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Microstructural modification of the proton ceramic electrolyte can further optimize the electrochemical

I;fzgiri:ramic fuel cells performance and enhance the efficiency of PCFCs. The well-known electrolyte materials derived from
Microstructure cerate-zirconate ceramic perovskite-type oxides show incredibly high proton conductivity in hydrogen-
Fabrication techniques and/or water-containing atmospheres. This review aims to discuss the influence of electrolyte synthesis and
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peratures, and the addition of metal oxides on the electrolyte performance of PCFCs.
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1. Introduction

Solid oxide fuel cells (SOFCs) generate electricity and heat by
electrochemically reacting gaseous fuels and reportedly deliver high
fuel cell efficiency (up to 80%) depending on the operation condi-
tions and configurations [1-3]. However, high operating tempera-
tures (typically above 800 °C) limit the durability of SOFCs and cause
undesirable interfacial diffusion between the electrolyte and elec-
trodes [3-5]. Focusing on a balance between cost, efficiency, and
strength, reducing the operating temperatures, and selecting an
appropriate cell configuration could address the issues in the SOFC
system, although this solution is not that straightforward. Nowa-
days, reducing high working temperatures has prompted researchers
to develop new electrolyte materials. The electrolyte distinguishes
the type and mobility of ions in which the selective use of appro-
priate materials is mandatory for the SOFC to work at a relatively low
temperature.

Proton conducting ceramics of perovskite oxide are regarded as
promising electrolyte materials to be used in SOFCs at intermediate
temperatures in the range of 400-800 °C [G]. These SOFCs are
dubbed as proton ceramic fuel cells (PCFCs), and they have distinct
advantages over oxygen ion-conducting fuel cells because water is
formed at the cathode, thereby increasing electrical efficiency [7-9].
The hydrogen fuel is reduced to a hydrogen ion (H") at the anode,
and it migrates through the electrolyte toward the cathode (Fig. 1).
Moreover, PCFCs exhibit high ionic conductivity and low activation
energy (0.4-0.6 eV) compared to the oxygen ion conductor [10-12].
Iwahara et al. were among the first to use perovskite oxide as an
electrolyte material with a high proton conductivity below 800 °C
[13]. The general formula for this perovskite-type oxide is ABOs with
an ideal cubic symmetrical structure, where the A-site cation is
coordinated with 12 oxygen ions and the B-site cation forms a BOg
octahedron when complexing with six oxygen ions. H" ions require
lower activation energy to transport through perovskite crystal
structures because of their small ionic radius and the absence of an
electron cloud compared with oxygen ions (0?). Considerable at-
tention has been paid to improve well-established ABO3 materials,
such as cerate-zirconate oxides, for the electrolyte, but enhance-
ments concerning quality, duplicability, and economic process still
need to be considered. From a wide range of ceramic proton

0,
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Fig. 1. A schematic diagram of solid oxide fuel cell components based on proton
conductor electrolyte.

conductors, the barium cerate-zirconates can offer a significant
advantage to attain these goals.

Fig. 2 shows the evolution of proton-conducting electrolytes
based on perovskite-type oxide (focusing on the cerate-zirconate
ceramics) over time. Takahashi and Iwahara [14]| did pioneering
work on perovskite-type oxides, which was continued by Iwahara
et al. [15,16] in the following years for application in SOFCs at
600-1000 °C using doped strontium cerate oxide (SrCeg.95Ybo.0503-¢)
and doped barium cerate oxide (BaCeOs). Wienstroer and Wiem-
hofer prompted further research using doped barium cerate with
partial substitution of zirconium [17]. Consequently, researchers
have taken extensive efforts to optimize and explore the electro-
chemical properties of proton-conducting, acceptor-doped barium
cerate (BaCeOs) and zirconate (BaZrOs) materials, including their
structural and chemical stability, transport properties, and con-
ductivity. Tseng et al. [ 18] demonstrated that optimization doping at
the A-site of perovskite oxide BagoKo1CegeZro,Y0203-5 could be a
promising electrolyte for SOFC operations at intermediate tem-
peratures. Recent studies on proton-conducting electrolytes have
been heading toward dual ion-conducting electrolytes, as demon-
strated by Zhou et al. [19] who used BaZrg;Ceg7Y01Ybo103-5 to
conduct proton and oxygen ions. In another study, Rajendran et al.
[20] investigated tridoped BaCeg 5Zro2Y01Gdg1Pro;103-5 to improve
the sinterability issues while improving the chemical stability and
proton conductivity.

The electrolyte film microstructure also influences the electro-
chemical properties of an anode-supported single cell [21,22]. Par-
ticle size distribution, particle shape, and relative density can be
influenced by synthesis methods, contributing to the final micro-
structure of the film. Preparation conditions, such as the addition of
a sintering aid and sintering conditions (sintering techniques, tem-
perature, and time), also play a significant role in determining the
final microstructure of the prepared sample. However, from a review
of the publishing rate and patent search through Web of Science, few
published studies [23,24] have focused on the aforementioned
conditions during the fabrication of a dense electrolyte thin film for
doped BaCeOs, BaZrOs, and Ba(Ce,Zr)Os since 2017. Thus, in the
present study, the performance of proton ceramic electrolytes with
various fabrication methods, sintering processes, and grain sizes is
investigated. These external factors can manipulate the micro-
structure of the electrolyte films without changing the electrolyte
perovskite structure. We elucidated the benefits and drawbacks of
each method for improving material properties of the anode. The
performance of the PCFC is significantly induced by the dense
electrolyte microstructure. Therefore, a comprehensive review of the
preparation conditions is indispensable.

