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Microwave heating technology for electrolytes of solid oxide fuel cells
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The performance of the electrolyte material, being the core component, directly affects the output performance and working
temperature of solid oxide fuel cells (SOFCs). However, when conventional high-temperature heating methods are used to
prepare electrolytes, many problems arise such as uneven grain growth and element evaporation. To solve these problems,
microwave heating (MH) is widely used in the preparation of SOFC electrolytes because of its fast and uniform heating. In
this review, the application of MH technology in the preparation and sintering densification of precursors of oxygen ion-
conducting SOFC (O-SOFC) electrolytes and proton-conducting SOFC (P-SOFC) electrolytes is reviewed. Furthermore,
the superiority of MH technology over conventional heating (CH) technology is emphasized. Examples of high-performance
electrolyte materials prepared by microwave sintering are presented. In addition, we also identify various issues that arise
with the use of MH technology in the preparation of electrolytes and discuss the future research directions for the application
of MH technology in the preparation of electrolytes. The purpose of this review is to draw the community’s attention to the
application of MH technology to solid oxide fuel electrolytes and to provide valuable guidance for the future development of

SOFCs.
The bibliography includes 175 references.
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1. Introduction

Due to the increasingly severe energy crisis, people are
urgently seeking efficient and sustainable energy and energy
conversion technologies.! !l In recent decades, different
sustainable and renewable technologies have been pro-
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posed, and energy conversion and storage technologies
and devices have received intense attention. As devices
that can directly convert chemical energy into electrical
energy, fuel cells are widely favoured due to their advan-
tages of high energy conversion efficiency, low pollution,
and modularity.'> SOFCs, which are an important type of
fuel cells, have become a research hotspot in this field due to
their advantages of strong fuel applicability, no electrolyte
loss, and absence of use of precious metal catalysts.!3-14 The
key materials of SOFCs include electrolyte materials,
cathode materials, and anode materials, with electrolyte
materials being the core components of SOFCs.!> The
performance of the electrolyte material in a cell directly
affects the output performance and working temperature of
the cell. In practice, in addition to the mobility of ions in a
material, the microstructure of the electrolyte also has a
very significant impact on the performance. Most electro-
lytes are polycrystalline,'®~22 which means that ions need to
pass through grains and grain boundaries in the process of
conduction,?*~27 as shown in Fig. 1a,bh depicts a space-
charge scheme for polycrystalline materials consisting of a
grain-boundary core and two adjacent space-charge
layers.?> 2% A large number of oxygen vacancies are present
in the grain boundary core, so the potential of the grain
boundary nuclei is positive. Under the action of static
electricity,?” the number of oxygen vacancies in the space-
charge layer decreases sharply, thus endowing the region
with electrical resistance and hindering the transport of
ions. Moreover, too many grain boundaries or low electrical
conductivity of the grain boundaries reduce the electrical
conductivity of a material. The grain and grain boundary
properties of electrolytes are closely related to their prepa-
ration and sintering methods. Therefore, improving the
electrolyte material preparation and sintering methods to
reduce or improve the conductivity of grain boundaries is
one of the key issues in the development of SOFC electro-
lytes.
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Figure 1. Schematic diagram of ions passing through grains and
grain boundaries («) and the space-charge scheme for a polycrystal-
line material (b). Fig.1 b was created by the authors based on data
of Ref. 25.

Traditional SOFC electrolytes are prepared and sintered
in a conventional muffle furnace.28-3% In the CH method,
heat is generated by an external heat source and conducted
to the sample to be calcined, so that the sample can reach
the required temperature. However, this method, in which
heat is transferred from outside to inside, is likely to cause
uneven heating of the sample, affecting the densification
process and performance of the electrolyte material.
Figure 2a is a simple schematic diagram of a traditional
heating method. In the past few years, as a new heating
method, MH technology has attracted wide attention
because of fast-heating speed, which reduces the sintering
densification temperatures of electrolyte materials and
improves the microstructures of the materials.3! As shown
in Fig. 2 b, under the action of the electromagnetic waves of
a microwave muffle oven, the electrolyte material produces
dielectric loss, resulting in volumetric heating. Compared
with traditional sintering, this bulk microwave heating can
achieve rapid and uniform heating to form a uniform fine-
grained structure inside the material and reach higher
densities even at lower sintering temperatures, thereby
improving the electrolyte material performance.3? 33

Many experimental studies have shown that MH tech-
nology can not only effectively reduce the sintering and
densification temperatures of an electrolyte to form a uni-
form grain structure but also effectively inhibit the volatili-
zation of eclements, reduce the activation energy and
crystallization temperature of the electrolyte, and improve
the conductivity of the electrolyte.?* 3% Therefore, this
paper summarizes the research progress on the application
of MH technology to O-SOFC and P-SOFC electrolytes,
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Figure 2. Conventional muffle furnace heating diagram (a) and
MH diagram (b).

highlights its advantages, and identifies its challenges. In
addition, this review considers the recent advances in this
frontier and dynamic field and provides useful guidance for
the future development of SOFCs.

Microwave heating technology is also widely used in the
processing and preparation of ceramic materials due to its
fast, uniform, and environmentally friendly heating
method.?® In recent years, some researchers have summar-
ized the application of MH in thick ceramics, bioceramics,
transparent ceramics, nano-framework ceramics, high-tem-
perature ceramic eutectic materials, and metal-ceramic
composites.3*~42 It is concluded that, compared to the CH
technology, MH can achieve rapid and high densification of
ceramics, limit the coarsening of grains, produce uniform
fine-grained structure, and improve the mechanical proper-
ties of ceramic materials. These brief reviews did not cover
the application of MH in SOFC electrolytes, so the present
paper can effectively fill this gap and provide useful guid-
ance for the preparation of SOFC electrolytes by MH.

2. Oxygen-ion conductors

Ideal oxygen ion conductor-based electrolyte materials need
to have good oxygen ion conductivity and a very low
electronic conductivity. The chemical stability, structural
stability, and thermal stability can be maintained in both
oxidizing and reducing atmospheres. Maintaining good
thermal matching with electrode materials and other con-
tact elements prevents delamination and cracking between
layers during cell operation and enables the easy prepara-
tion of dense layers to prevent the mutual leakage of fuel
gases and oxidizing gases.*?

Figure 3 illustrates the working principle of a single
SOFC with oxygen ion-conducting electrolyte. The chart
shows that oxygen, as an oxidizing gas, enters the cathode
channel, while hydrogen, as a fuel gas, enters the anode
channel. After being adsorbed and dissociated in the neg-
ative extreme, oxegen is reduced with electrons to oxygen
ion. Then, the oxygen ion enters the electrolyte layer driven
by the electrochemical potential difference between the two
sides of the electrolyte and transmits to the positive extreme,
reacting with fuel to generate water. The released electron is
connected to the external circuit through the electrode gain
and loss to provide external power. The electrochemical
reaction equations are the following:

Electrolyte

Figure 3. Simplified diagram of the O-SOFC working principle.
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Cathode: O, + 4e— — 202~
Anode: H, + 0?2~ — 2H,0 + 2e—

Total reaction: 2H, + O, — 2H,0

2.1. Zirconia-based electrolytes

The zirconia-based electrolyte is the earliest studied
O-SOFC celectrolyte material and is also one of the most
mainstream and thoroughly studied electrolyte materials in
SOFCs at high temperatures.** Pure ZrO; forms a mono-
clinic crystal system at room temperature; its steric hin-
drance is fairly significant, and its ion mobility is relatively
low, so it has a noticeable specific ion conductivity only at
high temperatures. Studies have shown that doping with
low-valent elements can make ZrO, form a stable cubic
structure within the melting point range; at the same time,
doping will also generate a large number of oxygen vacan-
cies in the lattice, making ZrO, a good oxygen ion con-
ductor. The main doped zirconia-based materials are yttria-
stabilized zirconia (YSZ) and scandia-stabilized zirconia
(ScSZ).45-48

