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Highly conductive and stable electrolytes for solid
oxide electrolysis and fuel cells: fabrication,
characterisation, recent progress and challenges

Jing Li, Qiong Cai and Bahman Amini Horri *

Hydrogen fuel cells and hydrogen production stand at the forefront of efforts to achieve net-zero

emissions. Among these technologies, solid oxide fuel cells (SOFCs) and electrolysers (SOEs) are

distinguished as particularly promising for broad practical application, offering superior efficiency, robust

stability, cost-effectiveness, and inherent safety. Lowering the operating temperature can significantly

facilitate their commercialization by improving the stability and reducing the costs associated with

electrodes and the fabrication process. Furthermore, reducing the operating temperature to 600 1C

enables the utilization of heat sources from industrial processes, such as steel production or various

combustion systems, effectively enhancing energy recycling efficiency. At low and intermediate

temperatures, SOFCs and SOECs’ performance heavily relies on electrolyte conductivity. Therefore,

rationally improving electrolyte conductivity under a relatively low temperature plays an important role

in facilitating the widespread application of SOFCs and SOECs on a large scale. Aimed at practical

application, this work delivers an extensive review of cutting-edge modification strategies intended to

enhance the conductivity of several promising electrolytes and outlines the characterisation methods

utilised to assess their properties. It further investigates novel synthesis techniques aimed at reducing the

sintering temperature. Moreover, this paper provides a comprehensive analysis and evaluation of

electrolytes tailored for large-scale implementation in SOFCs and SOECs.

1. Introduction

The ever-deteriorating air quality and the issue of global
warming have underscored the necessity for clean and sustain-
able energy. Hydrogen-based fuels are widely acknowledged as
an environmentally friendly and renewable energy source
among various alternatives due to their high energy density
and pollution-free product. Specifically, it is a promising alter-
native to conventional fossil fuels due to the highest gravi-
metric energy density (143 kJ kg�1) compared to all other
chemical-based fuels.1 Furthermore, their transportable and
storable properties make them capable of meeting the growing
energy demand. Therefore, the commercialization of hydrogen
production and the widespread application of hydrogen fuel
cells hold the potential to significantly contribute to achieving
net-zero emissions. Hydrogen can be generated through
various methods such as natural gas reforming,2 methane
cracking,3 coal gasification, and oil processing, but these
methods can produce CO2 or CO by-products, which are not
ideal unless the carbon dioxide can be captured and utilised as

a raw material. Photocatalysis and electrolysis, each harnessing
different principles and technologies to split water into hydro-
gen and oxygen, are two prominent green pathways for hydro-
gen production. The highest solar energy conversion efficiency
achieved through photocatalytic solar water splitting is around
2.0%,4 while commercial hydrogen production through water
electrolysis achieves 70–75% efficiency.5 Electrolysis is a more
effective technology for green hydrogen and is expected to play
a crucial role in future energy, serving as a vital bridge between
the electric, gas, and thermal grids. However, low-temperature
water electrolysis processes (o100 1C), such as those based on
polymer electrolyte membranes (PEMs) and alkaline water
electrolysis, necessitate substantial electricity consumption
and the use of noble metal catalysts, leading to lower efficiency
and higher costs.6 In contrast, solid oxide electrolyser (SOE)
technology emerges as a promising alternative, characterised
by its high-efficiency water-splitting capabilities and lower cost
for large-scale hydrogen production.

There are two types of SOEs according to the different
electrolytes, i.e. oxygen ions-conducting cells (O-SOECs) and
protonic conducting cells (H-SOECs, also named PCECs) which
are designed to operate at lower temperatures (450–750 1C) but
remain in the development phase.7 Key parts of H-SOECs
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(electrolyte and electrode) have been summarised in the pre-
vious review, including the operating principles and require-
ments of materials.7,8 The main electrolytes are based on doped
BaCeO3 and BaZrO3 are normally used as the electrolytes due to
thermodynamic stability and protonic conductivity.9,10 This
review briefly summarised four types of protonic electrolytes,
including recent development of dopants, protonic defects,
challenges and possible solutions.

O-SOECs typically operate at high temperatures (4800 1C),
due to the electrolyte limitation, in which YSZ (Y2O3 stabilised
ZrO2) is currently the most popular electrolyte used for SOEC
at high temperatures due to its good combination of ionic
conductivity and stability.11 Furthermore, the power-to-fuel
efficiency can reach up to approximately 100%, attributed to
high reaction rates and favourable thermodynamics at elevated
temperatures, where both electricity and heat are utilised
efficiently.12 Additionally, the higher operating temperatures
contribute to reduced ohmic resistances, offering an advantage
over systems using polymer electrolyte membranes and alka-
line water electrolysis. It is reported that the industrial SOEC
can produce 200 Nm3 h�1 green H2 with an electrical efficiency
of 84%el,LHV and a nominal power input of 720 kW.13

A solid oxide electrolyser can be reversed to become a solid
oxide fuel cell (SOFC) that uses fuel to generate electrical power,
with the advantages of fuel flexibility (hydrocarbons, water and
liquid alcohols) and high energy conversion.14,15 A single SOFC
consists of a dense electrolyte, a porous fuel electrode and an
oxidant electrode. The schematics and reactions of SOECs and
SOFCs to produce and utilise hydrogen energy are shown in
Fig. 1a and b. During electrolysis for SOECs, steam or CO2 gas is
fed to the cathode where the gas is reacted into H2 or CO and the
O2� ions which disperse through the electrolyte to the anode. At
the anode, the O2� ions are oxidised to O2 and the synchronously
generated electrons are transferred from the anode to the cathode
via the external circuit.16 The fuel cell reactions are a reverse
reaction of SOECs, where oxide molecules are reduced to oxide
ions at the cathode, and oxide ions diffuse through the electrolyte
and react with H2 or CO to produce the H2O at the anode.17 Since
the electrolyte is non-electron conductive, the generated electrons
are pushed from the anode to the cathode, which can bring about
the generation of electrical power.17 The electrochemical reaction
between hydrogen (fuel) and oxygen can be presented in the
following equation:18

H2 þ
1

2
O2 ! H2Oþ _W þ _Q (1)

where
:

W is the electric power and
:
Q is the waste heat, which are

produced during reaction.
Compared with operating at high temperatures (4800 1C),

lowering the temperature, SOFC technologies have a broader
and cheaper range of materials, more cost-effective SOFC
fabrication19 and good durability, which typically operates
between 600 and 800 1C. The reduction in operating tempera-
ture has also been explored in the field of SOECs in a limited
number of experimental projects reported over the recent
decades,6,20,21 where the temperature has decreased from

1000 to 800 1C. Lowering the operating temperatures is a
practical approach to enhance the stability and reduce the
costs of SOECs and SOFCs, enhancing the durability and
decreasing the start-up time.15 Besides, the stack design also
relies on the densified electrolyte. The primary function of the
electrolytes is to transport oxygen ions or protons, depending
on the specific type, which is similar for both SOECs and
SOFCs. In order to obtain high electrolysis efficiency and
stability, wide application, the operation temperature should
be around 500–800 1C. Electrolytes should satisfy requirements,
including good densification with negligible gas permeability
to separate the H2 and O2; they also should be chemically stable
and have high ionic conductivity to achieve high current
efficiencies.22,23 Besides, the electrolyte should be as thin as
possible with good mechanical properties to decrease the
ohmic overpotential, and the thermal expansion coefficients
of the anode and cathode should be close to the electrolyte
to minimise mechanical stress.11 Chemically induced stress
also plays a vital role in mechanical fracture, which is subject to
a gradient of oxygen potential and results in the delamination
of electrolytes at the SOECs’ anode.24 There are two basic
approaches to improving the performance of flat-plate cells:
to use electrolytes with higher ionic conductivity or to improve
the mechanical strength with thinner thickness.

VOSviewer was used to qualitatively analyse the network of
the published records for the period between 2010 and 2023 in
solid oxide electrolytes.25 Fig. 1c summarises the results of this
analysis representing the main keywords appearing at least 10
times in literature. The size of each circle indicates its signifi-
cance in the literature, while the distance between keywords
suggests relativity and the possibility of co-occurrence.26 The
most frequent keyword related to SOECs is ‘performance’,
which can be improved by addressing the degradation issue,
enhancing the microstructure, using suitable electrode materials
and fabrication methods, and improving the performance and
stability of SOFCs. Other essential keywords considered were the
‘fabrication’ aspects of the thin films and depositions of YSZ
electrolytes (‘electrolyte’) and those related to the densification
and microstructure and chemical stability and ionic conductivity,
‘temperature’, which is related to the degradation and fabrication
and electrochemical performance’cathode’. Operating at high
operation temperatures of 600–900 1C can achieve high energy
conversation efficiency with fast reaction kinetics.1 Moreover,
these keyword clusters have shown specific thin film fabrication
methods, such as pulsed-laser deposition, electrophoretic deposi-
tion, spray pyrolysis, tape casting, magnetron sputtering, and
vapour deposition, which implies the deposition of thin film with
nano-size are more popular recently, in order to decrease the
thickness of electrolyte and improve the conductivity.

In the literature, many works have been conducted
to improve the ionic conductivity for the different electrolytes,
including zirconia-based oxides,27 Bi2O3-based electrolytes,28

ceria-based oxides,29 and the perovskite-type electrolyte
system.30 Two types of zirconia-based electrolytes are studied
frequently, i.e. yttria-stabilised-ZrO2 (YSZ) and Sc2O3-stabilised
ZrO2 (ScSZ), due to attractive ionic conductivity and stability at
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high temperatures (4800 1C).31 Unfortunately, YSZ is not
suitable for operating at low-to-intermediate temperatures,
due to its low conductivity at these temperatures. Some works
can be found to modify YSZ with enhancement conductivity for
operating at lower temperatures.32,33 The Main method is to
reduce the thickness of YSZ for minimising ohmic resistance
or using an alternative electrolyte, such as a ceria-based
electrolyte.34,35 Gadolinia-doped ceria or LaGaO3-based materials
have been considered for lower temperatures applications,
due to higher ionic conductivity compared to YSZ.31 Doping
and bi-layer methods are used to improve the stability in

reduction conditions by avoiding the reduction of Ce4+

into Ce3+ and preventing from introducing the electronic con-
ductivity inside the cell, which is the main issue for the
practical development of ceria-based electrolyte.36 Co-doping
Sr and Mg into LaGaO3 is the most interesting system, in
which the composition of La0.8Sr0.2Ga0.85Mg0.15O2.825 can
achieve high conductivity of 0.14 S cm�1 at 800 1C and is
four times of YSZ.37 However, the literature also mentioned
the loss of the Ga oxide sintering process and mechanical
issues like bending strengths, which require solving for the
SOFC applications.37,38

Fig. 1 (a) The overview of main keyword clusters in solid oxide electrolytes, representing the primary subfield. (b) The schematics and reactions of
SOECs to produce hydrogen and oxygen; (c) the schematics and reactions of SOFCs to utilise hydrogen to produce electricity.
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In this paper, we elaborate on the recent development and
challenges of electrolytes in SOECs and SOFCs. A novel conclusion
of the synthesis method is provided to decrease the sintering
temperature of electrolytes with distinct preparation steps.
Moreover, the decrease in thickness of the electrolyte is essential
to decrease the ohmic resistance, we compare different deposition
methods to obtain the electrolyte film from nano to micro thick-
ness with limitations and strengths and ink compositions, with
emphasis on the thin film via CVD and PVD method. Moreover,
this review specifically summarises the various types of electrolytes,
including protonic and oxygen ions, comparing the influence of
crystal structure with different dopants, emphasising strategies for
the enhancement of conductivity at lower operating temperatures
in principles. Thermomechanical and thermo-electrochemical
characteristics of solid electrolytes are summarised in this paper
for the characterisation reference. More importantly, we have
examined the electrolyte used in the BkW stack from the labora-
tory scale to current commercial applications.