2. Effects of physical properties (nanosize and grains) on
electrochemical performance

However, from a review of the publishing rate and patent search
through Web of Science, few published studies [23,24] have focused
on the aforementioned conditions during the fabrication of a dense
electrolyte thin film for doped BaCeOQs, BaZrOs, and Ba(Ce,Zr)O3 since
2017. Thus, in the present study, the performance of proton ceramic
electrolytes with various fabrication methods, sintering processes,
and grain sizes is investigated. These external factors can manipulate
the microstructure of the electrolyte films without changing the
electrolyte perovskite structure. We elucidated the benefits and
drawbacks of each method for improving material properties of the
anode. The performance of the PCFC is significantly induced by the
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Fig. 2. Overview of the timeline for proton ceramic electrolyte based on perovskite-type oxide.

dense electrolyte microstructure. Therefore, a comprehensive review
of the preparation conditions is indispensable.

Of all the methods used for the synthesis of electrolyte powder,
wet chemical methods, such as sol-gel, Pechini, gel casting, and
combustion route, lead to the successful synthesis of composition-
ally homogeneous powders with high crystallinity and high phase
purity at a relatively low temperature [25,26]. Several researchers
have produced nanosized doped cerates [27-29]. For instance, a
modified sol-gel Pechini method was found to be appropriate for
obtaining nanosized powders using ethylenediaminetetraacetic acid
as a chelating agent; this method ensured the homogeneous mixing
of metallic cations at a molecular level and improved powder mor-
phology by lowering calcination temperatures. Mazlan et al. [30]
further modified the sol-gel method by using surfactants to reduce
calcination temperature and decrease the particle size to the na-
noscale. They stated that there was a weak electrostatic interaction
because of the lone pair of oxygen electrons in the nonionic sur-
factant, thereby helping to prevent agglomeration between particles
during the synthesis process.

The reduction of powder grain size to nanostructures was per-
formed to lower the sintering temperatures of the electrolytes and
consequently reduce the loss of BaO via evaporation observed at
high temperatures. Moreover, previous studies have emphasized
that dense electrolytes with excellent properties can be easily obtain
by sintering uniform nanopowders as compared to sintering irre-
gular micrometer-sized powders. Wang et al. [31] prepared 30-nm
particles of BaZrgCeg7Y01Ybo103-s (BZCYYb) precursors by copre-
cipitation. A dense BZCYYb sample with an average grain size of
184 nm was obtained using a two-step sintering (TSS) process,
whereas BCZYYb with submicron grains of 445 nm was produced by
conventional sintering. The fine grains of BZCYY using the TSS pro-
cess showed enhanced electrical conductivity and reduced ohmic
and polarization resistances; they reached a power density of
349 mW cm™ at 700 °C. A recent study by Min et al. [32] reported
similar findings involving a cell with nanograin electrolytes that was
obtained from nanoparticles via coprecipitation. The single cell
exhibited high open-circuit voltage (OCV) and maximum power
density (1.0V and 300 mW cm™) at 700 °C, improving the electro-
chemical reaction at the anode-electrolyte interface and preventing
gas crossover. These results suggested that adjusting the final mi-
crostructure by applying nanoparticles was crucial for obtaining fine
grains, which optimized the microstructure and enhanced the
electrochemical performance of electrolytes in the SOFC system.

In terms of electrical conductivity, Ma et al. [33] deduced that
higher protonic conductivity of nanograined BaCegsZro4Yo103
(BCZY) is associated with its nanostructure, which helps obtaining
higher proton conductivity than similar perovskite membranes [13].
However, the BCZY membrane is verified to be a mixed conductor,
with a high electronic ratio of protonic between 700 °C and 800 °C.
As the testing temperature dropped below 500 °C, the protonic
conductivity prevailed. A similar conclusion was reached by Park

et al. [34], who tested nanograined BaZry Y103 (BZY) at tempera-
tures > 200 °C. They found that nanograined BZY had enhanced
protonic conductivity compared to that of the micron-sized BZY
grains, possibly due to the hydration and dehydration of water ad-
sorbed to the grain boundary. The study also demonstrated that the
protons in nanograined BZY are transferred using the “grain route” at
low temperatures, because resistivity at the grain boundary is still
higher than that in the grain. Nanoscale materials have a higher
grain boundary volume. We assumed that nanoscale grains are more
selective in terms of testing temperature and are suitable for use at
intermediate to low temperatures (400-100 °C).

However, there is a limit to which the extent grain size will
benefit conductivity. Cervera et al. [35] studied the effect of grain
size on the conductivity of BaZry;55c02503-5 (BZY) fabricated at
350°C, 800 °C, and 1250 °C, with average grain sizes of 8.9, 15.9, and
68.5 nm, respectively, using transmission electron microscopy. The
highest conductivity was achieved for the sample with an average
grain size of 68.5nm (1.27x 107> S cm™! at 500 °C). The observed
conductivity for the fine-grained electrolyte is comparable to that
reported for the benchmark BZY with nanometer and sub-
micrometer grains. Based on these data, the findings support the
notion that the grain size influences conductivity and smaller grains
do not necessarily provide good conductivity. As mentioned above,
the sample with 8.9 nm grains contained traces of hydrated oxides
and hydroxides that possibly existed as a thin coating on the surface
of the grains and led to low conductivity. Similar findings regarding
the effects of different grain sizes of the oxide ion were obtained. A
samaria-doped ceria electrolyte showed enhancement in ionic con-
ductivity and an increase in the grain boundary ionic diffusivity with
decreasing grain size [36].

