC 175-210 50-1000 40-45% Mobile to large-scale power generation and CHP
MCEC 550-650 200-100,000 50-60% Large-scale power generation
Vehicle auxiliary power units, medium- to
SOFC 500-1000 0.5-2000 40-72% large-scale power generation and CHP, off-grid
power, and micro-CHP
DMEC 70-130 0.001-100 40% Mobile and portable
ﬁ
(_
H: =i <m0
—
8
4= £ 0
H0 = g =
=
> cathode

Figure 1. Schematic illustration of an SOFC [21].

Oxygen ions generated at the cathode react with the hydrogen present at the anode
side at the junction of electrolyte, electrodes, and pores, so-called triple phase boundaries
(TPBs). These redox electrochemical reactions yield the production of heat and water,
as well as the release of electrons. Since the electrolyte is not electron-conductive, the
generated electrons are pushed towards an external circuit, connecting the anode to the
cathode. The flow of electrons in this circuit results in the generation of electrical power. In
general, each SOFC is composed of three major components: a dense electrolyte, a porous
cathode, and a porous anode [21].

One important factor limiting the development of the SOFC is its high operational
temperature. Along with bringing higher operating costs and limiting the choice of material,
this matter negatively influences thermochemical stability. In this regard, cell degradation
at high operating temperatures is an important technical barrier to the commercialisation
of SOFCs, leading to extra costs due to unexpected repair and maintenance [22,23]. Since
SOFC scaling up uses repeat cells (so-called “scale-up by number-up”), a single component
failure could lead to the failure of the whole stack. In particular, a component failure usually
requires the disassembly of the stack to replace it [24,25]. Thus, a cost of 10% composite
component failure might drive a fuel cell system cost up by 60% [25]. The durability
and performance of SOFCs are subject to the efficient working of its components, e.g.,
anode, cathode, electrolyte, interconnect, and sealant, which are all subjected to either high
degradation levels and/or a limited choice of materials at high operational temperatures. In
addition to lowering the degradation of the materials in each layer, mitigating the unwanted
reaction between the layers, and expanding the range of material selection, reducing their
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operating temperature could significantly expand their application in markets such as
transportation and portable power. Due to the higher mechanical stability of the cells at
lower temperatures, it could become possible to continuously operate SOFCs in repeated
startup and shutdown cycles from room to operating temperatures [26-28].

The research addressing low-temperature SOFCs (LT-SOFCs) and intermediate-temperature
SOFCs (IT-SOFCs) have focused on different aspects of fuel cells, such as development
in material, cell design, and fabrication, as well as fuel selection [29-31]. However, most
studies have reported a decrease in the SOFC power output by decreasing the operating
temperature. It is believed that this behaviour is due to an increase in the ohmic resistance of
the electrolyte and the polarisation resistance of both electrodes at lower temperatures [32].
Lower operating temperatures also increase the anode polarisation resistance, by greatly
affecting the electrochemical fuel oxidation and the possible fuel-reforming reactions (when
using carbon-containing fuels). Most importantly, anode tolerance to sulphur and carbon
poisoning is negatively affected by operating at low temperatures [5,33]. To reach practical
applications for IT- and LT-SOFCs, the development of anode materials with consider-
able activity towards hydrocarbon reforming to H, and CO, in addition to showing high
tolerance to sulphur and carbon poisoning, seems crucial.

Interfacial resistance between the layers can impede the transport of the reactants
and the products, thus limiting the reaction rate. Accordingly, it significantly affects the
electrochemical reaction rates, and higher interfacial resistances lead to slower reaction ki-
netics [34,35]. Regarding the temperature, it may have a negative effect on the temperature
distribution within the SOFC. When current flows through the cell, resistive losses occur at
the interfaces, resulting in the generation of heat. This resistance-induced heat generation
can lead to localised temperature variations and gradients across the cell. If the interfacial
resistance is high, more heat will be generated, and localised hotspots may develop. On the
other hand, if the interfacial resistance is low, heat generation will be reduced, resulting in
a more uniform temperature distribution [35,36]. The temperature of an SOFC is crucial
because the electrochemical reactions that occur within the cell are temperature-dependent.
Higher temperatures generally enhance reaction kinetics, resulting in improved cell perfor-
mance. However, excessively high temperatures can lead to material degradation and other
issues. Therefore, managing the interfacial resistance is important for maintaining optimal
operating temperatures and achieving efficient and reliable SOFC operation [28,37].

Low temperatures can affect the oxygen content in solid oxide fuel cells (SOFCs). In
an SOFC, oxygen ions (O?") are transported through the electrolyte material from the
cathode to the anode. The rate of oxygen ion conductivity is dependent on temperature,
with higher temperatures generally promoting faster ion transport. At lower temperatures,
the oxygen ion conductivity decreases, which can impact the overall oxygen content within
the cell [33,38]. At low temperatures, the diffusion kinetics of oxygen can be slower. This
can affect the rate at which oxygen molecules diffuse to the electrode/electrolyte interfaces,
where oxygen reduction and oxidation reactions take place. Slower diffusion kinetics
may lead to reduced oxygen availability at the reaction sites, affecting the overall cell
performance. The oxygen partial pressure in the gas environment surrounding the SOFC
can be influenced by the temperature. At low temperatures, the equilibrium between
oxygen adsorption/desorption reactions and oxygen diffusion in the gas phase can be
affected, potentially leading to lower oxygen partial pressure. This can impact the oxygen
content and reaction rates within the fuel cell. Low-temperature operation in SOFCs can
lead to reduced cell performance due to limited oxygen availability. The overall efficiency
and power output of the fuel cell may be adversely affected, resulting in lower performance
characteristics [39-42].

The electrolyte determines the operating temperature of the SOFCs and is used to
prevent the two electrodes from coming into electronic contact by blocking the electrons.
However, standard electrolyte materials, based on stabilised zirconia, require that SOFCs
are operated at 800-1000 °C to ensure sufficient ionic conductivity and, therefore, output
current density. This high temperature causes several issues, such as cell degradation due
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to thermochemical instability of the electrode constituents, thermal expansion mismatch
between the cell’s individual layers, and a higher cost of auxiliary materials (e.g., sealants
and interconnects) suitable for such a high temperature [43-45]. Therefore, a great deal of
interest has been placed on reducing the operating temperature to the range of 400-800 °C.
Operating in low (400-600 °C) and intermediate (600-800 °C) temperature ranges greatly
expands the choice of material and improves the reliability of both the operating cells
and the cell components. In this regard, outstanding advantages such as cost reduction
in material choice and preparation, reduced operation and fabrication costs, enhanced
durability, and reduced sintering of porous electrodes are just a few to name. Such types of
SOEFCs are referred to as LT-SOFCs and IT-SOFCs [27,46].

Despite the mentioned advantages of LT-and IT-SOFCs, they have not yet found
widespread application. The reason for this delay is that, at such low operating temper-
atures, the increased polarisation losses in the electrodes and low ionic conductivity of
the electrolyte make it extremely challenging to maintain high power outputs from the
operating cells [47,48]. In addition, in the case of hydrocarbon-fuelled SOFCs, the high
rates of carbon deposition and sulphur poisoning in the anode are two important obsta-
cles to overcome when decreasing the operating temperature [33]. Approaches such as
decreasing the thickness of conventional YSZ electrolytes and searching for alternative
active materials with higher ionic conductivity at lower operating temperatures can be
addressed as noteworthy attempts to encounter high ohmic resistance when operating
at such temperatures [47]. In this regard, attempts have been made to develop alterna-
tive electrolyte materials for conventional YSZ, which possess higher ionic conductivities
at lower operating temperatures, e.g., ceria-based oxides (gadolinia- or samaria-doped
ceria), scandia-stabilised zirconia, lanthanum strontium gallium magnesium oxide, and
proton-conductive materials such as BaZr;_,YxO3_;- or BaCe;_«YxO3_5-based perovskite
oxides, to name a few [49-51]. Considerable efforts have been made to develop metal
oxides with mixed ionic—electronic conductivity, showing great potential as cathode mate-
rial for LT-SOFCs. The mixed conductivity of such electrodes can effectively expand the
electrochemically active sites from just the electrolyte—electrode interfacial zone to deep
through the electrode layer. Thus, the electrode polarisation resistance can be maintained
at a low level when SOFCs operate at reduced temperatures [32,50,52].

In parallel, different deposition techniques have been experimentally studied, where
novel and cost-effective methods have been developed for the large-scale deposition of thin-
film electrolyte layers [53,54]. Since the ohmic resistance is inversely related to the thickness
of the electrolyte layer, the first approach would be to decrease the thickness of this layer [55].
A membrane thickness of 1 um for conventional YSZ could decrease its ohmic resistance to
the point that it would be possible to ensure a reasonable power output for a cell operating
at 500 °C [56]. However, neither provides a high deposition rate, low capital cost, smooth
and dense layers, durability, and low process temperatures altogether. It is well known that
different synthesis processes can greatly alter the microstructure of the products, resulting
in changes in (i) the grain size and grain boundaries in the electrolyte, and (ii) the durability
and electrochemically active surface area of the electrodes [57,58]. The solid-state reaction
is a well-known method for its high yield, high selectivity, simplicity, and the absence of
numerous solvents and side reactions. However, it requires a long process time and can
lead to high contamination levels. The presence of impurities, especially in the electrolyte
grain boundaries, can cause severe degradation in the overall cell performance [59].

Removing the need for external fuel reformers and water—gas shift reactors, especially
when using relatively cheap and clean fuels, such as natural gas, has been of great interest
for research focused on anode reactions where carbon-containing fuels are used [60-62].
In addition, the process of carbon deposition has long been recognised as the main conse-
quence of the internal reforming of hydrocarbon fuels. Thus, it is not surprising that many
SOFC studies using hydrocarbon fuels have reported the gradual loss of cell performance
due to the vast coverage of anode active sites by carbon compounds, especially when using
Ni as part of the anode cermet [60,62]. A common method used in conventional steam
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reformers to overcome this issue is the use of high steam/carbon (S/C) ratios (e.g., up
to 3). However, such high S/C ratios can greatly lower the electrical efficiency of SOFCs
by steam dilution of the fuel [61]. In addition, since the steam reforming reaction has an
endothermic nature, the unavoidable local cooling points can greatly affect the durability
of SOFCs by causing possible mechanical damage to the anode layer [63]. Although the
direct path of electrocatalytic oxidation of complex hydrocarbon fuels is still a matter of
debate, it is assumed that they are eventually reformed or partially oxidised to CO and
H before being electrocatalytically oxidised in the anode. It should be noted that, unlike
conventional catalytic reactions, a great amount of required oxygen for this electrooxidation
reaction originates in the solid state. Thus, a decrease in the operation temperature can
greatly decrease the kinetics of reactions involving the transfer and formation of solid-state
oxide ions in an operating cell, resulting in a high level of carbon deposition on the anode
active sites [64]. In addition, decreasing the operation temperature decreases the tolerance
of the anode towards poisonous reactions due to the presence of impurities in the fuel gas
inlet, e.g., sulphur poisoning [64].

This review focuses on presenting solutions regarding advanced synthesis techniques
to overcome issues arising from low operation temperatures for IT- and LT-SOFCs. Addi-
tionally, cell fabrication techniques associated with ionic conductivity improvements in the
electrolyte and the electrodes will also be highlighted. Starting with the state-of-the-art
materials used in SOFCs, a discussion follows on the basis of principles for improving ionic
conductivity and electrochemical activity in the low and intermediate temperature ranges.

2. The Efficiency of Fuel Cells
In a simple thermodynamic system converting heat to work, the idealised (maximum)
efficiency (1) of a thermal machine can be calculated as follows:
_h-L_, D
LA PR

(4)

which is called the “Carnot” efficiency. It can be seen from Equation (4) that, to maximise
the Carnot efficiency, either Ty should be considerably decreased, T should be increased,
or both. Thus, the idea of reaching 100% efficiency means either T; being infinite or T,
being 0 K, neither of which is possible on Earth. This is why internal combustion engines
running based on the Carnot cycle are referred to as having limited efficiency [65,66].

In order to evaluate the efficiency of a working fuel cell, one first needs to find the
baseline for its efficiency calculation. However, the situation is not so clear here. It is
commonly mentioned that, since fuel cells are not subjected to Carnot efficiency limitations,
it is possible to assume 100% efficiency for a completely reversible fuel cell system; by
defining the efficiency in a specific (but not very helpful) way, this can be true [8,67].

Since fuels used in a fuel cell can also be burnt and release energy, it would be a good
comparison to evaluate the produced electrical energy in a fuel cell against the heat that
could have been produced by burning the fuel. Thus, the efficiency of a fuel cell is usually

defined as
Electrical energy produced

A0 ®)
when considering hydrogen-fuelled fuel cells, operating on the reaction of hydrogen and
oxygen to produce water, care must be taken to reference the correct AH for its reaction.
As can be seen below, depending on whether the product water is considered to be vapour
or liquid, the enthalpy values differ.

1
Hp + 502 — HO, (6)

AH = —241.83 k] mol ! (vapour),
AH? = —285.84 k] mol ! (liquid),
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where the higher figure is the “higher heating value” (HHV), and the lower figure is the
“lower heating value” (LHV). The difference between these two values is referred to as
the enthalpy of vaporisation of water, also known as “latent heat”. Care should be taken
to reference whether the reported efficiency is related to the lower or higher value, since
choosing the lower value will result in a higher efficiency figure [60,68].

By defining the efficiency as mentioned in Equation (5) and considering the change in
the Gibbs free energy (AG) as the maximum electrical energy available, then the maximum
possible efficiency of a fuel cell can be calculated as follows (AH is the heat of combustion
of the fuel):

A
Thermodynamic ef ficiency = é x 100%. (7)

As illustrated, this maximum efficiency is usually referred to as the “thermodynamic
efficiency” or “thermal efficiency” (77y,) and defines a theoretical limit for the efficiency of a
fuel cell, which has been shown to have a direct function with temperature [63]. Figure 2
shows the change in the efficiency limit of an H; fuel cell with temperature in comparison
with the change in the Carnot efficiency limit [61].

0.9

0.8 -

0.7 -

0.6 -

0.5 1

P - = = = Combined fuel cell and heat engine
0.4 - 7/ FC efficiency limit

7/ — — Carnot efficiency limit
0.3 | /

0.2 /

Efficiency limit
\

0.1 ‘ ‘ ‘ ‘ ‘ . . ‘ ‘

0 100 200 300 400 500 600 700 800 900 1000 1100
Operating temp. [°C]

Figure 2. 1y, for a fuel cell in comparison with Carnot limit at different temperatures [61].

It can be understood from Figure 2 that H-fuelled fuel cells exhibit a higher thermo-
dynamic efficiency when operated at lower temperatures. However, in practice, due to
the voltage losses associated with the poor electrokinetics and high ohmic resistances of
currently used fuel cell materials at low temperatures, it is still more desirable to lower such
irreversible losses by operating at high temperatures. Figure 2 also points to the importance
of choosing HHYV as the point of reference for efficiency calculations when engineering fuel
cell systems. Maximum effort should be made to use the latent heat stored in the water
vapour in order to exploit the full potential of fuel cells. Something of extreme importance
when dealing with SOFCs, due to the high value of the heat waste in such fuel cells [62-64].

A second useful approach to calculating the efficiency of a working fuel cell is using
its operating voltage as a performance indicator, as described below. It should be noted that
in the case of hydrogen fuel cells, for each water molecule to be produced, two electrons
are passed through the external circuit (Equation (4)). Thus, for 1 mol of produced water or
used hydrogen molecule, “2N” electrons are transferred (N is Avogadro’s number) [69].

Electrical work done = Charge x Voltage = —2Nel = —2FU [joules]. ®)
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Since, in a fuel cell, AG is defined as the available energy to do external work (moving
electrons in an external circuit) in a reversible system, Equation (8) can be written as
AG= —2FU. Thus, in a system with no losses (or reversible), if all the released energy from
the hydrogen fuel (AH') is transferred to electrical work and there is no heat transfer, there
would be no entropy change, i.e., dG = dH; then [69],

—AHO
AH = —2FU or U= T 9)

The voltage calculated from Equation (9) is the voltage obtained from a cell working
with 100% efficiency. Thus, for a hydrogen-fuelled fuel cell, this voltage can be calculated
as 1.48 V or 1.25 V, depending on choosing HHV or LHV as the reference for the enthalpy,
respectively. By dividing the operating voltage (V.) of any working hydrogen fuel cell by
these values, it is possible to calculate its voltage efficiency (1,) [60].

V,
o= 1 4C8 x 100% (HHYV as the reference). (10)

Voltage efficiency can be used as a good measure for the lack or dominance of voltage
losses such as ohmic, concentration, and activation losses. However, it is assumed in
Equation (10) that all the fuel fed to the fuel cell will be consumed. Since, in practice, a
percentage of the fuel will pass through the cell unreacted, a “fuel utilisation coefficient” (1)
has to be applied to Equation (10). This is defined as the ratio of “mass of fuel reacted” to
“mass of fuel input”. However, since the direct measurement of unused fuel is not simple,
an alternative approach is usually applied to calculate yi. In this regard, the fuel cell current
(1) is usually balanced against the potential current (if all the fuel were reacted), which can
be calculated using the fuel flow and the theoretically available number of electrons. This
can provide the following equation [70,71]:

I
N ZXFX?’lfuelm/At’

Hf (11)

where 2’ is the number of electrons for each molecule of fuel (2 for hydrogen), F is the
Faraday constant, and g, i,/ At is the fuel flow rate. Thus, 7, is given by

o = Pf X % x 100% (with reference to HHV). (12)

According to Equation (12), the efficiency of a cell at a given iy will only depend on
the value of the actual cell voltage. Thus, a system with lower voltage losses would obtain
higher efficiency. This is synonymous with low activation and concentration losses and
requires the development of high-performing electrolytes and electrodes with low ionic,
ohmic, and transfer resistances. Thus, an Hj fuel cell can potentially reach extremely high
efficiencies as long as materials can be employed that produce extremely low overpotentials
at low operating temperatures [64,70].

