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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.
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| 1. Introduction

Fuel cells are electrochemical devices that convert chemical energy into electricity with low emissions . Since fuel cells
do not have the limitations of internal combustion engines (Carnot cycle), they can generate electricity with higher
efficiency [. In addition, the progressive increase in utilising hydrogen as a clean energy carrier has caused a great
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 B4,

According to the choice of fuel and electrolyte, fuel cells are categorised into six major groups: (1) alkaline fuel cell (AFC)
(8, (2) phosphoric acid fuel cell (PAFC) [, (3) solid oxide fuel cell (SOFC) [, (4) molten carbonate fuel cell (MCFC) &, (5)
proton exchange membrane fuel cell (PEMFC) &, and (6) direct methanol fuel cell (DMFC) 19, 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
(1 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 PEMFCs, 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, LSCF, lithium metatitanate, porous Ni, and Pt (91211131 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 14],

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 231,

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 187 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 1811291,

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 2921221 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 23],

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 kinetics 221251, 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 221281, The temperature of an SOFC is crucial because the electrochemical reactions that occur within the cell
are temperature-dependent.

Low temperatures can affect the oxygen content in solid oxide fuel cells (SOFCs). In an SOFC, oxygen ions (0%7) 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 2128 At |ow
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 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 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 22B9B31] Therefore, a great
deal of interest has been placed on reducing the operating temperature to the range of 400-800 °C.

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 temperatures, 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 21331,
In addition, in the case of hydrocarbon-fuelled SOFCs, the high rates of carbon deposition and sulphur poisoning in the
anode are two important obstacles to overcome when decreasing the operating temperature 2. 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 21,

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 B4E5] 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 38l 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 7,

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 [B8IB949 | addition, the process of carbon deposition has long been recognised as the main
consequence 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 2829, A common method used in conventional



steam reformers to overcome this issue is the use of high steam/carbon (S/C) ratios (e.g., up to 3). However, such high
SIC ratios can greatly lower the electrical efficiency of SOFCs by steam dilution of the fuel B2, 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 21,

| 2. Ceramic Processing Techniques

2.1. 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 2. A membrane thickness of
1 pm 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 [B4[43], 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 um 2!, 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.

2.1.1. 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 substrate 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 2443 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) H8l47 |n the
CVD method, a chemical reaction is involved in the conversion 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 4. An example of the CVD process is shown in
Figure 1a. Generally, the 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 1b) [48],
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Figure 1. (a) Schematic of CVD technology; (b) main steps of the CVD process 48],

CVD has widely been used in the fabrication of different SOFC layers. Choi et al. 42 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 density of Pt cathode with a power density of 61.5 mW-cm™2). Jang et al. BY also used the
AACVD process to prepare an anode-supported SOFCS with a dense YSZ electrolyte (1 um). The cell showed a high
power density of about 600 mW-cm™2 at 600 °C. They compared the results with an 8 ym 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. 21 used the laser chemical vapour deposition (LCVD) technique to deposit a 15 pm
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 22 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 22l also synthesised ScSZ layers on tubular substrates using the MOCVD route in the temperature range of 600—
700 °C using Zr(tmhd), and Sc(tmhd)s; 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
Gr/Re 2. In another attempt, Sawka 24! 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.

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.

2.1.2. 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 2153, 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 221, 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) B2, A typical growth structure of the deposited layer
is usually composed of columnar grains; however, this growth pattern can be altered by changing the deposition
parameters 5. Regarding their application in SOFCs, the PVD process has been applied to deposit both porous
electrodes and dense electrolytes 28], Figure 2 illustrates the schematics of different PVD processes.
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Figure 2. Schematics of PVD processes: (a) sputter and (b) evaporation using ionised Argon (Ar*) gas B2,

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 8. Infortuna et al. B¥ studied the effect of operating pressure and substrate temperature
on the microstructure of YSZ and GDC thin films prepared under PVD conditions. In the study, a microstructural map, as a
function of chamber pressure and substrate 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 3a) 5. 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 3b), where the formation of fully dense films was
reported at 0.026 mbar and 400 °C 22, 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 B€9 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 [611(62],
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Figure 3. Schematics of the effect of (a) increasing and (b) decreasing the chamber pressure on the final structure of the
sputtered thin films 531,