2. The development of solid-state
electrolyte

There are two types of SOECs: oxygen ions conducting and proton
conducting, depending on the different types of electrolytes,
O-SOECs and H-SOECs, respectively. The working principles of
O-SOECs and H-SOECs, as shown in Fig. 2a and b, are different.
When external electricity is applied to O-SOECs, the mobile
oxygen ions are generated from the fuel electrode and then diffuse
across the electrolyte to the air electrode to produce oxygen. On
the other hand, in H-SOECs, the mobile protons are transferred
from the air electrode through the electrolyte to the fuel electrode
to produce hydrogen at the fuel electrode. As a result, steam is fed
to the fuel electrode for O-SOECs and the air electrode for H-
SOECs. To obtain pure hydrogen from O-SOECs, an additional
process is needed to collect the dry hydrogen at the fuel electrode.
In contrast, pure H2 could be obtained directly at the fuel

electrode in H-SOECs, which could simplify the process. For the
SOFC, there are also two types depending on the electrolytes
(oxygen ions conducting and proton conducting) similar to
SOECs, i.e., O-SOFCs and H-SOFCs. The difference is the feedstock
gas, H2 gas is fed to the fuel electrode for both O-SOFCs and
H-SOFCs, and the steam can be produced at the fuel electrode and
air electrode, respectively.

2.1. Proton-conducting electrolyte materials for SOECs
and SOFCs

Scholars have shown a growing interest in proton-conducting
electrolytes (H-SOECs and H-SOFCs) that could operate at
temperatures between 400 and 600 1C. The migration energy
for the proton-conducting electrolytes is between 0.3 and
0.5 eV, which is lower than for oxide-conducting electrolytes
(0.8–0.9 eV).39 As a result, H-SOECs exhibit higher conductivity
than O-SOECs within this temperature range. Furthermore, the
durability of H-SOECs should be superior to O-SOECs, since
the lower operating temperature of H-SOECs could mitigate
corrosion or contamination.40 The stability and high conducting
of H-SOECs depend on two key factors: the relationship between
the formation and mobility of protonic defects and the thermo-
dynamic stability of oxides; as well as the structure and chemical
parameters of electrolyte and electrodes.39

2.1.1. Perovskite type of electrolyte in H-SOECs and
H-SOFCs. Perovskite-type oxides are characterised by high
proton conductivity and crystallographic structure ABO3, in
which the A-site is occupied by divalent alkaline-earth metal
ions like Ba2+, Sr2+, while the tetravalent cation is in the B-site
(e.g., Zr4+, Ce4+) doped with trivalent ions to format the defects
and vacancies. The crystal structure is composed of BO6 octa-
hedra connected to AO12 polyhedral in a face-centred cubic
lattice system in Fig. 3a. There are three structural degrees of
freedom in perovskites: (a) movements of cations A and B in
their polyhedral; (b) distortions of the anionic polyhedral; and
(c) the BO6 octahedra tilting.9 The structure is governed by the
size of A, B, and O ions. The Goldschmidt tolerance factor

Fig. 2 (a) Schematic images of water splitting by electrolysis with different electrolytes. (a) Using oxygen ion conducting electrolyte in an O-SOEC and
(b) using proton conducting electrolyte in H-SOEC. Reproduced from ref. 39 with permission from [Royal Society of Chemistry], copyright [2018].
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(t) given as t = (rA + rB)/[2(rB + rO)1/2] is used to determine the
composition to adapt the perovskite structure, where rA, rB, and
rO are the ionic radius of respective ions. For the ideal cubic
perovskite structures, t is unity, and some distortions of per-
ovskite structures could be formed with a slight increase up to
1.04 or decrease down to 0.71.41 Furthermore, other factors also
play a vital role in determining the perovskite structures, such
as the metal–metal interactions, degree of covalence, and Jahn–
Teller.42 The formula (Sr/Ba)(Ce/Zr)1�xMxO3�d is used to repre-
sent these materials, where M represents a trivalent rare-earth
ion and d is the oxygen deficiency. SrCeO3- and BaCeO3-based
materials with high proton conductivities were discovered and
tested in various electrochemical cells.39

2.1.2. Formation of protonic defects. The protonic defects
could be formed in the wet atmosphere, where the water
dissociates into a hydroxide ion and a proton; the hydroxide
ion fills an oxygen ion vacancy, and the proton forms a covalent
bond with lattice oxygen by the following eqn (2) which is
hydration process.39

H2Oþ V��O þO�O $ 2OH�O (2)

where OH�O represents two positive charged protonic defects,
V��O is the two positive oxygen ion vacancy. The protonic
defects can diffuse in electrolytes accompanied by the counter

diffusion of V��O . This reaction is exothermic, thereby the
concentration of protonic defects decreases with the increasing
in operation temperatures.

2.1.3. Advanced proton conducting solid electrolytes for
H-SOECs. Electrolyte materials used in H-SOECs must meet
specific requirements, including exhibiting reasonable protonic
and negligible electronic conductivity, as well as chemical stabi-
lity in both reductive (fuel electrode side) and oxidative atmo-
sphere (air electrode side). Moreover, the electrolyte materials
should be chemically and physically compatible with the elec-
trodes. There are two main mechanisms for proton conduction:
vehicle and Grotthuss (also known as hopping or structural
diffusion). In the vehicle mechanism, water is dissociated in
protonic species (H3O+) and hydroxide (OH�), acting as a ‘‘vehi-
cle’’ that carries the proton. This movement is relatively low
compared to the Grotthuss mechanism since it requires the
entire molecular entity to move.43 This is commonly observed in
solvent-rich system at temperatures below 100 1C. As shown in
Fig. 4, the transport mechanism in these perovskite materials
follows the Grotthuss-type conduction. This process involves the
rotational movement of protonic defect around an oxygen ion,
followed by the transfer of a proton to a neighbouring oxygen ion
through the formation of a chemical bond. In this way, protons
can diffuse over long distances, while the oxygen ions remain

Fig. 3 (a) An ideal BaCeO3 perovskite structure (space group: Fm %3m); (b) comparison of the conductivity of proton electrolyte BaZr0.44Ce0.36Y0.2O3�d
and oxygen ions electrolyte; (c) cross-sectional imaging of the H-SOEC fabricated by screen printing. (d) Arrhenius plots of the grain boundary resistance
for BaCe0.9Ln0.1O3�d samples under wet 5% H2-Ar. (e) The grain conductivity of BaCe0.8�xInxLn0.2O3�d under 5% H2/Ar + H2O at 600 1C. Reproduced
from ref. 43 with permission from [APS], copyright [2012]. Reproduced from ref. 39 with permission from [Royal Society of Chemistry], copyright [2018].
Reproduced from ref. 44 with permission from [Elsevier], copyright [2011]. Reproduced from ref. 45 with permission from [Elsevier], copyright [2016].

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 9
:0

4:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00690a


44 |  Mater. Adv., 2025, 6, 39–83 © 2025 The Author(s). Published by the Royal Society of Chemistry

fixed in their crystallographic positions.44 The rate of proton
conduction is determined by the frequency of proton jumps
between oxygen sites.

The most extensively researched perovskite oxides for use in
the electrolytes of H-SOECs are BaCeO3-, BaZrO3-, SrCeO3-, and
SrZrO3-based materials. This section will focus on these systems
to briefly overview reported materials and improvements. Cubic
perovskite BaCeO3 has been found to exhibit well-mixed oxide
and protons conductivity, making it a potential candidate for use
in the electrolysers for hydrogen production at intermediate
temperatures (500–750 1C), due to its highest level of total proton
conductivity with high basicity. The oxygen vacancies could be
generated by doping different acceptor oxides (R2O3 or RO),
which results in the formation of the V��O and protonic defects as
shown in eqn (3) and (4) along with the BaCe1�xRxO3�d system.

R2O3 ���!BaCeO3
2R

0
ce þ V��O þ 2Ba�Ba þ 5O�O (3)

RO ���!BaCeO3
R
00
ce þ V��O þ Ba�Ba þ 2O�O (4)

where R2O3 and RO are trivalent and bivalent oxides; O�O, Ba�Ba
and Ce�Ce represents that the atoms are in the normal lattice

sites; V��O , R
0
ce and R

00
ce are the oxygen ion vacancies and

negatively charged impurity ions located in the Ce-site. In
1998, Y-doped BaCeO3 was found to have excellent proton
conductivity.45 Gu et al. reported that the total conductivity
of BaCe0.85Y0.15O3�d (BCY) was 2.07 � 10�2 S cm�1 in air and
2.11 � 10�2 S cm�1 in wet hydrogen (4% H2O-saturated H2) at
500 1C, but its chemical stability was not good under H2O and
CO2 for BCY.46 Lanthanide series dopants have been studied
such as Pr,45 Nd,47 Sm,48 Eu,49 Gd,50 Tb,51 Dy,52 Ho,53 Er,54 Tm,55

Yb,56 and Lu,57 and labelled as BaCe1�xLnxO3�d. The influence
of dopants is complicated on the conductivity of
BaCe1�xLnxO3�d, as it depends on the atoms in A and B and
their position in the ABO3 perovskite structure. Conductivity
increases as the decrease in the electronegativity of A or B
compound.58 It was proved that the enthalpy of protonic defect
formation declines with decreasing electronegativity.39 The elec-
tronegativity of Ba and Ce ions is smaller than Sr and Zr ions.
Consequently, BaCeO3 electrolytes exhibit higher conductivity in
the (Sr/Ba)(Zr/Ce)O3 system. In the BaCe1�xLnxO3�d system, the
conductivity increases with an increase of x up to 0.25. The
introduction of low concentration of Ln2O3 dopants leads to the

formation of oxygen vacancies, as expressed in eqn (3). Among
other lanthanides, BaCe0.9Gd0.1O3�d samples exhibited the high-
est conductivity with a value of 0.02 S cm�1 at 600 1C, as depicted
in Fig. 3d.59

BaCeO3 has been extensively investigated for double-cation
doping, with one cation promoting high ionic conductivity and
another enhancing structural stability. Co-doping Ti (0–0.3)
and Y (0.05, 0.1, and 0.2) into BaCeO3 has been found
to improve the stability under moist conditions,60 and the
highest proton conductivity can be found in the sample
BaCe0.75Ti0.05Y0.2O3�d with a value of 2.52 � 10�3 S cm�1 at
650 1C in H2 + 3% H2O.61 Substituting the Y with In or Sm, the
stability could be improved, but the In-doped sample had the
worst electrical performance compared with the Ln-doped
system.62 Many works also studied co-doping with In and
rare-earth ions (Y3+, Ln3+) to regulate the stability and protonic
conductivity. BaIn0.3�xYxCe0.7O3�d (x = 0, 0.1, 0.2, 0.3) samples
were prepared using a modified Pechini method with improved
chemical stability and conductivity, in which the sample
BaIn0.1Y0.2Ce0.7O3�d showed acceptable stability and relatively
high conductivity with a value of 1.33 � 10�2 S cm�1 in wet
nitrogen at 800 1C.63 The Sm- and In-co-doped BaCe0.80�x-
Sm0.20InxO3�d samples also had good stability, but the electri-
cal conductivity decreased in wet 5% H2/Ar and wet atmosphere
due to a decrease in lattice volume with the In doping and thus
caused an increase in activation energy Ea for the proton
conduction.64 The same decrease for the samples BaCe0.80�x-
Sm0.20LnxO3�d (Ln = Gd, Y, Nd, Yb) can also be detected in a
humid reducing atmosphere in Fig. 3e.64

Co-doping with other ions could improve the stability, Yan
et al. studied that BaZr0.1Ce0.7Y0.2O3�d could operate at high
temperatures with good stability as SOFC but degrade in the air
at room temperature.65 BaCe0.8Y0.15Nd0.05O3�d (BCYN5) electro-
lyte had the highest electrical conductivity among different
doping amounts for Y3+ and Nd3+, which showed a high peak
power density of 660 mW cm�2 at 700 1C with a low ohmic
resistance of 0.28 O cm2 and resulted from the decreasing in
bulk and grain-boundary resistances.66 Zirconates demonstrate
good chemical stability in a wet atmosphere, and introducing
Zr ions in BaCeO3 can enhance their stability to a certain extent.
However, even with Zr-doping, BaCeO3 fails to completely
stabilise the BaCeO3 in high humidity for a long time, which
formed Ba(OH)2�8H2O impurity after 110 h of operation since
the cathode delamination from the electrolyte.67 Yang et al. also
reported that BaCe0.8�xZr0.2InxO3�d (x = 0–0.4) electrolytes were
unstable in moist air at 1023 K for 60 h.68

The BaZrO3-based electrolyte has good chemical stability in
a high concentration of H2O, but the proton conductivity
should be improved since the high grain boundary resistance
and poor sintering ability at a high sintering temperature near
1700 1C, so the high sintering temperature was required to
obtain densified electrolyte.69 However, the sintering aid could
help decrease the sintering temperature, such as NiO, CuO,
Li2O, and ZnO. Doped BaZrO3 could show proton conductivity
by creating oxygen vacancies and protonic defects according to
eqn (3), where the Y3+ mainly was used for BaZrO3 as the

Fig. 4 Schematic representation of Grotthuss mechanism for proton
mechanism.
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acceptor dopant with the largest conductivity.69 The densified
20 mol% Yb-doped BaZrO3 electrolyte could be obtained after
sintering at 1500 1C by the addition of 1 mol% CuO as the
sintering aid with a 5.5 � 10�3 S cm�1 proton conductivity at
600 1C under the wet N2 atmosphere.70 Gao et al. reported a new
method to improve the conductivity of BaZrO3-based conductors
by substituting O2� with F�, since the weakened chemical bonding
between the cations (Ba or Zr) and the oxygen ions, and F-doping
can improve the oxide mobility.71 Co-doping of Y and other
elements (Ni, Co, Fe, and Zn) could impact the grain boundary
conductivity and reduce the barrier potential in BaZr0.8Y0.2O3�d
(BZY), in which 5 mol% Fe doped BaZr0.8Y0.15O3 had a superior
conductivity of 0.0212 S cm�1 at 600 1C.72 It was reported that the
proton concentration of Y-doped BaZr0.8�xCexO3�d solid solutions
increases with increasing Ce content between 500 and 700 1C,
but the electronic conductivity needed to be evaluated in further
research.73 As shown in Fig. 3b, the electrical conductivity of
BaZr0.44Ce0.36Y0.2O3�d displayed the highest conductivity below
600 1C compared with oxygen ions conducting electrolyte, which
can permit the H-SOECs operating at lower temperatures. Fig. 3c
shows the cathode-supported cell with dense electrolyte and
porous electrodes in SOEC. The thickness of electrolytes is approxi-
mately 17 mm and 500 mm for cathode supports that can provide
sufficient electronic and ionic conductivity as well as porosity.