3. Electrolyte and Electrode Materials
3.1. Electrode Properties

In general, the redox processes in an operating fuel cell take place in the electrodes. The
oxygen reduction reaction takes place in the cathode, resulting in the formation of O?>~ ions.
The anode layer is where the fuel is oxidised (e.g., Hy) by combining with the transferred
oxygen ions from the cathode, releasing electrons. One important aspect of SOFCs that
has given them a great advantage over other types of fuel cells is their prerogative ability
to use a variety of fuels (e.g., CHy, CO, alcohols, and even solid carbon sources) beyond
the standard H, fuel, which in practice greatly depends on the electrode performance
and durability of a working cell [72]. Although the main properties of electrodes are
to catalyse a certain electrochemical reaction and provide sufficient electron pathways



Crystals 2023, 13, 1008

9 of 65

for the released electrons, a suitable electrode material must also provide the following
characteristics: (1) mixed ionic and electronic conductivity, (2) high stability in SOFC
operating conditions (such as reducing/oxidising atmospheres, high temperatures, and
the presence of fuel impurities), and (3) high compatibility with other cell components
(especially the electrolyte and interconnectors) [73,74]. Figure 3 illustrates a schematic
of the electrochemical reactions taking place in both anode and cathode electrodes. It
can be seen that the reactions can only take place if the electrons, oxygen ions, and the
reactant molecules coexist. This zone is known as the triple-phase boundary (TPB), and
its length needs to be maximised in order to optimise the cell performance [75,76]. For
an electrode material with pure electronic conduction, the TPB is limited to the interface
between the electrodes and the electrolyte layer. On the other hand, by mixing a metallic
catalyst with an ionic ceramic composite (cermets), it is possible to greatly expand the
TPBs within the electrode network [77]. Alternatively, a greater expansion of the reaction
zone can be achieved if materials with high mixed ionic and electronic conductivity are
used [32]. In this case, in principle, the entire electrode surface exposed to the reacting
gases can be active towards the electrochemical reactions, where the reactions accrue in the
gas/solid two-phase boundaries. So far, a variety of combinations have been applied for
the preparation of different composites used as electrode material for SOFCs [78]. However,
the requirement for suitable electrode material is more stringent when used for LT-SOFCs
and operated with complex fuels [79].

electrolyte R

TPBC%, 202

b
// N 4 e_
/ cathode

Figure 3. Schematic visualisation of the TPBs [75].

The choice of material, the length of the TPB, the distribution of different phases,
and the microstructure of the electrodes (e.g., porosity and pore size distribution) can
greatly affect the performance of LT-SOFCs [78]. Thus, a high electrochemical performance
indicates a good balance between the presence of enough open porosity for gas diffusion
and a percolated electrode network for ionic and electrical conductivity. It should be
mentioned that porous structures are crucial for solid oxide fuel cells (SOFCs) in order
to facilitate gas diffusion (such as oxygen and hydrogen), increase reaction surface area
for electrochemical reactions, enable better contact between electrolyte and electrodes,
adjust thermal expansion, accommodate different fuel options by providing enough gas
diffusion pathways and reaction sites, manage gas distribution and flow, etc. Hence, the
electrodes should possess enough porosity (20-40%) [72,80]. At a given current density, an
observed loss in the voltage of a working cell can be attributed to three loss mechanisms:
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(1) activation polarisations at the electrodes, where the voltage loss is associated with
kinetics of the oxygen reduction and hydrogen (fuel) oxidation reactions at the electrodes,
i.e., losses due to their activation energies; (2) ohmic polarisation, caused by the ohmic
resistances in the electrolyte and the electrode layers, in addition to the contact resistances
present between (i) the electrolyte and the electrodes and (ii) the current collectors and the
electrodes; (3) concentration polarisations at the electrodes, associated with the transport of
gaseous oxidant and fuel through the cathode and the anode layers, respectively [72]. The
contribution of such polarisation losses to the overall voltage loss is illustrated in Figure 4.
For a cell to operate with high efficiency, all of these losses should be as low as possible. In
this regard, parameters such as the ionic and electronic conductivities of both electrodes,
the ionic conductivity of the electrolyte, the thickness of each of the cell components,
and the presence of ohmic resistances related to different interfaces, all contribute to the
ohmic losses [78,81]. Most of the ohmic loss observed in a working cell is often related to
the electrolyte layer, again indicating the importance of using ultrathin electrolyte layers
with high ionic conductivity [28]. Nevertheless, as electrodes are concerned, factors such
as the distribution of different phases, the porosity levels, and the microstructure of the
electrodes also contribute to the overall ohmic losses. In addition, parameters such as pore
size, pore morphology, and porosity greatly influence the transfer of gaseous speciesism
within the electrodes, thus determining the concentration polarisation in a cell [82]. Lastly,
the interlayer morphology of the electrodes, especially the TPB length, often controls the
activation polarisation [83].
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Figure 4. Fuel cell voltage/current characteristics for (a) the breakdown [81] and (b) the overall
contribution of different loss mechanisms in a working cell [84].

Planar and tubular configurations are the two main designs used for SOFCs. Due
to the lower in-plane ohmic resistance observed in planar SOFCs, they can theoretically
possess higher performances than tubular designs [72]. Simple and low-cost mass produc-
tion techniques (e.g., wet ceramic processing techniques) can be easily applied for planar
SOFC production; however, when compared to tubular designs, they are more prone to
cracking and are more difficult to seal when stacked [85]. The tubular configuration, due to
its geometry, can solve problems related to sealing, cracking, thermocycling, and startup
time [86]. However, due to their low surface-to-volume ratio, they often possess lower
volumetric power densities than that of planar design [87]. Such aspects have led to the
introduction of microtubular SOFCs with diameters less than a few millimetres [88]. The
motif of increasing the surface-to-volume ratio of tubular SOFCs has also resulted in the in-
vention of spiral cells, where fabrication techniques such as three-dimensional printing and
laser sintering have been applied [89]. As presented in Figure 5, planar SOFC single cells
are commonly fabricated in either self-supported or externally supported configurations,
which the required properties for each cell component vary depending on the selected de-
sign. In an externally supported design, an inert substrate (interconnect or porous substrate)
is commonly used to immobilise and support different layers [28]. On the other hand, in
the self-supported configuration, one of the cell components (anode, electrolyte, or cathode)
is used as the cell support [90]. Since, in the self-supported configuration, the supporting
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layer requires a higher thickness than that of other layers, the electrode-supported design is
usually a more suitable option for LT-SOFCs, to minimise the electrolyte ohmic losses [90].
However, the thickness and the required microstructure-related parameters for the support
electrode layer can greatly affect the concentration polarisation of the working cell; a lower
electrode thickness results in a smaller concentration polarisation. On the other hand,
for the electrode to act as a reliable support, a certain thickness is necessary to fulfil the
required mechanical integrity of the layer. Thus, great effort should be made to determine
the optimal electrode thickness and microstructure, in order to minimise the concentration
polarisation losses [72].

Electrolyte | = [BXXXRRRnd  ROOOOOaan %
Electrolyte ". ’:.:
Anode Anode K X, Porous Substrate X >
RRRKARAIIARS
Electrolyte supported Anode supported Cathode supported Substrate supported Metal supported
(ES) (AS) (CS) (SS) (MS)

Figure 5. Illustration of different cell configurations for planar SOFCs [90].

3.1.1. Anode Design and Materials

To lower the polarisation losses, anode materials should possess two main character-
istics: (1) high electronic conductivity and (2) sufficient electrocatalytic activity towards
complete fuel oxidation. Although the choice of material itself can greatly influence these
requirements, other aspects such as the microstructure and morphology of the anode, ex-
posed area, level of porosity, distribution, and size of the pores have also been shown to play
an important role in optimising the polarisation losses. In addition to the electrochemical
necessities, the anode layer should provide sufficient thermal and chemical stability, high
mechanical strength, and minimal TEC mismatch with other cell components. Additionally,
material selection and cermet composition for the anode layer should support the high
level of fuel flexibility required from SOFCs. Thus, a high level of tolerance towards carbon
deposition, re-oxidation, and sulphur poisoning is required when operating under common
fuel gases, e.g., hydrogen, CO, natural gas, and other hydrocarbons [28,91]. In addition
to the mentioned criteria, reaching a fundamental understanding of the possible charge-
and mass-transfer mechanisms taking place in the bulk, across interfaces, and along the
surfaces of SOFCs should be considered a critical challenge regarding the development of
SOFC anode material [92].

In the early days of SOFCs, the electrode functionality of the anode layer was consid-
ered its primary role, and the supporting cell elements were mainly either the electrolyte
(in the planar systems) or the cathode, especially in the case of the Siemens Westinghouse
tubular design [28,93]. In such configurations, the focus was mainly based on reaching
a finer microstructure for the relatively thin anode layer (20-30 um), improving the elec-
trocatalytic activity by maximising the surface area and the TPBs. However, as the SOFC
technology matured, the drive to decrease the operating temperature as an approach to
easing the demands on other cell and stack components changed the functionality of the
anode layer. The targeted operating temperature of 700 °C and below would allow for the
use of a much wider range of materials in the SOFC fabrication and stack design, i.e., the
use of stainless steel in the interconnector role [94]. However, as mentioned earlier, when
operating at such reduced temperatures, maintaining an acceptable ohmic loss across the
electrolyte layer would mean that the electrolyte thickness could not exceed 10-20 um. At
such low thicknesses, it was no longer feasible to use the electrolyte layer as the supporting
element [95].

Concerning the mechanical properties of materials used for the anode (Ni-YSZ cermet)
and cathode (LaSrMnQO3) at the time, the anode layer was seen to possess higher reliability
and would better suit the structural requirements in a planar configuration. Thus, the
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anode-supported cell became a common design for LT-SOFCs. Although several fabrication
methods were successfully applied for the preparation of anode-supported cells, in almost
all cases, the thickness of the supporting anode (250 um-2 mm) was much higher than
the anode thickness in the electrolyte-supported designs (20-30 pm) [95]. The additional
support function of the anode layer led to a great deal of compromise in its electrochemical
function, such that the porosity and particle size of the anode layer had to be increased to
reach a better strength, gas diffusion, and current collection. In order to solve this problem,
an additional thin cermet layer (10-20 um) was placed in between the electrolyte and the
supporting anode layer [96]. Having a finer microstructure, the properties of this layer were
mostly tailored around the electrochemical requirements of the anode layer and were often
applied using common wet chemical deposition processes (e.g., screen printing or tape
casting). In this two-layered electrode structure, the inner thin layer is commonly referred
to as the “anode functional layer”, with the outer layer being the anode support [28].

A further anode-supported design that has been greatly studied over recent years is
the metal-supported SOFCs. In this externally supported SOFC design, a porous metal
is used as the mechanical support element of the cell. This approach can be used for the
fabrication of both tubular and planar SOFCs, with the latter being more popular [97,98].
In this approach, low-cost standard industrial materials such as ferritic stainless steel can
be used as cell support, significantly decreasing the final manufacturing costs. In addition,
the use of external metal support allows for all ceramic components to be only a few
microns thick, improving the cell performance and robustness properties, the tolerance to
redox and thermal cycling, and startup times, as well as making it possible to operate at
reduced temperatures [99,100]. Such cells have even been proven to have great potential for
mobile applications, where automotive companies such as Nissan and Weichei have shown
great interest in their future developments [101]. Initially, Ni-based anode cermets similar
to standard SOFCs were used in the fabrication of metal-supported cells; however, the
problems arising from the oxidation of the metal support in conjunction with the required
common ceramic processing techniques resulted in the development of new fabrication
approaches [102]. For instance, the German Aerospace Centre (DLR) successfully applied
vacuum plasma spraying to coat active anode cermets onto a Ni felt, removing the need for
high-temperature sintering. In this method, the anode powder is injected into an Ar plasma
jet, where the powder is melted and accelerated towards the substrate. The flattening and
solidification of the accelerated particles on impact results in the formation of thin, porous
anode layers. Despite the successful deposition of the anode layer, the degradation of the
performance during the long-term operation was reported as an issue that needs to be
addressed by improving the microstructure of the electrodes [103]. Others have focused on
applying conventional ceramic processing techniques such as screen printing, tape casting,
and sintering to produce the multilayer structure of the planar metal-supported SOFCs;
however, co-sintering the metal support and the coated layers has shown to be an issue,
and firing in the reduced atmosphere is often required [104].

Recently, infiltration has been adopted to deposit active catalyst material onto metal
or thin, porous ceramic supports. Infiltration or impregnation has proven to be a reliable
technique for expanding the TPBs and introducing nanosized active materials into porous
supports [97,105]. One important aspect of this technique is that it does not require high
sintering steps, making it possible to use electrode supports or novel active materials that
either cannot stand high-temperature sintering processes or would react with adjacent cell
components at such elevated temperatures [106,107]. Different infiltration process variables
such as type of material, substrate type, solution properties, or calcination temperature
have been shown to play an important role in the final microstructural properties of the
prepared anode layer [108,109]. Although the presence of nanosized materials under
SOFC operating conditions could question their long-term stability (due to agglomeration),
the high impact of the infiltration process conditions on the nature of the final electrode
structure has shown to be of great use in preventing such degradations [110]. Despite
great developments of metal-supported SOFCs in recent years, they are still short of full
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commercial utilisation. Challenges such as the interdiffusion of active catalyst materials
with the supporting metal substrates commonly result in a high level of performance
degradation during loge-term operations [111]. Studies to mitigate such degradations
are currently an active area of research. In addition, if SOFCs are to be incorporated into
vehicles and, in general, transportation devices, lower operating temperatures and, thus,
higher tolerance to air and fuel impurities are required. Moreover, improving the fuel
flexibility of SOFCs can not only expand the range of systems they can be applied to, but
also reduce the need for fuel processing and reforming devices.

e  Conventional nickel-based anode (Ni-YSZ)

In the early developments of SOFCs, several single-phase materials, such as platinum
groups, iron oxide, and transition metals, were investigated as potential anode materi-
als [112]. In service, however, some challenges, such as peeling off from the electrolyte,
oxidation, and cost, hindered their widespread application. To solve such problems, Spacil
et al. introduced nickel-zirconia cermet anodes, associating nickel with stabilised zirconia
to confront both Ni aggregation during service and the great TEC mismatch between the
anode and electrolyte material. Since then, Ni-YSZ cermet has been the most common
material used as an anode in SOFCs. Its low cost and high chemical stability in reducing
atmospheres along with its close TEC to that of YSZ electrolyte have made it a suitable
anode material for SOFC applications [113].

To facilitate the transport of the fuel and product gases to and from TPBs, the presence
of more than 30% of continuous porosity is an important requirement for the anode layer.
With a compromise between a high level of porosity and high mechanical stability, Ni-YSZ
cermets have been proven to provide a very good level of balance [114]. Nickle itself has
long been considered an excellent electrocatalyst and reforming catalyst for the electro-
chemical oxidation of hydrogen and most hydrocarbon fuels, in addition to its eminent
electronic conductivity for the anode. In the anode cermet, YSZ constitutes a framework for
the dispersion of Ni particles and greatly broadens the TPBs by offering a significant part
of the ionic contribution to the overall conductivity in the anode. In addition, the arbitrary
mixing ratio of YSZ with Ni also makes it possible to control the TEC of the anode layer
to match with those of other SOFC components [72,115]. The immiscibility of YSZ and Ni
over a wide temperature range, along with the possibility of processing Ni in the form
of nickel oxide, makes it possible to fabricate cells via conventional ceramic processing
and sintering methods. Once in operation, the introduction of fuel can easily reduce NiO
to Ni metal, and the developed thin microstructure can be maintained for a long time.
However, due to the relatively fast reduction process, parameters such as the method of
initial introduction of the fuel, anode morphology, and the ratio between YSZ and Ni/NiO
can greatly affect the performance of the cell [114,116]. While the reduction of NiO to Ni
provides the catalytic surface for the anodic reactions, the significant volume loss upon
the reduction reaction introduces extra porosity to the anode structure. Since such large
microstructural changes can cause issues for the structural integrity of the anode layer, it is
often an important requirement of the YSZ portion of the cermet to support such volume
changes [114].

Despite the structural function of the ceramic material in retaining the uniform distri-
bution of metal particles in the anode, at high operating temperatures, nickel particles still
tend to coarsen at a fairly rapid rate during long-term operations [117]. This is considered
another important factor in moving towards lower operating temperatures, since, at high
operating temperatures, the sintering of nickel particles over time becomes a major issue.
Such changes can alter the distribution of Ni metal particles relative to the supporting YSZ,
which in turn can significantly reduce the electrical conductivity and increase the overall
polarisation resistance of the cell [115]. It has been reported that nickel composites with a
narrower particle size distribution of nickel particles tend to show a lower sintering rate,
whereas increasing the nickel content and an increased steam content in the fuel feed in-
crease the sintering rate considerably [115,118]. Although the initial reduction of the anode
layer can be supported by the ceramic phase, any re-oxidation subsequent to the coarsening
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of nickel particles can result in severe physical damage to the cell (Figure 6) [119]. Such
structural changes are of great importance in anode-supported systems, where they will re-
sult in the formation of cracks in the supported electrolyte membrane [120,121]. Despite the
large research effort from the scientific community to stabilise this effect, this remains one
major weakness of Ni-based anode-supported SOFCs, often adding complexity and cost to
the operating system [122]. Thus, there is still a need to improve the anode performance of
SOFC, specifically at low operating temperatures. Since the performance of the anode layer
has been shown to depend on different parameters, such as sintering temperature, metal
composition, microstructure, particle distribution in the composite, porosity, and the length
of the triple phase boundary, a combined effort is required to overcome the limitations
surrounding the common Ni-based anode material.
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Figure 6. Schematic illustration of microstructural changes during Ni-YSZ redox cycling with ferritic
iron—chromium alloy as the current collector: (a) the as-sintered state; (b) the structure after initial
reduction; (c) coarsening of the Ni particles while in service; (d) the resulting volumetric growth after
re-oxidation and crack formation in the electrolyte membrane [119].

Although nickel is a well-known catalyst for hydrogen oxidation and methane steam
reforming, it also catalyses carbon formation from hydrocarbons under reducing atmo-
spheres [123]. In addition, the high tendency of Ni to dissolve carbon can lead to consid-
erable volume expansion leading to severe structural failures [124]. The problem with
YSZ regarding this issue arises from its inertness and inability to lessen the consequences
of solid coke formation on nickel. The very low electronic conductivity and little elec-
trochemical oxidation activity of YSZ, practically lead to a complete failure of the whole
cell, once the nickel deactivates. Thus, many studies have focused on finding alternative
materials for YSZ, in which ceria-based electrolytes have shown great potential, especially
when using liquid oxygenated hydrocarbon fuels [125]. Generally, similar technical is-
sues with Ni-based anode composites can be expected at low temperatures. However,
lower operating temperatures would favour the thermodynamics of coke formation from
CO,/CO-containing fuels while decreasing the kinetics of the coking reaction on Ni [126].
Moreover, the adsorption of impurities, such as H,S, on the anode active sites is considered
to increase at lower temperatures, resulting in greater performance degradation of the
cell [127]. On the other hand, redox cycling could be less detrimental to Ni-based compos-
ites at low temperatures if slower rates of NiO reduction and Ni oxidation during the redox
cycle result in only partial conversion of the anode layer [122].