3. Thin-film fabrication conditions

The fabrication method is crucial to significantly determine a
material’s structural and morphological characteristics. Technical
strategies are essential in fabricating ceramic components to achieve
better compactness and finer grain sizes that contribute to the
electrical, thermal, and mechanical properties. In particular, thin-
film electrolytes are used in SOFCs to reduce ohmic resistance,
leading to the increase in power at the external useful load with a
decrease in operating temperature. Thin-film electrolytes have ad-
vantages over thick films or bulk materials in terms of the following:
(i) reducing oxygen ions or proton traveling distance, because re-
sistance is inversely proportional to conductor length; (ii) producing
grain structures that are less resistive, such as columnar grain
structures; (iii) controlling the nanocrystalline microstructure of
thin films, which enables fine-tuning of electrical conductivity; and
(iv) depositing films with large interfacial areas, as the power output
is also proportional to interfacial area. Thus, it is reasonable to re-
duce the thickness of solid electrolytes to 10-20 pm while main-
taining a gas-tight characteristic feature. A study by Park et al. [37]
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demonstrated the effect of electrolyte thickness and operating
temperature on the performance of SOFCs in terms of heat and mass
transfer characteristics. As expected, the maximum power density
increased with decreasing electrolyte thickness, and the difference
became significant when the current density increased with varying
electrolyte thicknesses at a fixed temperature. Thinner electrolytes
are beneficial for volumetric power density due to the lower
ohmic loss.

Dip-coating, spin-coating, and screen-printing methods are ca-
tegorized as colloidal methods. These methods require the pre-
paration of liquid precursors (frequently termed as slurry or ink)
before deposition onto an anode substrate. A typical liquid precursor
is composed of a solid (electrolyte powder), an inorganic solvent,
and a binder. The dip-coating method is suitable for a variety of
geometric shape cells [38] and is commonly selected for tubular
SOFC fabrication [39-41], whereas several methods have been re-
portedly used for planar SOFC fabrication [42-44]. The stages in the
dip-coating process include immersion, start-up, deposition, drai-
nage, and evaporation. The electrolyte film thickness can be con-
trolled by the number of coatings completed; after each coating, the
cell undergoes a drying process. Although a thinner electrolyte layer
is suitable for electrochemical performance, it has a high possibility
of increasing the chances of gas leakage. Lei et al. [45] conducted a
study of the dip-coating method for fabricating anode-supported
cells; their findings revealed that a thinner electrolyte layer results
from a low-viscosity slurry and leads to poor electrolyte/anode
contact.

The spin-coating method is an inexpensive and straightforward
batch production process for electrolyte thin-film fabrication. It is a
process that involves spinning liquid precursors on an anode sub-
strate at a high speed. The spin-coating process involves the fol-
lowing steps: (1) the deposition of slurry on a flat anode substrate;
(2) the spin-up of the slurry during spinning; (3) the spin-off of
excess slurry with decreasing spinning speed; and (4) the evapora-
tion of the slurry. The spin-coating method has good reproducibility
to yield dense electrolytes with controlled thickness [46]. Another
study revealed an OCV value of 1.0-1.1 V for a 14-pm electrolyte layer
fabricated by the spin-coating method at 600 °C [47]. Other works on
the fabrication of the electrolyte by the spin-coating method proved
the reproducibility of obtaining gas-tight membranes with high OCV
values [48-50]. However, this method is limited in scalability and
leads to slurry/ink wastage during the spinning process.

The final thickness of the film relies on the properties of liquid
colloids, such as solid content, binder percentage, and viscosity, and
spinning processes, such as rotational speed and time. One sig-
nificant property of this method is the use of high spinning speeds
(>3000rpm) to effectively acquire a dense electrolyte layer because
a lower spinning speed will leave more pores (from the binder or
dispersant) after sintering of the electrolyte [51]. If the electrolyte
layer is too thin, some changes are made in the spin-coating para-
meters, such as selecting a lower spinning speed, reducing the
spinning time during a high-speed step, and/or reducing the amount
of binder/increasing the amount of solid content. In contrast, if the
final electrolyte layer is too thick, then the following steps can be
performed: selecting a higher spinning speed, increasing the spin-
ning time during a high-speed step, and/or increasing the amount of
binder/reducing the amount of solid content. The insufficient dis-
pensing volume of electrolyte slurry/ink before the spinning process
may result in the insufficient coating of the entire anode substrate by
the final electrolyte layer.

Screen printing is another versatile and straightforward approach
for producing thin electrolyte films. This method uses an electrolyte
ink, a squeegee, and a screen mesh with desired aperture and
template size and can produce high-quality electrolyte films with
thicknesses in the range of 10-100 um. According to Baharuddin
et al. [52], who used screen printing, the final films are highly
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dependent on a wide range of factors, such as screen-printing speed,
screen mesh aperture selections, angle of the squeezer, and the
rheology of the ink. Hossain et al. [53] fabricated a Ni-BCZYS|BC-
ZYSZn|LSCM cell using a screen printing method for electrolyte and
cathode layers. The screen printing process is reliable for achieving a
dense electrolyte film with an OCV surpassing 1.01V and a max-
imum power density of 420 mW cm™ at 700 °C. A study by Choi
et al. [54] reported that using a screen-printed BZYCu electrolyte
followed by sintering at 1500°C for 3 h resulted in films with
thicknesses of 10 pm and OCV values of 0.98 V at 650 °C. Using the
same method, a single cell with a BCZYSm electrolyte film fabricated
by Meng et al. [55] exhibited an OCV of 1.0V and a power density of
200 mW cm™2 with a thickness of 25 pm.