SrCeO3 and SrZrO3-based perovskites are good options
for protonic electrolytes, which the SrZrO3-based electrolytes
possess a good stable ability, but poor conductivity, and the
SrCeO3-based has excellent protonic conduction at high tem-
peratures. Therefore, dopants were added to overcome these
weak points. The dopants like Eu, Ho, Mg, Sc, Sm, Tm, Y, Gd,
In, Nd, and Tb were investigated by researchers, in which the
Tb doping SrCe0.95Tb0.05O3�d electrolyte has high conductivity
(10�3–10�2) at 500–900 1C.74 For the SrZrO3-based electrolyte,
the Yb-doping SrZr0.9Yb0.1O3�d

75 and Y-doping BaZr0.9-
Y0.1O3�d

76 could improve the protonic conductivity. Sakai et al.
studied the influence of the partial substitution of zirconium with
cerium in Y-doped SrZrO3 on the steam electrolysis performance
and it turned out that the SrZr0.5Ce0.4Y0.1O3�d (SZCY541) could
improve current efficiency.76 Later, it was reported that the
SZCY541 electrolyte could reach an electrolysis voltage of 1.2 V at
0.1 A cm�1.77 However, the electrolyte resistance should be
improved for further application. It is an effective way to reduce
the electrolyte thickness and substitute the electrolyte-supported
cell with the anode-supported cell to decrease the ohmic polarisa-
tion. Moreover, the perovskite-type ceramics-carbonate electrolytes
exhibit good ionic conduction, Deqian Huang et al. reported that
the highest power density and conductivity of SrCe0.6Zr0.3Lu0.1-
O3�a–Li2CO3–Na2CO3 were 255 mW cm�2 and 8.6 � 10�2 S cm�1

at 600 1C, and the electrolyte resistances decreased to 0.79 O cm2

compared with the SrCe0.6Zr0.3Lu0.1O3�d electrolyte (9.62 O cm2).78

2.1.4. Stability of proton conducting solid electrolytes. Ni
is used as the anode in H-SOFCs due to the lower anodic
overpotential, lower cost and good catalytic properties for
the anode reaction compared to those of other metals. Besides,
as mentioned above, NiO can act as an external sintering additive
for acceptor-doped Ba(Zr/Ce)O3-based electrolytes. For example,

the sintering temperature can decrease from 1600 1C to 1400 1C by
using 1–2 wt% of NiO in BZY with 495% relative density.79

However, Ni cations in the anode may diffuse into proton con-
ducting electrolyte, which obviously increases the ohmic resistance
of the electrolyte. It was reported that Ni cations occupy the
interstitial position of (1/2, 0, 0) of Ba in the BZY, resulting in Ba
cations being driven to the grain boundary and a negative effect on
conductivity.80 The grain boundary conductivities of ultrafine-
grained pellets were 2–4 times lower than those of microcrystalline
samples.81 The possible reason was the impurity phase BaY2NiO5

dispersed at the grain surface in ultrafine pellets, resulting in
blocking proton transportation. Furthermore, the diffusion of Ni
from the anode to the electrolyte during co-sintering can cause the
formation of impurities and lead to cell cracking during prolonged
operation.82 A series of proton-conducting electrolytes with a
general formula of BaHf0.1Ce0.7R0.2O3�d (R = Yb, Er, Y, Gd, Sm)
were investigated with chemical stability against steam and CO2

and the compatibility with NiO during sintering. The results
showed that BaHf0.1Ce0.7Yb0.2O3�d possessed excellent chemical
stability and minimal reactivity with NiO, leading to a remarkable
peak power density of 1.74 W cm�2 in fuel cell mode at 600 1C and
excellent durability for over 1000 h in steam electrolysis mode with
a high current density of 2 A cm�2 at 1.3 V.83

The hydration process can produce protonic defects resulting
in a considerable structural change including in the phase transi-
tions and the lattice expansion.41 The chemical expansion under
gas humidification increased with the increasing in the basicity of
oxides and the concentration of acceptor dopants. The volume
change associate with hydration/dehydration might significantly
affect their mechanical stress, which can lead to cracking and
degradation of the mechanical properties of the electrolyte.84

The stability of protonic defects is affected by the tempera-
tures. The proton charge carries decreased with the increasing in
temperatures, resulting in a decrease in the proton conductivity
at higher temperatures (700–900 1C).41 This can be solved by
providing a higher pH2O level since the proton concentration can
be partially increased at this condition. However, the protonic
defects may transfer to hydroxyl groups (OH�) at low tempera-
tures and high concentrations, which leads to the decomposition
of proton conductors.85 For example, the Ba(OH)2 can be form
when the temperatures are below 400 1C, since pure BaCeO3

reacts with steam. As mentioned above, co-doping with other
ions could improve the stability of the BaCeO3-based materials by
decreasing the basicity with an increased tolerance level. There-
fore, the main reasons leading to the degradation of H-SOECs
and H-SOFCs are the low chemical stability of electrolyte materi-
als at high volumes of H2O and their expansion incompatibility
with other elements in cells. Moreover, the degradation degree of
the electrolysis mode was higher than the fuel cell mode, and the
possible reason should be the bias potential applied in electro-
lysis mode increased the degradation.68

2.2. Progress in oxygen ion-conducting electrolyte and
optimisation strategies

The second type of electrolyte facilitates the transport of oxygen
ions from the fuel electrode to the electrolyte and ultimately to
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the air electrode, where they react to produce oxygen. The
presence of oxide defects, such as vacancies and interstitial
oxygen ions, significantly influences the conductivity of elec-
trolytes. Therefore, the oxygen ions conductivity could be
increased by enhancing the oxygen defects. Yttria-stabilised
zirconia (YSZ) is a commonly used electrolyte material with
high oxygen ion conductivity and robust mechanical properties,
particularly at temperatures ranging from 800 to 1000 1C.

Although the elevated operating temperature can enhance
electrode reaction kinetics and oxygen ionic conductivity by
reducing electrolyte resistance and polarization resistance
between electrolyte and anode and cathode, the practical applica-
tion of solid oxide electrolysis cells has been limited by several
factors associated with high temperature, including poor long-
term stability, mechanical stress, and high fabrication costs.
Lowering the operating temperature can benefit stability, improve
the material’s compatibility, and offer wider materials for inter-
connects to reduce system costs. Moreover, if the operating
temperature is below 600 1C, the insulation costs and primary
performance degradation could be reduced by decreasing both
radiative heat transfer and sintering rates.86 Therefore, the oper-
ating temperature is essential for the SOECs and SOFCs. The
diverse electrolytes with different temperatures will be discussed
in the following sections.

2.2.1. Stabilised zirconia electrolyte. Zirconia-based mate-
rials are the most common oxide-ion-conducting electrolytes
with the fluorite-type crystal structure (AO2) that cations

possess face-centred cubic positions and anions at the tetra-
hedral sites. As shown in Fig. 5a, there are three different
crystal structures for pure ZrO2, monoclinic phase within
temperature below 1170 1C, tetragonal (1170–2370 1C), and
cubic (42370 1C).17 The cubic structure only can be stabilised
when the temperature is above 2370 1C, and the crystal volume
will be changed following crystal structure transformation.
Therefore, the thermal stability is very poor and needs to be
improved. Introducing acceptor-based cations with lower
valence (trivalent or divalent cation) could stabilise the cubic
structure at a large temperature range and introduce oxygen
vacancies according to the following eqn (5),

M2O3 þ 2Zr�Zr þO�O ¼ 2M
0
Zr þ V��O þ 2ZrO2 (5)

where M2O3 is trivalent oxide; O�O, Zr�Zr and represents that the

atoms are in the normal lattice sites; V��O , M
0
Zr are the two

positive-charged oxygen ion vacancies and negative-charged M
ions located in the Zr-site. Dopant cations could be divided into
rare earth metals of trivalent ions and alkali metals of divalent
ions. As shown in Fig. 5b, oxygen vacancies are introduced by
doping, which can enhance ionic conductivity due to the
mechanism of hopping oxygen vacancies in zirconia-based
electrolytes.

Researchers have explored the doping effect on oxygen ion
conductivity mainly in the order of Nd3+ o Sm3+ o Gd3+ o
Dy3+ o Y3+ o Er3+ o Yb3+ o Sc3+ in Fig. 5c.89,91 Among them,

Fig. 5 (a) Crystal structure of ZrO2, blue represents Oxygen ions and red represents Zr ions;87 (b) cubic structure of YSZ with O vacancy;88

(c) the maximum ionic conductivities and activation energies with different dopants in ZrO2 electrolytes at 1000 1C;89 (d) XRD pattern of YSZ.90

Reproduced from ref. 87 with permission from [Royal Society of Chemistry], copyright [2016]. Reproduced from ref. 88 with permission from [Elsevier],
copyright [2020]. Reproduced from ref. 89 with permission from [Elsevier], copyright [2021]. Reproduced from ref. 90 with permission from [Elsevier],
copyright [2019].
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Sc2O3-stabilised ZrO2 (ScSZ) had the highest ion conductivity
with a value of 0.003 S cm�1 at 500 1C, because the ionic radius of
Sc3+ is the closest to the radius of Zr4+, and its ionic conductivity
can be achieved at 0.15–0.2 S cm�1 at 1000 1C.92,93 Researchers
concluded that 5–9 mol% Sc2O3 could keep the cubic structure
and 10–15% Sc2O3 would be dominated by the rhombohedral
phase, and the optimum concentration was 9 mol% with high
ionic conductivity and power density for the operation of SOFCs at
intermediate operating temperatures.94 An Arrhenius equation
could express the relationship between temperature and conduc-
tivity as follows in eqn (6).