As mentioned earlier, conventional Ni-YSZ anodes used in SOFCs are commonly de-
signed to operate at temperatures in the range of 700-800 °C, which would prohibitively re-
sult in high polarisation resistance if used at an LT-SOFC temperature of ~450-600 °C [128].
As a primary approach for reaching lower resistances in LT-SOFCs, the YSZ component
is often replaced with the higher conductivity electrolyte materials such as SDC, GDC,
ScSZ, or LSGM. Additionally, a finer-scale microstructure is required for the anode layer at
low operating temperatures [72]. In this regard, in addition to the operating temperature,
the anode polarisation resistance has also been shown to also depend on microstructural
factors, including the anode thickness (L) and the TPB line length per unit electrode volume
(ITpp)- In the limit of thick anodes (large L), valid for anode-supported cells, increasing
ITpp is suggested as the primary means for decreasing the anode polarisation resistance
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at low temperatures. The magnitude of ITpp is mostly determined by the morphology of
the electrode layer, which itself strongly depends on processing considerations such as
Ni/oxide ratio, initial particle size distribution, and sintering conditions. Gao et al. [48]
predicted that, for a Ni-YSZ anode composite with an average particle size of “S”, for
both Ni and YSZ particles (S = Snj = Sysz), decreasing S to ~0.1 um could yield an anode
polarisation resistance of below 0.1 Q-cm? at 600 °C, and a further decrease to ~0.01 um
would yield to polarisation resistances lower than 0.1 Q-cm? at 500 °C (being suitably
low to allow high power densities) [48,129]. Thus, the engineering of nanoscale Ni-based
anodes seems like a promising avenue for the development of LT-SOFCs, as discussed in
the next section. It should be noted that long-term stability challenges related to nickel
coarsening can still occur, even at reduced operating temperatures.

e  Alternative processing of Ni-based anodes

The processing procedure commonly used for the fabrication of SOFCs, the co-firing
of the electrolyte—anode bilayer at temperatures as high as 1400 °C, invariably results in
the coarsening of the particles in the anode layer. This makes it very difficult to achieve
average particle size values (S) <1 pm, as required in LT-SOFC anodes [106]. Therefore,
alternative or improved processes are required. In one example, Gao et al. [130] reported
two times lower resistance associated with the anode electrochemical processes (at 800 °C)
by decreasing the firing temperature of the Ni-YSZ anode functional layer from 1400 °C to
1250 °C. The results indicated a decrease in the mean particle size of 0.66 to 0.51 um for Ni
and 0.61 to 0.45 pm for YSZ, possibly due to a lower particle coarsening attributed to the
reduction of the processing temperature. Furthermore, 3D tomography data collected from
the cells indicated that the reduced particle sizes of the cell fired at 1250 °C resulted in a
higher active TPB density of the anode functional layer. In principle, such approaches could
be expanded by applying smaller staring particle sizes and further decreasing the firing
temperature. Gestel et al. [131] used a fine-scale Ni-YSZ anode functional layer, which,
to some extent, retained its microstructure even after firing at 1400 °C for 5 h. Given the
average anode particle size of ~0.5 um, upon applying a very thin YSZ electrolyte layer, they
reported a current density of 1.6 A-cm™2 at 650 °C (0.7 V). Similar to the electrolyte layer,
the PVD method has also been used to prepare Ni-based anode layers with considerably
small particle sizes and, thus, higher TPB densities [132]. The deposition of the Ni-YSZ
functional layer using the PLD method has been reported to result in average particle
sizes of around 0.125 um [133-135], increasing the TPB density to almost 10 times that of
the conventionally processed Ni-YSZ anodes [136]. Although such methods remove the
need for high-temperature firing processes, yielding high TPB densities, they are relatively
expensive and add complexity to the cell fabrication process.

Ni-based anodes with relatively high TPB densities have also been produced by wet
impregnation of Ni within a porous scaffold [137,138]. Early reports on Ni-infiltrated YSZ
scaffolds illustrated nickel contents of about 10 vol.% to be sufficient to form a percolated
network, where Ni particles coat the larger feature-size electrolyte scaffold (YSZ) [139,140].
Due to the lower nickel content of Ni-infiltrated anodes, they often exhibit greater redox
stability than that conventionally processed Ni-YSZ anodes. In comparison, their power
density and long-term stability are often inferior to that observed for Ni-YSZ anodes
prepared by conventional processing procedures. Not a lot is known regarding the long-
term stability of anode materials at low temperatures. Ni-based anodes prepared through
conventional processes with average particle sizes of about 0.5 um or slightly higher appear
to have acceptable long-term stability when used in SOFCs operating at around 800 °C,
although some level of particle coarsening is observed at higher temperatures [141]. The
smaller anode feature sizes required for LI-SOFCs may aggravate coarsening; however,
the reduction in the operating temperature of the cell should mitigate this by reducing the
kinetics of coarsening. In this regard, coarsening of nickel particles with initial sizes of
~60 nm in a Ni-impregnated LSGM anode structure resulted in an almost 100% increase in
the anodic polarisation resistance over a 500 h period at 650 °C [142]. A considerable level
of nickel agglomeration and coarsening was also reported for a nano-structured Ni-YSZ
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anode functional layer prepared by PLD [134]. Attempts have been made to reduce such
effects by additional post-deposition annealing processes at temperatures above 1000 °C,
where the anode microstructure is practically pre-coarsened [133].

e  Alternative anode composites to Ni-YSZ
(a) Modification of the ceramic phase

Since, for most LT-SOFCs, the YSZ electrolyte layer is often replaced with electrolyte
materials with higher ionic conductivity, at low temperatures, it is resealable to use Ni-
based anode composites containing similar oxides. When compared to Ni-YSZ, anode
cermets combining nickel with doped ceria, ScSZ, or LSGM have shown potential in im-
proving the cell performance, as a result of their higher ionic conductivity and lower anode
polarisation resistances at low temperatures. In this regard, Ni-GDC and Ni-SDC anode
composites have presented reasonable properties at low temperatures [143,144]. Yamamoto
et al. [145] reported the application of a nanoscale Ni-GDC anode composite in a hydrogen-
fuelled SOFC, where the cell was processed at low firing temperatures (1100 °C) to avoid
major coarsening. It should be noted that, although the cell presented a rather low anode
polarisation resistance of 0.14 Q-cm? at 600 °C (humidified hydrogen), such values could
have also been influenced by the mixed conductivity of GDC in the anode composition.
In another study, a cell comprising a Ni-GDC anode coupled with a LaCoOj3_s-coated
Bag 5510 5C0g sFeg203_5 cathode and a GDC electrolyte layer showed a reasonably high
maximum power density of 588 mW-cm 2 at 600 °C [146]. Anodes combining Ni with a
rare-earth oxide (e.g., Dy, Er, Yb, or Ho) appear to provide a considerably low polarisa-
tion resistance in humidified hydrogen, where maximum peak power densities of around
600 mW-cm~2 at 600 °C were reported for anodes containing Er and Dy oxides in cells
with thin SDC electrolyte layers [147]. It should, however, be mentioned that such high
cell performances are somewhat surprising since these rare-earth oxides are not known as
effective oxygen ion conductors.

Wet impregnation of nickel within doped ceria and LSGM electrolyte scaffolds have
also been reported as suitable anodes for LT-SOFCs [138,148]. The use of relatively low
calcination temperatures in the preparation of the impregnated anode materials, ~700 °C,
has not only resulted in the development of anode composites with <100 nm average
particle sizes but also allowed for the use of Ni in combination with LSGM electrolyte pow-
ders [138]. The use of such anode compositions was not possible using high-temperature
processing procedures due to the detrimental interaction between LSGM and Ni at elevated
temperatures [149]. With regard to infiltrated Ni-GDC anodes, peak power densities up
to ~980 mW-cm 2 at 600 °C have been reported [150]. Lomberg et al. [151] reported the
fabrication of infiltrated Ni-GDC anodes (GDC scaffold) on a 270 pm thick YSZ electrolyte,
where, at 580 °C and under a 50% H;-50% Nj gas mixture, the polarisation of the anode
electrode was 0.34 Q-cm? and further decreased to 0.14 Q-cm? at 750 °C. In the course
of 4 days, the fabricated cells were exposed to a temperature range of 550-750 °C, where
Ni agglomerates were observed in the anode structure for all temperatures. Despite this,
the total electrode polarisation only increased by 13%, indicating that the electrochemical
performance of the anode electrode was not influenced significantly during this period.
This matter was later explained by the mixed conductivity and catalytic activity of doped
ceria towards hydrogen oxidation.

Further studies have confirmed this attractive catalytic activity of cerium-based anode
materials towards direct oxidation of hydrogen and hydrocarbon fuels, e.g., methane,
ethane, 1-butene, n-butane, and toluene [152,153]. It is this catalytic activity of ceria-based
materials that has made them suitable candidates for anode materials, especially con-
cerning resolving challenges associated with anode stability in carbon-containing fuels
at low operating temperatures. Tsipis et al. [154] studied the performance of both Cu-
gadolinium-doped ceria (Cu-GDC) and Ni-GDC cermets as potential anode materials for
SOFCs. They used a three-electrode technique to study the current density and overpoten-
tial characteristics of both anodes in a wet 10% Hj and 90% Nj gas mixture (600-800 °C).
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The results indicated a lower overpotential for the Ni-GDC anode, which was linked to the
high sinterability and very low catalytic activity of Cu when compared to Ni. However,
when compared with Ni-YSZ anodes (operating in H, and CO), Cu-CeO,-YSZ composite
anodes marked a significant improvement in the overall cell performance [155]. While
different maximum power densities were observed for Ni-YSZ anodes operating under Hp
(136 mW-cm~2) and CO (73 mW-cm~2) fuel atmospheres, Cu—-CeO,-YSZ-based anodes
presented almost similar power densities in both Hy and CO fuels at 700 °C (305 mW.cm~2).
It was also explored that the addition of cobalt to Cu—CeO,-YSZ anode cermet can fur-
ther enhance its catalytic activity, increasing the peak power density of the cell up to
310 mW-cm 2 with H, and 370 mW-cm 2 with CO fuel. Further extensive research on
Cu-based anodes can be found in the literature [156-158].

(b) Alloying Ni with metals

Partial replacement of nickel with other metals could be an alternative to decreasing
coarsening of metallic particles. Some metal alloys could also provide additional effects,
such as increasing the oxidation resistance of the anode or decreasing the thermal expansion
mismatch between the YSZ electrolyte layer and the anode composite. As mentioned earlier,
partial substitution of Ni with more inert materials towards hydrocarbon cracking reactions,
e.g., Cu, could also suppress coke formation over Ni [159]. So far, transition metals, such as
Co, Mo, and Fe, have shown potential in decreasing the level of graphitic carbon formation
on the anode active sites [160-162]. The partial substitution of the nickel phase in a Ni-YSZ-
based anode with almost 10 wt.% Fe showed a slight enhancement in the cell performance
at 650 °C, which also helped to suppress coking in methane fuel [163]. Ishihara et al. [162]
used a mixture of NiO-Fe;O3 (Ni:Fe= 9:1)-SDC as an anode substrate in cells utilising a
5 um thin LSGM electrolyte layer, where, although the anode performance was not directly
studied, a maximum power density of 1.95 W-cm~2 at 600 °C (in hydrogen) indicated the
presence of a considerably low anode polarisation resistance. Huang et al. [164] investigated
the effect of different Fe-to-Ni ratios on the overall performance and carbon deposition
levels of Fe-Ni/ScSZ composite anodes running on ethanol fuel. Although their work
revealed the positive effect of Fe in improving the coke resistance of Ni-based cermet
anodes, its excessive addition was also shown to greatly reduce the electrocatalytic activity
of anode towards the full oxidation of ethanol fuel. In this study, a 1:1 ratio between Fe and
Ni (Feg5Nig5/5cSZ) was proven to provide a good balance between the coke resistivity
and electrocatalytic activity of anode, when operating under ethanol. Nevertheless, the
very poor long-term stability of the Fe-Ni/ScSZ anode was reported to be a major issue in
the analysed cells, requiring further evaluation of such anodes. Hussain et al. investigated
the electrode performance of various combinations of Pt, Ru, Pd, Ni, and GDC through
their co-infiltration into a porous Srp 94T 9Nbg 103 (STN) scaffold. The performance of
the infiltrated binary electrocatalysts at low-temperature ranges of 400-600 °C was Pt-
GDC > Ru-GDC > Pd-GDC > Ni-GDC. On the other hand, the ternary electrocatalysts
of Ni-Pt-GDC and Ni-Pd-GDC showed the lowest anode polarisation resistances of
0.11 and 0.31 Q-cm? (at 650 °C; Hy/3% H,0), respectively. After the reduction of the
anode composites at 650 °C for 12 h (dry Hj), the average particle size of the ternary
electrocatalysts was reported to be larger than the binary Pd-GDC and Pt-GDC, due to the
particle coarsening of Ni nanoparticles [165].

The addition of Co at different contents has been shown to have a positive effect on
both the microstructure and the electrocatalytic activity of Ni-based anodes and the overall
cell performance [166]. With cobalt exhibiting a melting point of about 1490 °C, Ni-Co
alloys are expected to provide high electrochemical activity and thermal stability without
the need for unusual processing conditions [167]. Furthermore, since Co-Ni has been shown
to possess higher oxidation resistance than Ni, it is likely to exhibit enhanced corrosive
properties under insufficiently reducing atmospheres (e.g., for relatively low fractions of H;
and high partial pressure of H,O) [168]. Decreased anodic polarisation resistance during
H; oxidation was reported for Nip 5Cop 5—-YSZ and Nij3Cop 7—YSZ anodes, associated with
an extension of the TPBs in the anode composite when compared to Ni-YSZ [168]. Ishihara
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et al. [169] also reported a decreased IR loss in Ni-based anodes upon the addition of
10 mol.% of Co, resulting in an increase in the overall cell performance. Utilising the
same cobalt content, Ni-Co alloy was used as a hydrogen electrode in an alkaline fuel
cell (AFC) by Chatterjee et al. [170]. They presented that the addition of cobalt could
decrease the hydrogen reduction potential by enhancing the electrocatalytic activity of Ni
towards hydrogen dissociation and/or reducing the resistance of the Ni electrode. In this
study, an improvement in the electrical conductivity of the anode electrode and a decrease
in the anode particle size was found upon the addition of 10% Co. Such changes were
attributed to an improvement in the anode active surface area for hydrogen chemisorption,
further enhancing the catalytic activity of hydrogen oxidation in the presence of Co. Similar
improvements in the anode and overall cell performance were found by Grgicak et al. [171]
by introducing 8 mol.% cobalt into the Ni-YSZ anode structure for SOFCs. The smaller
particle size of Nig 9,Cog 0s—YSZ was associated with such enhancements, yielding a larger
surface area than that of Ni-YSZ. Cells consisting of trimetallic anodes/cathodes such as
Fe—Co-Ni-SDC (CeygSm(»019) anodes and SSC (Smg 55r;5C003)-SDC cathodes were
prepared and tested at temperatures from 450 to 600 °C under humidified hydrogen. In
comparison to Ni-SDC, the cell performance was shown to improve when the molar ratio
of Fe:Co:Ni approached 1:1:2, where, by using Fe 25C0¢ 25Nig 5—SDC as the anode, a cell
polarisation resistance of 0.11 Q-cm? and a power density of ~750 mW-cm~2 at 600 °C
were reported [172]. Other trimetallic anode alloys of Alj 19NixZngg9—xO [173] and Cu—Co-
Ni-SDC [174] have also been studied as potential anode composites for LI-SOFCs based
on GDC electrolytes.

Ni-Co alloy composites have also proven to be promising anode materials for hydrocarbon-
fuelled SOFCs. A study by Ding et al. [175] investigated the performance of Nij_,CoxO-
Ce.§Sm(201.9(SDC) composite as a promising anode material for methanol-fuelled SOFCs.
In this study, Nip9Cog1-SDC was found to deliver the lowest polarisation resistance,
highest max peak density (675 mW-cm~2, 700 °C), and highest coking resistance under
a certain current density. Additionally, it was discussed that the addition of Co to the
anode composition not only expands the TPBs by enhancing the interaction between NiO
and SDC, but also greatly reduces the anode particle size and improves the Ni;_,CoxO
dispersion by hindering the grain growth of NiO particles. Sarruf et al. [176] recently
reported the use of nickel-free SOFC anodes, developing a cobalt-rich electrocatalyst mixed
with ceria, selected for its mixed-ion/electron characteristics, and copper to enhance the
electrical properties, as well as providing carbon post-oxidation ability. In this work, the
performance of the ceria-Co—Cu anode was tested under hydrogen, methane, and ethanol
fuels at various temperatures (700-850 °C). The cells illustrated an acceptable performance
under all three gas fuels, with maximum power densities ranging from 400-540 mW-cm 2,
depending on the used feed stream. Furthermore, they demonstrated a relatively high
coking resistance for over 24 h continuous operation.

(¢) Mixed conducting oxide anodes

There has been a great effort in the development of conducting oxides for use as anode
materials in SOFCs. In principle, such developments were mostly means for improving
tolerance to impurity (e.g., sulphur), redox cycling stability, and ability to operate under
carbon-containing fuels with minimum cocking [177]. It should be noted that such anode
materials are only discussed briefly here since the best of these do not show acceptably
low polarisation resistance values at low temperatures. Mixed conducting ceramics such
as doped LaCrOj3, BaCuNiZn oxide (BCNZ) [178], ZrO, /TiO5 /Y703, ScpO3-Y,03-ZrOp—
TiO; [179], and La-, Fe-, and Y-doped SrTiO3 [180] are some of the noteworthy endeavours
in literature. Although they have been proven to improve the stability of anode towards
carbon deposition and sulphur poisoning, they hold certain performance limitations, e.g.,
lower catalytic activity is observed for Laj _xSrxCr1—yNiyO3;_5 when compared to Ni com-
posites operating in Hy /CHy fuels. In addition, some anode materials possess a high level
of instability in reducing atmospheres and weight loss at high operating temperatures,
greatly limiting their use despite presenting promising performances [72]. Thus, modified
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mixed conducting cermets such as lanthanum strontium chromium vanadates (LSCV)
containing GDC and Pd have been developed, showing stability at high operating tempera-
tures (800 °C), in addjition to their acceptable level of coke resistance and catalytic activity
towards CHy /steam reforming [181,182]. The reported anodic polarisation resistance for
conducting-oxide anodes has generally shown to be larger than nickel-based anodes, and
values above 700 °C have often been reported. Some of the worthy examples include
anode composites with the overall composition of Sr; ¢Kg4FeMoOy yielding an anode
resistance of about 0.1 Q-cm? at 750 °C [183], Sr,MgMoQOg_ 5 anodes yielding ~0.1 Q-cm?
at 800 °C [184], and Sr(Tip 3Feg7)O3 anodes yielding ~0.17 Q-cm? at 800 °C (in humidified
hydrogen) [185]. Lastly, introducing catalyst nanoparticles using ex-solution [186,187] and
impregnation [188,189] has been shown to produce favourable SOFC anodes, although
reaching high performance at low operating temperatures remains an issue. Hence, with
regard to the immediate future, Ni-based anode composites with nanoscale structures
would most probably be the anodes of choice for LT-SOFCs.