2.2. Yttria-stabilized zirconia

Yttrium oxide is a typical dopant for ZrO,-based SOFCs.
Yttria-stabilized zirconia has become the most classical
SOFC electrolyte material because of its good chemical
stability, high mechanical strength, and excellent electrical
conductivity at high temperatures.#?-3° In addition to the
traditional solid-state method, the preparation methods of
YSZ include, inter alia, the hydrothermal method,3!->?
homogeneous precipitation method,>3-5* and the sol—gel
process.>>- 56 However, these YSZ preparation methods are
often time- and energy-consuming, which limits their com-
mercial viability. In recent years, MH technology has been
gradually used in preparing YSZ because of its fast-heating
speed, uniform heating, and low sintering densification
temperature. Yoshinaga er al.3® successfully synthesized
the YSZ precursor by a microwave-assisted homogeneous
precipitation method. The precursor prepared by micro-
wave-assisted heating was found to have a smaller particle
size and more uniform particle distribution than the pre-
cursor prepared by the conventional homogeneous precip-
itation method. More importantly, the precursor prepared
by the above-mentioned procedure was shown to reduce the
material crystallization temperature. Many studies have
proven that Zros4Yo0.1601.92 (8YSZ) has better perform-
ance.’” To further improve the electrical conductivity of
YSZ, Vijay et al.>® prepared an 8 mol.% YSZ precursor by
a microwave-assisted gel combustion method. Studies have
shown that 8 mol.% YSZ precursors thus prepared have
higher electrical conductivities than those obtained by
conventional methods. This is mainly due to the fact that
8 mol.% YSZ precursors prepared by microwave-assisted
gel combustion have a smaller particle size than those
prepared by traditional methods. The smaller grain size
corresponds to a higher surface energy, resulting in a good
growth process under high-temperature sintering, which can
effectively improve the electrochemical performance of the
electrolyte.

The MH technology is widely used not only to obtain
YSZ precursors, but also for the sintering and densification
of electrolytes. Singh  er al>®  prepared YSZ
(Zr1 Y O>_,p2) precursors of different compositions by
co-precipitation method. Sintering was performed in a
microwave muffle furnace at 1400 °C for 20 min and in a

conventional muffle furnace at 1400 °C for 240 min. The
research results showed that both sintering methods yielded
electrolyte materials with good densities and comparable
electrical conductivities. However, the dwelling time was
significantly reduced by using the microwave sintering
method, demonstrating that the use of this technology can
save significant time and energy without affecting the
quality of the material.

Good mechanical properties guarantee electrolyte safety
and are conducive to the trend towards electrolyte thinning
and industrial production. Chen er al.%° studied the
mechanical properties of electrolytes prepared by
Las03—Y203—ZrO> co-doping under microwave sintering
conditions. As can be seen from Fig. 4, the doping of La,Os3
reduced the grain size of the material, and the higher the
amount of the dopant, the smaller thegrain size. Generally,
the smaller the grain size, the lower the fracture toughness.
However, the microwave sintered sample (average particle
size of 500 nm) had a higher fracture toughness than the
conventional sample (average particle size of 700 nm). The
main reason for this phenomenon may be that microwave
sintering reduces the grain boundary strength of the
La>O3—Y>,03—Z7r0O, ceramics and induces the formation
of intergrain fractures in the microwave-sintered
LarO3—Y203—ZrO, samples, which increases the crack
propagation path length and improves the fracture tough-
ness of the materials.

2.3. Scandia-stabilized zirconia

Since YSZ meets almost all requirements to SOFC materi-
als, it is the best choice for SOFC electrolyte materials
under high-temperature conditions. However, as an electro-
lyte material, YSZ has a low conductivity at intermediate
temperatures (below 10-3 S cm—! at 600 °C), which hinders
the application of YSZ electrolyte materials to intermedi-
ate-temperature SOFCs.¢! Zirconia was doped with Sc to
obtain a new electrolyte, scandia-stabilized zirconia. Its
electrical conductivity reached 0.1 S cm—! at 750 °C, and
the material showed good stability in both oxidizing and
reducing atmospheres, which meets the requirements for

Figure 4. Fracture surfaces of 3Y —nLa-PSZ compacts sintered
by microwave heating at different temperatures: 3Y —1La-PSZ,

1400 °C  (a); 3Y—1La-PSZ, 1450 °C (b); 3Y—1La-PSZ,
1500 °C (c); 3Y—1La-PSZ, 1550 °C (d); and 3Y—1La-PSZ,
1600 °C  (¢); 3Y—0La-PSZ, 1550 °C (f); 3Y—3La-PSZ,

1550 °C (g); and 3Y —5La-PSZ, 1550 °C (h).%° Reproduced with
permission from Elsevier.
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intermediate-temperature SOFC electrolyte materials.6% 63
Ao et al.%* prepared a ScSZ powder by the microwave-
hydrothermal method. It was found that the crystallization
temperature of the synthesized material was effectively
reduced under MH conditions and that the crystallinity of
the ScSZ material was positively related to the MH time.
The use of MH at 150 °C for 2.5 h provided a nanometre-
sized cubic ScSZ powder with good crystallinity (Fig. 5 a).
Compared with the conventional hydrothermal method,
which usually takes 1 to 7 days, the reaction time was
greatly shortened, as illustrated in Fig. 5b. Sharma et al.%’
prepared Zrp 9Sco.101.95 (10ScSZ) by the solid-state method.
The densification time and electrochemical performance of
10ScSZ (10SSZ-MW) prepared by microwave sintering at
the same sintering temperature were compared with those of
10ScSZ (10SSZ-CON) prepared by conventional sintering
(CON). The results showed that the 10SSZ-MW obtained
by microwave sintering in 20 min had the same completely
stable cubic phase as 10SSZ-CON obtained by conventional
sintering in 6 h. As can be seen from Table 1, 10SSZ-MW
had higher density and electrical conductivity than
10SSZ-CON. The potential of microwave sintering in the
processing of electrolyte materials and the cost-effectiveness
in terms of time and energy savings were demonstrated.
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Figure 5. X-ray diffraction patterns of ScSZ powders prepared at
150 °C (c is cubic phase) (a);** comparison scheme of microwave —
hydrothermal and hydrothermal preparation of ScSZ (b). Repro-
duced with permission from Elsevier.