Ln sTð Þ ¼ �Ea

KT
þ Lns0 (6)

where s0, K, and T are the pre-exponential factor (the intrinsic
conductivity of the material), the Boltzmann constant (8.6173 �
10�5 eV K�1), and the absolute temperature (K), respectively.95

It could show that the ionic conductivity decreased with the
reduction of temperature in the following order: ScSZ 4 YbSZ 4
YSZ. The difference between them is more distinct at a lower
temperature, suggesting the ScSz could be employed as the electro-
lyte at intermediate temperatures applications.96,97 Table 1 shows
the various modifications applied to the ScSZ electrolyte in SOFCs.
The highest ion conductivity could reach 314 mS cm�1 at 800 1C for
Ce doped-ScSZ electrolyte.98 Co-doping Ce4+ ions into ScSZ can
improve the stability of the cubic phase and suppress the formation
of the low-symmetry phase since the larger ions (Ce4+, 0.97 Å)
can force oxygen vacancies to reside in the nearest neighbour
position.99,100 Bi2O3 co-doped ScSZ also can enhance the grain
growth and the stability of the cubic phase, in which the full density
(499%) electrolyte can be achieved after sintering as low as 1100 1C
and that od conductivity was 105 mS cm�1 at 800 1C.101 Despite the
good conductivity, ScSZ suffered from serious degradation because
of phase transformation, the resistance of 9ScSZ was increased by
more than 50% after 60 000 min, which could compensate by
increasing the content of Sc2O3 or co-doping with Al2O3 or TiO2.102

Moreover, scandium-rich minerals are scarce, and the refinement
of scandium is very hard, so its compounds are expensive and
could not be widely used as electrolytes. Therefore, despite the high
conductivity of ScSZ, the commercial application has been signifi-
cantly limited due to phase transitions, conductivity ageing, poor
accessibility and high price.17,103

At present, YSZ is the most widely used electrolyte at high
temperatures (800–1000 1C). The cubic phase could be stabi-
lised at 8–10 mol% yttria doping and the maximum oxygen ion
conductivity of YSZ can be obtained with 0.13 S cm�1 at 1273 K
for 8 mol% Y2O3 dopant (8YSZ) which was prepared by spay
drying method of the nitrate precursor solution.117 As shown in
Fig. 5d, 8YSZ is the cubic structure and 3YSZ is the tetrahedral
structure with splitting peaks.90 However, the oxygen vacancies
and dopant cations could be increased with higher dopant

Table 1 Cell configuration and performance of ScSZ electrolyte in SOFCs in recent years

Cell composition anode|electrolyte|cathode Temperature, 1C
Conductivity,
mS cm�1 Cell configuration OCV, V

Power density,
mW cm�1 Ref.

NiO-ScSZ|ScSZ thin film|BSCF58-SDC 800 — Anode support-planer 1.1 1760 104
Pt|SDC/YSZ/SDC|Pt 450 — Electrolyte-support 0.8 562 105
NiO–YSZ|ScSZ|MCCO-ScSZ 800 — Anode support 1.1 1920 106
NiO-ScSZ|ScSZ|LSCF-GDC 750 — Anode support-planer 1.1 509 107
NiO-YSZ|ScYZ 700 120 Half-cell-pellet — — 108
NiO|ScSZ/SDC|SSC-SDC 750 — Anode support-planer 1.1 1052 109
NiO-YSZ|ScSZ1|LSCF 750 68 Stainless steel pellets 1.1 1112 110
NiO-GDC|ScSZ thin film 700 25 Half-cell-pellets 0.9 163 111
LSCT|ScSZ|LSM-ScSZ 900 — Electrolyte support-pellets 1.0 1380 112
NiO-YSZ|BScSZ|LSM1-YSZ 800 94 Electrolyte support-pellets 1.0 387.6 113
NiO-ScCeSZ|ScCeSZ/GDC 800 — Anode-supported half-cell 1.0 1142 114
Pt-ScSZ|MnScSZ|Pt-10ScSZ 800 120 Electrolyte support-pellets — — 115
Pt|10Sc1CeSZ|Pt 800 314 Electrolyte pellet — — 98
1 mol%-Bi2O3–10 mol%-Sc2O3-doped ZrO2 800 105 Electrolyte pellet — — 101
MCCO-ScSZ|ScSZ|MCCO-ScSZ 750 — Symmetric cells 1.0 2210 116

BSCF58 = Ba0.5Sr0.5Co0.8Fe0.2O3�d; ScSZ = Sc2O3-stabilised ZrO2; SDC = Sm0.2Ce0.8O1.9; MCCO = Mn1.3Co1.3Cu0.4O4; LSCF = La0.6Sr0.4Co0.2Fe0.8O3;
ScYZ = Sc0.08Y0.08Zr0.84O2; SSC = 60% samarium strontium cobaltite; ScSZ1 = ZrO2-10% Sc2O3; LSCT = La0.43Sr0.37Cu0.12Ti0.88O3�d; LSM1 =
(La0.80Sr0.20)0.95MnO3�d; BScSZ = Bi2O3 doped ScSZ; ScCeSZ = scandia ceria stabilised-zirconia; MnScSZ = MnO2 doped ScSZ; 10Sc1CeSZ = 1 mol%
ceria + 10 mol% scandia stabilized zirconia.

Fig. 6 Conductivities of electrolyte materials at different operating tem-
peratures. The horizontal dashed line indicated the conductivity require-
ment to achieve ASR o 0.1 O cm�1 at the thickness of 1 mm and 10 mm.118

Reproduced from ref. 118 with permission from [Royal Society of Chem-
istry], copyright [2016].
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concentration, and this could form complex defects resulting in
lower conductivity. Unfortunately, the YSZ has low conductivity
at intermediate operating temperatures (400–800 1C). As shown
in Fig. 6, an operating temperature T should be higher than
700 1C to achieve a conductivity bigger than 0.01 S cm�1, and
the resistance of 10 mm thick YSZ becomes excessively large
when the temperature is below 700 1C.118 Several modifications
were applied to enhance the performance when lowering the
operating temperature, such as reducing the thickness, intro-
ducing the metal oxide, and forming a bilayer electrolyte. The
target conductivity should be over 0.1 S cm�1 for the modified
YSZ electrolyte, and the maximum thickness of the electrolyte
layer should be less than 20 mm calculated with the following
eqn (7):

L = SR � s (7)

where L (cm) is the electrolyte layer thickness, s is the ionic
conductivity (S cm�1), S (cm2) is the electrode area and R (O) is
ohmic resistance. The thinner electrolyte has high conductivity
due to the low ohmic loss and minimising the pathway of
ionic oxide.

It is also an effective solution to enhance the performance of
YSZ by modifying it with additives such as dopants and coating.
Flegler et al. coated the surface with several additives like
barium, bismuth, calcium, cobalt, copper, iron, lithium, mag-
nesium, manganese, nickel, strontium, or zinc; and it proved
that 5% Fe-8YSZ retained the cubic structure and exhibited a
high oxygen ion conductivity with full density at B150 1C fewer
temperatures than pure 8YSZ.119 Co-doping with other oxides
has been researched in recent years, in which the ionic con-
ductivity of 8YZS can be increased from 0.0131 to 0.0289 S cm�1

at 1073 K by doping 0.5 wt% ZnO.120 Table 2 summarised the
conductivity of the modified YSZ electrolyte with an operating
temperature lower than 800 1C. The conductivities of these
electrolytes are not good in the intermediate temperature
compared with ScSZ. However, the YSZ electrolyte is more

reliable to be used as a portable appliance in the future.121,122

Limited cathode materials are the weakness for stabilised ZrO2

electrolytes, the commonly used cathode LSCF can cause
the chemical interactions from second phases SrZrO3 and
La2Zr2O7, which makes YSZ electrolytes undesirable for the
SOFC performance and durability.123 Currently, the doped ceria
is widely used as the buffer layer to avoid direct contact between
the cathode and YSZ electrolyte.124

2.2.2. Doped cerium oxide composite electrolyte systems.
Compared with YSZ, the ceria-based oxides are more widely
used as the electrolyte in the intermediate temperatures due to
their higher ionic conductivity at 500–800 1C and a lower cost in
comparison with LSGM. Similar to zirconia, the structure CeO2

is cubic fluorite with space group Fm%3m at room temperature to
its melting point of 2400 1C, the crystal structure is shown in
Fig. 7a. Ce4+ cation has a larger ionic radius (0.97 Å, VIII
coordination) than Zr4+ (0.84 Å, VIII coordination) and the main
compensating defects formed in its structure are mainly oxygen
vacancies in CeO2�x.36 It was concluded that pure CeO2 is a
mixed n-type and ionic conductor, and the ionic conductivity of
reduced ceria is less than 3% of total conductivity at 1000 1C and
PO2

of 10�6 atm, and its ionic conductivity is even lower at lower

PO2
.139 The ionic conductivity is much lower than the electronic

conductivity in CeO2�x, while the electronic conductivity can
become very low in the air when doping with trivalent or divalent
cations introduce more oxygen ion vacancies, which can make
doped ceria become excellent electrolytes.36 The substitution
of Ce4+ with trivalent or divalent cations can help increase
the oxygen ion vacancies to increase the ionic conductivity.
The oxygen ion vacancy can be produced via eqn (8).

O�O þ 2Ce�Ce þM2O3 ¼ 2M
0
Ce þ V��O þ 3O�O (8)

where M2O3 is trivalent oxide; O�O, Ce�Ce and represents that the

atoms are in the normal lattice sites; V��O , M
0
Ce are the two

positive-charged oxygen ion vacancies and negative-charged M
ions located in the Ce-site.

Table 2 Cell configuration and performance of YSZ electrolyte in SOFCs in recent years

Cell composition anode|electrolyte|cathode Cell configuration
Temperature,
1C

Conductivity,
mS cm�1 OCV, v

Power density,
mW cm�2 Ref.

Ag-GDC|3D printing-8YSZ|Ag-GDC Symmetric cell 850 — 1.04 176 125
NiO-YSZ|YSZ/GDC|LSM — 800 — 1.02 300 126
NiO-YSZ|YSZ|YSZ-LSM — 750 — — 1540 121
NiO-YSZ|YSZ/GDC|LSCF–GDC Anode support cell 750 — 1.07 1480 122
YSZ/GDC| LSCF–GDC Half cell 800 — 1.1 1450 127
NiO-8YSZ|YSZ|LSM-8YSZ 3-Ttube SOFC stack 800 40 1.1 230 128
NiO-YSZ|YSZ|LSCF — 750 — 1.1 916 129
NiO-YSZ|YSZ/GDC |LSCF-GDC Anode support by PLD 650 — 1.1 1700 130
FeYSZ|Ni-YSZ|Pt Half cell 800 122 1.2 598 131
NiO-YSZ|YSZ/GDC|LSCF — 650 — 1.1 1251 132
Pt|Carbonate –YSZ|Pt Electrolyte 600 1.6 — — 133
Ni-YSZ|BiYSZ|LSM-ESB Anode support cell 750 — 1 600 134
NiO-YSZ|3D printing-3YSZ|YSZ-LSM — 900 22 1.14 100 135
Ag|CuYSZ|Ag Electrolyte 750 57.5 — — 136
Ni-YSZ|8YSZ|LSM — 800 21.8 1.1 114.3 137
Pt|1YSZ thin film|Pt Electrolyte 450 — 1.1 180 138

GDC = Ce0.8Gd0.2O1.9; LSM = La0.7Sr0.3MnO3; FeYSZ = Fe2O3 doped YSZ; BiYSZ = Bi2O3 doped YSZ; ESB = Er0.4Bi1.6O3; Cu8YSZ = CuO doped 8YSZ;
1YSZ = 10.7 mol% doped YSZ; PLD = pulsed laser deposition.
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Some dopants have been reported to improve the conduc-
tivity, such as Sb3+, Bi3+, La3+, Pr3+, Dy3+, Y3+, Nd3+, Gd3+, Sm3+,
Mo3+, Pr3+, Mn3+, Co3+, Mg3+, and Ca3+.141–146 Table 3 con-
cluded some conductivity data of ceria-based electrolytes. The
effect of alkaline earth oxides like CaO and SrO could enhance
the ionic conductivity and make the activation energy lower,
but the addition of BaO and MgO could not help increase the
ionic conductivity.147 Kim has studied the effect of ionic radius
and the valence of doping cations on the lattice parameter of
ceria, which resulted in the ionic radius of dopants equal to rc

(critical ionic radius) will keep the lattice parameters of fluorite
structure, and rc was calculated to be 0.1106 and 0.1038 nm
for the divalent and trivalent cations, respectively.148 Besides,
Kim suggested that Gd3+ doped ceria possessed the highest
ionic conductivity because its ionic radius (1.053 Å, VIII coor-
dination) is close to rc. For the rare earth oxide dopants, Sm and
Gd cations were considered as the best dopants with relatively
high ionic conductivity due to the closer ion radius to Ce4+,
and the optimal dopant concentration should be around 10–
25 mol%. As shown in Fig. 7b, the introduction of Sm3+, Gd3+

and Nd3+ into ceria can result in X-ray peaks shifted, due to the
change in the lattice parameter.149 Fine Ce0.8Sm0.2O1.9

electrolytes were sintered above 1350 1C, which displayed high
relative densities of about 98.5% and excellent total ionic
conductivity of 0.082 S cm�1 at 800 1C in air.150 Ce0.8Gd0.2O2�d
electrolytes have been synthesised by the citric acid-nitrate
combustion method and can achieve a high conductivity of
0.0564 S cm�1 at 700 1C.151 As shown in Fig. 7, 10 mm thick GDC
could provide good conductivity when temperatures are down
to 500 1C.