3.1.2. Cathode Design and Materials

Generally, the oxygen reduction reactions (ORRs) in the cathode commonly dominate
the polarisation losses in thin-film electrolyte SOFCs. Such losses greatly increase by
decreasing operating temperatures, whereas cathode polarisation losses were as high
as 65% of the final voltage loss have been reported for IT-SOFCs [190]. The kinetics
involved in the O, dissociation and reduction reactions are quite complex and involve many
steps. Thus, different studies have focused on understanding the possible mechanisms
and further finding their relationship with the material and microstructural properties of
the cathode layer [191-194]. However, despite the great effort, a clear agreement on
the exact reaction sites for ORR has not yet been reached. Some of the theorised or
established mechanisms involved in oxygen reduction reactions in SOFC cathodes have
been illustrated in Figure 7 [192]. However, no single mechanism has been able to explain
all cathode electrodes. Different factors such as material(s), electrode preparation processes,
electrode microstructure, test conditions (i.e., temperature, atmosphere, test duration,
etc.), and/or other unknown factors can greatly alter the rate-determining step(s) in the
cathodic reactions.

a)

22

Figure 7. Possible mechanisms believed to govern oxygen reduction in SOFC cathodes: (a) oxygen
incorporation into the bulk of a mixed conducting electronic phase; (b) adsorption and/or partial
reduction of oxygen on the surface of the electronic phase; (c) bulk transport of 0?2, or (d) surface
transport of O™~ to the electronic/ionic interface. Transfer of (e) 0%~ or (f) a combination of On- and
electron across the electronic/ionic interface. (g) One or more of these mechanisms can also be active
in the electrolyte itself, affecting the generation and transport of oxygen species (o Electronic phase;
f3: Gas phase; y: Ionic phase) [192].

Many active cathode materials possess a perovskite-based structure (ABOs3). Per-
ovskites consist of the following three elements: large cations (A™"), oxide ions (O%?7), and
small cations (B®™*), where n is the positive charge of the large cation (A). In a perovskite
structure, B@™* cations are surrounded by six oxide ions, and A™ cations have 12 oxide
ion coordinates, commonly referred to as B- and A-sites, respectively. One important aspect
of the perovskite structure is its ability to stand considerable lattice mismatches among A-O
and B-O bond lengths and allow for the presence of more than one A- and/or B-site cation
species. Generally, perovskite structure allows for the introduction of first-row transition
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metal cations and rare earth elements into their B and A sites, respectively. Such variation
in the doping elements allows for the modification of the electrical and catalytic properties
of the cathode material [72]. The ability of the first-row transition metal cations to exhibit
multivalence properties at different oxygen concentrations has made them a great candi-
date for B-site dopants, modifying the catalytic properties and electronic conductivity of a
given perovskite family [195-197]. In addition, doping the A-sites with rare earth elements
has been shown to affect the electronic and ionic conductivity of metals by changing the
concentration of vacancies in the lattice structure [196,198,199].

Different requirements should be considered when choosing cathode materials. Prop-
erties such as high catalytic activity, chemical stability, high compatibility with other cell
components, high electronic or, preferably, mixed electronic—ionic conductivity, and me-
chanical and morphological stability must be achieved cost-effectively [200]. In 1969,
Tedmon et al. [201] released a summary of the early-stage studies on different materials,
especially perovskite-type and related oxides, for cathode applications, where it was con-
cluded that no single material could fulfil all cathode requirements. However, perovskite-
type oxides with Co occupying their B-sites (i.e., PrCoO3; and LaCoO3) were reported
as promising cathode materials, which have remained important SOFC cathodes. Their
ability to act as mixed electron and oxide ion conductors is believed to have a great impact
on their high catalytic activity towards ORR [202,203]. By using mixed ionic electronic
conductors (MIECs) in the cathode, the electrochemical reactions are no longer limited to
the TPBs; thus, the reaction zones can be well expanded all through the electrode surfaces
and up to a certain thickness of the electrode layer. However, the chemical and mechanical
instability of Co-perovskites when in contact with YSZ, and their large TEC remain their
main disadvantages when used in SOFCs [40,204].

Extensive studies on finding alternative cathode materials to overcome such draw-
backs led to the introduction of lanthanum manganite perovskites such as (La, Ca, or Sr)
MnOj3;, where they possess a much less reactivity and thermal mismatch with the YSZ elec-
trolyte layer [205,206]. Further studies revealed that the introduction of deficiencies in the
A-sites of LaMnOj could greatly improve the chemical stability of the perovskite structure
and, thus, decrease their tendency to react with YSZ [207,208]. A great deal of research on
lanthanum manganite-based cathodes led to the preparation of cathode materials with a
sufficient electrochemical performance at temperatures higher than 800 °C, which were
applied in both planar and tubular SOFCs [205,209]. In this regard, strontium-doped lan-
thanum manganite (LSM) has been one of the most popular lanthanum manganite-based
cathodes used for SOFCs operating in the range of 800-1000 °C. At such high temperatures,
LSM possesses a high electronic conductivity (200 S-cm~! at 900 °C); however, it is an
extremally poor ionic conductivity (1078 S-em~1). Such low ionic conductivities greatly
restrict the oxygen reduction reaction to the electrode/electrolyte interface, where the
reaction rate is controlled by the oxygen surface exchange [210-212]. To expand the TPBs,
LSM is commonly mixed with ionic conductors such as YSZ and GDC [213,214]. Thus,
despite their good performance at high temperatures, the negligible ionic conductivity of
pure LSM materials at low temperatures has made them not suitable for IT- and LT-SOFC
applications. In addition, in the case of cathode-supported SOFCs, the reactivity of the
LSM-based cathode material with the electrolyte layer (YSZ) during high-temperature
cofiring processes (1200 °C and higher) can result in the formation of a lanthanum zirconate
phase at the electrode/electrolyte interface. Such restrictive layers can result in severe
degradation in cell performance [113,215].

With both low and intermediate-temperature SOFCs operating below 800 °C, the per-
formance of LaMnOs3-based cathodes was no longer sufficient for the oxygen incorporation
reaction at such low operating temperatures. This matter once again drew attention towards
MIEC, where a great expansion in the reaction zones was believed to improve the perfor-
mance of the cathode layer at lower operating temperatures. However, instead of using pure
Co perovskites, solid solutions of iron-based perovskites such as (La;_xSrx)(CoyFe;.y)O3
(LSCF) were proposed, to improve the chemical and mechanical properties of the cath-
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ode layer [216,217]. Alternative perovskite materials such as La;_,SryFeO3 (LSF) and
La;_SrcCoO3 (LSC) were also individually investigated [218-221]. Generally, acceptor-
doped cobaltite perovskite-type oxides exhibit improved oxygen vacancy formation, result-
ing in a considerable drift from their oxygen stoichiometry at increased temperatures. The
high concentration of oxygen vacancies, along with their relatively high mobility at elevated
temperatures, has resulted in a considerable increase in the oxygen ion conductivity of
such material [59].

Sr-doped LaCoOj3 has long been studied for its high ionic and electronic conductivity.
Petrov et al. studied the electrical conductivity of Laj_4SrxCoO3_;s at different temper-
atures [220]. They reported a high p-type conductivity behaviour for La;_,SrxCoOs_s,
where its conductivity decreased due to the reduced oxygen partial pressure at high
temperatures. Despite the relatively high mixed conductivity of LSC, the high TEC of
Co-rich perovskites is commonly too high when compared to both ceria-based and YSZ
electrolytes [59]. An alternative to such material, Sr-doped LaFeO3 has been reported to
exhibit a much lower thermal mismatch and very high chemical compatibility with doped
ceria electrolytes [59,218]. It was, therefore, expected for the compositions in the form
of (La,Sr)(Co,Fe)Os3 to exhibit desirable properties for IT- and LT-SOFC cathode applica-
tions [216]. Such compounds commonly exhibit higher conductivities and, in general,
improved performance compared to LSM. However, they still possess chemical instability
towards YSZ (especially during high-temperature fabrication processes) [222]. One applied
strategy to use LSCF without significant degradation has been the introduction of a thin
protective interlayer of ceria-based ceramics (i.e., GDC or SDC) between the cathode and
the electrolyte [222,223]. Today, such approaches are becoming more and more common in
the development of IT- and LT-SOFCs. An alternative strategy to overcome this problem
has been the use of infiltration for the preparation of the cathode layer, requiring lower
sintering temperatures when compared to conventional manufacturing processes [109].

Despite such difficulties, IT-SOFCs have presented an acceptable performance in
different demonstration stages, and research has now moved towards reaching satisfac-
tory degradation levels during continuous operations, especially for the cathode material.
Currently, stability for at least 10 years or more is the principal objective of SOFC manu-
facturers, especially for IT- and LT-SOFCs targeted for mobile and transportation devices.
Since, during continuous operations, cathode degradation has been diagnosed as the main
source of efficiency loss, understanding the mechanical and chemical behaviour of the
current cathode materials has become extremely important [43,117]. Such degradations
have commonly been linked to the interfacial reactions among different SOFC components
at the solid—air interfaces. These reactions are usually escalated at higher temperatures and
commonly result in the formation of insulating layers along the interface. Three such degra-
dation mechanisms include the formation of strontium zirconate at the electrolyte/cathode
interface, strontium enrichment at the cathode surface, and the formation of Cr,O3 scales
on the metallic interconnects [72,84]. Attempts for the development of a material with
better durability and performance have also continued among perovskite-based oxides.
(Ba,Sr)(Co,Fe)O3 (BSCF) was found to have a superior performance by enhancing the oxy-
gen surface exchange and diffusion properties of the cathode layer. However, its relatively
high TEC (15-25 x 10~° K~! between 50 and 1000 °C) has proven to be problematic when
used with YSZ electrolyte [91,224,225]. In addition, it has been shown to be susceptible to
CO, poisoning, especially when operated at temperatures lower than 550 °C where the
poisonings are irreversible [226]. The presence of ppb levels of sulphur in the form of SO,
was also reported to cause considerable degradation in the performance of Sr-containing
cathode material [227,228]. Such degradations were linked to the surface strontium enrich-
ment, where the formation of SrSO4 could either trigger the local decomposition of cathode
material or decrease the strontium concentration in the bulk [227,229]. Such poisonings
in the cathode were identified by laboratories conducting long-term stability tests using
real-world air, which should be taken into close consideration when developing IT- and
LT-SOFCs for transportation devices.
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An alternative strategy for improving the performance of cathode material while
retaining some of the main characteristics of perovskite-type structures has been the in-
troduction of Ruddlesden-Popper (RP) phases with the generic formula of (ABO3),AO.
Such phases consist of n perovskite-like layers, ABO3, separated by single rock salt-like AO
layers. So far, several RP phases have been proposed as cathode material: A = La, Pr, Nd, Sr,
and Ba, and B = Ni, Cu, and Co [72]. Among the first phases studied were the LayNiOy, s
family, which are commonly categorised as p-type semiconductors with conductivities
around 100 S-cm ™! [28]. Other structure types studied as IT- and LT-SOFC cathode ma-
terial include spinels, rutiles, pyrochlores, bismuth-based BIMEVOXSs, and phases with
tetrahedrally-coordinated cobalt. The increasing number of elements and structural com-
plexity of recent cathode material have greatly increased the importance of computational
material design in finding reliable cathode material [72]. In addition, the development
of multiple complementary techniques, such as in situ electrochemical impedance spec-
troscopy, can allow for a more comprehensive understanding of the cathode degradation
processes [72]. In terms of evaluating the degradation mechanisms of an anode-supported
SOFC stack under current-load cycling and steady-state conditions, Alenazey et al. [230]
carried out a comprehensive study on the effects of temperature and current loads on the
performance and durability of the stack operating in the range of 650-750 °C. The results
showed that increasing operating temperature and decreasing current density improved
the long-term stability of the stack. As expected, accelerated degradation was observed at
high operating temperatures owing to the generation of thermal stresses. The degradation
rate at 750 °C was almost six times more than that of 650 °C over the 72 h testing period
and at constant current density, showing a significant effect of operating temperature on
SOFC degradation. However, current-load cycling showed a slight difference (0.3%) over
24 cycles, indicating a negligible effect of current-load cycling on the overall degradation
rates. Such developments, despite still being at their early stages, could result in greater
advances in the durability and performance of future cathode materials.

3.2. Solid-State Electrolytes for LI-SOFCs

Electrolytes play an important role in the overall performance and the operation
temperature of a fuel cell. They bridge the two electrodes and provide ionic transport
between the two, in addition to preventing possible gas leaks in between electrode gases.
Depending on their type, O>~ or H* ions generated at one electrode are transferred to the
other via the presence of a chemical potential [117]. An ideal electrolyte for an SOFC should
hold the following characteristics: (a) a high level of chemical and structural stability under
a wide temperature range, in both reducing and oxidising conditions; (b) having a thermal
expansion rate that matches other components of the cell; (c) high ionic conductivity at low
operating temperatures, guaranteeing a minimum ohmic loss for this layer; (d) possessing
sufficiently low sintering temperatures in order to ensure the formation of a dense sealing
layer at relatively low fabrication temperatures. This matter can greatly broaden the choice
of electrode materials [72]. Two main approaches are commonly used to minimise the
ohmic resistance of the electrolyte layer for LT-SOFCs. The first is to develop new electrolyte
material providing high ionic conductivity at relatively low temperatures, and the second
is to reduce the thickness of the electrolyte layer [72,231,232].

Stabilised zirconia, doped ceria, doped bismuth, and doped lanthanum gallate are
among the number of suitable oxide ion conductors used as electrolyte material in SOFCs.
Generally, such oxides exhibit large tolerance towards atomic disorder, enhancing oxygen
diffusivity in their structure. In addition, the majority of conventional solid electrolytes
with high oxide-ion conductivity are in the form of cubic fluorite structured oxides, having
a relatively open structure [233]. To improve the charge carrier capacity of fluorite oxides,
they are commonly doped with either divalent or trivalent cations, where the charge
compensation in the fluorite structure accrues in the form of defects or oxygen vacancies,
acting as mobile species [234]. Below, four categories of the most promising electrolyte
materials for LT-SOFCs are reviewed.
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3.2.1. Stabilised Zirconia

One of the most well-known fluorite-type ion conductors is acceptor-doped ZrO,.
Pure zirconia only adopts the cubic fluorite symmetry at temperatures above 2300 °C, mak-
ing it not a suitable electrolyte material [234]. Thus, to stabilise its cubic structure at lower
temperatures, dopants are commonly introduced into its sublattice structure [235]. CaO,
MgO, Y503, and certain rare earth oxides (i.e., Sc;O3) are among the most common dopants
used in these electrolytes [234,236]. Zirconia-based electrolytes with dopant concentrations
in the range of 8-10% are reported to exhibit high stability and acceptable conductivities
at operating conditions. The dopant concentration has been shown to affect the ionic con-
ductivity of ZrO,-based electrolytes, where the maximum ionic conductivity is commonly
reached at concentrations close to the minimum required to completely stabilise the cubic
fluorite structure, and higher dopant concentrations tend to increase the association of
dopants and oxygen vacancies into complex defects with low mobility [237,238]. Such
behaviour has also been reported as the difference between the ionic radius of the dopant
and the host increases [239]. The addition of Y,Oj3 in the ratio of 8 mol.% to ZrO, (8YSZ)
has been shown to fully stabilise its cubic structure, and conductivities less than 0.1 S-cm ™!
(1000 °C) have been reported. Although operating at such high temperatures gives rise
to significant problems, its high mechanical and chemical stability in a considerably wide
range of oxygen partial pressures has resulted in an ongoing effort to maintain its con-
ductivity at lower temperature ranges [240,241]. In this regard, doping 8YSZ with Mg2*
was shown to enhance its ionic conductivity at lower temperatures, where a maximum
conductivity of 0.0345 S-cm~! at 800 °C was reported (as compared to 0.015 S-cm ™! for
8YSZ) [233]. Generally, doping zirconia with rare earth cations has proven to be more
effective than alkaline earth metals. This has been linked to the higher defect association
and lower stability of the cubic fluorite structure of zirconia—alkaline earth systems [242].
Scandia-stabilised zirconia (5cSZ) has been proven to exhibit superior ionic conductivity
when compared to most zirconia-based solid electrolytes, and it has been reported as an
alternative to YSZ for use at intermediate temperatures [23,28]. It was reported that the
close ionic radii of Zr** and Sc3* decreased the association enthalpy of defects, resulting in
a higher conductivity for ScSZ (0.15-0.20 S-cm ™! at 1000 °C) than that of YSZ. Despite such
high conductivity, the widespread use of ScSZ has been greatly limited due to the high cost
of scandium [243,244]. In addition, ScSZ (10-15 mol.%) can only reach its maximum con-
ductivity at temperatures above 600-700 °C, where its rhombohedral structure transforms
to cubic [245].

3.2.2. Doped Ceria

Similar to zirconia, ceria-based electrolytes also have a fluorite structure and have
been shown to be promising candidates for IT-SOFCs. Ceria has a larger ionic radius
(0.97 A, in eightfold coordination) than that of stabilised zirconia, and compensating defects
formed in its structure are mainly oxygen vacancies [82,246]. One important challenge
of using pure ceria under a reducing atmosphere is the poor ionic and relatively high
electronic conductivity of CeO,_, significantly reducing the output voltage in a working
fuel cell [233]. Although the electrical conductivity of CeO; is known as a mixed n-type and
oxide ion conductor, the ionic conductivity of reduced ceria has been reported to contribute
to less than 3% of the total conductivity at 1000 °C and pop of 107 atm [239,247]. For
instance, 0.07 S-cm ™! has been reported as the estimated maximum ionic conductivity for
CeO1 9 at 1000 °C, whereas the total conductivity at the same conditions is 2.5 S-em~1[239].