Table 1. Values of ionic conductivity at 500 °C and density.%*

Sample Density, gem—3 Conductivity, Scm—!
10SSZ-MW 5.46 1.46 x 103
10SSZ-CON 5.12 8.18x 103

Stable cubic-phase ScSZ is considered to be an excellent
intermediate-temperature SOFC (IT-SOFC) electrolyte
material. However, in the practical application, it was
found that ScSZ was prone to phase transition at the
working temperature ranging from 500 °C to 700 °C, from
the cubic phase to the rhombohedral or tetragonal phase,
and its electrical conductivity decreased by at least one
order of magnitude.®% ¢7 Therefore, improving the stability
of ScSZ at low temperatures is a hot topic of current
research. Co-doping is a method that is often used to
enhance the stability of zirconia.*®¢® CeQO, doping of
fluorite structures 1is a relatively mature method.
The introduction of Ce*™, which has a larger ionic radius
(0.97 A), can improve the stability of cubic zirconia and
inhibit its transition to the rhombohedral or tetragonal
phase.®®-70 Studies have shown that 10 mol.% Sc,O3;—
1 mol.% CeO>—89 mol.% ZrO, (10Sc1CeSZ) can maintain
the cubic phase with high conductivity at the IT-SOFC
working temperature.”! At the same time, the performance
of the 10Sc1CeSZ electrolyte is greatly affected by the
powder characteristics of the precursor. Therefore, the
performance of the 10Sc1CeSZ electrolyte can be improved
by optimizing the powder characteristics. Moreover, pow-
der properties such as the particle size, surface area, and
purity are mainly affected by the synthesis and preparation
methods, and electrolyte materials with superiour proper-
ties can be obtained by suitable preparation methods.”? Jais
et al.’? prepared ultrafine 10Sc1CeSZ powders with a par-
ticle size of 20 nm and a specific surface area of 16 m? g—!
by the microwave-assisted glycine—nitrate method
(MW-GNM). This method produces less organic matter in
the process of microwave-assisted heating and combustion.
Hence, this method provides 10Sc1CeSZ with a lower
weight loss rate and higher yield compared to the traditional
sol—gel method, precipitation method, and the improved
Pechini method. The powder had a high density and
electrical conductivity after conventional sintering at
1400 °C for 5 h. When the measuring temperature was
800 °C, the ionic conductivity of the 10Sc1CeSZ electrolyte
reached 0.184 S cm~!, which was much higher than those
of similar electrolytes. The results showed that the proper-
ties of 10Sc1CeSZ electrolytes can be improved by the MH
technology.

Although the 10Sc1CeSZ electrolyte satisfies most of the
conditions for its application in IT-SOFC, its higher sinter-
ing densification temperature and longer sintering time limit
the development of its commercial applications. Therefore,
efforts should be made to develop a low-temperature and
rapid-sintering preparation method to improve its practical
application value. Ng et al.’* sintered a 10Sc1CeSZ electro-
lyte in a microwave muffle furnace (1300 and 1350 °C,
15min) and in a conventional muffle furnace
(13001550 °C, 2 h). The effects of the conditions of these
two methods on the properties of the resulting 10Sc1CeSZ
electrolyte were studied. The results showed that both
sintering methods yielded stable cubic-phase ZrO,.
Figure 6 presents SEM images of the products of these
two methods at different temperatures. According to the
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Figure 6. SEM images of 10Sc1CeSZ samples conventionally
sintered at 1300 °C (a), 1350 °C (b), 1400 °C (c), 1450 °C (d),
1500 °C (e), and 1550 °C (f) and microwave-sintered at 1300 °C
(g) and 1350 °C (h).”* Reproduced with permission from Elsevier.

Figure, both sintering methods produced dense electrolyte
materials, with their densities exceeding 98%. However, the
decrease in grain size was assumed to increase the interface
between the grains and the grain boundary resistance;
hence, the electrical conductivity of the microwave-sintered
10Sc1CeSZ was expected to be slightly lower than that of
conventionally sintered 10Sc1CeSZ. However, in this study,
the authors found that microwave sintering significantly
improved the grain boundary diffusion and transport ability
of charged particles at high temperatures and reduced the
barrier to charged particle migration. Therefore, the elec-
trical conductivity (0.314 S cm—!) of 10Sc1CeSZ prepared
by microwave sintering at 800 °C was higher than that of
conventionally sintered 10Sc1CeSZ (0.280 S cm—1).

To show more clearly the effect of MH on the properties
of zirconia-based electrolytes, Fig. 7 summarizes the con-

% m 8 mol.% YSZ-MH, Ref. 58
2F o0 = 8 mol.% YSZ-CH, Ref. 58
° 4 10ScSZ-MH, Ref. 65
< L °© 4 10ScSZ-CH, Ref. 65
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£ - 10Sc1CeSZ-CH, Ref. 68
| ]
o O "a ot o1,
',; .= A A
-1r . A
kel [
L] A
_2 -
I 1 I 1 I .I I 1 I 1 I 1 I 1 I 1 I 1 A. 1
0.8 10 12 14 16 18 20 22 24 26 28

1000/T, K~

Figure 7. The conductivity of zirconia-based electrolytes prepared
by the MH and CH techniques. The Figure was created by the
authors based on data of Refs 58, 65, 68, and 73.

ductivity values of electrolytes prepared by the MH and CH
methods. It is obvious that the electrolyte prepared by MH
has higher conductivity than that prepared by CH heating.
In addition, it has been proven that the MH technology can
effectively improve the performance of electrolytes.

2.4. Ceria-based electrolytes

Ceria-based electrolytes are currently the most commonly
used materials for intermediate-temperature SOFCs due to
the high oxygen-ion conductivity of doped CeO; at inter-
mediate temperatures.’>7¢ Pure CeO, is a cubic fluorite
phase that, like ZrO,, has lower ionic conductivity and
higher sintering densification temperature. Researchers
hoped to solve these problems by optimizing the synthesis
of CeO,. For example, Carregosa et al.”’ prepared nano-
CeO, by microwave-hydrothermal technology. The sinter-
ing densification temperature was reduced from 1500 °C to
1200 °C, and the electrical conductivity increased from
0.33x107°Scm~! to 2.14x10-°> S cm~—!. However, the
latter parameter was still low, which limited the application
of the above-mentioned material in solid fuel cell electro-
lytes. It was found that the ionic conductivity of CeO, could
be improved by introducing low-valent rare earth ions or
alkaline earth metals. Currently, the state-of-the-art doping
methods mainly include single doping, co-doping, and
multidoping.”® 7% In addition to doping with suitable low-
valent ions, the preparation method, sintering temperature,
and sintering time also greatly influence the properties of
electrolyte materials.8%-8!  Optimizing the preparation
method of CeO»-based materials and the sintering method
can also improve the electrolyte performance. The tradi-
tional approaches to CeO;-based materials mainly comprise
the solid-state method,8? co-precipitation method,®3 hydro-
thermal method,®* and combustion method.®> Although
these methods enable the preparation of pure-phase CeOs»-
based materials, their implementation is often time-consum-
ing. It is difficult to control the uniformity of the prepared
materials, and they easily agglomerate. In recent years,
microwave-assisted synthesis technology for preparing
CeOs-based materials has become a highly controllable
method for preparing CeO»-based nanopowders. Compared
with CH technology, this method can produce smaller
particles with a narrower particle size distribution in a
short time.?¢87 The more uniform CeO»-based material
prepared by this method not only leads to an increase in
the sintering activity 88 of the material but also reduces the
sintering temperature. In addition, the activation energy is
decreases with enhanced electrical conductivity.®° 92

2.5. Single doping

In recent years, a lot of attention has been focused on the
study of single-doped CeOs-based -electrolytes. Charge
compensation is realized by doping bivalent or trivalent
ions into ceria electrolytes to form high-concentration oxy-
gen vacancies. Under the same doping conditions, CeO»-
based electrolytes show higher conductivity than ZrO»-
based electrolytes.”®%3 Since Gd>*, Sm3", Nd**, Dy3>*,
etc. and Ce*™ have similar ionic radii, gadolinium-doped
ceria (GDC), samarium-doped ceria (SDC), neodymium-
doped ceria (NDC), and dysprosium-doped ceria (DDC)
are also the most widely studied single-doped CeO»-based
electrolyte materials.®*~°7 Shaikh and Rode®® prepared
Gdp.1Ce.901.95 (10GDC) materials by microwave-assisted
glycine-nitrate method. The effects of different sintering
temperatures on the crystallite size, morphology, and elec-
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Figure 8. Field-emission scanning electron microscopy (FESEM)
images of 10GDC sintered at 800 °C (a), 900 °C (b), 1000 °C (c),
and 1200 °C (d) for 4 h.°® Reproduced with permission from the
Royal Society of Chemistry.

trical conductivity of 10GDC electrolytes were studied. The
results showed that the 10GDC materials prepared by
MW-GNM were of nanoscale crystallite size. Microcrystal-
line particles grew at 800 °C, and good densification per-
formance was reached after treatment for 4 h at 1000 °C,
which is much lower than the densification temperatures
used in traditional sintering methods. As shown in Fig. 8,
the nucleation of 10GDC particles was fast and uniform
under the MH conditions. The uniform grains formed an
ordered structure of oxygen vacancies, which expanded the
conduction path of oxygen ions through the grain boundary
and improved the grain boundary conductivity of the
material. The maximum ionic conductivity of the material
was 3.55x 10~ S cm—! for test temperature of 800 °C and
O, ambient atmosphere.