Other methods, such as electrochemical vapor deposition (EVD),
electrostatic slurry spray deposition, and pulsed laser deposition
(PLD) are advanced processes that can deposit dense and high-
quality coatings ranging from submicrometer to tens of nanometer
scales. These methods are called physical vapor deposition methods
because they use a high-energy source for evaporation of the elec-
trolyte material. Subsequently, a reaction between the metal atoms
and an appropriate reactive gas occurs while transporting the vapor.
Finally, deposition of the material occurs on the substrate. Bae et al.
[56] fabricated an approximately 1.5-um thick BCZY film on an
anode-supported single cell, which is the thinnest proton-con-
ducting electrolyte film ever fabricated via the PLD method. This cell
achieved a very low ohmic resistance of 0.15 Q cm?, which is pro-
portional to the electrolyte thickness, an OCV of 1.03V, and max-
imum power density of 500 mW cm™ at 600 °C. Moreover, Konwar
et al. [57] showed similar results on the 3-um thick BCZYYb elec-
trolyte film fabricated via EVD. Despite producing extremely thin
electrolyte films that are advantageous for electrochemical perfor-
mances, physical vapor deposition is a complex and expensive
technique and is, therefore, not widely used [58]. Fig. 3 illustrates
the abovementioned electrolyte film production procedures.

Table 1 outlines the most widely adopted electrolyte film pro-
duction procedures for anode-supported SOFC construction. Uniaxial
pressing, spin coating, dip coating, screen printing, and tape casting
are often used for laboratory-scale manufacturing due to their low
cost and ease of use. Uniaxial pressing is a procedure commonly
used in conjunction with the cosintering process of anode/electro-
lyte membranes to generate electrolyte thickness values of > 20 pm.
Based on previous studies [59-61], the electrolytes fabricated via
uniaxial pressing have successfully obtained dense layers with OCV
values of approximately 1.0V, which are near the theoretical values
for proton-conducting electrolyte materials. OCV represents the
maximum electrical potential of a sample when no load is applied
(open circuit). However, many recent studies have shown that the
copressing technique can achieve an electrolyte thickness of
10-15 pm [62]. Thus, uniaxial pressing can be regarded as the easiest
and most economical method for obtaining good contact between
the thin electrolyte layer and the anode substrate while maintaining
a dense electrolyte structure.

3.1. Sintering process

Sintering involves applying heat to a sample to reduce its por-
osity and increase its strength while improving the electrical con-
ductivity, translucency, and thermal conductivity. Generally, a
proton ceramic electrolyte requires a processing temperature
of > 1100 °C to form the required single-perovskite phase powder
and a sintering temperature of over 1600 °C to obtain optimal dense
bulks/films. However, the usual powder technology processes for
sintering solid oxide electrolytes are energy-intensive due to the
high temperatures and long sintering period (10-20h) needed,
thereby resulting in undesirable reactions with the electrode ma-
terials, element evaporation, or undesired phase formation [72].
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Fig. 3. Illlustrations of various processes to fabricate electrolyte film on anode substrate via (a) dip coating method, (b) spin coating method with indication of inadequate slurry

deposition (insert figure), and (c) screen-printing method.

Hence, considerable efforts have been made to reduce the sintering
temperatures of these materials. In addition, the choice of sintering
profiles plays a crucial role in adjusting the final microstructure,
especially the grain size distributions and densities of the ceramics.

Previous studies obtained a refined microstructure for the
ceramic samples by tuning the sintering temperature and time prior
to the emergence of advanced techniques, such as spark-plasma
sintering and high-temperature microwave sintering, which in-
volved the rapid heating of samples to high temperatures to prevent
or suppress grain growth [73]. Sintering methods are classified into
conventional and unconventional sintering based on the sintering
temperature (Fig. 4). Conventional sintering is a traditional heating
method that uses high temperatures without applying pressure,
such as one-step sintering (only one temperature), TSS (two dif-
ferent temperatures), cosintering, or metal oxide assisted sintering.
Unconventional sintering compacts the powder by using pressure,
gas, or sophisticated heating mechanisms (such as cold pressing, hot
pressing, spark-plasma, or microwave sintering).

3.2. TSS method

An economical alternative in preparing dense electrolyte bulk/
film is the TSS method. The earliest TSS method applied to ceramic
materials of alumina (Al,O03) and magnesium (MgO) powders was
developed by Chu et al. [74] in the 1990 s. In this method, the first
temperature (T) is lower than the second temperature (T,). TSS can

reduce the sintering time at peak temperature to several minutes
followed by sintering at a lower temperature for several hours. The
applied temperature allows refinement of the microstructure, and
dense samples are obtained after a short soaking time at high sin-
tering temperatures. Huang et al. [75] implemented the method to
obtain dense silicon nitride (SisN4). In addition to obtaining a dense
electrolyte layer, another prominent feature of films sintered via the
TSS is increased grain growth. Thus, the TSS method is useful for
obtaining samples with large grains after sintering. Sample with
large grains reduce the grain boundary resistance and are favorable
for increasing the cell’s total conductivity. Moreover, the TSS method
provides benefits in terms of the alleviation of BaO evaporation
while simultaneously achieving the desired relative density. This TSS
approach was later acknowledged as the conventional TSS method,
and Chen and Wang [76] devised a newly modified TSS method that
is described below.