Unlike pure CeO;_, that the ionic conductivity is much lower than electronic conduc-
tivity; the situation is quite the opposite in the case of ceria doped with divalent or trivalent
metal oxides. As the concentration of oxygen vacancies increases with the introduction of
dopants, doped ceria becomes mostly an ionic conductor; thus, under such conditions, it is
an excellent electrolyte [248]. Ceria doped with rare earth cations, particularly Gd-, Sm-,
and Y-doped ceria, was found to be represent the most suitable solid electrolytes at low and
intermediate temperatures, both for their high ionic conductivity at reduced temperatures
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and for their great compatibility with other cell components, such as cobalt containing
perovskite oxide cathodes [105,249]. For instance, an ionic conductivity of 0.01 S-em™!
was reported for Cep9Gdg 10195 (GDC10) at 500 °C [233]. In the case of alkaline earth
oxide dopants, although CaO and SrO improved the electrical conductivity of ceria, the
addition of BaO and MgO had minor effects on the conductivity. Such behaviour was
further related to the high ionic radius mismatch of Mg?* (0.89 A) and Ba?* (1.42 A) with
Ce** (0.97 A) [72,250-252]. In this regard, Kim et al. [253] reported an empirical relation-
ship between the dopant ionic radius and the lattice parameter of undoped ceria at room
temperature. They proposed the concept of a critical ionic radius for the dopant, where the
use of an ideal dopant cation should result in the same lattice constant as that of undoped
ceria. In other words, the highest ionic conductivities would be obtained for dopants
causing the lowest internal stress in the lattice. It has been revealed that, in a sintered
polycrystalline solid electrolyte, the total conductivity is a contribution of conductivity in
the bulk of the grains and the grain boundaries, with the latter being greatly influenced by
the presence of impurities in doped ceria electrolytes. Since the two contributions act in
series, a low grain boundary conductivity can significantly decrease the total conductivity
of ceria-based electrolytes [254,255]. Several aspects such as the presence of an amorphous
glassy phase, microporosity in the boundaries, or segregation of the dopant ions have been
proposed as possible causes for high grain boundary resistances observed in ceria-based
electrolytes [256].

When two or more dopant elements are introduced into a host compound, they can
interact with each other and the host lattice, leading to synergistic effects that can posi-
tively impact fuel cell performance. Co-doping can enhance the ionic conductivity of the
electrolyte material by improving ion transport properties and facilitating faster diffusion
of oxygen ions in solid oxide fuel cells. It can also enhance the electronic conductivity of
the electrode materials by enabling better charge transport within the cell and reducing
resistive losses. Furthermore, co-doping can enhance the chemical stability of the materials
used in fuel cells by creating a more stable lattice structure, reducing the likelihood of
degradation reactions, and prolonging the lifespan of the fuel cell. It can also help match
the thermal expansion coefficients of different materials in a fuel cell stack and mitigate the
mechanical stresses and thermal mismatches that occur during thermal cycling, resulting
in enhancing the durability and reliability of the fuel cell. Improving the catalytic activity
of electrode materials can also be achieved by modifying the surface properties of the
electrodes can be modified, leading to improved electrochemical reactions and facilitat-
ing faster reaction kinetics [257-260]. Co-doping ceria with a mixture of dopants (two or
even more alkaline earth and rare earth cations) can result in a higher total conductivity
than that of singly doped material. In this context, several co-doped ceria electrolytes
have been investigated, such as Ce; Gdx—ySmyO;_5 [261], Ceg7Smq 15Geq.1502 5 [262],
Cep.8Gdo2—xPrxO1.99 [257], and CepgSmxGdyNd,O1 9 [263]. Nevertheless, results suggest
the need for further studies to optimise the concentration of dopants and to understand the
way they can affect the properties of the electrolyte.

The addition of additives and their effect on the sinterability of ceria at lower temper-
atures are also of current interest. Metal oxides such as Fe,O3, Co304, MnO,, and CuO
are known as reliable sintering aids for improving the sinterability of ceria [264]. Such
additives can decrease the total melting point of the ternary composition of ceria-based com-
posites and promote the formation of a liquid phase at lower temperatures. The continuous
dissolution and precipitation of doped ceria particles to and from the melt, respectively,
greatly accelerate the mass transfer phenomena, leading to rapid densification at relatively
lower temperatures [265]. However, the addition of sintering additives can decrease the
conductivity of the electrolyte, especially in the presence of SiO, impurities by increasing
the grain boundary resistance [266]. For example, it was reported that cobalt oxide and
copper oxide are useful additives in promoting the sinterability of ceria solid solutions
(i.e., GDC); however, most of the added cobalt and copper ions were found to segregate
at the grain boundaries [267,268]. When studying the microstructure and conductivity
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of doped ceria, background impurities, such as SiO,, are of major concern. It has been
proven that the existence of trace amounts of SiO; can increase grain boundary resistance
by several orders of magnitude in GDC. The presence of such impurities becomes much
more important in the context of lowering the operating temperatures of SOFCs [269,270].
One straightforward method to solve this problem would be the use of high-purity starting
powders. However, due to the high cost of such pure material, manufacturers tend to
use commercially available powders, which inevitably contain a certain level of impu-
rity. Since the segregation of impurities at the grain boundaries has been shown to be
grain size-dependent, it has been suggested that the fabrication of doped-ceria electrolytes
with small grain sizes could decrease the impairing effects of impurity segregation [271].
However, to form such small grain sizes, low sintering temperatures, and durations are
required, which are quite the opposite conditions required for the sintering of most doped
ceria electrolytes [272,273]. In addition, small grains (nanosized) might adversely affect
the bulk conductivity of doped ceria electrolytes since the dopant can be extracted to the
grain boundaries to a level that the grains become partially undoped [274]. However,
since the grain boundary phase for material with grain sizes in the range of microns or
above only counts for a very small fraction of the material, the bulk conductivity is less
affected. Unlike Co304 and MnO; that have been shown to react with the SiO, impurities,
promoting the spread of the Si-containing phase along the grain boundary, the addition
of Fe;O3 in small quantities was proven to have a scavenging effect on SiO, impurities
in ceria-based electrolytes [275,276]. However, the scavenging mechanism and optimum
doping concentration of Fe;O3 require further studies.

Overall, despite challenges surrounding ceria-based electrolytes, doped-ceria is still
one of the most promising electrolyte materials for I'T- and LT-SOFCs. High-performance
electrode materials using GDC have already been demonstrated; however, more work on
their densification and thin-layer processing is required.

3.2.3. LaGaOg3-Based Electrolytes

Lanthanum gallate (LaGaO3) is among the well-known perovskite structures widely
studied for their application in IT-SOFCs. In the LaGaOj; configuration, the large La®*
cation is coordinated to 12 oxygen ions and Ga®** occupies a six-coordinate site, forming a
network of corner-sharing GaOg octahedra, where any tilting of the octahedral sites will
result in a deviation from the ideal cubic symmetry, affecting the ionic mobility in the
structure [277].

The driven perovskite structured material from lanthanum gallate showed higher
ionic conductivity than that of stabilised zirconia measured in the temperature range
of 500-800 °C [234]. Such high ionic conductivities were achieved by partial substitu-
tion of La** with alkaline earth material and/or the integration of divalent cations (i.e.,
Mg?*) within the gallium sublattice, increasing the number of oxygen vacancies in the
structure [72]. Regarding the principle of minimum lattice strain resulting in the highest
ionic conductivity, Sr-doped LaGaO3; showed higher oxygen ion conductivity than Ca-
and Ba-doped samples [278]. The discovery of double-substituted (La,Sr)(Ga,Mg)O3_
(LSGM) perovskite-type compositions resulted in a great advancement in the application
of such perovskite-class electrolytes. Different compositions of La;_«SrxGa;-yMgyOs_5
have been studied, and the highest ionic conductivities were reported for x = 0.10-0.20 and
y = 0.15-0.20, with excess doping leading to vacancy association [233,279-281].

The simultaneous doping of Sr and Mg has been shown to reduce the octahedral
tilts of GaOg, compared to the parent compound and Mg-only doped phase. Such in-
creased symmetry is also observed with increasing temperature and is known to im-
prove the oxygen ionic conductivity in the perovskite structure [282]. The introduction
of small quantities of multivalence cations such as Co, Bi, or Ni in the gallium sites (i.e.,
Lag gSrg2Gag sMgp 2—xNixO3) has been proven to increase the overall performance of LSGM
at lower temperatures (ca. 600 °C), while slightly increasing the electronic conductiv-
ity [283-285]. By incorporating Co, Bi, and Ni into the gallium sites of LaGaOj electrolytes,
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the oxygen ion conductivity can be significantly improved. This enhancement is crucial
for efficient ion transport within the SOFC, allowing for the proper functioning of the
electrochemical reactions. The presence of these dopant elements modifies the crystal
structure and creates additional oxygen vacancies, leading to enhanced ionic conductivity
and overall performance of the electrolyte material in SOFC applications [286-288]. Cobalt
can enhance the ionic conductivity of LaGaOj electrolytes. Cobalt has a higher valence state
compared to gallium, and its incorporation into the crystal lattice creates oxygen vacancies,
which are necessary for ion conduction. The presence of Co promotes the formation of
more oxygen vacancies, increasing the ionic conductivity of the electrolyte material. This
enhanced ionic conductivity is beneficial for the performance of SOFCs, as it facilitates the
transport of oxygen ions between the cathode and anode [286,289]. Bismuth doping in
LaGaOj3 can further enhance oxygen ion conductivity. Bismuth has a large ionic radius and
can substitute for gallium in the crystal lattice, creating oxygen vacancies and promoting
ion transport. Bi-doped LaGaOj electrolytes have shown improved ionic conductivity,
making them attractive for use in high-performance SOFCs [287]. Nickel doping in LaGaO3
electrolytes can also contribute to enhanced ionic conductivity. Nickel can substitute for gal-
lium in the crystal lattice, similarly creating oxygen vacancies and promoting ion transport.
Ni-doped LaGaOj electrolytes have demonstrated improved ionic conductivity, making
them suitable for application in SOFCs [234,288].

The existence of two cation sites with different sizes in the perovskite structure has
expanded the number of possible dopants (i.e., barium and gadolinium) used in perovskite-
type electrolytes [285]. For instance, doping with barium instead of strontium has been
shown to reduce the octahedral tilt angle of GaOg at low temperatures, decreasing the
activation energy. Whereas La 9Sr( 1GagsMgp 202 g5 illustrates higher conductivity than
that of LaggBag1GaggMgp20,85 at high temperatures, the reverse is the case at lower
temperatures [290,291]. Other perovskite structures based on lanthanum, such as LaAlOs3,
LaSrOj3;, LaInO3, LaScO3, and LaYOs, have also been studied as potential oxygen ion
conductors [287,292-294]. Overall, despite the relatively high ionic conductivity of LSGM
electrolytes at reduced temperatures, they are still not widely used due to several issues.
Their phase instability, volatility of gallium at elevated temperatures, and chemical incom-
patibility with conventional SOFC electrode material (i.e., Ni) have greatly limited their
application. Furthermore, their high reactivity with Ni commonly results in the forma-
tion of ionic insulating phases of LaNiQOj3, significantly decreasing the performance of the
operating cell.

3.2.4. Bi»O3-Based Electrolytes

The high ionic conductivity of oxide phases deriving from Bi;O3 has made them par-
ticularly interesting solid electrolyte materials. Bi;Oj3 is a well-known polymorph with two
stable phases of « and 6. The §-phase appears to have the highest conductivity (>1 S-cm ™!
at 800 °C), and it is only stable at temperatures above 730 °C. Having a melting point of
around 805 °C, the 6-phase is reported to possess a fluorite-type structure [72,295]. De-
spite their high ionic conductivity, Bi;Os-based electrolytes possess several disadvantages
that need to be addressed before being applied in SOFCs. Such drawbacks include their
instability in reduced atmospheres, vitalisation of Bi;O3 at intermediate temperatures, low
mechanical strength, and high corrosion activity [296]. The §-phase can be stabilised at
room temperature by partial substitution of bismuth with rare earth dopants (e.g., Dy, Y, or
Er) in combination with cations with higher valance such as V, W, or Nb [297-299].

Like zirconia-based electrolytes, the highest ionic conductivities are commonly achieved
for compositions containing the minimum dopant concentration needed to stabilise the
cubic fluorite phase [300]. Excess doping has been shown to decrease the mobility of
oxygen ions by decreasing the volume of the unit cell, thus increasing the average bond
strength between the cations and ions [56]. However, the minimum stabilising limit seems
to increase with dopant size. Therefore, in most cases, the stabilisation requires high doping
levels (1542 mol.%), leading to relatively low conductivities at low temperatures [300,301].
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The highest conductivity in binary solid solutions reported for doped Bi;O3 is about
1 x 1072 S-em~! at 500 °C [72]. However, most such stabilised phases with disordered
fluorite structures show only partial stability at temperatures in the range of 500-600 °C
or below, where a slow phase transformation and, thus, a decrease in the conductivity is
commonly observed over time [72]. Although the incorporation of dopants with higher
valances, such as Zr**, Ce**, Ta*, or W®*, is known to partly suppress such ageing effects,
it has not yet been possible to completely avoid such phase transformations [258,302-304].
Another major concern regarding the use of stabilised bismuth oxides is their instability
under a reducing atmosphere, where metallic bismuth is formed during operation [305].
v-BigV,011-based solid solutions stabilised through partial substation of vanadium by
transition metals such as Cu, Ni, or Co have been reported to exhibit high ionic conduc-
tivity at reduced temperatures (ca. 600 °C). When compared to fluorite-type Bi,O3-based
oxides, doped y-bismuth vanadate (BIMEVOX) showed higher stability at intermediate
temperatures, albeit still not completely stable [306,307]. Despite improved conductivity
levels, bismuth vanadate-based ceramics have not yet found practical use in SOFCs due
to their low mechanical strength and extremely high chemical reactivity with other cell
components, especially La-containing perovskite electrodes.

4. Ceramic Processing Techniques
4.1. Thin-Film Fabrication Methods

Since the ohmic resistance is inversely related to the thickness of the electrolyte layer,
an important approach for increasing the performance of the cell at LT would be to decrease
the thickness of this layer [72]. A membrane thickness of 1 um for conventional YSZ could
decrease its ohmic resistance to a point that it would be possible to ensure a reasonable
power output for a cell operating at 500 °C [56,58]. Thus, a great deal of focus has been
placed on the development of thin-film electrolytes, as a practical method for moving
towards lower operating temperatures. Advanced thin-film fabrication techniques, such as
chemical vapor deposition (CVD), physical vapor deposition (PVD), pulsed laser deposition
(PLD), aerosol deposition (AD), tape casting, screen printing, and spin coating, have
allowed the production of ultra-thin electrolyte layers with thicknesses as low as 10 pm [58].
Some of these techniques are simple and robust, such as screen printing and tape casting,
while others offer a higher uniformity and control over the deposited thin layer, such as
PVD and CVD. However, neither provides altogether a high deposition rate, low capital
cost, smooth and dense layers, durability, and low process temperatures. Considering the
targeted objectives of developing LT-SOFCs, having a broader choice of material, and using
metallic parts, avoiding high-temperature fabrication techniques is of great importance.
Next, we provide a discussion on the most promising techniques for the fabrication of
thin-film electrolytes.

4.1.1. Chemical Vapour Deposition (CVD) Process

CVD has shown growing potential as a nanoscale fabrication technique for SOFCs.
In vapor deposition coating processes, vaporised materials are transferred on a sub-
strate in a vapour form. In the CVD method, a chemical reaction is involved in the
conversion of vapours to solids. In vapour deposition coating processes, vaporised
materials are transferred on a substrate in a vapour form [308,309]. The CVD process
can be divided into several categories, including atmospheric pressure CVD (APCVD),
low-pressure CVD (LPCVD), ultrahigh-vacuum CVD (UHVCVD), aerosol-assisted CVD
(AACVD), metal-organic chemical vapour deposition (MOCVD), and plasma-enhanced
CVD (PECVD) [310,311]. In the CVD method, a chemical reaction is involved in the conver-
sion of vapours to solids. During the CVD process, precursors are able to reach the surface
of complex structures, providing a relatively uniform layer over the entire surface. In this
process, one or more volatile precursors are reacted on the surface of a substrate, forming a
thin solid film. This method is extremely sensitive to the applied pressure and temperature
conditions [311]. An example of the CVD process is shown in Figure 8a. Generally, the
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CVD process is divided into six steps according to the temperature, pressure, and heat
source. These steps include (a) heat transfer and reactant diffusion to the reaction zone,
(b) chemical reaction in the gas phase, (c) transfer of reactants and products to the substrate,
(d) chemical adsorption and diffusion of the products on the substrate, (e) formation of
the coating on the substrate, and (f) heat transfer and removal of the by-products from the
chamber (Figure 8b) [312].
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Figure 8. (a) Schematic of CVD technology; (b) main steps of the CVD process [312].

It has been reported that mass transfer and surface reaction govern the CVD process.
Mass transfer of the gaseous compound can be expressed as follows:

D

Fi = hg(Cq— Cs) = 78 (Ce—Cs), (13)
F = KC;, (14)

E,
Ks = Ky exp(—kT), (15)

where hg, Dg, 5, and K; are the gas phase mass transfer, gas phase diffusivity, a constant
(representing the velocity boundary layer that flows when gas flows in the plane), and
the rate constant of the chemical surface reaction. F; is defined as the chemical reaction
occurring at the surface. If F; > F;, then the surface chemical reaction step controls the
process at a relatively low temperature. However, if F1 < F,, the mass transfer step dom-
inates the reaction at a relatively high temperature [313]. It should also be noted that, if
the temperature exceeds a certain value, particle formation and depletion of reactants may
decrease the growth rate [314].

CVD has widely been used in the fabrication of different SOFC layers. Choi et al. [315]
employed the AACVD method to fabricate a uniform nanoporous silver surface-treated
GDC LT-SOFC cathode with improved power generation and long-term stability compared
to the Ag or Pt cathodes. The reason behind this surface treatment was to stabilise the
porous structure against thermal aggregation and improve catalytic activity. The higher
performance was attributed to the improved kinetics. The highest power density of the
SOFC with Ag/GDC cathode was about 62.7 mW-cm 2 at 450 °C (compared to the power
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density of Pt cathode with a power density of 61.5 mW-cm~2). Jang et al. [316] also used the
AACVD process to prepare an anode-supported SOFCS with a dense YSZ electrolyte (1 pm).
The cell showed a high power density of about 600 mW-cm~2 at 600 °C. They compared
the results with an 8 um thick YSZ electrolyte produced by screen printing. The results
showed that the thinner electrolyte outperformed the one with a thicker one (1.4—4 times
more power density). Sakai et al. [317] used the laser chemical vapour deposition (LCVD)
technique to deposit a 15 um dense YSZ thick film electrolyte on a porous Ni/YSZ anode
with a low sintering temperature of about 700 °C. However, due to the formation of
cracks during the generation tests, the overall performance of YSZ was lower than that of
conventional YSZ.