To further explore the primary role of MH technology
in the single-doped CeOj-based electrolytes, Acharya®®
prepared and sintered Ce;_,Dy.O>_,» (DDCI100X) by
MH and CH techniques. It was found that compared with
CH technology, MH enablesrapid and efficient preparation
and sintering of DDC100X materials while saving a signifi-
cant amount of energy. Most importantly, the nano-
DDC100X grains prepared by MH technology were smaller
and more uniformly distributed. The smaller grains had
higher surface energies, enabling a good growth process
during high-temperature sintering, which effectively
improved the electrochemical performance of the electro-
lyte. DDCI15 prepared by microwave sintering at 1050 °C
for 1h has an ionic conductivity of 7.42x 102 S cm~—! and
an activation energy of 0.86 eV at 500 °C. In contrast,
DDCI15 prepared by conventional sintering at 1300 °C for
5 h has a conductivity of 9.79 x 10~3 S cm~! and an acti-
vation energy of 1.05 eV at 550 °C. At the same time, the
researchers compared the variations in the sintering proper-
ties of DDC15 materials with temperature for the MH and
CH technologies. The results showed that the sintering
properties of DDCI15 materials had a linear relationship
with temperature under the MH conditions. In contrast, a
nonlinear relationship was observed in the case of CH,
further proving that MH provides uniform heating of
materials. This was also the main reason why the grains of

the materials obtained by microwave sintering were more
uniform than those obtained by conventional sintering.
The fast-sintering feature of MH could be useful for
preventing the volatilization of elements. Bismuth-doped
CeO»-based electrolyte materials have high ionic conductiv-
ity and good application prospects in the development of
low-temperature SOFCs.!% However, due to the low vola-
tilization temperature of Bi, during sintering at temper-
atures above 835 °C for a long time, Bi is easily volatilized,
which severely reduces the performance of the electrolyte.
To address this issue, Prekajski ez al.'°! managed to prepare
dense Ce;_,BiyO>_; electrolyte materials by microwave
sintering at 1050 °C for 1 h. Due to the fast and uniform
heating mode of the microwave oven, Ce;_Bi,O,_s effec-
tively avoided the volatilization of Bi at a sintering temper-
ature of 1050 °C for 1 h. It was also found that
Ce —,Bi O, _s electrolyte materials prepared by microwave
sintering at 1050 °C had a higher density, finer grain size,
and more uniform grain distribution than those sintered at
1450 °C in a muffle furnace. Moreover, the effect of doping
amount of Bi on the electrical conductivity was studied for
microwave sintering at 1050 °C. The results are shown in
Table 2. According to the data, when the doping concen-
tration of Bi element was 20%, the resulting material had a
higher electrical conductivity. For a test temperature of
700 °C, the total conductivity was ~3.27x 103 S ecm~— .

2.6. Double doping and multidoping

Although the single-doped CeO»-based material has been
shown to have high ionic conductivity, it may generate
electronic conductivity at low oxygen partial pressures and
high temperatures, which limits its practical applications.
Co/multidoping cations can not only reduce the electronic
conductance and hinder the ordering of oxygen vacancies,
but also regulate the lattice distortion of a ceria solid
solution.!02:103 At the same time, due to the charge com-
pensation effect, the number of oxygen vacancies in the
material increases thus further enhancing the ionic conduc-
tivity of the material. The co-doped CepsSmp2— Y O2_s
electrolyte prepared by conventional sintering was found to
haveahigher electrical conductivity and a lower activation
energy than single-doped CeogSmo 0> _;.'% The similar
phenomenon was also observed in the Dy3*/Sc3* co-doped
system, confirming the advantage of the co-doping
method.'%5 To further improve the performance of the
CepsSmp 1Y O2_5 electrolyte material, Venkataramana
et al.'%¢ prepared a CepgSmo2_ Y025 (CSY100X) elec-
trolyte material using sintering at 1200 °C for 1 h in a
microwave muffle furnace. Comparison of this material
with CepsSmp>_+YO2_s5 prepared in a conventional
muffle furnace by sintering at 1300 °C (CSY100XC) by

Table 2. Bulk (kp) and grain boundary (kgp) ionic conductivities of the
sample CeogBio20>—s and total ionic conductivity (kp+gb) of the
sample Ceo sBio sO>_ s obtained by microwave sintering at 1050 °C.!°!

T, °C Ceo.8Bip.202_5 Ceo.5Bio.s02_5
kp, S cm—! kep, S cm ! ko +gb, S cm ™!
600 1.62x 103 3.52x 104 1.89 x10—4
625 2.03x10—3 498 x10—4 2.45%x10—4
650 2.74x10-3 6.67x10—4 474 x 104
675 2.83x10—3 7.62x 10— 7.85x 10—4
700 3.14x103 9.32x 104 1.23x 103
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Table 3. Electrical conductivity, grain activation energy (Ea.g), and
grain boundary activation energy (Eagp) of CSY 100X and CSY100XC
at 500 °C.106

Sample Conductivity, S cm ! Eq.g, eV Eqgp, eV
CSY 100X 0.011 0.49 0.54
CSY100XC 0.0069 0.51 0.56

Raman analysis showed that microwave sintering increased
the number of oxygen vacancies in the material. As illus-
trated in Table 3, CSY 100X had a higher conductivity and a
lower activation energy than CSY100XC. The main reason
for this result may be that a larger number of oxygen
vacancies is beneficial for the conduction process of oxygen
ions and reduce the activation energy of ions.

Yttrium and dysprosium co-doped CeO»-based electro-
lytes can better inhibit the electronic conductivity produced
by single-doped CeO»-based electrolytes at high temper-
atures. Nevertheless, the Y and Dy co-doped CeO»-based
electrolytes often need higher sintering densification tem-
peratures (= 1400 °C) and longer sintering times (=4 h).!07
To reduce the sintering temperature of Y and Dy co-doping,
decrease the sintering time and improve its practical
application value, Madhusudan ez al.'°® prepared
CeosYo0.2-xDyxO2_;s electrolyte materials by the sol—gel
method, and the densification temperatures of the Y and Dy
co-doped CeOs-based electrolytes were greatly reduced by
microwave sintering. The relative densities of all
CeosYo0.2-xDyxO2_s electrolytes sintered at 1300 °C for
30 min reached more than 95%. Using Raman spectroscopy
it was additionally confirmed that the doping amount could
increase the oxygen vacancy concentration, which facilitates
the mobilities of the oxygen ions, thus improving the
material conductivity.