Co-doping methods could further improve the ionic conduc-
tivity of the ceria-based electrolyte. La3+ and Pr3+ co-doped cerium
oxide compositions were examined as prospective electrolytes at
intermediate temperatures, and Ce0.8La0.1Pr0.1O2�d electrolyte
synthesised by a sol–gel method had the highest conductivity of
0.184 S cm�1 at 600 1C with the lowest grain boundary values,
reduced band gap value and the lowest PL intensity.143 Hala et al.
studied that the co-doped Ce0.8Y0.1Mn0.1O2�d exhibited the high-
est conductivity of 0.06 S cm�1 and 0.15 S cm�1 in H2 and air at
700 1C, respectively, which the possible reason should be Y
impeded the reduction of CeO2 under reducing conditions and
Mn-doped CeO2 showed better reducibility.141 Moreover, the
composition Ce0.8Sm0.05Ca0.15O2�d exhibited a high conductivity
with a value of 1.22 � 10�1 S cm�1 at 700 1C with minimum
activation energy (0.56 eV).152

The total ionic resistance of polycrystalline electrolytes
largely depends on grain and grain boundary, and it has been
reported that the grain boundary conductivity is lower than
grain conductivity by 2–3 orders of magnitude.153 The grain
boundary conductivity can be influenced by various factors,
including the presence of impurities, secondary phase segrega-
tion, lattice mismatch, space charge effects, and the occurrence
of microcracks.154 The dopant cations have a tendency to
diffuse from the grain boundary and segregate near the grain
boundaries at high sintering temperatures. Moreover, the
resistance could be increased with the presence of impurity
and depletion of oxygen ions vacancies at the grain boundary
area, which have bad effects on the ionic conductivity.155

Therefore, the reduction of sintering temperature could
increase the grain boundary interfacial area and make the

Fig. 7 (a) Crystal structure of Ce1�xGdxO2�d;
140 (b) XRD patterns of Ce0.8Sm0.25O2�d, Ce0.8Gd0.25O2�d and Ce0.8Nd0.25O2�d. Reproduced from ref. 140

with permission from [Elsevier], copyright [2017]. Reproduced from ref. 141 with permission from [Elsevier], copyright [2017].

Table 3 The ionic conductivity of doped CeO2 electrolytes

Electrolyte
Conductivity,
mS cm�1

Temperature,
1C

Activation
energy, eV Ref.

Ce0.8Sm0.1Bi0.1O2�d 3.18 750 — 142
Ce0.8Sm0.2O2�d 2.66 750 — 142
Ce0.8Sm0.1Sb0.1O2�d 0.038 750 — 142
Ce0.8La0.1Pr0.1O2�d 184 600 0.64 143
Dy0.1Ce0.9O2�d 10 650 0.71 144
CeO2:Pr 2.0% 14.95 750 0.222 145
Ce0.9Y0.1O2�d 15.1 700 0.78 141
Ce0.8Y0.1Mn0.1O2�d 61.9 700 1.07 141
Ce0.8Gd0.2O2�d 56.4 700 — 151
Ce0.8Gd0.12Nd0.08O2�d 62.6 700 — 151
Ce0.8Sm0.05Ca0.15O2�d 122 700 0.56 152
Ce0.8Co0.07Sm0.13O2�d 53.8 600 0.567 141
(CeO2)0.96Sm0.04 170 500 — 146
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segregated impurities spread over a large area, which in turn
reduces the thickness of the grain boundary and enhances the
ionic conductivity. The sintering temperature can be decreased
by using nano-sized powders due to their high surface area,
or by adding sintering additives, such as NiO, CoO, Cr2O3, CuO,
Bi2O3, MnO and Fe2O3 to improve the sinterability of ceria.156–158

Such additives can decrease the total melting point and promote
the formation of a liquid phase to improve the grain boundary
adhesion by filling pores. Therefore, the continuous dissolution
and formation of particles can promote mass transfer and result
in rapid densification at lower temperatures.159 However, such
sintering additives may decrease the conductivity of electrolytes
by increasing the grain boundary resistance, especially in the
presence of SiO2.160 For example, cobalt ions were found to
segregate at the grain boundaries, even though it was an effective
sintering aid to promote sinterability.161

The major issue which limits the application of ceria-based
electrolytes is the reduction of Ce4+ to Ce3+ ions in low oxygen
partial pressures and high temperatures, which normally happens
at the anode in SOFC.162 The reaction can be presented as follows:

2Ce�Ce þO�O $
1

2
O2 gð Þ þ V��O þ 2Ce

0
ce

Therefore, the oxygen vacancies are formed with the generation of
two additional electrons as a charge compensation defect, which
results in the expansion or contraction of the host ceria lattice
followed by mechanical failure.163 Moreover, these electrons are
in the periphery of Ce3+, thereby forming the small polarons,
which contribute to the electronic conductivity in the electrolyte
and lower OCV, especially for thin electrolytes.164 Decreasing the
operating temperatures is one of the effective ways to decrease
the reduction of Ce4+. And bilayer electrolyte can be chosen by
combining doped ceria with YSZ or doped LaGaO3 to improve the
stability of ceria-based electrolytes. Although the reduction of
ceria-based electrolytes is a critical issue, they are suitable for
metal-supported SOFCs with high power density at lower tem-
peratures. More work needs to be done on the reduction and
fabrication of thin electrolytes to decrease the ohmic resistance.

2.2.3. Bi2O3-based electrolyte systems. In the category of
fluorite structure-based oxides, d-BiO3 is particularly interest-
ing due to their high ionic conductivity at low temperatures,
which is 10–100 times higher than YSZ.118 The high oxygen ion
conductivity arises from a highly intrinsic concentration of
oxygen vacancies (25%) and high anion mobility, in which
the oxygen vacancies are favoured by the weak Bi–O bond
in the fluorite structure and the high anion mobility is related
to the high polarisation of the Bi3+ with its ‘long pair’ of
electrons.165 Bi2O3 has two stable polymorphs: monoclinic a
(stable at temperatures lower than 723 1C) and cubic d (stable at
730–825 1C).166 The d-Bi2O3 is prone to convert into a phase or
metastable tetragonal-phase (b) when the temperatures are
below 730 1C to room temperatures, and then the conductivity
drops more than three orders of magnitude.28 Moreover, 825 1C
is the melting temperature. The crystal structure and XRD
pattern of different phases are shown in Fig. 8. The stabilisa-
tion can be achieved by the substitution of bismuth with rare-

earth dopants (like La, Pr, Y, Dy, or Er) and the combination
with high valent cations like W, V, or Nb.167 The (Bi2O3)0.75-
(Y2O3)0.25 electrolytes fabricated by plasma spraying with 37.5–
75 mm powers lamellar interfaces, which could obtain the excellent
ionic conductivity of 0.19 S cm�1 and stable d-phase.168 The
16 mol% Yb2O3 stabilised d-Bi2O3 could obtain the maximum
electrical conductivity with a value of 0.632 S cm�1 at 750 1C, which
could be used as solid electrolytic industrial applications.169

Er2O3-stabilised Bi2O3 (Er0.2Bi0.8O1.5, ESB) possesses the
highest oxygen ion conductivity (0.32 S cm�1 at 700 1C), but
its stability needs to be enhanced due to phase transformation
from the cubic phase to rhombohedral phase after long opera-
tion at 600 1C.171 This degradation can be partly suppressed by
doping higher valence cations, such as 5 mol% CeO2 into ESB,
but it has not yet been completely possible to avoid such phase
transformation.172,173 It was reported that only 1 mol% of Hf
doping can enhance the stability of ESB to run around 1200 h at
600 1C by suppression of its phase transition kinetics, main-
taining superior conductivity of 0.14 S cm�1.174 The co-doping
of two metal oxides can facilitate the stabilisation of the cubic
phase down to room temperature with lower doping concen-
tration. The d-Bi2O3 phase can also be stabilised in a limited
compositional region in the ternary system Bi2O3–Er2O3–WO3

and the maximum oxide-ion can be achieved at 0.05 S cm�1

with the activation energy 0.9 eV for the sample (Bi2O3)0.735(Er2-

O3)0.21(WO3)0.05 at 550 1C.175 It was reported that the Dy2O3–

Fig. 8 (a) The crystal structure170 and XRD pattern7 of a-Bi2O3, b-Bi2O3

and g-Bi2O3. Reproduced from ref. 170 with permission from [Elsevier],
copyright [2023]. Reproduced from ref. 7 with permission from [Royal
Society of Chemistry], copyright [2010].
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ZrO2–Bi2O3 system has shown excellent stability for 450 h at
500 1C with the highest conductivity of 0.037 S cm�1.176 Triple-
doped bismuth oxides also can enhance the stability, such as
Er, Y and Zr triple-doped Bi2O3 (EYSB) exhibited high ionic
conductivity of 0.44 S cm�1 at 600 1C with excellent stability
over 1000 h.177 The other challenges for the stabilised Bi2O3

electrolytes are their tendency to reduce to metallic bismuth
under H2 conditions, easy volatilisation at high temperatures
instability under a reducing atmosphere and low mechanical
strength.

Another type of Bi2O3-based electrolyte is g-Bi4V2O11

(BIVOX), which can be stabilized by partial substitution vana-
dium with transition metals such as Cu, Ni, and Co and proved
to possess high ionic conductivity at temperatures below
600 1C.178 The doped g-Bi4V2O11 (BIMEVOX) shows higher
stability at moderate temperatures compared with Bi2O3-
based oxides, though still questionable.179 Some electrolytes
with the highest oxygen ion conductivity have been reported for
Bi2V1�xMexO5.5�d, where Me = Cu, Ni and 0.07 r x r 0.12.180

Bi4Ni0.2V1.8O10.7 prepared by the sol–gel method can obtain the
highest conductivity with the value of 6.9 � 10�3 S cm�1 and
the activation energy of 0.41 eV at 300 1C in the air.181

Researchers also studied that different preparation techniques
lead to various conductivity due to different microstructures.
Nanomaterials with smaller crystalline or grain sizes exhibited
a higher conductivity due to lower activation energy and
smaller size which can help to stabilise the disordered
g-phase and acquire high density in sintering.

However, the high chemical reactivity and low mechanical
strength, make these materials hard to practically use in
SOFCs, even though the high conductivity level at intermediate
temperatures. The multilayer cells can be used to solve these
issues, such as applying other layers acting as mechanical
support on the layer of Bi2O3-based electrolyte, which can
improve the mechanical strength and protect it against
reduction.182 The doped ceria layer should be thick enough
to isolate the Bi2O3 from fuel conditions and maintain an
effective oxygen partial pressure bigger than 10�13 atm to avoid
decomposition.118 Compared to a single layer, the OCV was
increased by 90–160 mV reaching 1.003 V at 500 1C for the bi-
layer electrolyte using doped ceria and doped Bi2O3 layers, and
it can be stable for 1400 h under both OCV and maximum
power conditions.86 Another advantage of using a Bi2O3-based
layer on the air side is the decrease in cathode overpotential,
due to more active adsorption sites of oxygen species compared
to a ceria-based electrolyte.183 The fabrication of bilayer Bi2O3/
CeO2 is different from other bilayer systems firing together, due
to the low firing temperature of Bi2O3-based electrolyte (lower
than 800 1C). Normally, the CeO2-based electrolyte layer co-
sintered with an anode layer at higher temperatures
(B1400 1C), and then deposited the Bi2O3-based layer firing
at low temperatures. Moreover, the thickness and thickness
ratio of these two layers are stricter compared with other bi-
layer system, due to the leaky of ceria-based layer in the
reducing atmosphere. There should be an optimised thickness
to obtain the low ohmic resistance and high OCV. In total,

Bi2O3-based electrolyte provides the feasibility to operate at low
temperatures if appropriate electrodes can be used.

2.2.4. Perovskite-type electrolyte systems. ABO3-type per-
ovskites were investigated as ionic conductors with high con-
ductivity, where A is a lanthanum or alkaline earth element,
and B is a transition metal element. Many perovskite oxides
have mixed electronic and oxygen ion conductivity, which can
be used as anodes in SOECs. However, some perovskites also
show high and pure oxygen ion conductivity, such as doped
LaGaO3, perovskites based on LnBO3 (B = Al, In, Sc, Y),
Brownmillerite-like phase, La2Mo2O9 (LAMOX) based electro-
lyte materials and apatite structure perovskites, which are
suitable to be good electrolytes at intermediate temperatures.