Amongst the different types of CVD techniques, MOCVD attracted a great deal of
attention during the past decade, especially in the fabrication of tubular SOFCs. Sawka
and Kwatera [318] proposed yttria-doped ceria (YDC) electrolyte using a low-temperature
MOCVD process. The results showed a uniform and dense layer in both flat and tubular
substrates with good adhesion. They reported that higher pressures resulted in lower gas
flow and a thicker diffusion layer. Recently, Sawka [319] also synthesised ScSZ layers on
tubular substrates using the MOCVD route in the temperature range of 600-700 °C using
Zr(tmhd)4 and Sc(tmhd); by optimising the synthesis conditions including Grashof number
(Gr), Reynolds number (Re), and distance from the gas flow input (x). The results showed
a low value of about 0.01 for the extended Gry/Rey2. In another attempt, Sawka [320]
also examined the possibility of using the MOCVD process for depositing a GDC film on
tubular SOFCs in the temperature range of 580-800 °C. As the distribution of the thermal
and diffusion layer, the boundary layer thickness, and the gradient of static pressure differ
from a planar configuration, their results may open a new window for future work in
tubular SOFCs.

Stangl et al. [321] fabricated nano-columnar La;NiO;, thin-film cathodes with dif-
ferent thicknesses using Pulsed Injection Metal Organic Chemical Vapour Deposition
(PI-MOCVD). PI-MOCVD enabled the fabrication of high-quality thin films with com-
plex compositions. The results showed improved oxygen exchange activity and higher
SOFC performance using this technique. Jang et al. [322] surface-treated LSCF cathode
by LapNiOy, 5 (LNO) using the AACVD method and reported that this technique helped
produce LNO coating with desired crystal structure and composition. The results showed
that by optimising the LNO content on the surface of LSCF, the overall performance of
SOFC improved by 60% at 600 °C.

Overall, the CVD method seems to be an effective method for producing thin-film
SOFCs. Different layers with complex compositions can be fabricated using this method.
However, one important issue is the mechanical strength of the thin film produced by
either this method or other techniques. Further studies need to be conducted to evaluate
the mechanical properties of thin films under operation.

4.1.2. Physical Vapour Deposition (PVD) Process

Unlike CVD, only physical reactions take place in PVD processes. Ideally, the PVD
process requires a high vacuum environment for the deposition of a dense and highly pure
thin film. However, the process itself can be operated under both low and high vacuum,
resulting in different properties for the deposited layer [54,323]. For a flat surface, a film
grown using either CVD or PVD may seem similar; however, a considerable difference
in the final microstructure of the coated layer can be observed when the deposition is
applied to a complex 3D structure. Unlike the CVD process, the PVD of precursors on
complex surfaces can result in the agglomeration of the vaporised materials in a certain
direction [323]. Thus, depending on the conditions and final requirements, it is essential to
use the most suitable method to reach highly stable thin films for SOFCs.

In the PVD thin-film process, the deposited atoms are prepared from a solid material
targeted by either a bombardment of energetic gas ions (sputtering) or laser (pulsed laser
deposition, PLD) [54]. A typical growth structure of the deposited layer is usually composed
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of columnar grains; however, this growth pattern can be altered by changing the deposition
parameters [323]. Regarding their application in SOFCs, the PVD process has been applied
to deposit both porous electrodes and dense electrolytes [324]. Figure 9 illustrates the
schematics of different PVD processes.
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Figure 9. Schematics of PVD processes: (a) sputter and (b) evaporation using ionised Argon (Ar*)
gas [325].

To reach the desired microstructure, crystal structure, and composition ratio for the
deposited layer, different parameters such as chamber pressure, power, flow rate, the
distance between the target and the substrate, and the substrate temperature must be
controlled [326]. Infortuna et al. [327] studied the effect of operating pressure and sub-
strate temperature on the microstructure of YSZ and GDC thin films prepared under PVD
conditions. In this study, a microstructural map, as a function of chamber pressure and sub-
strate temperature, was compiled, and required conditions for obtaining porous or dense
GDC and YSZ films were reported. Both GDC and YSZ showed the same dependence on
pressure and temperature, and it was revealed that an increase in the processing pressure
(higher than 0.05 mbar) would result in more porous films. In this pressure range, a fully
dense electrolyte structure could not be reached for substrate temperatures below 800 °C.
It was suggested that the formation of nanosized agglomerates in the plasma plume at
such high pressures along with the high sintering temperatures of both YSZ and GDC
would lead to such porous structures (Figure 10a) [323]. To reach full densification at such
pressure ranges, substrate temperatures in the range of 1500 °C (sintering temperature)
were required. However, decreasing the background pressure to relatively high vacuums
(below 0.05 mbar) was shown to have a greater impact on the densification of the electrolyte
film (Figure 10b), where the formation of fully dense films was reported at 0.026 mbar and
400 °C [327]. However, when comparing its electrical properties (for both YSZ and GDC
thin films) with 10-30 pm films obtained by screen printing and spin coating, relatively
higher activation energies and lower conductivities were observed for thin films prepared
by the PVD method, mainly due to the loose connection between the electrolyte and the
substrate, due to the surface roughness [327,328]. The substrate—target distance and their
orientation have also been shown to play an important role in determining the morphology
of the coated layer. Changing the substrate-target distance would affect the probability of
collision between the background gas molecules and the target material, thus decreasing
or increasing the density of the coated layer. In addition, the orientation of the substrate
versus the incoming flux of the target material is of high importance, especially when
dealing with rough and complex substrate structures [329,330].
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Figure 10. Schematics of the effect of (a) increasing and (b) decreasing the chamber pressure on the
final structure of the sputtered thin films [323].

The required porosity in the electrodes of SOFCs and the difficulties associated with
first fabricating electrolyte layers in the micro-thickness range make the challenge of deposit-
ing thin layers of electrolyte on such complex surfaces the key point of PVD processes [331].
Thus, the practical application of such highly conductive thin electrolyte layers is greatly
affected by their low density and poor stability when applied over porous electrodes. Suc-
cessful deposition of dense YSZ thin films over porous Ni/YSZ anodes has been reported
in the literature. However, high densities were only applicable over a narrow range of
depth and sizes of the surface pores on the substrate [115,332]. Nedelec et al. [331] reported
an improved gas tightness and layer morphology for YSZ by applying a different range of
radiofrequency bias powers (0.05-0.5 W-cm~2) to a porous anode substrate for SOFCs. It
was revealed that increasing the bias power could change the layer growth morphology
from columnar to a more packed and uniform isotropic structure, preventing the forma-
tion of microcracks. Using Ni/YSZ and lanthanum strontium cobalt ferrite (LSCF) as the
anode and the cathode layers, respectively, a performance of 600 mW-cm 2 at 0.7 V and
650 °C was reported (fed with air and Hj). One important downside of using bias-assisted
sputtering is the observed decrease in the deposition rate, which is already considered
the main drawback of using the PVD process for large-scale productions. On the other
hand, applying bias assistance can make it possible to reduce the substrate temperature
by a few hundred Kelvin, while still achieving a similar result as for unassisted PVD. The
latter could be of great benefit by allowing the use of temperature-sensitive substrates for
LT-SOFC fabrication [323,333,334].

The deposition rate and target-to-substrate thickness can affect the performance of the
solid oxide fuel cell (SOFC) electrolyte. The deposition rate can impact the microstructure
and properties of the electrolyte. A high deposition rate may result in a more porous or less
dense electrolyte structure, which can affect its ionic conductivity and gas tightness. If the
electrolyte is too porous, it may allow unwanted gas leakage or limit the efficiency of ion
transport. On the other hand, a low deposition rate can lead to a denser and more uniform
electrolyte layer, potentially improving its performance. The thickness of the deposited
electrolyte layer is an important parameter that can influence its performance. The target-
to-substrate thickness determines the ionic resistance and gas diffusion pathways within
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the electrolyte. If the electrolyte layer is too thin, it may have a higher ionic resistance,
which can hinder ion transport and increase the ohmic losses in the cell. Conversely, if the
electrolyte layer is too thick, it can increase the diffusion path length for reactant gases,
potentially leading to slower reaction kinetics and reduced cell performance [53,54,335].

It should also be noted that the successful deposition of thin layers over high-quality
and smooth surfaces using the PVD method has made it a reliable process for depositing
interlayers for SOFC fabrication. The relatively low operating temperatures required for
PVD minimise the possibility of elements interdiffusion between adjacent layers. For
instance, depositing a thin GDC layer between the YSZ electrolyte and LSCF cathode layers
has been proven to prevent Sr-diffusion in the electrolyte layer during the operation and
manufacturing of the SOFCs [336]. With all said, problems of low durability, low deposition
rates, and poor densities for complex substrates are the main drawbacks hindering their
implementation in SOFC fabrication.

4.1.3. Atomic Layer Deposition (ALD) Process

ALD is basically a modified CVD process in which successive delivery of gas phase
precursors is used to reach a surface-limited film growth [92,337]. Unlike the CVD method,
where the deposition is applied through a continuous growth process, the ALD technique
provides a controlled and stepwise deposition by separating the growth mechanisms into
sequential “self-limiting” half-reactions [338,339]. Each ALD cycle usually consists of two
surface reactions, in which the thickness of the film is increased by repeating this cycle.
When the first precursor is injected into the chamber, it chemisorbs onto the substrate
surface, forming one stable monolayer of surface species. In order to continue the growth,
a second precursor is introduced to the already purged chamber, while the film growth in
this step is also limited to a one-atom layer scale deposition (Figure 11) [340,341]. Thus, in
the ALD process, the thickness of the final deposited film is proportional to the number of
precursor supply cycles, regardless of the supplied dose of the precursor per cycle. Since
the thickness of the deposited layer in each ALD cycle is on the Angstrom scale, precise
control of the thickness of the layer is often possible. In addition, a high level of film
uniformity even along large areas of complex substrates can be reached using the ALD
process [342,343].
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Figure 11. Schematic of an ALD cycle [341].

The final morphology of an ALD-deposited thin film can be dense, porous, or par-
ticulate, depending on the growth stages applied as a function of ALD cycles. Thus,
depending on the optimal ALD process, the fabricated layer can be used for different SOFC
compounds [58,92]. It should be noted that the development of both CVD and ALD tech-
nologies greatly depends on the precursor design processes. Despite the seemingly simple
ALD process, achieving this simplicity demands imposing strict requirements on the physi-
cal and chemical properties of the precursors. In this regard, the precursors should show
enough thermal stability to be transferred to the substrate surface while showing relatively
high reactivity with the surfaces of the growing film and the substrate [92,344]. Although
the base oxide processes of ZrO, and Y,0O3 for ALD processes have been known for a
long time, it was not until 2001-2002 that the optimal ALD processes for the production of
pure, smooth, and highly stoichiometric thin layers of these oxides were reported [345,346].
Since then, the successful fabrication of different compositions of YSZ, applying various
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combinations of Y and Zr precursors and cycle ratios, has been reported. One of the first
successful attempts at using ALD YSZ for SOFC applications was reported by Brahim
et al. in 2007 [347], where a thin YSZ electrolyte film (300-1000 nm) was deposited on the
Lag gSrp,MnOj3 (LSM) cathode at temperatures as low as 300 °C. Comparing the perfor-
mance of ALD YSZ and PVD YSZ when applied to the similar cell structures, the ALD
process was shown to be able to resolve limitations associated to electrical leakage and
fuel permeation of PVD-deposited electrolytes [58,348,349]. Shim et al. [350] reported
one of the first fully operating SOFCs using ALD YSZ ultrathin films. A nanoscale 8YSZ
electrolyte was deposited between two platinum electrodes, and its performance was
evaluated at relatively low operating temperatures (265,300, and 350 °C). The 60 nm thick
electrolyte was shown to successfully block both chemical and electric shorts between the
electrodes, and relatively high OCVs and peak power densities were achieved, 1.01-1.02 V
and 270 mW-cm 2 at 350 °C, respectively.

Recently, Baek et al. [351] studied the thickness limitations of ultrathin ALD YSZ films
by fabricating a free-standing 10 nm thick YSZ film. The film was fabricated through the
combination of two ALD processes, where the fabricated cell held a stable OCV (1.05 V) at
350 °C for 14 h. This illustrates the possibility of reaching dense and mechanically stable
free-standing electrolytes using the ALD method. ALD-fabricated thin films of CeO; or
doped cerium oxides have also been used for SOFC applications. However, due possibly to
practical issues regarding process optimisation or precursor development for cerium-based
thin films, much fewer studies are reported when compared to ALD YSZ [352]. The first
noted application for doped ceria (e.g., GDC) as an ALD-deposited electrolyte layer for
SOFCs was reported in 2003, where the technical viability and ionic conductivity of ALD
GDC thin electrolyte layer (1 um) were compared to sputter-deposited GDC. It was shown
that, despite the lower deposition rate of ALD, the final quality obtained for the ALD-
deposited layer was higher than the films deposited by sputtering, where a 30 times higher
ionic conductivity was reported for ALD GDC [353]. Other ceria-doped composites such
as yttria-doped ceria (YDC) have also been processed by ALD for SOFC application [354].
Balle et al. studied the properties of ALD YDC while changing the Y content in a 10-20%
range. In all cases, the deposited thin films showed high density and uniformity, in
addition to obtaining a well-crystallised structure without the need for annealing post
treatment. Although YDC was reported to show superior electrical properties to YSZ, the
ionic conductivity reported for the prepared samples was significantly lower than that
reported for bulk [355].

Despite the unique features of the ALD method, there is still room for further research
on solving the practical limitations of using the ALD technique for SOFC applications.
Possible future developments on the less explored features of the ALD technique, e.g.,
crystallinity and composition controllability, could provide accurate tuning of ALD film
properties such as mechanical /chemical stability and conductivity [356]. Two very im-
portant factors of productivity and cost should be taken into great consideration when
considering the widespread use of the ALD process. Its low deposition rate could lead
to prohibitively long operation times, especially when growing thick films (greater than
100 nm). In addition, the low utilisation of the relatively expensive precursor chemicals in
the deposition process could exacerbate the fabrication costs if a successful industrial-level
ALD system is not designed. It is only after resolving such limitations that the current
developments of the ALD process can be applicable beyond the laboratory scale and reach
practical applications in SOFC manufacturing [357].

4.1.4. Aerosol Deposition (AD) Process

Aerosol deposition is a coating process in which ultrathin and dense ceramic layers
are formed at temperatures as low as room temperature. The deposition process is based
on powder consolidation, being the impact adhesion of fine particles. Figure 12 shows
the schematics of an AD setup. In this technique, the presence of high-pressure deference
between the deposition and aerosol chamber would greatly accelerate the flow of submicron
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ceramic particles, which are further ejected through a nozzle at a very high speed. The
collision of this high-speed flow of particles with the substrate surface leads to the formation
of a dense ceramic film [358,359]. Although the detailed mechanism of this process has not
yet been clarified, it is known that, during the impact, the kinetic energy of the accelerated
particle causes a dramatic increase in the temperature and shock pressure at the point
of impact, promoting the binding between the particle and the substrate, in addition
to the binding between multiple particles. The high deposition rate (>10 um/min) and
the absence of any further heating processes are the two most important aspects of this
process [360,361].

XYZ linear stage I' ]

Carrier gas
‘ (accelerate aerosol) I
. ° ‘

| Aerosol gas
(generate aerosol)

He

Figure 12. The general schematics of an AD setup [358].

The first published articles based on this coating technique could be traced back to the
1990s when Akedo et al. [362] developed a coating setup called the “jet molding system”
(JMS), which was a modified concept for an already existing deposition method called the
“gas deposition method” (GDM). The JMS operated under a vacuum and was able to coat a
variety of materials on both planar and 3D substrates. Later, Akedo used the term “aerosol
deposition” for this coating technique, while most of the early investigations surrounding
principles of this room temperature impact consolidation (RTIC) coating method were
conducted by Akedo and his group in Japan. Different processing parameters have been
suggested to affect the property of the final deposited layer [363,364]. Depending on the
material and particle size of the aerosol flow, critical flow velocities are required for the
formation of a uniform and dense film. For instance, Akedo et al. suggested a critical
velocity of 150 m-s~! for RTIC of Al,O; (average particle diameter of 0.3 um), where the
calculated maximum increase in the local temperature and shock pressure due to impact
were reported to be 500 °C and 10 GPa, respectively [364,365]. Since such temperature
rises were too low to result in local ceramic sintering, Akedo suggested the reduction of
crystallite size by fracture and/or plastic deformation to be the reason for the formed dense
structures [364].

Figure 13 shows a schematic of possible processes taking place at the point of impact,
depending on the particle size and the agglomeration state of the used powders. As shown,
particles with very small sizes (lower than 100 nm) would be deflected before reaching
the substrate or bounce off after impact. This has been related to the continuous loss in
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their already low kinetic energy due to the bow shocks and the stagnation point of the
flow. Particles with sizes in the range of 200 nm-5 um are considered to undergo the RTIC
mechanism, thus being suitable for the AD method. It should be noted that, although the
reported range has been found to be convenient for most materials, it is still related to
material properties such as hardness, density, and fracture toughness. Particles larger than
10 um often lead to abrasive blasting of either the substrate or the film due to their very
high kinetic energy on impact. Such behaviour is what is commonly observed in sand-
blasting, where it is likely for the particles to fracture without showing plastic deformation.
Agglomerates of even appropriately sized particles can also disturb the deposition process
by absorbing part of the kinetic energy on impact, impeding the RTIC process and resulting
in the formation of porous films with reduced adhesion and strength [361,366-368].
Kinetic energy low medium high high
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Figure 13. The impact of the size, speed, and kinetic energy of the ceramic particles on the possible
particle—substrate interactions [361].

Due to the widespread use of alumina for different applications, it has been the most
frequently studied material for AD processes. Thus, most of the fundamental research on
AD mechanisms has been based on this ceramic oxide. An important reported secondary
effect of AD alumina layers is the presence of high residual stresses (as high as 2 GPa),
which has shown a direct dependence on the type of carrier gas used in the deposition
process [366,369]. The presence of such high stresses could result in the formation of cracks
and delamination of the thin film, dramatically decreasing its durability if used for SOFC
applications. However, using pure oxygen or a mixture of oxygen/inert gas, e.g., O,/He,
as the carrier gas for the AD process has been proven to reduce this stress by 50% (for AD
alumina films), which a further annealing process at temperatures as low as 300 °C was
shown to completely illuminate the residual stress [370]. Therefore, AD alumina thin films
with favourable adhesive strength to the substrate have been obtained, possessing excellent
anti-scratch, anti-wear, and anti-smudge properties [371,372].