Relatively few studies have been conducted on multi-
doped ceria electrolyte materials. Venkataramana et al.'%?
experimented with multidoping of ceria, and used Pr3™*,
Sm3*, and Gd3" to replace some Ce** ions to give new
Cei—(Pr13Sm;3Gd;;3)xO>_5 electrolyte materials. The
research results showed that Ceg.76Pro.0sSmg.0sGdo.0802_s
had the highest ionic conductivity (1.86 x 10> S cm—!) and
the lowest activation energy (0.56 ¢V) for working temper-
ature of 600 °C. At the same time, the thermal expansion
coefficient of Ceg.76Pro.0sSmg.0sGdo.0sO>_s at 30—1000 °C
was consistent with those of commonly used electrode

Element  Atomic (%) c
Cak 2.66 ¢
Cel 80.43 Sm
SmL 16.91
Ce
Sm
Sm

materials, and it had excellent practical application value.
To  further improve the performance of the
Ceo.76Pr0.0sSM0.08Gdo.0s02 s electrolyte, the sintering den-
sification temperature and the sintering densification time
were reduced. In the follow-up study,''? the effects of the
sintering time on the electrochemical properties of materials
were further explored by using microwave sintering tech-
nology (samples sintered at 1300 °C with sintering times of
15, 30, and 60 min were named PSG-MS15, PSG-MS30,
and PSG-MS60, respectively). The results showed that the
microwave sintering time dramatically influenced the num-
ber of oxygen vacancies and electrical conductivity of the
material. Too short or too long sintering times did not
contribute to the formation of oxygen vacancies, thereby
further affecting the electrical conductivity of the material.
The results showed that microwave sintering for 30 min was
the most beneficial method in terms of the grain boundary
resistance and electrical conductivity of the materials.
Compared with the material produced by the traditional
sintering method, PSG-MS30 had more oxygen vacancies
and a higher electrical conductivity. The electrical conduc-
tivity of the material was 3.47x10=2 S cm~! at 600 °C,
which was nearly twice that of the material produced by the
traditional sintering method.

It is believed that microwave sintering can effectively
reduce the grain size, decrease the activation energy of the
grain boundary, and improve the grain boundary conduc-
tivity of the material. However, most of this research is
based on the microwave sintering temperature being lower
than the conventional sintering temperature. Prado-
Gonjal et al''' prepared Sm and Ca co-doped
Ce.sSmy.18Cap.0201.9 electrolyte materials by the micro-
wave-hydrothermal method and studied the effects of the
MH and CH methods on the properties of the
Ceo.sSmg.13Cag.0201 9 electrolyte at the same sintering tem-
perature. In contrast to the previous data,’#%° the authors
found that although microwave sintering could produce
dense CesSmyg 13Cag.0201.9 electrolyte materials relatively
quickly and efficiently (Fig. 9), at the same sintering tem-
perature, with increased sintering time, the resulting grain
size was similar to that obtained by conventional sintering,
and there were no smaller nanosized grains than in previous
studies.?® 2% This conclusion is consistent with findings of
Chen et al.®® that microwaves can inhibit grain boundary
energy growth in a short time, but after a threshold time,

Figure 9. EDS spectrum of a
R CeoAgsmoAlgCao‘ozol‘g ceramic
{ for detection of elements.
Y SEM micrographs of pellets
that were conventionally sin-
tered at 1450 °C for 8 h (a),
4 h (b) and those MW sintered
for 60 (c¢), 30 (d) and 5 min
(e).!''! Reproduced with per-
mission from Elsevier.
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the grains overgrow due to the accumulation of energy at
the grain boundaries.

2.7 LaGaOs-based electrolytes

Perovskite-structured oxides (ABO3) are electrolyte materi-
als with good performance due to their ion electronic mixed
conductivities. Perovskite oxides LaBO3; (B = Al, Sc, Ga, Y,
etc.) exhibit high oxygen ion conductivities at moderate
temperatures,''?> among which LaGaOs-based solid oxide is
the most studied perovskite oxide electrolyte.!!3- 114 [shihara
et al.''> and Huang and Petric ''® reported the preparation
of a double-doped Lag oSro.1Gap.sMgo203_s5 (LSGM) elec-
trolyte material, which is a pure oxygen ionic conductor
over a wide range of oxygen partial pressures. Its ionic
conductivity at 800 °C was similar to that of 8YSZ at
1000 °C. Therefore, owing to their excellent oxygen ion
conductivities at moderate temperatures, LSGM perovskite
oxides have attracted the interest of both domestic and
foreign researchers,. The preparation method directly
affects the purity and grain size of LSGM powders and
determines the performance of electrolytes in cells. In
addition to the traditional solid-state method,'!7-118 the
sol—gel method,!!%-120 Pechini method,!?! glycine nitrate
combustion method,!??-123 solution polymerization,!24 125
and other preparation techniques have been used to
improve the performance of LSGM. Although these new
preparation techniques have improved the electrolyte per-
formance, due to the narrow stable composition range of
the LSGM phase, if the composition deviates from the ideal
composition, secondary phases will be generated (such as
LaSrGa3;0O; and LaSrGaOy), which, in turn, will degrade
the mechanical and electrochemical properties of LSGM. 26
Moreover, the LSGM powder easily agglomerates, and a
higher density can be obtained by sintering at
1400—1500 °C for 15 to 35 h; hence, the grain size of the
prepared LSGM celectrolyte films exceeded 20 pm. To
improve the sintering purity of LSGM, reduce the high-
temperature sintering time and decrease the grain size, Zhai
et al.'?" prepared higher-purity Lao sSro2Gao.s3Mgo.1702.815
(LS92GMy.17) by a microwave-assisted Pechini method
(MWP). The results showed that due to the rapid and
uniform bulk microwave heating method, the esterification
of citric acid and ethylene glycol took place simultancously
in the solution, thereby reducing the segregation phenom-
enon that easily occurred in the traditional Pechini method.
At the same time, due to the rapid esterification reaction
(which took no more than ten minutes), the particle size of
the prepared precursor powder was smaller and more uni-
form, which was beneficial for the densification process of
the material. Based on the findings of Zhai et al.,'?” Boldrini
et al.'?® further studied the effect of MWP on the
electrochemical performance of LSy >GMy. ;7. The conduc-
tivity of the thus prepared LSo.GMyp 17 was about
4.38x10=2 S cm—! at 700 °C, which was higher than that
of LSGM prepared by the traditional Pechini method
(~3.25x10=2S cm~—! at 700 °C). This indicates once
again that microwave-assisted heating can not only improve
the efficiency and reduce the cost but also improve the
performance of the electrolyte.

It was found that the above-mentioned microwave-
assisted Pechini method 27 consumes a large amount of
organic matter, resulting in an unavoidable waste of resour-
ces; hence, the researchers used an improved polyvinyl
alcohol (PVA) technology to prepare LSy>GMy. 7 based
on microwave-assisted heating to reduce the waste of

organic matter and improve the performance of electro-
lytes.’?® A key point of this method was the use of an
appropriate amount of PVA, which can provide the uniform
distribution of metal ions due to its long chain. Too large or
too small amount of PVA can hamper the desired distribu-
tion, and unnecessary secondary phases will be produced in
the sintering process. By studying the effect of the amount
of PVA on the purity of the product, the researchers
determined that the best dosage of PVA was
Me"*/—OH~ = 1.65:1, which ensured that the pure
phase and dense electrolyte material with a grain size of
2-3 um could be obtained by sintering at 1400 °C for 9 h.