2.2.4.1 LaBO3 (B = Ga, Al)-based electrolytes. The oxygen ion
migrates into an adjacent vacant site along the (1 1 0) edges of
GaO6 octahedra for the perovskite-type LaGaO3, which is the
lowest path as shown in Fig. 9.184 Doping LaGaO3 exhibited good
ion conductivity with divalent alkaline earth metal ions like Ca2+,
Ba2+, and Sr2+, in which oxygen vacancies will be generated to
increase the ionic conductivity. Sr2+ ion has the closest ionic
radius with La3+, thereby the substitution of La3+ with Sr2+ (LSM)
has the highest oxygen ion conductivity among these alkaline
earth metal ions. However, the doping amount is limited by less
than 10% since the impurity phases SrGaO3 and La4SrO7 can be
found with higher doping amounts.185 Co-doping Mg2+ and Sr2+

into the Ga3+ site and La3+ site could further increase the ionic
conductivity and doping limitation of Sr2+ to 20 mol%.186

Pelosato et al. reported that the sintered La0.8Sr0.2Ga0.8Mg0.2O3�d
(LSGM) electrolyte exhibited a relative density of 98% and a total
conductivity of 1.13 � 10�2 S cm�1 at 600 1C.187 LSGM exhibited
only oxide ionic conductivity from (PO2

= 10 � 10�20–1 atm), and
its ionic conductivity was higher than Sc-doped ZrO2, but slightly
lower than Bi2O3 based electrolyte.30 As shown in Fig. 5, LSGM
exhibited good ionic conductivity when the operating tempera-
ture was down to 550 1C over a wide oxygen partial pressure
range. When sintering LSGM, the impurity LaSrGaO4 was iden-
tified. However, no additional grain-boundary resistance was
observed, since the liquid state of LaSrGaO4 enhances the
grain-boundary contact, thereby suppressing its resistance.188

Furthermore, the ionic conductivity can be improved a lot
via the substitution of certain transition metals (Fe, Co, Ni) into

Fig. 9 The cubic ABO3 perovskite structure, and the path of oxygen ions
migration along BO6 octahedron edge.184 Reproduced from ref. 184 with
permission from [Elsevier], copyright [1995].
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the Ga site in LSCF at lower temperatures, while the increase in
electronic conductivity makes these electrolytes problematic
for further application in SOFCs.189 To minimise electronic con-
duction, it is necessary to restrict the Co3+ dopant concentration
to below 3–7%. Interdiffusion of Ni during high temperatures
co-firing with Ni-based anodes may cause undesirable electronic
conductivity and impurity phase LaNiO3 which does not conduct
oxygen ions.118 Besides, La may lose from LSGM to react with
electrodes and form non-perovskite phases if La content is not
sufficient at electrodes.190 Therefore, the LSGM electrolytes have
been used less than doped ceria, due to several challenges:
(1) difficulty to obtain the high relative density; (2) gallium oxide
is prone to reduction, volatilization and reaction with Ni-based
cermet. (3) Impurity phases are likely to form during co-
firing.11,191 The thin barrier layer should be coated into LSGM
electrolyte to enhance LaGaO3-based electrolyte to apply in SOFCs,
such as La0.4Ce0.6O1.8.188

Pure LaAlO3 materials may not be a good candidate for
solid electrolytes due to the lower ionic conductivity and mixed
conduction behaviour in an oxidising atmosphere. Suitable
dopants could enhance the ionic conductivity, and doped LaAlO3

exhibits p-type electronic conductivity at high oxygen partial
pressure and nearly ionic conductivity with pure oxygen.192 Mg2+,
Ca2+, and Sr2+ dopants show higher ionic conductivity compared
with non-doped LaAlO3; in which the highest conductivity was
about 1.3 � 10�2 S cm�1 at 900 1C, but its conductivity was lower
than LSGM or Sm2+ doped CeO2.193 But LnAlO3-based electrolytes
exhibit better stability at reduction atmosphere and less volatilisa-
tion, so they are promising candidates as protective layers for
LaGaO3-based materials at the cathode side for SOECs. It was
reported that (La0.8Sr0.2)0.94Al0.5Mn0.5O3�d could be potential
anode materials for SOFCs which can match YSZ very well as well
as no chemical reaction between them, and its electrochemical
performance was good with the low polarisation resistances of
value 0.34 O cm2 in wet (B3% H2O) Ar/20% H2 atmosphere.194

2.2.4.2 La2Mo2O9 (LAMOX) based electrolyte materials.
La2Mo2O9 (LAMOX) based electrolytes exhibit higher oxygen
ion conductivity than YSZ and are comparable to those of well-
known oxygen ion conductors (LSGM and GDC) at intermediate
temperatures. The compounds undergo a structural phase
transition from a phase (monoclinic, P21) to b phase (cubic,
P213) at about 580 1C, where b phase exhibits higher ion
conductivity. It was reported that the crystal structure of
b-LAMOX resembles b-SnWO4, in which Sn4+ is replaced by
La3+ and generates an oxygen vacancy shared by two partially
occupied oxygen sites that surround the Mo6+ cation.195,196 To
avoid the sudden volume change related to phase transition
and stabilise the b phase at room temperatures, many cations
have been studied to substitute in LAMOX, where La site with
alkali metals, K+, Rb+, alkaline earth metals like Ca2+, Sr2+, Ba2+,
transition as well as rare earth ions Bi3+, Y3+, Sm3+, Gd3+, Dy3+,
Er3+, Eu3+; and Mo site with W6+, V5+, Ta5+, Cr6+.197 Although
many substituting cations may stabilise the b-phase, the con-
ductivity could not be improved by doping every dopant.
However, co-doping is a better method to improve stability

as well as conductivity at high temperatures. For example, co-
doping with Dy/W-(La1.8Dy0.2)(Mo2�xWx)O9 (0 r x r 1.6) electro-
lytes were reported with higher ionic conductivity (0.18 S cm�1)
at 800 1C, compared with La2Mo2O9 (0.08 S cm�1), and the Dy/W
dopants can help suppress the a–b phase transformation, but Dy
addition did not assist in the structural stability in H2 environ-
ment at high temperature.198 However, the electrolyte LAMOX is
limited for further application for three reasons: unstable crystal
structure under reducing conditions; thermal expansion is larger
than common electrode materials; and it reacts with cathode
materials.199 Side production of SrMoO4 can increase the polar-
isation resistance, so the cathode containing Sr cannot contact the
LAMOX electrolyte, which should solve this problem by coating
the bi-layer or substituting it with other cathode materials.200

These issues should be further improved or solved to make
LAMOX electrolytes used widely.

2.2.4.3 Apatite structure. Apatite structure has a general
formula La10�x(Si/Ge)6O26�d (x = 0–0.67), and the conductivity
increases with x decreases as the interstitial oxide-ions are
introduced.201 Whilst germanate apatite is not suitable for
practical application, because of high volatilisation, and high
cost. Normally, the electrolytes of the apatite phase exhibited
higher ionic conductivity compared to the YSZ at the inter-
mediate temperatures (500–800 1C) with moderate thermal
expansion coefficients (TEC) and low electronic conductivity.
In the apatite lattice, La site cations are occupied in the cavities
created by SiO4 tetrahedra, and additional oxygen sites (O5)
form the channels of the movement of interstitial oxygen
ions.167 Plenty of works show that ionic conduction is mainly
due to the parallel and perpendicular interstitial oxygen and the
interstitial oxides migrate along the c-axis.202 Oxygen excess
compositions were reported with higher conductivity, such as
La9.67(SiO4)6O2.5 exhibited higher conductivity (1.3� 10�3 S cm�1)
compared with La9.33(SiO4)6O2 (1.1 � 10�4 S cm�1) at 500 1C
temperature, which indicated that interstitial oxygen ions play a
great role in enhancing the oxygen ion conductivity and suggest
the interstitial migration mechanism.203 The highest ionic trans-
port is observed when there are more than 26 oxygen ions in per
unit formula, and La10Si6O27 exhibited good ionic conductivity
with a value of 4.3 � 10�3 S cm�1 at 773 K.204 La site deficiency
is another important factor to influences ionic conductivity, which
the deficiency affects the unit cell volume and may result in O5
ions displacing into interstitial sites and producing vacancies into
O5 sites at fixed total oxygen content.202,205 For example, in the
system, La9.33+x/3Si6�xAlxO26, Al doping can increase the ionic
conductivity without oxygen content variations by compensating
A-site vacancy concentration.205

To improve the conductivity of apatite-type materials, a lot of
work focused on the synthesis and characterisation of La9.33+x

(SiO4)6O2+3x/2 with dopants on La or Si sites. Various dopants
used for La- and Si-sites are listed below.17,206,207 The bigger
ions are preferred to substitute into La-site, whereas ions of
small ionic radius are preferred to substitute in Si-site.

La-site: Mg, Ca, Sr, Ba, Co, Ni, Cu, Mn, Bi, Na, K, Nd, Sm, Yb

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 9
:0

4:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00690a


© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 39–83 |  53

Si-site: B, Al, Ga, Mg, Ti, Ge, Fe, Co, Ni, Cu, Mn, P, In, Zn, Co,
Ba, Nb, V, Mo, W

The conductivity data has been shown in Fig. 10a with
different dopants at 500 1C and 800 1C, where the ions of Ga,
B and Mg are substituted into the Si site, the ionic conductivity
can be enhanced.208 However, a decrease in conductivity can be
observed with smaller cations on La-site, such as Mg2+, which
was due to the change of coordination environment from 9
(La3+) to 6 (Mg2+) and led to the great movement of Si site
towards the oxygen ion channels.17 Moreover, the substitution
of Ti4+ at Si-sites exhibited a decrease in conductivity, which
was attributed to the extended coordination of Ti4+ trapping
mobile interstitial oxygen ions.209

As shown in Fig. 10b, the co-doped method can greatly
enhance the conductivity and restrain the formation of the
impurity phases (La2SiO5 and La2Si2O7). The addition of Bi3+

and Sn4+ as dopants has increased the conductivity with a high
value of 1.84 � 10�2 S cm�1 at 873 K.210 Co-doped on the Si4+

site with Al3+ and different other cations (W6+, In3+, Nb5+, or
Mg2+) were investigated and the La10Si5Al0.9W0.1O26.65 exhibits
the highest conductivity of 3.03 � 10�2 S cm�1 at 1073 K.211

The highly purified polycrystalline powders of Mg–Mo co-doped
LSO (Mg/Mo-LSO) electrolytes were synthesised with
excellent densification properties and high ionic conductivity
(33.94 mS cm�1) at 800 1C.208 Silicate apatite could not be used
widely due to several limitations. The main drawbacks are that
it is hard to prepare dense ceramic electrolytes, for which
a high sintering temperature is required to form densified
pellets, but the impurity of La2SiO5 and La2Si2O7 could be created
during the high sintering process. Another issue is the degrada-
tion of the ionic transport properties due to silica migration and
volatilisation in the reducing atmospheres.212 Several efforts are
attempted through different synthesis routes, such as solid-state
reaction, sol–gel, hot-pressing, hydrothermal synthesis, co-
precipitation, and floating zone methods to decrease the par-
ticle size and increase the relative density at lower sintering
temperatures. Co-dopants could prohibit the formation of
impurities at high sintering temperatures and improve stabi-
lity. A complete single cell with an LSO-based electrolyte has

not yet been reported frequently, especially with different
electrode materials. Therefore, further studies are needed to
investigate whether these types of materials can serve as good
and stable electrolytes with different electrode materials.

2.3. Dual-ion (proton and oxygen ion) conducting electrolyte

Dual-ion conductors exhibit conductivity with two different
charges, oxygen ions and protons, which have proposed as a
new class of electrolyte for low and intermediate temperatures
SOFC.213 For a dual-ion conducting electrolyte, no external gas
humidification is required, since water will be produced at both
anode and cathode. Besides, the simultaneous transportation
of oxygen ions and proton in the electrolyte can enhance the
total conductivity and improve cell performance.