Choi et al. [373] studied the electrochemical performance of an AD YSZ electrolyte
layer (7.8 um), where it was successfully deposited on a porous Ni-YSZ anode substrate.
Although SEM images showed a strong adhesion between the dense electrolyte and the an-
ode substrate, the electrical conductivity measured from the deposited YSZ layer was lower
than that of bulk YSZ. This low conductivity was linked with the small crystallites and low
crystallinity observed in the XRD results of the deposited YSZ layer. Although annealing in
air was shown to improve the conductivity of the electrolyte layer, annealing temperatures
above 1000 °C led to the formation of internal pores in the electrolyte layer. Since such
pores were not observed when annealing under reduced atmospheres, the authors related
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the presence of these pores to a possible change in the oxygen stoichiometry and grain
growth of the electrolyte layer. Without applying the annealing step and using LSCF as the
cathode layer, a maximum power density of 0.51 W-cm~2 (OCV of 1.10V) was reported.
Although much more improved performances (1.15 W-cm~2) and relatively complex SOFC
structures have been reported using the AD technique [46,359,373], it has surprisingly not
yet received a great deal of attention from the international research community.

Overall, despite a general agreement on the effect of impact consolidation on film
formation, questions regarding the details of RTIC have not yet been addressed. Detailed
investigations of the possible mechanism(s), such as particle—particle interactions and
the presence of possible chemical reactions during the film formation, could help the
production of higher-quality films with greater deposition efficiencies. Regarding SOFC
applications, possible required annealing processes could be held during initial operations
at high temperatures. Although being mostly reported as a technique for producing high-
density ceramic films, AD has also been proven to be capable of producing adherent films
with controlled porosity [99]. This has opened novel applications of the AD technique
for electrode fabrication, making it possible to fabricate full SOFCs at considerably low
temperatures. However, engineering challenges still need to be addressed for commercial
applications of AD. In addition to the lack of fundamental understanding of its deposition
mechanism, one major drawback of the current AD processes is their extremely low process
efficiency (less than 1%). Only a small number of studies have addressed this issue [374,375],
showing the need for a more profound investigation of the process efficiency and material
recycling or recirculation processes, such as attempts to decrease operating costs. However,
even at the current stage of the AD process, it can still offer advantages over conventional
deposition processes, especially when a high level of flexibility is required (e.g., for rapid
prototyping or small-scale productions).

4.1.5. Dip Coating Process

Conventional ceramic processing methods such as dip coating, tape casting, spin
coating, and screen printing have been widely used for the fabrication of thin electrolyte
films. These relatively simple techniques have been extensively used as cost-effective and
flexible fabrication methods in fabricating electrolyte layers with thicknesses as small as
a few tens of microns to more than 200 um. Dip coating, also known as slurry coating,
has been used as a simple method to deposit thin electrolyte layers in both planer and
tubular SOFCs [376-378]. In most wet ceramic coating methods, a slurry consisting of
a solvent (i.e., ethanol or an azeotropic mixture of toluene), dispersant (i.e., menhaden
fish oil or phosphate ester), binder (i.e., polyvinyl alcohol or polyvinyl butyral), and fin
ceramic powder (e.g., YSZ or GDC) is used to coat a porous substrate, e.g., anode or
cathode [379]. In this process, the substrate is slowly submerged, kept, and removed from
a formulated slurry, where a change in each of these parameters can greatly affect the
quality and thickness of the deposited layer (Figure 14a). In the next step, the two-layer
substrate is dried at room temperature, preheated at elevated temperature, and sintered.
This cycle is commonly repeated 5-10 times or even more, depending on the desired
properties of the deposited layer. This method has also been successfully applied for the
deposition of thin YSZ electrolyte layers on relatively large porous anode tubes. In this
process, the gas tightness and thickness of the deposited layer were closely related to
the rate of tube withdrawal from the slurry, the viscosity of the slurry, and the number
of coating cycles [380-382]. Despite the advantages of this simple and low-cost coating
technique, the repetitive cycles of coating-drying—sintering make it a rather time-, energy-,
and labour-intensive technique. In addition, the lack of complete control over the film
thickness and, often, the presence of picture framing effects, especially near the edges of
the substrate, have made this method less attractive for SOFC manufacturing compared to
other ceramic processing methods [380,383].
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4.1.6. Tape Casting Process

First reported in 1947, tape casting or doctor blade is also a low-cost and simple
ceramic processing technique already used to produce large-area zirconia films [385]. This
coating process provides attractive features such as (i) forming reproducible layers with
uniform structure and thickness, (ii) casting both electrolyte and electrode layers with
controllable thicknesses, and (iii) the possibility of mass production when automated.
However, it does possess limitations over the thickness of the casted layer (>10 pum) [386].
Compared to spin coating, this process is rather parsimonious, and the losses of the coating
solution can be greatly minimised to less than ~5%. Like most wet ceramic processes,
slurry preparation is an important step in determining the quality and characteristics of
the deposited layer. The slurry preparation commonly includes the dispersion of a certain
amount of ceramic powder in a solution consisting of tape-casting additives (such as a
binder, dispersant, and plasticisers) and ball milling the mixture [387,388]. Prior to tape
casting (Figure 14b), the de-airing process is applied to remove air bubbles trapped in
the slurry. Then, the slurry is poured in front of a blade, adjusted at a certain distance
from the top of the substrate, enabling a slow linear movement of either the substrate or
the blade, and a thin film is formed behind the blade. The coated substrate is then dried
and further sintered. In this step, the shrinkage behaviour of the coated layer should be
carefully observed to avoid delamination and bending of the bilayer film [380,389,390].
The thickness of the deposited layer can be controlled through the combination of slurry
viscosity, linear speed, and doctor blade height [391]. Tape casting can also be used to form
the multilayer structure of SOFC, for example, a cell consisting of four layers, two of which
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are coated by multilayer tape casting and co-sintering (anode and electrolyte layers) [388].
The development of homogenous and agglomerate-free slurries with sufficient viscosity
plays a key role in reaching the smooth fabrication of SOFC components through this
method [392,393]. Myung et al. [85] reported a characteristic investigation of planar SOFCs
fabricated using tape casting. In this study, NiO-YSZ anode-supported half cells were
fabricated and coated by thin YSZ electrolyte layers via tape casting. Half cells were co-
sintered at 1400 °C and further screen-printed to add the cathode layers. A maximum
power density of 0.65 W-cm~2 was reported for the cell operating at 800 °C. Although
cofiring the casted layers can improve connectivity between the layers, the high sintering
temperature required for the full densification of the electrolyte, especially when YSZ is
used, can result in a loss of porosity and homogeneity of the electrode layers. This matter
greatly constrains the choice of electrode material and is a common problem observed in
most ceramic coating techniques. To solve this problem, sintering aids, e.g., CuO, have been
added to the electrolyte slurry, to decrease the co-sintering temperature [394]. While tape
casting has proven to be a very cost-effective technique, the relatively low speed of solvent
evaporation and large shrinkage associated with the removal of polymeric additives, e.g.,
binders and plasticisers, during the sintering steps can greatly decrease the quality of the
fabricated layer, especially when coating large-area cells (>10 x 10 cm?) [395].

4.1.7. Spin Coating Process

Spin coating is also a simple and cost-effective wet ceramic method used for the
fabrication of planar SOFCs. In this method, a formulated slurry is evenly distributed
over the substrate surface by the use of centrifugal forces [248]. Figure 14c illustrates
a schematic of this coating process [380,396]. This technique offers high reproducibility
and allows for the deposition of highly homogenous films over large areas (substrate
diameters as high as 30 cm) [397]. A spin coating operation involves applying a slurry on
the surface of the substrate followed by the acceleration of the substrate to a set rotational
speed. Alternatively, the slurry can also be added while the substrate is spinning. The
velocity of the spinning substrate forces the ejection of most of the applied slurry, leaving
only a very thin film over the substrate. Despite the seemingly wasteful nature of this
process, since a very small volume of the slurry is required to complete each coating
cycle (0.1 mL), the loss of such small amounts is not critical, especially at small scales.
The number of coating cycles, the spinning speed of the substrate, and slurry viscosity
are important technical parameters, affecting the thickness and quality of the resultant
layers [398—400]. Xu et al. [401] reported the formation of a uniform and crack-free YSZ
electrolyte layer using spin coating. Increased coating cycles and reduced spinning speeds
were reported to increase the electrolyte thickness, where a minimum speed of 2500 rpm
and 20 cycles resulted in the formation of a uniform 10 pm YSZ electrolyte layer. Similar
results were reported by Wang et al., where a controlled thickness in the range of 12-36 um
was reported [402]. However, in their study, the presence of gas leakage during cell
operation was also stated. This matter emphasises the importance of optimising slurry
viscosity and the number of coating cycles in order to reach dense electrolyte layers with
adequate thickness. For example, Chen et al. [403] reported the fabrication of a dense and
pinhole-free SDC electrolyte layer via a five-cycle spin coating process. In this study, an
SDC slurry consisting of toluene, PVB (polyvinyl butyral), and ethanol was used, where,
after each coating cycle, the substrate was dried at 500 °C for 30 min. It was observed
that each coating cycle successfully covers the cracks or pinholes of the previous coating,
leading to a crack-free and dense electrolyte layer with about 10 um thickness. Depending
on the composition of the coating solution, spin coating can also be applied to fabricate
porous electrodes on dense electrolyte substrates [404,405], thus making spin coating an
efficient and inexpensive coating process for the fabrication of multilayer components
of SOFCs with uniform thicknesses. While spin coating has proven to be an extremely
useful technique for the fabrication of SOFCs on the laboratory scale, it is still questionable
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if it can be applied for large-scale production of SOFCs, in particular with respect to its
ink/slurry usage.

4.1.8. Screen Printing Process

Screen printing has been shown to be a simple, inexpensive, and flexible method
widely used for the fabrication of thin planar SOFC films with thicknesses in the range
of 10-100 pm [406,407]. In this method, a screen-printing frame, consisting of a patterned
mesh with certain specifications, is placed at a certain distance from the top of a substrate.
Then, a squeegee is used to wipe a well-homogenised ink/paste over the screen, pushing
the ink through the aperture of the mesh onto the substrate (Figure 14d). Finally, the
printed film is dried and sintered at high temperatures to reach rigid films. Generally, the
thickness and the final quality of the printed films are greatly affected by both process
variables (e.g., printing speed, geometry and angle of the squeegee, mesh parameters, and
snap-off distance) and, most importantly, the viscosity and rheology of the formulated
ink [384,408,409]. In addition to the ceramic powder, the ink usually consists of a dispersant,
a binder, and a solvent, while variation in each of these components can greatly affect the
characteristics and the quality of the printed film [387,396,408]. A suitable formulation for
the ink can greatly prevent the bleeding or arbitrary spreading of the ink over the printed
layer, as well as inhibit the formation of defects (e.g., pinholes) on the sintered electrolyte
layer [410]. In order to break down possible, solid agglomerates and reach a high level of
homogeneity, the formulated ink is commonly milled using a three-roll mill prior to the
screen printing process [396,408].

After reaching the desired rheological properties for the fabricated ink, certain process
parameters can then be adjusted to produce high-quality films. However, despite the im-
portance of these parameters, especially when producing very thin electrolyte layers, only a
small number of studies have correlated these process parameters with the final properties
of the sintered films. A squeegee speed, load/pressure, and angle of 20-50 mm-s~ !, 5-9 kg,
and 45°, respectively, were recommended in most studies, whereas a snap-off of 1.5-2 mm
was shown to result in relatively low film thicknesses [411,412]. These parameters can
be further adjusted depending on the ink properties. Miicke et al. [412] reported the fab-
rication of thin YSZ films in the range of 23-100 um by using a snap-off of 2.0 mm and
squeegee pressure and speed of 150 mm-s~! and 0.3 MPa, respectively. In a similar study,
Dollen et al. [413] studied the effect of squeegee speed and hardness on the final properties
of YSZ thin films using ink with 40 vol.% of solid content. The results indicated the pres-
ence of gaps between the printed YSZ and Ni/YSZ substrate upon using hard squeegees
(80 durometers) at high speeds (5.58 cm-s~1). This was related to insufficient print coverage
under such conditions. It was further suggested that reduced squeegee speeds provide
more time for the ink to flow through the mesh and reach the substrate surface, being
extremely important when dealing with inks with high solid content. In addition, the use
of softer squeegees tends to decrease the printing angle, increasing the print coverage by
forcing more ink through the mesh [384,414]. More work is still required to establish a
direct correlation between the ink properties and printer parameters, significantly reducing
manufacturing costs and improving film quality.

As mentioned before, ink properties play a critical role in the success of the printing
process and greatly affect the final characteristics of the printed film. Thus, optimisation
of the rheological properties of the ink is of great interest in the fabrication of electrolyte
and electrode films. In this regard, parameters such as solvent, binder, dispersant type,
and mixing ratios have been extensively studied [415]. Terpieol (C;9H;30) and texanol
(C12Hp403) are the two common solvents used in screen printing. In several reports, a
mixture of 94% terpinol and about 6% binder (e.g., ethylene cellulose) was used for ink
formulation [415,416]. The aim of using a binder in the ink formulation is to improve the
strength of the particle network within the ink [416]. Polyvinyl acetal (PVA) [392,417],
polyvinyl butyral (PVB) [396], ethylene cellulose (EC) [416], and polymethyl methacrylate
(PMMA) [416] are different types of binders commonly used for ink formulation, where, for
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a set concentration of binders, the viscosity of the ink has been shown to increase with the
molecular length of the binder [418]. As can be expected, the concentration of the binder
also plays a critical role in the final rheology of the ink. The increased tackiness of the ink
due to the high binder content has been shown to decrease the printability and, thus, the
final quality of the resultant green YSZ and GDC films [412,419]. However, very low binder
content decreases the strength of the particle network, resulting in film cracking during the
drying process [418].

In the case of powder content, an optimal solid loading should also be determined in
order to produce high-quality films with enhanced SOFC performance. Dollen et al. [413]
studied the effect of solid content on the properties of thin YSZ films screen printed over
NiO-YSZ substrates. The high OCVs reported for cells fabricated using inks with solid
contents in the range of 30—40 vol.% (1.07-1.09 V, respectively) showed the reliability of
such solid loadings in producing dense screen-printed YSZ films with thicknesses in the
range of 7-15 um. In general, in the case of electrolyte ink fabrication, a combination of
low binder content (lower than 1 wt.%) and high solid content (higher than 30 vol.%) is
commonly used to enhance the density of the printed electrolyte films, whereas lower solid
contents (lower than 30 vol.%) and higher binder contents (higher than 1 wt.%) are usually
used when fabricating electrode inks, possibly due to the improved porosity observed after
the removal of the binder [416,420]. In order to enhance the separation of the solid particles
in the fabricated inks, low concentrations of dispersants are often added to the ink formula.
Dispersants are known to form electrostatic barriers around particle surfaces, optimising
the interparticle forces of the neighbouring ceramic particles and, thus, decreasing the
viscosity and particle agglomeration in ink. As a result, higher loading contents can be used
in the ink formulation, which greatly increases the green density of the printed electrolyte
films [408,416]. Commonly, a low dispersant content of 1-4 wt.% is used for the fabrication
of well-dispersed YSZ inks [392,396].

Overall, screen printing can be considered a promising method for the large-scale
production of SOFCs. However, it can only be applied on planer SOFC configurations
and possesses similar limitations to the tape casting method, requiring high sintering
temperatures (especially when YSZ and GDC are used) and showing large shrinkage levels
associated with the removal of organic additives. Thus, it is commonly used for electrode
fabrication, where an improved porosity is required.

Table 3 summarises the pros and cons of these thin film fabrication techniques.

Table 3. Advantages and disadvantages of the main coating processes in the fabrication of SOFCs.

Fabrication Technique

Advantages

Disadvantages

CVD

PVD

ALD

Precise control over film deposition,
thickness, and conformality

High quality and uniformity of the
thin film

High doping control

Excellent control over film thickness,
composition, and microstructure
Ability to deposit multiple layers
Good stoichiometry control

Precise control over film thickness,
uniformity, and conformality
Excellent doping control and
interface engineering

Relatively high temperature
Specialised equipment

Optimisation of precursor choice and
reaction conditions

High-temperature processing
Film density and adhesion influenced by
substrate choice and interfacial reactions

Slow deposition process

Longer deposition times for thicker films
Requires specialised equipment and
precursor materials
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Table 3. Cont.

Fabrication Technique

Advantages

Disadvantages

AD

Dip coating

Spin coating

Screen Printing

Tape casting

Room—temperature processing
Good adhesion to substrates
Large-area deposition capability
Compatible with various substrates

Simple and low-cost process
Compatible with a wide range of substrates
Good film uniformity

Simple and low-cost process
Good film uniformity and control over
film thickness

Scalable and cost-effective process
Suitable for large-area deposition
Compatibility with a variety of substrates

Scalable and cost-effective process
Ability to fabricate complex shapes and
large-area films

Good control over film thickness.

Limited film thickness control
Possibility of porosity or cracks in films

Limited control over film thickness
Difficulty in achieving high-density films

Limited scalability for large-area deposition
Suitable mainly for small-scale applications

Limited control over film thickness
and uniformity
Possibility of lower density and porosity

Additional processing steps required
(e.g., sintering)

Limited conformality for

non-planar substrates

4.2. Other Fabrication Methods
4.2.1. Solid-State Reaction

It is well known that different synthesis processes can greatly alter the microstruc-
ture of the products, resulting in changes in (a) the grain size and grain boundaries in
the electrolyte, and (b) the durability and electrochemically active surface area of the
electrodes [421,422]. In addition, the number of impurities observed in different SOFC
components is also closely dependent on the synthesis and fabrication procedures used.
Thus, the activation energy and electrical conductivity can be greatly affected by different
procedures, as impurity levels significantly alter the characteristics of the grain boundary,
grain, and density levels. The solid-state reaction is a well-known preparation method for
its high yield, high selectivity, simplicity, and the absence of numerous solvents and side
reactions. This method requires intimate mixing of the ceramic compounds in the form of
oxides or other forms such as carbonates, where repetitive cycles of grinding and heating
are commonly applied in order to reach a complete reaction between all reagents [423,424].
However, it requires a long process time and can lead to high contamination levels. In
addition, due to the large number of uncertain factors involved in multiphase reactions,
the final structure and composition of the samples are often inhomogeneous and nonstoi-
chiometric [425].