In the modified TSS technique, T; is set to a higher temperature
as compared to T,. The first-stage high-temperature step helps in
eliminating supercritical pores, whereas the second-stage low-
temperature sintering suppresses grain growth. Grain boundary
migration is suppressed at high temperatures while allowing grain
boundary diffusion at low temperatures. This method has been
successfully applied to obtain a dense electrolyte film with fine
microstructures at nanosized grains, including Y,0s3, SiC [76], and
BZCYYD [31,77]. Using TSS to sinter thin-film BCZYYB yielded higher
sinterability than the conventional sintering method. The modified
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Table 1
The comparative analysis of electrochemical properties of planar anode-supported cells with respective electrochemical performances at 600 °C (unless stated otherwise).
Methods Properties Electrolyte OCV (V) Power density Ref.
-2
Nominal composition h(um)  Ropm (Q cm?) (mW em™)
Dip-coating ® Batch processing BaZrogY0203-5 25 3.24 0.97 55 [42]
® Time consuming BaZrg1Ceo.7Y0203-5 40 - 0.8-0.9 668 [43]
® Average scalability BaCeg 7Zrp1Y01Ybp 1035 10 0.58 ~1.05 150 [44]
Tape calendaring/casting ® High scalability BaCep5Zrp3Y0.2-xYbxO3_s 25 1.04 1.01 140 [63]
® Industrialized BaCe 5Zrp3Dy0203-5 30 0.86 1.06 290 (550°C) [64]
e Efficient BaCeg 5Zro3Y0203_5 +CuO 35 0.8-1.2 114 174 [65]
® Simple
Uniaxial pressing ® Single processing BaZ.0.4Cep.4Y0203-5 20 ~1.40 ~1.0 116 [59]
® [ow cost and easy to BaZrpgYo203-5 + CuO 25 ~15 ~0.99 72 [60]
operate BaCepgSmg1Y0103-5 ~20 - 0.99 220 [61]
® Limited in scalability
® Time consuming
Spin-coating ® Batch processing BaZrg1Ceo7Y01Ybo103-5 +NiO 10 ~0.30 1.0 250-300 [50]
® [ow cost and easy to BaZrp1Ceo7Y01Ybp 1035 14 - 1.0-1.1 570 [47]
operate BaZrpsCep2Y0.203-5 30 0.58 1.08 336 [49]
® Average in scalability BaCeg4Zr 4Y0203-5 ~5 0.769 1.03 102 (48]
® [nk/slurry wastage
Screen printing ® Cost-effective process BaCe 6Zrp2Y0155M0,0503-5 39 - 1.01 420 (700 °C) [53]
® High scalability BaZrpg4Y015CU0.0103-5 10 2.0-3.0 0.98 28.2 (650°C) [54]
® Moderate ink/slurry BaCep 7Z1r01Y0,07Smg1303-5 25 ~0.58 ~1.0 200 [55]
wastage
Electrostatic slurry spray ® High deposition rate BaCegs5Zrp35Y0.1503-5 ~8 0.31 1.05 231 [66]
deposition ® Produces a very thin layer
Electrochemical vapor ® High cost BaZrg1Ceo7Y01Ybo103-5 3 0.15 1.0-11 560 [57]
deposition ® Produce very thin layer BaZrg,Cep7Y0103-5 4 0.12 1.05 910 [67]
® Industrialized
® High efficiency
Pulse laser deposition ® High cost BaCeg 55Z193Y01503-5 ~1.5 0.15 1.03 ~500 [56]
® Produce very thin layer
® High efficiency
Wet powder spraying/spray ® Industrialized BaZrg1Ceo7Y01Ybo103-5 4 0.303 1.105 418 [68
coating ® High scalability BaCe(85Y0.1502.925 10 0.6-0.7 0.95 - [69
® Moderate reliability (700°C) (750°C)
Bag.0sCeo.6Z102Y0.203-5 10-15 - ~11 493 [70]
BaZrg1Cep7Y0.203-5 17 0.68 1.02 177 [71]

Abbreviations: electrolyte thickness (h), Ohmic resistance (Ropm)-
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Fig. 4. Schematic diagrams of conventional and unconventional sintering based on

the sintering temperature.

TSS technique facilitates the formation of dense microstructures at
lower sintering temperatures, resulting in the increased perfor-
mance of the cell. The maximum power output of the cells fabricated
using the TSS method reached 349 mW cm™2 because of the reduced
ohmic and polarization resistances; this value was a significant
improvement from 172 mW cm™ at 700 °C for the conventionally
sintered cells. These advancements suggest that it is favorable to use
the modified TSS method for preparing barium cerate-based dense
proton-conducting ceramics and their anode-supported SOFCs.

3.3. Cosintering method

Cosintering is another simple alternative technique to achieve
dense electrolyte films. Generally, this method begins with the
fabrication of the anode substrate, which is then coated with an
electrolyte layer either in powder or slurry form. Ding and Xue [78]
fabricated an anode-supported BCZYYb bilayer using a dry-pressing
technique. The BCZYYb powder was evenly distributed onto the
anode substrate and copressed before sintering at 1450 °C for 5 h. Lin
et al. [79] assembled an anode-supported BCZYZn bilayer via dry-
pressing. The BCZYZn powder was copressed onto a green anode
substrate and cosintering was applied at 1250 °C for 5 h. When the
electrolyte is used in powder form during copressing, the dry-press
pressure for the electrolyte is customarily adjusted higher than that
of the anode substrate in the cosintering process, which helps in the
formation of a dense electrolyte film microstructure after sintering.
If electrolyte slurry is used, then a spin coater is usually adopted. The
thickness of the electrolyte film is determined through the rotation
speed and time of the spin coater. As mentioned earlier, the typical
rotation speed is set at more than 3000rpm to produce dense
electrolyte films.

The effectiveness of the cosintering process lies in the anode-
supported configuration, which facilitates film electrolyte sintering.
Ni diffusion from the anode may promote densification of the
electrolyte layer, thus lowering the sintering temperature. The con-
cept is similar to using metal oxides, such as nickel oxide, zinc oxide,
or copper oxide, as sintering additives for electrolyte membranes, as
discussed in Section 5. In addition, because of the simplicity and
effectiveness of the TSS and cosintering methods, a novel two-step
cosintering method has been introduced by Wang et al. [80], which
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Table 2

Summary of anode/electrolyte bilayer fabrication using the cosintering method (with respective pressing pressures if stated).
Material for anode/electrolyte bilayers  Fabrication method for the bilayers T (°C) h (um)  Cell performance Ref.