2.3.1. Single phase dual-ion conducting electrolyte. The
perovskite oxides are the main single-phase electrolyte with
mixed proton and oxygen–ion conductivity. The efficient paths
for the single perovskite with mixing conductivity is shown in
Fig. 11a, where the oxygen ions diffuse in oxygen ion vacancies
and protons transfer in Grotthuss mechanism. Doping strategy
was used to generate oxygen ion vacancy and proton defects for
the well-known protonic electrolytes. Doped BaCeO3 may show
mixed proton and oxygen conductivity under fuel cell operation
condition. It was reported that doped BaCeO3 exhibits proton
conductivity in a H2 atmosphere, while it transitions to a mixed
conductor when H2 is supplied to the anode and O2 to the
cathode.33 It was also reported that a distinct turning point in
the Arrhenius plot of BaCe0.8Sm0.2O2.9 can be observed at 550 1C
under fuel cell conditions, attributed to its dual-ion conducting
properties.214 The perovskite-type BaZr0.1Ce0.7Y0.1Yb0.1O3�d was
confirmed with a mixed dual ion conductivity by in situ monitor-
ing the water information in both anode and cathode.215 The
result showed that the absolute humidity was about 20.0 g m�3

in the anode chamber and 65.5 g m�3 in the cathode chamber.
The conductivities of proton and oxygen ions are highly sensitive
to operation conditions such as temperatures and surrounding
atmosphere. This makes it particularly challenging to optimise
the transfer numbers of both oxygen ions and protons to
enhance fuel cell performance. In mixed oxygen ion and proton

Fig. 10 (a) Comparison of conductivities of different dopants at a constant level of oxygen excess at 500 1C; (b) ionic conductivity of different dopants
at 800 1C.
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conducting perovskites, oxygen ion conductivity decreases
significantly as the temperature drops, with proton conduction
dominating at lower temperatures. As a result, single-phase
perovskite oxide is generally unsuitable for function as dual-
ion electrolytes at temperatures below 500 1C.216

2.3.2. Doped CeO2 and perovskite oxide composites. A
composite electrolyte by mixing a proton conductor with oxygen
ion conductor can develop a dual ion conducting electrolyte at a
proper ratio. The commonly used composites are the combination
of doped ceria with a proton conducting perovskite oxide. Differ-
ent composites were investigated, but the majority of composite-
based fuel cells have shown relatively lower performance com-
pared to those utilising pure perovskite or fluorite-type electrolyte.
The co-ionic (H+/O2�) composite of BaZr0.85Y0.15O3�d (BZY) and
Nd0.1Ce0.9O2�d (NDC) was used as the electrolyte in an anode-
supported fuel cell, achieving a maximum power density of
330 mW cm�2 and an OCV of 1.01 V at 650 1C.217 The advantages
of this composite electrolyte are its ability to decrease the
electronic loss of NDC under H2 atmosphere and enhance the
sinterability of BZY. However, the metal ion (Ba ion) migration

was found out in the composite of BaCe0.5Zr0.4Y0.1O3�d (BZCY)
and Y0.2Ce0.8O3�d at temperatures above 500 1C, resulting in the
decrease in ionic conductivity and the increase in the grain
boundary resistances compared to the single-phase samples.218

Besides, there is a significant risk of chemical interaction
between the two phases either during high-temperature calcina-
tion for densification or during operation.219 The formation of
new phases may hinder charge transfer at the two-phase inter-
face and also may adversely affect the densification process and
the mechanical strength of the composite electrolyte.

2.3.3. Doped CeO2 and carbonate composites. Molten car-
bonates, commonly used as electrolytes in molten carbonate
fuel cells (MCFCs), can serve as a sintering aid to lower the
sintering temperature of ceria-based oxides. Additionally, com-
posite electrolytes with ceria can provide a highway for proton
conduction. Zhu et al. discovered that solid carbonate–ceria
composite can achieve high dual ion conductivity, ranging from
0.001 to 0.2 S cm�1 between 400 and 600 1C, making them
suitable as electrolytes for low-and intermediate-temperature
SOFCs.220 As shown in Fig. 11b, a swing model of ‘‘Ce–O–H–O–C’’
was proposed for the proton conduction in the SDC/Na2CO3

composite, in which the interface in composite electrolyte pro-
vides high conductive path for proton and oxygen ions can
transported by the SDC grain interiors.213 Novel core–shell SDC/
NaCO3 nanocomposite achieved a high power density of 0.8 W
cm�2 at 550 1C, using H2 as the fuel and air as the oxidant.221

Another core–shell structure composite of undoped CeO2 and
alkali carbonate (Li/Na/K2CO3) was fabricated to use as electrolyte
at low temperature SOFCs with excellent performance, achieving
exceptional ionic conductivity of 0.34 S cm�1 in air and 0.2 S cm�1

in hydrogen gas at 550 1C.222 This turned out that this composite
electrolyte was proton and oxygen ions conduction, and the
proton conductivity was lower than the oxygen conductivity
during 450–550 1C. Besides, the excellent power density of
910 mW cm�2 can be achieved on a single cell with this composite
electrolyte at 550 1C. However, due to the carbonate, the sintering
temperature of these composite electrolyte should be strictly
controlled, normally lower than 650 1C, and the operating tem-
perature also should be lower this value.223 Moreover, the limited
mechanical stability of molten carbonate raises significant con-
cerns about the morphological, mechanical and interfacial stabi-
lity of this composite electrolyte under fuel cell operation.216

Besides, carbonate vaporization and decomposition during cell
testing may lead to a decline in SOFC performance.

3. Efficient preparation and processing
techniques for electrolyte

Electrolytes have a crucial role in both SOEC and SOFC as they
facilitate the transfer of oxygen ions in oxygen ion-conducting
SOECs and hydrogen ions in proton-conducting SOECs. These
electrolytes should possess the following characteristics:
(1) densification to enable separation of the hydrogen and fuel
chamber; (2) high ion conductivity and electronic insulator to
facilitate ion transformation and enhance the reaction activity;

Fig. 11 (a) Schematic model of mixed conduction for single perovskite-
based electrolyte. (b) Schematic model of SDC/Na2CO3

nanocomposite.213,216 Reproduced from ref. 213 with permission from
[Elsevier], copyright [2021].
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(3) stabilisation to maintain optimal properties under high
oxygen pressure. The fabrication method can affect the electrolytes’
microstructure and physiochemical, mechanical, and electrical
properties. Hence, choosing suitable materials and preparation
methods to synthesise the required electrolytes is essential.
As shown in Fig. 12, there are four basic synthesis methods:
solid-state; hydrothermal; sol–gel, and co-precipitation. Solid-
state methods are commonly used at high temperatures, and
the manufacturing process is relatively simple: mix the raw
materials and calcine totally at high temperatures. The calcina-
tion and sintering temperatures are lower than in the solid-
state reaction, which can decrease the energy consumption and
the particle size to form uniform nanoparticles. In the following
Sections 3.1.1–3.1.5, five such synthesise methods will be
discussed.

3.1. Efficient synthesis methods for electrolyte materials

3.1.1. Solid-state reaction. A solid-state reaction is a con-
ventional way to prepare dense electrolytes by mixing the raw
reactants and allowing them to react by diffusion at a high
temperature. This technique is widely used in solid oxides,
powder materials, and ceramics as it is the simplest way. This
method requires completely mixing the precursors in the form
of oxides or carbonate, and repetitive cycles of grinding and
heating steps are needed to achieve a complete reaction.225

To facilitate this process, high temperatures ranging between
1000 and 1700 1C are required, which causes high cost and

purified is not easy. Moreover, the reaction is quite slow since
solid-state diffusion is limited.

The co-doped La9.4Ba0.6Si6�xWxO27�d (x = 0, 0.05, 0.1, 0.15,
0.2) electrolytes were synthesised via a high-temperature solid-
state reaction process using La2O3, SiO2, BaCO3, and WO3 as
raw materials, and then pressed samples were sintered at
1550 1C for 5.5 h and kept at 400 1C for 1 h.226 This method
is simple to operate, allowing for ion substitution into the
lattice and producing good crystallinity, which resulted in the
formation of the hexagonal La10Si6O27 phase without any
impurity La2SiO5. Jun Xiang et al. used a solid-state reaction
to synthesise La10Si5.9A0.1O(27�d) (A = In3+, Si4+, Nb5+, W6+)
electrolytes, in which different oxide mixtures were wet mixed
for 24 h and calcined at 1573 K for 5 h; cold isostatically pressed
and sintered at 1923 K for 10 h to produce densified
electrolytes.227 However, lower ionic conductivities and higher
activation energies were reported for using this method, com-
pared with using other methods. It was reported that the grain
boundary resistance accounted for more than 90% of the total
resistance using this method and sintering at 1640 1C for 6 h,
which led to low total conductivity.228 Moreover, the impurities
forming at high temperatures in the grain boundaries could
block oxygen ions migration, such as the formation of La2Si2O7

and La2SiO5 in the apatite phase leading to big grain boundary
resistance and affecting the ionic conductivity when sintering
at high temperatures to achieve good densification. High
sintering temperatures also lead to huge problems when

Fig. 12 A schematic of different electrolyte preparation methods: (a) solid-state reaction; (b) hydrothermal synthesis; (c) sol–gel process; (d) co-
precipitation method; and the comparison of these methods.224 Reproduced from ref. 224 with permission from [Elsevier], copyright [2005].
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co-firing the electrode and electrolyte, which decreases the
electrode porosity.229 Therefore, alternative synthesis methods
have been proposed to overcome these drawbacks.

3.1.2. Hydrothermal synthesis. Another method is hydro-
thermal synthesis referring to the chemical reactions of sub-
stances in a sealed autoclave, heated solution above ambient
temperature and pressure using water as the solvent.230 The
temperature should be beyond the boiling point of water to
reach the vapour saturation pressure. This method is used for
growing crystals with better crystallinity than those grown by
other methods to obtain reproductivity.231 Moreover, particle
morphology, grain size and crystalline phase can be controlled
by regulating reaction temperature, pressure, and time and
composition of solution.231 Due to its high reaction activity and
ease of control, hydrothermal synthesis has gained increasing
interest from scholars. This method is also beneficial for synthe-
sising the electrolytes, resulting in less air pollution, lower energy
consumption, and lower sintering temperature compared to
traditional solid-state reactions. Hence, hydrothermal synthesis
can be utilised to synthesise unstable phases at high temperatures
and is an effective way to grow a single crystal.

Paramananda Jena et al. synthesised the nano-powders via
the hydrothermal method, which exhibited high densification
with negligible porosity for the La10Si6O27 pellet after sintering
at 1500 1C for 8 h and possessed a high electrical conductivity
with a value of 1.09 � 10�4 S cm�1 at 500 1C.232 Different
particle sizes and morphologies of GdxCe1�xO2�d (GDC) nano-
particles were synthesised by using continuous hydrothermal
flow.233 The nano size YSZ can be synthesised by this method
and densified YSZ film can be obtained after sintering below
1000 1C without any cracks or holes, which was a relatively low
sintering temperature.234 The Ce0.8Sm0.2O1.9 (SDC) powders
were synthesised by hydrothermal and sol–gel methods, and
results showed that there was not any sedimentation for the
suspension using hydrothermally synthesised powders, while
the high degree of SDC aggregation using sol–gel method
decreased the density of thin file electrolytes.235 Moreover,
the hydrothermal reaction in Cerium and Gadolinium solution
can improve the densification of the barrier layer, and as a
result, the ohmic resistance can be decreased by 16.4% at
750 1C for electrolyte-supported symmetrical cells.236

3.1.3. Sol–gel process. The sol–gel process is a wet chemical
technique that is used to prepare gels, glasses, and ceramic
powders. Compared with traditional solid-state reactions and
other methods, this process offers several desirable features
such as a lower processing temperature, a high-purity process,
and low cost. The procedure begins with the organometallic salts
like the metal alkoxides for the hydrolysis of the liquid phase
process, and then forming a gel.237 With this method, reactants
could be uniformly mixed at the molecular level, which could
result in decreasing reaction temperatures and time.
Additionally, it can be used to prepare dense ceramics with
small grain sizes, large specific surface areas, and good reactive
activity. As a result, this method could be utilised to produce
the desired phase at low temperatures that are inaccessible via
the solid-state reaction. The sol–gel process can typically be

divided into several stages including forming a solution, gela-
tion, drying, and densification.238

The one of advantages of this method is the possibility of
doping different types of dopants, which possess a low-
temperature sintering capacity of about 200–600 1C.9 Stephane
Celerier et al. proposed a sol–gel process for synthesising
powders of apatite type-La9.33Si6O26 by using silicon alkoxide
and lanthanum nitride as precursors, which were beneficial to
reduce the crystallisation temperature to 800 1C for pure apatite
phase and result in the synthesis of reactive powders with
nanometric particles size in comparison to the conventional
methods.239 The sol–gel method was also used to obtain solid
solution samples of YSZ/SrTixZr1�xO3 to investigate their struc-
ture and electrophysical properties.240 Using a novel sol–gel
thermolysis method with a unique combination of urea and
PVA, nano-crystalline Ce0.9Gd0.1O1.95(GDC) powders were suc-
cessfully prepared and showed better sinter ability as well as
higher ionic conductivity with a value of 2.21 � 10�2 S cm�1 at
700 1C in the air after sintering.241 However, it was reported
that the samples using the sol–gel method exhibited lower
conductivity and higher activation energies compared with
solid-state reactions. For example, Ce0.2Sm0.8O1.9 electrolyte
preparation by sol–gel process revealed a lower sintering tem-
perature (1400 1C) than that of solid state process (1650 1C), but
the low conductivity (0.005 S cm�1) and high activation energy
(0.97 eV) also reported in this electrolyte at 600 1C.242 The
possible reason is the presence of impurities in the precursors
and solvents to increase the grain boundary resistance, which
needs detailed investigation and improvement.