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 depositing thin layers of electrolyte on such complex surfaces the key
point of PVD processes 83, 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. Successful 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 B4I63] Nedelec et al. [ 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™) 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 formation 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™ at 0.7 V and 650 °C was reported (fed with air and H,). 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 (2266167,

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 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 [24(351(68]

2.1.3. 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 B9 ynlike 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 X172, 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 4) 374 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 Angstrém 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 [Z2I[76],
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Figure 4. Schematic of an ALD cycle [74],

The final morphology of an ALD-deposited thin film can be dense, porous, or particulate, 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 23169 |t should be noted that the development of both CVD and ALD technologies greatly
depends on the precursor design processes. Despite the seemingly simple ALD process, achieving this simplicity
demands imposing strict requirements on the physical 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 B2Z7 Although the base oxide processes of ZrO, and
Y,03 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 Z8IlZ3 Since then, the
successful fabrication of different compositions of YSZ, applying various 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 B9, where a thin YSZ electrolyte film (300-1000 nm) was deposited on the Lag gSrg sMnO3 (LSM)
cathode at temperatures as low as 300 °C. Comparing the performance 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 4381821 Shim et al. B3 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.

2.1.4. 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 5 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 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 (483 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 ym/min) and the absence of any further
heating processes are the two most important aspects of this process [B8IB7],



XY Z linear stage l

Carrier gas

, (accelerate aerosol) I
- e
- ——
- . e
ke Aerosol gas
(generate aerosol)
4 )

¥
-
—

Figure 5. The general schematics of an AD setup [84].

The first published articles based on this coating technique could be traced back to the 1990s when Akedo et al. [88!
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 B8, 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,O3 (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 2991 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 29,

Figure 6 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 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 pm 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 pm 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 sandblasting, 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 7
[92[93][94]
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Figure 6. The impact of the size, speed, and kinetic energy of the ceramic particles on the possible particle—substrate
interactions [,

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 2293, 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 [,
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 [27[98],

2.1.5. 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 pym. 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 [B100IOL |n 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 192!, |n 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 7a). 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
[L03][104][105] pespite 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 [£031[106]
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2.1.6. 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 29, 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 pm) 199, 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 L191 prior to tape casting (Figure 7b), 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 [1031112]
[113] The thickness of the deposited layer can be controlled through the combination of slurry viscosity, linear speed, and
doctor blade height 1141, Tape casting can also be used to form the multilayer structure of SOFC, for example, a cell
consisting of four layers, two of which are coated by multilayer tape casting and co-sintering (anode and electrolyte layers)
L1 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 L13l116] Myung et al. 14 reported a characteristic
investigation of planar SOFCs fabricated using tape casting. In the 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 18], 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?) [119],

2.1.7. 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 129, Figure 7c
illustrates a schematic of this coating process [X83Il121] This technique offers high reproducibility and allows for the
deposition of highly homogenous films over large areas (substrate diameters as high as 30 cm) 22 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 [12311124]1125] x; gt g|. [128] 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 ym was
reported 124, 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. 1281 reported the fabrication of a dense and pinhole-
free SDC electrolyte layer via a five-cycle spin coating process. In the 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 1231130 thys 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 if it can be applied for large-scale production of SOFCs, in particular with respect to
its ink/slurry usage.

2.1.8. 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 1311321 | 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.qg.,
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 07331134 | 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 [L1Q[121][133] A syitable 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 1331, |n 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 1211133],

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 importance 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™t, 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 138
(1371 These parameters can be further adjusted depending on the ink properties. Micke et al. 1371 reported the fabrication
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~1 and 0.3 MPa, respectively. In a similar study, Dollen et al. 138l 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 presence 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 2241391 NMore work is still required to establish



a direct correlation between the ink properties and printer parameters, significantly reducing manufacturing costs and
improving film quality.

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.

2.2. Other Fabrication Methods
2.2.1. Solid-State Reaction

It is well known that different synthesis processes can greatly alter the microstructure 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 149141 |y 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 1421143 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
nonstoichiometric 1441,

When compared with data obtained with other methods, lower electrolyte conductivities, and much higher activation
energies were reported for samples prepared using a solid-state reaction 14511461 7han et al. 147 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 conductivities. 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 148 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 129, As was mentioned in the previous section, it 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 2. In such configurations, the prepared electrode-electrolyte bilayers are co-fired to reach a dense
electrolyte film while preserving the electrode porosity 229, 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 42, 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.