Although various excellent preparation techniques were
used to prepare LSGM, under traditional sintering condi-
tions, LSGM still needs a higher sintering temperature and
longer sintering time to achieve a higher density. The grain
size increases gradually with the high-temperature sintering
time, and secondary phases such as SrLaGaz;0O; and
LasGa,0Oy are often detected at the grain boundary.!30
Kesapragada et al.'3! used microwave sintering instead of
conventional sintering technology to effectively address this
problem. Thus, LSGM electrolyte materials with a grain
size of 2—3 pm and a density of >95% were successfully
prepared under microwave sintering conditions at 1350 °C
for 20 min. This procedure reduce the sintering temper-
ature, significantly decreases the sintering time, and
increases the preparation efficiency of such materials.
Moreover, due to the short process time, it is devoid of the
formation of secondary phases such as SrLaGas;O; and
La4Ga>09 and improves the electrochemical performance
of materials. Moure et al.'3? also proved experimentally
that the existence of SrLaGazO7 and LasGa>Oy can reduce
the electrical conductivity. The results showed that the
conductivity of the pure phase LSGM material was
~1.27x 10~3 and the conductivity of impurity-containing
SrLaGa3;07 was ~5.24 x 10~% under the test condition of
450 °C.

2.8. Other O-SOFC electrolytes

Electrolytes (La;10(MO4)6O2, M = Ge, Co, Si, Al, or P) with
an apatite-type structure have received increasing attention
as new electrolyte materials due to their high ionic con-
ductivity and good matching of electrode materials.!33.134
However, the sintering activity of apatite-type electrolytes is
poor, and the sintering densification temperature for the
traditional sintering method is > 1600 °C. In particular, the
prolonged exposure of Lag 33S512GesO26 oxide apatite, hav-
ing an increased La/Ge atomic ratio, to elevated sintering
temperatures easily causes Ge volatilization and formation
of the insulating La— Ge oxides (such as La>GeQs).!33
Therefore, to prevent Ge from volatilizing at a temper-
ature > 1250 °C, the sintering process should proceed rap-
idly and at a relatively low temperature. To solve this
problem, Santos er al.'3% prepared dense Lag 33Si2Ge4Oz6
electrolyte materials by microwave heating at 1300 °C and
1350 °C for 1 h, respectively. According to the experimental
results, the electrolyte materials prepared at these sintering
temperatures can effectively inhibit the volatilization of Ge
and have the same apatite structure with relative densities of
92% and 96%, respectively. The mechanical analysis of the
sintered materials shows that the hardness, Young’s mod-
ulus, yield strength, and fracture toughness of the sintered
materials are 7.1 and 8.0 GPa, 122 and 133 GPa and 1807
and 2073 MPa, respectively.
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La>Mo0,09 has attracted considerable attention because
of its high ionic conductivity under medium and low-
temperature conditions and a wide range of oxygen partial
pressure.!37-139 Saradha er al.'¥® successfully prepared
single-phase La>Mo0:09 electrolyte materials by micro-
wave-assisted combustion synthesis. The resulting material
was characterized by good sintering activity; a dense elec-
trolyte material can be obtained after sintering at 800 °C for
5 h, with itsrelative density being up to 97%. The conduc-
tivity of the compact LaxM0,0Og was 0.15 S cm—! at 750 °C,
and the ion transfer number was more than 0.99 in the
temperature range of 600 to 800 °C. This compound under-
goes a phase transition from a slightly monoclinic low-
temperature a-phase to a cubic high-temperature -phase at
about 580 °C. To address this issue and further improve the
electrical conductivity of the material, in the follow-up
study, microwave-assisted combustion synthesis was
employed to prepare Lar_.Sm,Mo209 electrolyte materi-
als.'#! Tt was found that the resulting electrolyte material
La; 7Smg.3Mo0,09 could be sintered at 800 °C for 5 h, and its
relative density was up to 98%. The doping with Sm can not
only enhance the electrical conductivity of the material
(0.196 S cm—! at 750 °C), but also effectively inhibit the
phase transition in the material and improve the material
practical application value.

3. Proton conductors

Traditional high-temperature O-SOFCs have been devel-
oped for many years, their preparation technology is well-
developed, and their performance is superiour at high
temperatures. However, the high operating temperature
can cause various safety issues, as well as problems with
gas handling and routine maintenance, preventing its prac-
tical application from being popularized.!4? 143 The devel-
opment of intermediate-temperature and low-temperature
fuel cells is an inevitable trend because the working con-
ditions of medium and low temperatures can improve the
stability of cell materials, which is beneficial for the com-
mercial applications of SOFCs.!44~ 15! Therefore, the devel-
opment of novel medium and low-temperature P-SOFC
electrolytes and electrodes has gradually become a research
hotspot.'32- 156 Such materials have many unique advan-
tages: (1) since the proton radius is smaller than that of
oxygen ions, and it is easier to conduct in oxides, so proton
conductor oxides have lower activation energies than tradi-
tional oxygen ion conductors; (2) P-SOFC electrolyte mate-
rials have higher conductivity at lower temperatures; when
used in a cell, P-SOFCs can effectively avoid the increase in
ohmic resistance caused by decreasing temperature and
conductivity. (3) H>O in P-SOFC is generated on the
cathode side, which effectively prevents the dilution of the
anode fuel gas by H,O and improves the fuel utilization
rate, as illustrated in Fig. 10.

However, MH technology had rarely been used in
P-SOFC until now. Considering that sintering and elemen-
tal evaporation are two problems arising in the case of the
traditional proton-conducting oxides, MH may have sub-
stantial potential. BaCe 7Zr¢.1 Y0203 s (BCZY) material is
one of the most widely used electrolytes in proton conduc-
tor solid oxide fuel cells because of its high electrical
conductivity and good chemical stability. Barison et al.'>7
prepared BaCe.65Zr0.20Y0.1503_5 (BCZY15) powders with
the  microwave-assisted sol—gel Pechini method
(MW-SGP). The results showed that, compared with tradi-

e~ e
Load

Electrolyte

Figure 10. Simplified diagram of the P-SOFC working principle.

tional SGP preparation technology, due to the fast and
uniform heating mechanism, the preparation time was
significantly reduced from two days to 3.5 h, which dramat-
ically improved the energy efficiency. At the same time,
under the same sintering conditions, the BCZY 15 prepared
by MW-SGP has higher density and larger grain size than
the BCZY 15 prepared by simple SGP, which were more in
line with the requirements for a suitable electrolyte.

The sintering activity of BaCeOs;— BaZrOs-based pro-
ton conductors is generally poor. Although sintering aids
can greatly improve the sintering activity of these materials,
they will adversely affect the electrochemical properties of
the materials, e.g., by introducing electronic conductivity
and reducing the ionic conductivity.!*® Electrolytes based
on BaCeOs;—BaZrO; without sintering aids need higher
sintering temperatures, which will lead to the volatilization
of Ba elements and reduce the ionic conductivity of the
electrolyte materials. Xu et al.'>® pioneered the use of
microwave sintering technology to prepare a P-SOFC
electrolyte membrane, which effectively solved the problem
of Ba volatilization. This method provides sintering of the
BCZY electrolyte densely at 1200 °C, while the traditional
sintering method often requires a temperature of 1400 °C.
Additionally, microwave-sintered proton conductor
(MW-P-SOFC) electrolyte films have more uniform grain
distributions and smaller grain sizes than the conventionally
sintered proton conductor (C-P-SOFC) electrolyte films.
Generally, the larger the grain size, the smaller the volume
of protons passing through the grain boundary, and the
higher the electrical conductivity. However, in the case of a
smaller grain size, the electrical conductivity was found to
increase. The main reasons for the conductivity increase are
as follows: (1) the microwave sintering method makes the
element distribution uniform, restrains the evaporation of
Ba?*, thus reducing the activation energy of the grain
boundary and improving the electrical conductivity of the
grain boundaries. The activation energy of was 0.58 eV
(MW-P-SOFC) and 0.68 eV (C-P-SOFC); (2) The lower
microwave sintering temperature (1200 °C) effectively pre-
vents the volatilization of electrolyte elements without
producing secondary-phase Y»Os, as shown in Fig. 11.
Yttrium oxide (Y203) is a non-proton-conducting material.
Its presence hinders the conduction process of protons and
reduces the electrical conductivity of the material. The
specific conduction process is shown in Fig. 12. Due to the
high proton electron conductivity, a single cell with
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Figure 11. SEM -EDS elemental mapping images (¢) and XRD
pattern for the surface of the BCZY membrane prepared by the
microwave sintering method (b). Reproduced from Ref. 159 with
permission from Elsevier.