Anode Electrolyte 0oCV (V) Power density (mWcm™)

NiO-Ba(Zro 4Y0.15Cuo.01)03-5/BZY Dry-press (200 MPa)  Screen printing 1500 (5h) ~10 0.95 (650 °C) 28.2 (650°C) [54]
NiO-BZY/BZY Dry-press Dry-press 1400 (6 h) ~25 0.99 (700 °C) 141 (700 °C) [60]
NiO- BaCeg gSmg1Y0103-5/BCSY Dry-press Dry-press 1400 (6 h) ~20 0.99 (600 °C) 220 (600 °C) [61]
NiO-BaZro.75Y0.2Pro.0503.-5/BZYP Dry-press Dry-press 1450 (10h)  ~20 0.93 (600 °C) 124 (600 °C) [87]
NiO-BaCeg 95Tbg 0503-2/BCTb Dry-press (3 MPa) Dry-press (10 MPa) 1450 (5h) 1 0.99 (700 °C) 753 (700 °C) [88]
NiO-BCZYYb/BCZYYb Dry-press (200 MPa)  Dry-press (250 MPa) 1400 (5 h) 15 1.006 (700 °C) 452 (700 °C) [78]
NiO-BZY/BZY Dry-press (150 MPa) ~ Dry-press (200 MPa) 1400 (5 h) 30 0.90 (700 °C) 172 (700 °C) [89]
NiO-BaCeg 5Zr03Y016ZN0,0403-5/BCZYZn  Dry-press (200 MPa)  Dry-press (250 MPa) 1250 (5h) 30-40 1.0 (700°C) 236 (700 °C) [79]
NiO-BZY/BZY Dry-press (392 MPa)  Spin-coating 1500 (5h) 10-15 - - [90]
NiO-BZYb/BZYb 10-20 - -
NiO-BCZY/BCZY Dry-press Dry-press 1450 (5h) 12 0.95-1.0(700°C)  175-200(700 °C) [91]
NiO-BCZY/BaCey 7Ing 2Ybg103-5 Dry-press Dry-press (300 MPa) 1450 (5h) ~30 0.963 (700 °C) 280 (700 °C) [92]

Abbreviations: cosintering temperature (T), electrolyte thickness (h).

lowers the cosintering temperature of the anode-electrolyte bilayer
and restricts the particles’ grain growth to obtain a fine-grained
dense electrolyte and ultrafine anode particles with high porosity. A
dense BasCa;1sNb;g,09-5 electrolyte film and a porous anode sup-
port with fine particle sizes were obtained at a significantly reduced
temperature of 1300 °C. These are cost-effective fabrication methods
that can be used to produce reliable SOFCs. A summary of the lit-
erature on producing anode-supported SOFCs by cosintering as well
as the cell performance, which is affected by the sintering conditions
of the cell, are shown in Table 2.

3.4. Unconventional sintering methods

A more technologically advanced method to obtain dense elec-
trolyte films, including spark-plasma sintering and high-tempera-
ture microwave sintering, has been recently developed. The
material’s microstructure is significantly altered because of the dif-
ference in heat distribution in each of these sintering methods. The
spark-plasma sintering (SPS) method is a high-speed powder con-
solidation technique that uses uniaxial force and a pulsed (on-off)
direct electrical current under low atmospheric pressure based on an
electrical spark discharge phenomenon induced by a high-energy,
low-voltage pulse direct current that momentarily creates spark
plasma (usually at temperatures > 1300 °C, sintering time 5-10 min)
in the fine spaces between the particles. The SPS method allows
exceptionally high heating and cooling rates, thereby enhancing
densification over grain growth and promoting diffusion mechan-
isms [81]. SPS was applied at 1350 °C for 5 min to obtain a pore-free
BaZrgs5Ceo3Y0203-5 electrolyte film with an excellent protonic con-
ductivity at 600 °C [73]. Similar work by Wang et al. [82] employed
SPS to produce a BaZrgoYo103-5 film at 1400 °C. Simonenko et al.
demonstrated that SPS can be used for obtaining a dense Ba-
Cepo-xZrxYo103-5 film at a surprisingly low temperature of 900 °C,
which is one of the lowest recorded temperatures to sinter cer-
ate-zirconate-based electrolytes [83]. Therefore, the SPS method is
beneficial because of the low sintering temperature, short holding
time, no precompaction, and short sintering time. An additional
advantage of the technique is the production of fine-sized grains that
help increase the electrochemical conductivity of the cell [33].

Microwave sintering is another alternative method that is used to
obtain dense electrolyte films at a short processing time with im-
proved microstructure and electrochemical properties. The heat
distribution process begins with the inner surface of the materials
and progresses to the outer surface before the entire surface volume
is heated, which allows the efficient and uniform transfer of energy
[84]. Xu et al. [85] used this method for preparing BCZY electrolyte
membranes, allowing the membrane to densify at 1200 °C, a con-
siderably low temperature for sintering highly dense barium cer-
ate-zirconate-based oxide. The same study reported that the

conventionally sintered BCZY remained porous after thermal treat-
ment at the same temperature. Lowering the sintering temperature
to some extent enables a more homogeneous elemental distribution
and lesser Ba evaporation than the conventional sintering process,
which uses a furnace, thereby leading to higher electrolyte con-
ductivity. Wang et al. [86] used a combination of cosintering and
microwave sintering to produce desirable electrolyte densification
with a cathode-electrolyte interface that shows good contact, which
is crucial for improving fuel cell performance. At 700 °C, the cell
produced 449 mW cm™2, which was greater than the conventional
cosintering method. Polarization resistance decreased because the
cathode was properly adhered to the electrolyte layer.