2.2.2. 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 (21l 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 processing 152153 5ol—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 154,
However, numerous properties need to be controlled to reach superior properties for produced ceramics when compared
to solid-state processing [L52l[155]1156] The synthesis process includes the transition of monomers from a solution or
colloidal liquid system (sol) into an integrated solid network (gel) 257!, 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 158!,

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 159, 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 21 |n 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 147I601161]  Hayng et al. 189 reported the synthesis of Ceg,SmggOi1g 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 the study,
a considerably low conductivity (5.0 x 1073 S.cm™) and high activation energy (0.97 eV) were reported for the
Cep.2Smgg0O4 .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 1072 S-cm™ and 1.08
eV, respectively, were reported for Gdg 1Ceg 901 95 282, 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
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.

2.2.3. 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 [L63I[164I165I166] |y 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 LE8ZI168I169][170] 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
[L71172] - especially when used for the synthesis of doped ceria 68179 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 2741,

In the oxalate coprecipitation synthesis process, oxalate acid (C,H,0,4) 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 173 |n addition, the high homogeneity of the electrolyte
powders produced by this method commonly results in the report of high bulk conductivities 279, Such observations can
be traced back to the early applications of this method for the production of doped ceria-based electrolyte powders [L74],
Nevertheless, samples prepared using the oxalate coprecipitation method do require higher sintering temperatures when
compared to other wet chemical methods, i.e., carbonate coprecipitation 275, 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 LZ8IIL77I[L78]

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 (188! 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 279, 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, especially for doped ceria, high
conductivities and considerably low activation energies are often reported [L8UML8LIE2 Tok et al. (83l reported a



conductivity of 18.3 x 1073 S.cm™ (600 °C) for Gdg 1Ce.901.95, While even higher conductivities of 22 x 1073 S.cm™ (600
°C) have been reported for Smg ,Ceg 01 ¢ prepared using carbonate coprecipitation 2841, Both studies revealed activation
energies lower than 0.7 eV. Nanosized spherical-shaped particles with high surface areas are usually reported for
powders prepared by the carbonate method (18211851 Sych microstructural properties have been proven to facilitate the
sinterability of the synthesised electrolyte powders, making it possible to reach high densification levels at relatively low
temperatures 1881 |n addition, low sintering temperatures offer the possibility of fabricating thin electrolyte layers with
submicron grain sizes which can greatly enhance the grain boundary conductivity of the electrolyte layer, especially for
doped ceria solid electrolytes.

2.2.4. 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) [42[1871188][189] | thjs 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 (199
(191]1192] | 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 1931, When compared to conventional synthesis techniques, 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 1881241 The generated high temperature purges the powder of any possible volatile
impurities present in the reactants. The combination 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 [L88I190194] |y aqddition, 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 2251, Furthermore, the gas evolution limits the
formation of hard agglomerates by reducing the interparticle contacts, thus improving the sinterability of the final product
(298] 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 81971 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 28], Regarding fuel cell
application, combustion processes are not typically utilised directly in fuel cell applications or materials synthesis due to
their high temperatures and rapid, uncontrolled nature. However, the heat generated from combustion reactions can be
harnessed to generate high-temperature steam or thermal energy for fuel cell systems 198, 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 148119912001 5p|_ge| 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 254]
[201][202]

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 192 It is this zwitterionic characteristic of
the molecule that 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 [2031(204],
A great deal of research has reported the rapid and simple production of single- or multicomponent oxide ceramic
powders using the glycine nitrate process 2231, 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 [2061207],



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,, Ny, and H,O 298] 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 229, |n fact, Pine et al. 229 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 8a,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 ym) using dry pressing, where the resulting powders were pelletised using hardened metal dies
(Figure 7c,d) 227, When compared with the carbonate precipitation method, lower conductivities have been reported for
electrolyte material, especially doped ceria, prepared using the glycine nitrate process 127214 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 8. (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) 127,
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