MW-P-SOFC as the electrolyte had a higher power density
than a single cell with C-P-SOFC. At test temperature of
700 °C, the power density was 838 mW cm—2 for
MW-P-SOFC and 645 mW cm—2 for C-P-SOFC.
However, in the above-mentioned study, only the densi-
fication preparation of a P-SOFC electrolyte membrane by
microwave sintering has been developed, but the effect of
the microwave sintering method on the synthesis of proton
conductor oxide powders was not clarified. On the basis
of  these findings, Wang er al'®® prepared
BaZrp.1Ce0.7Y0203_5 powder by a microwave sintering
method and used it for the subsequent preparation of a
proton-conducting SOFC electrolyte. The initial particle
size of the BZCY powder prepared by microwave sintering
was smaller than that of the powder prepared using the CH
technology, which was more conducive to the preparation
of a high-quality BZCY electrolyte membrane with high
compactness and good grain growth, as shown in Figs 13,

a b
Grain integor Grain interior

Grain interior  Grain_interior
H*+e
H + & --

H*e

Y203

Grain boundary

Grain boundary

Figure 12. Schematic diagrams of proton transportation in the
BCZY membrane prepared by the microwave sintering method (a)
and the conventional sintering method (b). Reproduced from
Ref. 159 with permission from Elsevier.
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Figure 13. FESEM images of the cross-section (@) and surface of
the BZCY membrane prepared from the conventionally calcined
powder (b), and cross-section (¢) and surface of the BZCY mem-
brane prepared from the microwave-calcined powder (d).'%° Repro-
duced with permission from Elsevier.

14, which illustrate the electrochemical performance of
BZCY single cells obtained via two said sintering proce-
dures. The results show that the microwave-sintered BCZY
powder had a higher power density and open circuit voltage
(OCV) than the conventionally sintered powder, which is
more suitable for fuel cell applications.

In recent years, BaCe¢7Z10.1Y0.1Ybp.103_5 (BCZYYDb)
has been regarded as a good proton-conducting electrolyte
material with good performance due to its excellent elec-

trical conductivity and high resistance to CO, and
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Figure 14. Current—voltage and power density curves for the cell
using the BZCY electrolyte membrane made ofthe microwave-
calcined powder measured at different temperatures (¢) and cur-
rent — voltage and power density curves for the cell using the BZCY
electrolyte membrane made of the conventionally sintered powder
measured at different temperatures (b).'°° Reproduced with per-
mission from Elsevier.
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H,0.161-163 However, BCZYYb usually requires high sin-
tering densification temperature (=1550 °C) and long sin-
tering time (=10h), which inevitably leads to the
volatilization of Ba element, decreases the electrical con-
ductivity of the material,'®* 165 and seriously limits its
practical application value. To solve this issue, Zhong
et al.'®® used MH technology (1400 °C, 2 h, microwave
muffle furnace) to prepare a dense BCZYYD electrolyte
material with a relative density of 97.6%. At the same time,
compared with the traditional sintering method, the sinter-
ing densification temperature of this method was reduced
by 150 °C. As it can be seen from Table 4, the microwave
sintering technology effectively inhibits the volatilization of
the Ba element. More importantly, the resulting BCZYYb
had high electrical conductivity (3.8x10-2S cm~—!,
700 °C). Thus, at 700 °C, using the microwave sintered
BCZYYb as the electrolyte, a single cell could reach an
excellent maximum power density of 0.64 W c¢cm—2,
Compared with the traditional SOFC preparation proc-
ess, the process with one sintering step (one-step co-firing
method) is a new promising power-saving techno-
logy.'67-16® However, the one-step co-firing method faces
great challenges. Co-sintering the entire SOFC at high
temperatures can densify the electrolyte, but considerable
grain growth occurs in the cathode, significantly compro-
mising the catalytic activity of the cathode. Too low co-
sintering temperature prevents the electrolyte membrane
from being sintered densely, which cannot meet the electro-
lyte requirements of SOFCs because proton conductor
oxides wusually require high-temperature sintering

Table 4. Atomic concentrations representatively measured by EDS
and calculated Ba/(Ba+ Zr + Ce +Y + YD) values.!%¢

Elements Stoichiometric = MH CH
BZCYYb (1400 °C) (1550 °C)
Ba (at.%) 50.00 50.77+1.03 36.66+0.39
Zr (at.%) 5.00 567042 9.82+1.23
Ce (at.%) 35.00 33.87+0.78 39.46+1.48
Y (at.%) 5.00 5.034+0.39 8.11+0.89
Yb (at.%) 5.00 4.67+0.51 5924+1.22
Ba/(Ba+Zr+Ce+Y+Yb) 1.00 1.03+0.02  0.58+0.02

(=1400 °C).179.171 Due to this challenge, the one-step co-
firing technique for fabricating proton conductor SOFCs
has not been extensively studied. To reduce the one-
step sintering temperature and improve the performance
of the prepared cell, Wang et all’7? used
BaZrp.1Ceo.66Nip.04Y0203_5 as an electrolyte material and
Smyg sSrp.sCoO3_s as a cathode material and employed
microwave sintering technology instead of traditional
high-temperature furnace sintering to prepare a proton
conductor solid oxide fuel cell in a one-step procedure.
The effect of microwave sintering technology on the per-
formance of the resulting cell was studied. The results
showed that this procedure overcame the difficulty of one-
step co-sintering cell preparation technology, and a dense
electrolyte film was prepared at a lower sintering temper-
ature (1100 °C) while maintaining the high porosity of the
cathode. It is worth emphasizing that the power density of

Table 5. Selected data on the application of MH technology in SOFC electrolytes.

Composition Preparation of Sintering Sintering Conductivity, Density or relative Ref.
the precursor method conditions Scem~! density

Z10.92Y 0.0800.196 Co-precipitation MH 1400 °C/20 min ~1.5x 1073 (700 °C) ~57gem—3 59
method

10SSZ Solid-state method MH 1400 °C/20 min  1.46 x 10—3 (500 °C) 546 gecm—3 65

10Sc1CeSZ MW-NGM CH 1400 °C/5h 1.84 x 102 (800 °C) NM 73

10Sc1CeSZ Purchased MH 1350 °C/15min ~ 3.14 x 10—2 (800 °C) ~574gecm—3 74

10GDC MW-NGM MH 1200 °C/4 h 3.55x10=1 (800 °C) 6.98 gcm—3 98

DDCI15 Combustion synthesis MH 1050 °C/1 h 7.42 x 10=2 (550 °C) ~95% 99
by MH

Ceo.3Bip.202_5 Self-propagating MH 1050 °C/1h 3.27 x 10—3 (700 °C) 7.63 gcm—3 101
room temperature
procedure

Ce.sSmg 1 Y0.102_5 Sol —gel auto-combustion MH 1200 °C/1 h 2.5x 1072 (600 °C) 96.2% 106
synthesis