In summary, conventional sintering procedures are time con-
suming and impractical for large-scale SOFC production, but a minor
reduction in sintering time can be accomplished using TSS, co-
sintering, or sintering aids. High sintering temperatures could lead
to element evaporation of the material and elemental diffusion,
which are detrimental to the electrical performance of the proton-
conducting oxides. In addition, grain growth inhibition could not be
regulated because of the materials’ uneven heat distribution during
the sintering process. Nonetheless, most researchers prefer using
conventional sintering because it is a straightforward and cost-ef-
fective approach. However, unconventional sintering procedures
offer much lower sintering temperature with rapid sintering, which
enables a more homogeneous elemental distribution. The applica-
tion of these sophisticated procedures provides an efficient and
uniform transfer of energy, which is suitable for the preservation and
densification of nanocrystalline features in the ceramic material;
however, one drawback is the use of expensive machines that re-
quire extra care. Based on the abovementioned discussion, in terms
of practical application and the cost, efficiency, and repeatability of
sintering, unconventional sintering methods—such as SPS and mi-
crowave sintering—could provide better solutions in the processing
of proton-conducting ceramics of perovskite oxide.

3.5. Sintering additives

Most cerate electrolytes with high relative density (such as
BaCeOs and SrCeQs) are relatively simple to fabricate [13], whereas
Zr-containing electrolytes typically require sintering at extremely
high temperatures [93]. High-temperature sintering causes severe
problems, such as extreme thermal conditions, material deteriora-
tion, and potential changes in the chemical compositions of the
electrolytes [94]. Several studies suggested that high-temperature
sintering caused evaporation or segregation from the crystal lattice
of component elements, such as Ba and Y, leading to the destruction
of the electrical conductivity (decreased by two orders of magni-
tude) of BaZrgYo03-5 [95,96]. Han et al. [97] verified the existence
of an impurity: Y,03 was present in the BZY electrolyte because of
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extreme temperature conditions, and it potentially blocked the
pathway of proton transportation, leading to the regression of con-
ductivity.

The limitation of high-temperature sintering can be overcome by
adding a small amount of a sintering additive to improve the mi-
crostructure properties of the electrolytes. The additive in the elec-
trolyte material composition serves as a “glue” that benefits the
materials’ sinterability and improves the performance of ceramic
materials by altering their densifying behavior [98,99]. Previous
studies have shown that adding sintering additives to ceramic sys-
tems causes particle shrinkage or growth, dimensional changes, and
homogenization. Therefore, the development of sintering additives
in ceramic materials is frequently studied to improve operational
flexibility and reduce sintering temperatures. The densification of
ceramic samples at low sintering temperatures can be attributed to
the appearance of low-melting phases and the formation of high
concentrations of various defects. This phenomenon increases ion
diffusion in the solid-liquid heterophase system and improves mass
transfer and densification of the ceramic and grain growth. Overall,
adding a sintering additive is a practical method for lowering the
sintering temperature of ceramic materials to overcome the pre-
viously mentioned issues.

In recent years, researchers have investigated various types of
metal oxides that can be used as additives to improve the sinter-
ability of protonic electrolytes. A small number of metal oxides
(MOy)—where M is Ca, Ni, Cu, or Zn—can be used to lower the sin-
tering temperature while maintaining acceptable electrochemical
performance. Tong et al. [100] synthesized BaZrygYo 203 (BZY)with
various metal sintering additives, including LiF, NiO, Al;03, and SnO,.
They discovered a phase separation in the X-ray diffraction peaks of
the BZY electrolyte with LiF and SnO, and a minor second cubic
perovskite phase for Al;Os. In contrast, a single-phase cubic was
observed by using 2 wt% NiO at 1400 °C. According to the literature
[101-106], most previous studies used NiO, CuO, and ZnO as sin-
tering additives due to their efficiency in increasing electrolyte
densification at low sintering temperatures; most of these studies
reported a decrease between 150°C and 200 °C when a certain
amount of the metal oxide is used.

Baral et al. [105] reported one of the lowest sintering tempera-
tures for a Zr-containing electrolyte (1100 °C). This successful im-
provement has reduced sintering temperature and time from
1600 °C (20 h) to 1100 °C (5 h); this was achieved by adding 2 wt%
ZnO into BaCeg35Zro5Y0.1502.95. However, the addition of ZnO has
been associated with a decrease in protonic conductivity of the
electrolytes [107]. Liu et al. [108] added 1 wt% NiO into the BZCYYb
electrolyte. The modified BZCYYb-NiO showed excellent density and
conductivity as compared to the pristine sample. The OCV gained
was 1.088V at 650 °C, which was satisfactory for fuel cell systems.
Gao et al. [109] improved the densification properties of the
BaZrgoYo105-5 electrolyte by applying 2 mol% CuO and sintering at
1600 °C for 4 h. The sample achieved 95.4% relative density, but a
decrease in the conductivity by one magnitude was reported. Metal
oxides, such as LiNOs [110], CaO, and Al30,, have also been used,
although they are not used widely due to their minor advantages in
sample microstructure and electrochemical performance. Table 3
shows the various metal oxides used as sintering additives in the
literature. Studies indicated that NiO and ZnO are suitable as sin-
tering aids and help provide high OCV and power density values at
temperatures < 600 °C.

Two methods are used for adding sintering additives—external
and internal addition/doping—and they result in different electrolyte
performances. Wang et al. [103] provided information about the use
of different routes for adding 4 mol% NiO via internal doping and
external addition to produce BaZrg;CeogeNio04Y0203-5 and
BaZrg1Cep7Y0203-5-NiO, respectively. Both methods showed im-
proved densification and electrical conductivity compared to the
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pristine BCZY sample at 1400 °C. The internally added NiO sample is
fully dense with large grain sizes on average. In contrast, the ex-
ternally added NiO sample produced smaller grain sizes with
minimal pores. A similar study was conducted by Park et al. [104] to
examine the effect of internally and externally added sintering ad-
ditives to the BaZrg g5Ybg 15035 electrolyte. The samples were doped
with 4% mol ZnO and sintered at 1400 °C for 10 h. Both samples
presented a pure phase of BCZYb composition and demonstrated
high relative density. The internally doped ZnO sample has a larger
average grain size (1 um) and obtained higher conductivity than the
externally doped ZnO electrolyte (0.3 pm). This discrepancy was due
to the minimal grain boundary, which exhibited a more significant
ionic transportation while reducing grain boundary resistance than
the submicron grains. A similar conclusion was reached by Baral
et al. [105] who highlighted the existence of octahedral ZnOg, in
which Zn?* operates as a dopant, which seemed beneficial for proton
trapping in ZnO-added BCZY.