When compared with data obtained with other methods, lower electrolyte conduc-
tivities, and much higher activation energies were reported for samples prepared using a
solid-state reaction [426,427]. Zhan et al. [428] studied the contribution of grain boundary
resistance to the total resistance measured for electrolytes produced through this method
and reported an overwhelming contribution of more than 90%, resulting in low total con-
ductivities. It was further reported that it is the presence of high levels of impurities in the
grain boundaries of samples prepared through solid-state processing that blocked oxygen
ion migration in the electrolyte structure. In addition, high temperatures required for
the annealing processes during solid-state reactions commonly result in the formation of
strongly agglomerated particles with large particle sizes [429]. Thus, very high sintering
temperatures are often required for the full densification of the resulting electrolyte powder.
Such high sintering temperatures can be extremely problematic when the electrolyte is
co-fired with the electrode material [430]. As was mentioned in the previous section, it



Crystals 2023, 13, 1008

42 of 65

is often required for a thin electrolyte layer to be supported on an electrode substrate in
order to improve cell performance by decreasing the ohmic resistance of the electrolyte
layer [72]. In such configurations, the prepared electrode-electrolyte bilayers are co-fired to
reach a dense electrolyte film while preserving the electrode porosity [431]. High sintering
temperatures required for electrolyte powders prepared by the solid-state reaction can
either lead to extreme interfacial reactions between the electrode and electrolyte materials
or a loss in the electrode porosity [72]. Both of which are fatal for the fuel cell performance.
Thus, alternative preparation methods, such as wet chemical methods, have been proposed
in order to overcome such drawbacks.

4.2.2. Sol-Gel Process

The sol-gel chemical synthesis method has also been used as a useful wet chemical
route for laboratory synthesis of ceramic oxides [432]. Since, during a wet chemical reaction,
the precursors are commonly dissolved and mixed in a solution, it is possible to reach a high
level of homogeneity in the final product. Thus, by using the sol-gel method, it is possible
to obtain stoichiometric ceramic powders at relatively low temperatures, avoiding problems
aroused from solid-state reactions. However, numerous properties need to be controlled
to reach superior properties for produced ceramics when compared to solid-state process-
ing [433,434]. Sol-gel synthesis is an increasingly popular wet chemical synthesis method,
first adopted for the synthesis of glass materials and novel compositions of ceramic oxides
in the 1960s [435]. However, numerous properties need to be controlled to reach superior
properties for produced ceramics when compared to solid-state processing [433,436,437].
The synthesis process includes the transition of monomers from a solution or colloidal
liquid system (sol) into an integrated solid network (gel) [438]. The formed gel is basically
a solid-state network in a liquid. In general, the synthesis process can be characterised by
the following steps: (1) the formation of stable solutions of the solvated metal precursors
(the sol); (2) gel formation resulting from the formation of an alcohol- or oxide-bridged
network (the gel), commonly through polycondensation reactions. The initiation of such
reactions can be observed in the form of a dramatic increase in the viscosity of the solution;
(3) Gel ageing, where a solid mass is gradually formed. During this step, the continuous
polycondensation reaction contracts the gel network, also expulsing the solvent from the gel
pores; (4) drying the gel by removing water and other volatile liquids from the gel network;
(5) decomposition and densification of the dried gel at high temperatures. Such processes
would result in the formation of smaller particles with improved sinterability [439].

An important advantage of the sol-gel process or, in general, wet chemical processes
is the possibility of incorporating different types of dopants at different stages of the
process, where, due to the mixing of the precursors at the molecular level, an enhanced
distribution of the dopant in the final solid solution can be achieved [440]. Thus, a greater
grain interior conductivity can be reached for the electrolyte layer. Although the properties
of materials synthesised through sol-gel processes are commonly superior to solid-state
reactions, the relatively low powder yield observed for the sol-gel process limits its use
in small-scale productions [30]. In addition, there have been cases where even lower
conductivities and higher activation energies were reported for samples prepared using
the sol-gel process in comparison to solid-state reactions [428,441,442]. Haung et al. [441]
reported the synthesis of Ce,Sm( 3019 using the sol-gel process and investigated the
structure, thermal properties, and ionic conductivity of the solid electrolyte. The electrolyte
powder revealed a lower sintering temperature (1400 °C) than powders prepared by solid-
state processes (1650 °C). In this study, a considerably low conductivity (5.0 x 1073 S-cm™1)
and high activation energy (0.97 eV) were reported for the Cep,Smg3O; 9 sample prepared
using the sol-gel process (at 600 °C). Similar observations were also reported for GDC
powders prepared using the sol-gel process, where a conductivity and activation energy
of 3.6 x 1073 S-cm ™! and 1.08 eV, respectively, were reported for Gdg1Ce9O1.95 [443].
Since such high activation energies and low conductivities are not expected for samples
prepared using the sol-gel process, most studies have addressed this issue to the possible
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presence of impurities in the precursors and solvents used in the process. However, due to
the considerable number of similar observations reported by different groups, especially
for the synthesis of doped ceria, a more detailed investigation seems to be required.

4.2.3. Coprecipitation Process

The coprecipitation process is a well-known wet chemical method used in the earliest
syntheses of nanoparticles, and it is based on the simultaneous precipitation of multiple
species [444—447]. In this method, metal cations can be coprecipitated in different forms,
e.g., carbonates, bicarbonates, and oxalates, followed by calcination and decomposition
steps. The required calcination step will, however, result in particle agglomeration, which,
at relatively high temperatures, could lead to aggregation and sintering. Fortunately,
nanoparticulates of carbonate and oxalate have been shown to decompose at relatively
low temperatures, minimising the level of agglomeration of the final powder [448-451].
Both carbonate and oxalate coprecipitation methods have been proven to produce highly
sinteractive and homogeneous products and show improved performance over samples
prepared using the solid-state reaction and sol-gel techniques [452,453], especially when
used for the synthesis of doped ceria [449,451]. However, different problems, such as
relatively low green density (for oxalate) and composition deviation from feed ratios (for
carbonate), limit their application as an ideal synthesis method for SOFC applications [452].

In the oxalate coprecipitation synthesis process, oxalate acid (CoHO4) is commonly
used to react with the present metal cations in the solution, forming fine precipitates. The
precipitates are then calcined to obtain the desired metal oxide composition. Generally,
oxalate precipitates show good stability towards different treatment conditions, such as
washing and drying, and possess a relatively high production yield [454]. In addition, the
high homogeneity of the electrolyte powders produced by this method commonly results
in the report of high bulk conductivities [451]. Such observations can be traced back to
the early applications of this method for the production of doped ceria-based electrolyte
powders [455]. Nevertheless, samples prepared using the oxalate coprecipitation method do
require higher sintering temperatures when compared to other wet chemical methods, i.e.,
carbonate coprecipitation [456]. It has been seen that the oxalate coprecipitation method
usually results in the formation of large rod-like particles, being the agglomerates of
smaller irregular-shaped particles. Thus, electrolytes prepared using this method illustrate
relatively low green densities and commonly require high sintering temperatures in order
to reach full densification [457-459].

The carbonate synthesis route is similar to a coprecipitation method where ammonium
carbonate is commonly used as the precipitant. Carbonates are known as precursors for
highly sinterable oxides [449]. The non-gelatinous nature of carbonate precursors allows
for low agglomeration of the resultant powders, resulting in well-distributed nano-sized
particles with relatively low sintering temperatures [460]. Thus, most of the literature
surrounding the carbonate coprecipitation method is mainly focused on the aspects of
microstructure and sinterability, whereas a smaller number of studies address its effect on
the electrical properties of the synthesised samples. Although the reported conductivity
data for electrolytes prepared by carbonate precipitation show a slight inconsistency, es-
pecially for doped ceria, high conductivities and considerably low activation energies are
often reported [59,287,461]. Tok et al. [462] reported a conductivity of 18.3 x 103 S-cm™!
(600 °C) for Gdg 1Ce.9O1 .95, while even higher conductivities of 22 x 1073 S-cm™! (600 °C)
have been reported for SmyCe( gO;1 9 prepared using carbonate coprecipitation [463]. Both
studies revealed activation energies lower than 0.7 eV. Nanosized spherical-shaped parti-
cles with high surface areas are usually reported for powders prepared by the carbonate
method [461,464]. Such microstructural properties have been proven to facilitate the sinter-
ability of the synthesised electrolyte powders, making it possible to reach high densification
levels at relatively low temperatures [465]. In addition, low sintering temperatures offer
the possibility of fabricating thin electrolyte layers with submicron grain sizes which can
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greatly enhance the grain boundary conductivity of the electrolyte layer, especially for
doped ceria solid electrolytes.

4.2.4. Glycine Nitrate Process (Combustion)

Recently, the development of novel combustion preparation processes has made it
possible to produce ultrafine ceramic oxide powders at a surprisingly low reaction time and
calcination temperatures with improved powder characteristics. The method includes an
exothermic redox reaction between suitable oxidisers (e.g., metal nitrates) and an organic
fuel (e.g., glycine, urea, and citric acid) [72,466—468]. In this synthesis process, important
characteristics such as surface area, crystallite size, and the nature of the agglomerates can
be controlled by the flame temperature and level of generated gaseous products, which
in turn show great dependence on both the nature of the fuel and the oxidant-to-fuel
ratio [469-471]. In general, all fuels used in this synthesis process serve two purposes:
(1) acting as the H and C source, whereupon combustion forms H,O, CO,, and liberated
heat; (2) forming complexes with the metal ions, improving the homogeneous mixing of
metal cations in the final product [472]. When compared to conventional synthesis tech-
niques, the combustion method provides attractive advantages. First, the relatively high
heat generated from the redox reaction can greatly decrease the need for a rather energy-
intensive high-temperature furnace, commonly used as an external energy source for
conventional synthesis methods. Furthermore, this simple method is capable of producing
ultrafine ceramic powders with very high purity [467,473]. The generated high temperature
purges the powder of any possible volatile impurities present in the reactants. The combi-
nation of high-temperature gradients with rapid cooling rates in the generated combustion
wave can result in the formation of unique microstructures, making it possible to produce
powders with small average particle sizes and high porosity [467,469,473]. In addition, the
rapid formation of large volumes of gaseous products generated in this method greatly
dissipates the combustion heat, limiting the temperature rise and, therefore, preventing
premature particle sintering between primary particles [474]. Furthermore, the gas evolu-
tion limits the formation of hard agglomerates by reducing the interparticle contacts, thus
improving the sinterability of the final product [475]. Compared to solid-state and sol-gel
processes, combustion reactions occur at high temperatures, typically in the range of several
hundred to several thousand degrees Celsius. These high temperatures are necessary to
initiate and sustain the exothermic reactions involved in combustion. While combustion
processes typically involve the rapid oxidation of a fuel source, such as hydrocarbons,
in the presence of oxygen, and the temperature required for combustion depends on the
specific fuel and the nature of the combustion reaction, controlled reactions and phase
transformation are the main characteristics of solid-state reactions [468,476]. On the other
hand, the sol-gel process, in which hydrolysis and condensation take place at relatively
lower temperatures ranging from room temperature to a few hundred degrees Celsius,
enables controlling the composition, structure, and morphology of the product [439]. Re-
garding fuel cell application, combustion processes are not typically utilised directly in fuel
cell applications or materials synthesis due to their high temperatures and rapid, uncon-
trolled nature. However, the heat generated from combustion reactions can be harnessed to
generate high-temperature steam or thermal energy for fuel cell systems [477]. Solid-state
processes are commonly employed in fuel cell materials syntheses, such as the fabrication
of ceramic electrolytes or electrodes. The high temperatures used in solid-state processes
enable the formation of dense, crystalline structures with optimised properties for fuel cell
operation [427,478,479]. Sol-gel processes are particularly relevant in fuel cell applications
for the production of thin films and nanoscale materials. They provide precise control
over composition, morphology, and surface properties, allowing for the development of
advanced fuel cell components with improved performance and stability [435,480,481].

Glycine (NH,CH,COOH), with an amino group at one end and a carboxylic acid
group at the other end, has been commonly used as a complexing agent when reacted
with different metal ions [471]. It is this zwitterionic characteristic of the molecule that
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allows for an efficient mixture of a variety of metal ions with different ionic sizes. Such
characteristics can greatly inhibit selective precipitation among the reactive elements,
greatly improving the homogeneity of the metal composites. In addition, glycine can act as
a reliable fuel in the combustion reaction when oxidised by nitrate ions [482,483]. A great
deal of research has reported the rapid and simple production of single- or multicomponent
oxide ceramic powders using the glycine nitrate process [484]. The rapid and self-sustaining
nature of glycine nitrate combustion reaction has made it possible to immediately produce
homogeneous composite powders with relatively high surface area and very low carbon
residue [485,486].

It is often claimed that a well-adjusted stoichiometry can result in an almost complete
reaction, where the gaseous combustion products would mostly consist of CO,, N, and
H,O [487]. However, due to the fast reaction rates and, thus, the possible limitations
imposed on the reaction kinetics, it is more likely that the combustion processes end up
with incomplete reactions [488]. In fact, Pine et al. [489] reported a relatively high emission
level of NOx and CO for a wide range of fuel-to-oxidant ratios used in this method. Despite
such disadvantages, this synthesis technique has proven to be very successful for the
laboratory-scale production of ceria-based SOFCs. Figure 15a,b illustrate a highly porous
foam-like GDC particle using the glycine nitrate process before and after calcination. The
powder was reported to possess an extremally porous structure with loosely agglomerated
particles. Such properties have made it possible to prepare thin doped ceria films (<20 pm)
using dry pressing, where the resulting powders were pelletised using hardened metal
dies (Figure 15¢,d) [476]. When compared with the carbonate precipitation method, lower
conductivities have been reported for electrolyte material, especially doped ceria, prepared
using the glycine nitrate process [476,490]. Despite the differences between the conductivity
values reported by different groups, it can be generally said that electrolyte powders,
especially doped ceria, prepared using the coprecipitation and glycine methods show
higher conductivity and lower activation energy than samples prepared using the solid-
state and sol-gel techniques.

Figure 15. (a) SEM image of as-prepared GDC powder; (b) NiO-GDC powders calcined at 1000 °C;
cross-section SEM image of the cell structure, along with N—GDC anode layers fabricated using
glycine nitrate process (c,d) [476].
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5. Perspective and Future Prospects

When choosing the most suitable fuel cell technology for a given application, aspects
such as lifetime, startup time, efficiency, cost, size, type of fuel, and waste heat quality,
should all be taken into consideration. Decreasing the operating temperature for SOFCs
would greatly expand their potential range of applications, especially in fields that are
mostly dominated by low-temperature fuel cells, such as the automotive industry. In
addition, lower fabrication and operating temperatures in SOFCs can greatly enhance the
thermochemical stability of the electrode constituents, decrease the thermal expansion
mismatch between the cell components, broaden the choice of electrode and electrolyte
material, and reduce the cost of auxiliary materials (e.g., sealants and interconnects) in an
SOFC stack. Different oxide formulations and synthesis methods have been studied in the
search for potential candidates for LT-SOFC electrolytes. Since pure oxide ion conductivity
is commonly a rare phenomenon, especially in complex oxides and at low temperatures,
the number of materials that can provide sufficient conductivity and fulfil the restrictions
of high stability, mechanical strength, ease of processing, and low cost is extremely limited.
Although the search for new material seems to continue, the number of candidates will
remain low. Therefore, the improvement of well-established electrolyte materials such as
GDC seems essential.

As for the anode material, Ni-based anode cermets still exhibit higher peak power
densities when compared to nickel-free anodes without precious metals. However, signifi-
cant modification needs to be applied to the microstructure and composition of Ni-based
anodes to overcome their high degradation levels during cycling, as well as the severe
coke formation observed when operating in hydrocarbon fuels and at reduced tempera-
tures. According to the principles of SOFCs, they can operate under any combustible fuel
that is capable of reacting with the transferred oxygen ions between the two electrodes.
However, in practice, the operating conditions, specifically when operated with traditional
Ni-based cermet anodes and at reduced temperatures, can lead to a high level of carbon
deposition and cell degradation in hydrocarbon-fuelled SOFCs. External reforming of
hydrocarbon fuels to CO and H; is still considered the main solution for this shortcoming.
However, due to the added complexity and the loss in the efficiency of hydrocarbon-fuelled
SOEFCs, a great deal of effort is placed on removing the need for an external reforming
step. With conventional anode materials, the modification of Ni-based anodes through
surface decoration, Ni alloy formation, or partial substation of Ni with more inert material
towards carbon formation reactions, e.g., Cu and Ce, have been shown to suppress carbon
formation. Nevertheless, high agglomeration rates, instability in reduced atmospheres, and
low electrocatalytic activity towards fuel oxidation at low operating temperatures are still
the main drawbacks of such modified anodes. Regarding novel anode materials, ceramics
with mixed oxide ion and electronic conductivity, i.e., La-doped strontium titanate, have
been applied to expand the charge transfer reaction along the entire gas/electrode interface.
Despite providing great advantages, they are still far from commercialisation.

Despite significant advances in cathode materials, LSM and LSCF-based materials
remain the cathode material of choice for SOFCs, with LSCF-based cathodes showing
acceptable performance at low operating temperatures. However, the long-term stability of
LSCF-based perovskites is still of great concern, and a much more profound understanding
of the degradation mechanisms is required. In this regard, computational material design,
along with the development of multiple complementary techniques, can allow for a more
comprehensive understanding of the cathode degradation processes.

The synthesis method used for the fabrication of thin-film solid oxide fuel cells (SOFCs)
can have a significant impact on their performance and characteristics. Optimising the
cell structure and its properties, such as grain size, grain size distribution, grain boundary,
impurity, relative density, and thickness, can improve the overall cell performance. Differ-
ent synthesis methods offer unique advantages and challenges. For example, PVD offers
excellent control over film thickness, composition, and microstructure. It allows for precise
stoichiometry control, uniform film deposition, and the ability to deposit multiple layers
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with different compositions. CVD enables precise control over film composition, thickness,
and conformal deposition on complex geometries. It offers good film quality, high unifor-
mity, and excellent control over doping levels. Sol-gel offers low-temperature processing,
compatibility with various substrates, and the ability to coat large areas. It allows for
precise control of film composition and thickness. ALD provides excellent control over
film thickness, uniformity, and conformality. It enables precise control of film composition,
doping, and interface engineering. The choice of synthesis method and sintering conditions
depends on the cost, feasibility, and simplicity of the preferred technique.
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