CepsY0.1Dy0.102-5 Sol — gel auto-combustion MH 1300 °C/30 min ~ 7.5x 10—3 (500 °C) 97.1% 108
synthesis

Ceo.76P10.08Sm0.08Gd0.0s02—5 Sol —gel auto-combustion MH 1300 °C/30 min ~ 3.47 x 10—2 (600 °C) NM 110
synthesis

Lag gSro2Gaps3sMgo.1702.515 Microwave-induced solution- MH 1400 °C/9 h NM 6.45gcm—3 127
polymerization synthesis

Lag gSro.2(Gag 9Co00.1)0.83- Microwave-induced solution- MH 1400 °C/9 h NM 6.3gcm 3

-Mgo.1702.815 polymerization synthesis

Lag sSro2Gapg3Mgo 1702815  Microwave-induced CH 1400 °C/9 h NM 6.19gcem—3 129
polysolution polymerization

La>sMo0,09 Microwave-assisted com- CH 800 °C/5h 0.15S ecm—1 (750 °C) 97% 140
bustion synthesis

La; 7Smo3Mo0-,09 Microwave-assisted com- CH 800 °C/5h 0.196S cm—1 (750 °C)  98% 141
bustion synthesis

BaCey7Z19.1Y 02035 Combustion method MH 1200 °C/2 h 1.4 x 10=2 (700 °C) NM 159

BElZI"()JCC()jY()_]Yb(),103,5 Solid-state method MH 1400 ”C/2 h 3.8x 1072 (700 OC) 97.6% 166

Note. NM is not measured.
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the cell prepared by microwave one-step co-sintering at
700 °C was 449 mW cm 2, its electrochemical performance
was much higher than that of the cell prepared by tradi-
tional high-temperature furnace one-step co-sintering
(292 mW cm~—?2), and its output power was higher than
that of the previously reported one-step co-sintered
cell. 169,173,174 At the same time, the co-firing temperature
of 1100 °C wused in this study was the lowest reported
temperature for the densification of BZCY-based electro-
lytes. Therefore,microwave sintering provides an effective
approach to the proton conductor SOFCs by a one-step co-
sintering technology.

Table 5 summarizes some important data on the appli-
cation of MH technology in SOFC electrolytes, which is
convenient for readers to analyze more clearly and quickly.

4. Conclusion

Due of its fast and uniform heating mode, MH technology
can not only save energy but also effectively solve the
problems of uneven grain growth and element volatilization
during synthesis and sintering of the solid state electrolyte
(or other conducting ceramics). In addition, compared with
CH technology, MH technology enables lower phase for-
mation and sintering densification temperatures of electro-
lyte materials, improves the microstructures of the
electrolytes, promotes the densification of grains, reduces
the activation energy between electrolyte grain boundaries,
and improves the conductivities of the electrolytes.

MH technology was initially applied to SOFC electro-
lytes to form a system, but the rapid microwave sintering of
electrolytes was only attributed to the unique effect of the
microwave field, which does not provide a perfect explan-
ation at the micro level. Many studies have only put
forward assumptions but have not clarified the mechanism
of action of each factor. Energy savings have been identified
as the main advantage of using MH for electrolyte sintering,
and its contribution to the electrolyte conductivity enhance-
ment is still not very clear. Some studies have indicated that
the conventionally recognized attainment of small grains by
MH may not always be correct, as the small grains are the
result of the lower sintering temperature and shorter dwell-
ing time. The low sintering temperature could restrict the
elemental evaporation, which would be beneficial for the
enhancement of the electrolyte conductivity. Using the MH
method at the same sintering temperature and dwelling time
as those used in the CH method makes it highly possible to
obtain a larger grain size of the electrolyte, although the
severity of the elemental evaporation under such conditions
is not clear. Therefore, it would be necessary to achieve a
balance between grain growth and elemental evaporation by
suitably tuning the microwave sintering temperature. In
addition, increasing or decreasing the grain size to influence
the electrolyte conductivity is the traditional but also
preliminary way of tailoring the electrolyte conductivity.
Since the microwave sintering involves a heating method
other than conventional sintering, the defects formed at the
grain interiors or grain boundaries may influence the
electrolyte conductivity. Furthermore, beyond the total
volume of the grain boundaries, the microwave sintering
can also affect the thickness of each grain boundary, which
is usually in the range of a few nanometres. Therefore, many
areas, including defect chemistry and electrolyte micro-
structures from the nanometre to the micrometre scale,
can be studied in the future. At the same time, the determi-

nation of the electromagnetic field involved in the electro-
lyte sintering process and the dielectric parameters of the
material also needs to be improved to better utilize micro-
wave sintering.

Microwave heating is induced by the loss of electric field
energy of the dielectric material. The thermal effects of
various dielectric materials under the action of microwave
electromagnetic fields are different. Based on this fact, the
determination of whether MH technology can be used in the
densification sintering of double-layer SOFCs and which
double-layer electrolyte materials are suitable for MH
technology is an important area ofresearch. In addition,
MH technology is more widely used in the sintering and
preparation of O-SOFC celectrolytes. Nevertheless, few
studies have been reported on proton-conducting electro-
lytes, especially the effect of MH technology on the per-
formance of P-SOFC electrolyte precursors, and the
mechanisms of action on grains and grain boundaries need
to be further discussed. Considering that proton-conducting
oxides are becoming the hottest topic in the SOFC field, it
could be interesting to actively explore the utilization of
MH for proton-conducting oxides, which not only offers a
new route for the preparation of proton-conducting oxides
but also may give rise to new features of the proton-
conducting oxides induced by microwave sintering.

Although MH technology has the advantages of faster
heating rate and reduced environmental hazards and
improves the mechanical properties of materials compared
with CH technology, the most significant drawback of MH
is that it cannot be used to heat metals.!”®> Table 6 summa-
rizes the advantages and disadvantages of CH and MH in
more detail.

Table 6. The advantages and disadvantages of CH and MH techni-

ques.
Method Advantage Disadvantage
MH  Fast heating rates Cannot heat metals

Minimum energy consumption
Decreased processing time
Reduced environmental hazards

Non-uniform heating
Slow heating rate
High energy consumption

CH A wide range of trials
Low cost of equipment
Good heat preservation
performance

5. List of acronyms and designations

BCZY — BaZI‘()_ 1C60_7Y0_203.5 5

CeSZ — ceria-stabilized zirconi,

CH — conventional heating,

C-P-SOFC — conventionally sintered proton conduc-
tor,

DDC — dysprosium-doped cerium oxides,

EDS — energy dispersive X-ray spectroscopy,

FESEM — field emission scanning emission micro-
scopy,

GDC — gadolinium-doped ceria,

IT-SOFC — intermediate-temperature SOFC,

LSGM — Lag.9Sr9.1Gao.sMgo.203-5,

MH — microwave heating,

MW — microwave sintering,

MW-NGM — microwave-assisted nitrate
method,

glycine
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MWP — microwave-assisted Pechini method,
MW-P-SOFC — microwave-sintered proton conductor,
MW-SGP — microwave-assisted sol—gel Pechini

method,

NDC — neodymium-doped ceria,

O-SOFC — ion-conducting SOFC electrolytes,
P-SOFC — proton-conducting SOFC electrolytes,

PSZ — partially stabilized ZrO»,

PVA — polyvinyl alcohol,

ScSZ — scandia-stabilized zirconia,

SDC — samarium-doped ceria,

SEM — scanning electron microscopy,

SOFC — solid oxide fuel cells,

3Y-nLa-PSZ — 3 mol.% Y,03 and n mol.% La>O3

(n=0, 1, 3, 5) co-doped partially stabilized ZrO,,

YSZ — yttria-stabilized zirconia
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