3.6. The conundrum of sintering aid

An important issue associated with the addition of sintering
additives is the optimum amount of metal oxide used in electrolytes.
Although using sintering additives provides solutions to high sin-
tering temperature and related problems, the amount of metal oxide
added should be carefully considered. An optimum amount of metal
oxide exists; beyond this amount, its use negatively affects the
sample performance. However, this optimum amount remains un-
clear. A high concentration of sintering additive may trigger additive
aggregation in the sample powder, as stated by Lee et al. [106]. They
were unsuccessful in analyzing the -V performance after addition of
a massive amount of 10 wt% NiO into the BaCeggZrg»Y0203-5 elec-
trolyte. This phenomenon suggested that the formation of NiO ag-
gregation in the sample builds up the electronic transport between
electrodes, and electrode crosstalk and decrease cell performance.
Therefore, the optimum concentration to be added to the electrolyte
is between 1 and 2 wt% NiO; this amount optimizes cell perfor-
mance, especially in terms of electrical conductivity. Okuyama re-
vealed that introducing> 5wt% NiO decreased the electrical
conductivity of the BaCeggZro,Y0203-5 electrolyte by about 3.5
times as compared to a pristine sample [102].

However, recent work by Han et al. [111] on the detrimental ef-
fect of using NiO as a sintering additive has revealed a decrease in
proton concentration, which is vital for ionic conductivity and
transport number, at any composition of the BaZr;_,Ce,O3 electro-
lyte. NiO stimulates the proton trap in the electrolyte, which is
caused by the electrostatic attraction between a negatively charged
rare-earth component and a positively charged proton. The asso-
ciation of oxygen vacancies by the sintering additive is combined
with the dopant additive ions, producing a cluster that can be in-
fluenced to trap migrating protons. Therefore, we believe an optimal
amount of < 2 wt% NiO should be used as a sintering additive when
using a single-doped Ba(Ce,Zr)03-based electrolyte (such as BCZY) to
promote electrolyte densification while minimizing the effect of NiO
on the ionic performance. In another study, Shimada reported that
adding 2 wt% NiO to the BZCYYb electrolyte reduced the cell per-
formance in terms of the power density but improved sinterability
and thermal expansion behavior. The cell’s OCV was 0.89 V, which is
lower than that of a pristine cell (1.10 V), owing to the excessive NiO
in the electrolyte, thereby resulting in a decrease in proton trans-
portation.

4. Summary and future prospect
Thin-film structures improve the overall cell performance of

electrolytes, such as the conductivity, cycling stability, and power
density. Hence, the critical stage of developing dense electrolyte thin
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films needs to be deeply investigated. The best-suited fabrication
process for the materials used as SOFC components must be care-
fully determined. Furthermore, material selection, the purpose of
research, and a cost-effective fabrication procedure must be con-
sidered when developing a simple design for PCFC applications. The
use of nanoparticles or nanograins provides a novel opportunity to
investigate the benefits of nanomaterials in PCFCs. The effects of
particle size on electrolyte performance have established that the
optimal grain size is 50-100 nm. Smaller grains introduce con-
taminants that impair cell performance. A substantial change in
ionic conductivity and power density can be expected from using
nanoscale materials during cell operation, which is selective to op-
erating temperatures.

We have highlighted appropriate fabrication techniques for de-
veloping electrolyte films for PCFCs. Conventional methods are the
most cost-effective and efficient ones, but they require batch pro-
cessing and are time consuming. In comparison, unconventional
sintering methods, particularly SPS, can be viable for fabricating
multicomponent composites and are promising for experimental
purposes, despite their high maintenance costs. SPS, which is a vital
tool for preparing advanced materials, particularly nanostructured
ones such as ceramics, has become progressively essential to fabri-
cating high-quality electrolyte thin films for PCFC applications and is
a way to solve a wide range of technological problems.

Electrolyte thermal treatment is critical to the microstructure of
the thin layer. Conventional sintering methods are simple but re-
quire higher temperatures and longer time to sinter. Unconventional
methods rely on the addition of pressure to conduct at lower tem-
peratures and at a quicker rate than conventional methods and are
also suitable to produce fine particles, as these approaches may in-
hibit grain growth.

5. Conclusion

Anode-supported PCFCs with thin-film electrolytes contribute
significantly to the lowering of operational temperatures. They
provide excellent electrochemical properties and are reliant on the
SOFC’s thin-film structure. To ensure an optimal ionic path in the
electrolyte during gas transfer, we considered all aspects of the
fabrication process, such as materials, conditions, and parameters.
Using nanomaterials enables the formation of a dense electrolyte
thin film while improving its electrochemical properties at low op-
erating temperatures. In terms of fabrication methods, screen
printing and tape casting are the most appropriate methods for the
mass production of electrolyte thin films because of their simplicity
and ability to produce credible electrolyte films comparable to those
produced by other sophisticated procedures. Even if a sophisticated
route is required, these methods are preferable because they can
produce an extremely thin electrolyte film, thereby reducing ohmic
resistance and enabling ionic mobilization to occur within a much
shorter length.
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