3.1.4. Co-precipitation method. Coprecipitation is another
wet chemical method to synthesise nanoparticles in an aqueous
solution using inorganic salts, which could provide better con-
trol over the chemical compositions and the size distribution.
Coprecipitation reactions involve the simultaneous occurrence
of the growth, coarsening, and/or agglomeration process.243

In this method, metal cations can be coprecipitated in different
forms, like hydroxides, carbonates, bicarbonates, and oxalates,
followed by calcination and decomposition.244 The coprecipita-
tion method makes the materials react uniformly at the mole-
cular level to produce highly homogenous products and offers
the advantages of lower polycrystalline synthesised temperature
and shorter sintering time compared with other methods.245

However, precipitation rates must remain similar to achieve
coprecipitation and obtain the desired nanoparticles.

In oxalate coprecipitation, oxalate acid (C2H2O4) is commonly
used to form precipitates with metal cations, and the metal oxide
can be obtained after calcinating. Oxalate precipitates exhibit
good stability, and high production yields and its electrolyte
powders were reported of high conductivity.246–248 Ce0.2Sm0.8O1.9

electrolyte can obtain a conductivity of 0.021 S cm�1 at 600 1C via
oxalate coprecipitation, while the conductivity was 0.005 S cm�1

and 0.0094 S cm�1 for using sol–gel and solid-state method,
respectively.249 However, the sintering temperature should be
high to prepare a densified electrolyte for the oxalate coprecipita-
tion. Carbonate precipitations using ammonium carbonate as the
precipitant allow low agglomeration and result in nanoparticles
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with lower sintering temperatures, compared with oxalate
coprecipitations.250 Nanometric powders of doped and co-doped
ceria-based ceramics were prepared using a simple and cheap
synthesis route, easily scalable on the industrial level based on an
optimised co-precipitation process with ammonium carbonate as
a precipitating agent. Ammonia solution is commonly used to
react with metal nitrates to form hydroxide coprecipitates. This
method can form pure and fine power at relatively lower tem-
peratures, such as the pure apatite phase composition was
obtained after calcining at 700 1C for 6 h, and densified electrolyte
can be achieved at 1500 1C for 2 h.251 Therefore, this is a low-
temperature method and provides good control of morphological
particles.252 Reaction temperature may have effects on the parti-
cles’ size, shape and sintering ability, which nano-size particles
could facilitate the sinterability and make it possible to form
densified electrolytes at relatively low temperatures.253,254 Besides,
low sintering temperatures provide the opportunity to fabricate
thin electrolyte layers with submicron size and could show good
grain boundary conductivity.255

3.1.5. Other methods. Electrolytes for SOECs can be pre-
pared using various methods, such as wet methods-solution
combustion,256,257 solvothermal,258,259 microwave synthesis,260,261

thermal decomposition,262 spray pyrolysis,263 and radio frequency
thermal plasma methods.264 Ultrafine and homogeneous La9.33+x-

Si6O26+3x/2 (0 r x r 0.67) were obtained by freeze-drying as
reported in the literature.265 It is crucial to consider chemical
compatibility and low area-specific resistance when selecting an
appropriate method for SOEC electrolytes, as different synthesis
processes could result in electrolytes with varying structures, size
distributions, and physical and chemical properties. Nanoscale
electrolytes can effectively decrease the ohmic resistance and
improve the ionic conductivity, due to the fast grain boundary

diffusion of oxygen ions. Wet chemical routes involve the mixture
of metal precursors in a solvent on the atomic level and reduce the
diffusion path up to the nanometric scale which can promote
substituting metal ions into atomic sites to improve the ionic
conductivity, such as co-precipitation, spray-freezing, sol–gel and
Pechini.266 A core–shell SDC@Y2O3 nanocomposite synthesised
by the co-precipitation method, which can give an ionic conduc-
tivity of 0.4–0.92 S cm�1 in the temperature range of 300–600 1C
and is higher than SDC electrolyte (0.1 S cm�1) at 800 1C.267

3.2. Advanced electrolyte processing techniques for practical
applications

The decrease in the thickness of electrolytes is essential to
improve the performance of SOFCs and SOECs since the ohmic
resistance is essential to the thickness of electrolytes. Electrode-
supported and metal-supported cells are commonly used to
decrease the thickness of electrolytes by coating thin film on
the electrodes. Densified electrolytes with a micrometric scale
(10–100 mm) can be obtained by thick film techniques, such as
tape casting and slip casting, screen-printing, and spin coating
which can minimise ohmic resistance and provide a high area/
thickness ratio. The process of these deposition methods is
shown in Fig. 13. However, these processes are not sufficient
for thin electrolyte film and an additional sintering process is
needed to obtain a densified electrolyte.268 Therefore, advanced
fabrication methods are applied to prepare the nanoscale
electrolyte film, such as spark plasma sintering, flam spray
deposition, chemical solution deposition (CSD), atomic layer
deposition (ALD), pulsed laser deposition sputtering (PLD),
physical vapour deposition (PVD) and chemical vapour deposi-
tion (CVD).269 Table 4 summarises the advantages and disad-
vantages of the deposition method SOFC electrolyte, which can

Fig. 13 Illustration of (a) the screen-printing process; (b) the spin-coating process; (c) the dip-coating process; and (d) the tape-casting process.272–275

Reproduced from ref. 272 with permission from [Elsevier], copyright [2017]. Reproduced from ref. 273 with permission from [Elsevier], copyright [2009].
Reproduced from ref. 274 with permission from [Elsevier], copyright [2011]. Reproduced from ref. 275 with permission from [Elsevier], copyright [2017].
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present an overview of the fabrication method. A 1 nm thick
single-crystalline YSZ electrolyte was prepared by ALD, which
improved the power density by 150% at 400 1C.270 Besides,
an anode-supported cell with 100 nm YSZ film interlayer on a
400 nm-thick GDC electrolyte can be fabricated by the CSD
method, of which the high power density of 1300 mW cm�2

with good OCV (1 V) can be obtained at 650 1C.271

3.2.1. Screen printing. Screen printing is a flexible, simple
and economical method to prepare the electrolyte film with a
thickness of about 10–100 mm.276 The main process includes
(1) preparing the suitable ink, (2) feeding the inks into the open
screen meshes, (3) flattening by squeegee with suitable force to
form film and (4) drying and sintering process as shown in
Fig. 13a.277,278 The quality of films is intricately influenced by
multiple factors, such as printer configuration, screen options, ink
rheology and substrate preparation.279–281 The ink rheology relies
on binder, solvent, and dispersant, and the homogeneous ink
mixture is important to fabricate good structure and morphology

electrolyte film. It was reported that YSZ film with a thickness of
23–100 mm can be fabricated by using 0.3 MPa squeegee pressure,
150 mm s�1 squeegee speed, and 2 mm snap-off distance.282

Viscosity represents a rheological property in the static condition
of ink, and it generally increases with the solid and binder
content.281,283 It has been reported that the viscosity between
4–12 Pa for YSZ inks is suitable for screen-printing measured with
a shear rate of 100 s�1.284 The dispersion of ink can be identified
by the thixotropy of the ink, which can be measured by the area of
the hysteresis loop between the up-sweep and down-sweep of the
viscosity-shear rate curve.276 The poor thixotropic behaviour may
produce cracked film after sintering, which is not suitable for
screen-printing. The different binder content was investigated
for the thixotropic and levelling behaviours of YSZ inks, which
resulted in the ink having 0.5 vol% binder exhibiting better
thixotropic and levelling properties compared with the binder
contents of 0, 0.14, 0.36 vol%.285 The yield stress is another
rheological parameter that measures the relative strength of the

Table 4 An overview of each deposition method

Deposition method Advantage Disadvantage Ink content

Screen rinting � Easy fabrication method in large scale-up. � Only suitable for planar cells. � Binder (EC, PVA, PVB, PMMA, o1 wt%).
Thickness: 10–100 mm � Minimize the cracks if the ink is suitable. � Require high sintering

temperature.
� Solvent (terpineol and texanol).

� Large shrinkage level during
sintering.

� Dispersant (1–4 wt%).

� Solid powder (430 vol%).

Spin coating � Easy and cheap process. � Limitation in the surface
area.

� Binder (PVB, EC, PVA).

Thickness: micro size
(410 mm)

� Uniform thickness. � Not suitable for large scale. � Solvent (ethanol, terpineol, toluene).

� Suitable in the lab scale. � Dispersant (menhaden fish oil, phos-
phate ester).
� Plasticiser (polyethene glycol, butyl ben-
zyl phthalate)
� Solid powder

Dip coating � Low cost. � Uncontrol the thickness. � Binder (PVB, EC, PVA).
Thickness: micro size
(410 mm)

� Suitable for planar and tubular cells. � Picture framing effects near
the edges.

� Solvent (ethanol).

� Dispersant (menhaden fish oil,
phosphate ester).
� Solid powder.
� Plasticiser (polyethylene
Glycol, dibutylphthalate)

Tape casting � The solution is less. � Slow dry process. � Binder (PVB, EC, PVA).
Thickness: micro size
(410 mm)

� The thickness can be controlled. � A large shrinkage rate led to
cracks.

� Solvent (toluene, 2-propanol).

� Suitable for multilayer. � Dispersant (menhaden fish oil,
phosphate ester).

� Cost-effective. � Solid powder.
� Plasticiser (polyethylene
Glycol, dibutylphthalate)

PVD � No need for further sintering. � High cost. A solid material target.
Thickness: nano size and
1 mm

� Thin film (can reach nano size). � Require precise instruments.

� Low operation temperature. � Low deposition rates.
� Low durability.

CVD � Form uniform, pure, reproducible and
adherent films.

� High cost. Mixed precursor solution

Thickness: nano-size � Low deposition rates.
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particle network in inks.279 The yield stress increases with
viscosity resulting in enhanced particle association in inks, but
high viscosity and yield stress may impair the screen mesh and
damage the screen.276

Besides, the rheological properties are affected by particle
size, distribution of powder, solid content and the composition of
ink. The determination of the maximum solid loading is also
dependent on these factors. For example, the maximum applicable
solid content was reported at about 50 and 45 vol% using surface
areas of 4.31 (d50 = 0.56 mm) and 6.01 (d50 = 0.37 mm) m2 g�1

for the YSZ inks with a constant binder content as 0.25 wt%,
respectively.284 The formulation of screen-printing inks employing
nanoparticles may result in a low solid content attributable to a
high surface area of powders, which increases interaction between
particles and as a result the increase in the viscosity.276 However,
inks with high surface area powders exhibit a reduced particle
packing density, thereby significant delamination and cracking
after drying, which can be solved by mixing high surface powder
(4100 m2 g�1) with a low surface area powder (o10 m2 g�1) to
increase the particle packing density and enhance static and
dynamic rheological properties.286 he commonly used solvents
for screen-printing are terpineol and texanol, and 94 wt% terpineol
and 6 wt% of ethylene cellulose binder were used as vehicles in ink
formulation.287,288 Moreover, the binder is used to improve the
particle network strength. Various binders have been employed in
the ink formulation, such as ethylene cellulose (EC),283,289,290

polyvinyl butyral (PVB),284 polyvinyl acetal (PVA)283 and polymethyl
methacrylate (PMMA).291 Viscosity increases with the length of the
polymer molecule. Too high binder content may increase the
tackiness of the inks and influence the printability, but a lower
binder content may result in cracking. A higher solid content
(430 vol%) and lower binder content (o1 wt%) are commonly
employed to enhance the relative density of electrolyte films.276

In the case of dispersant, it is used to improve the separation of
solid particles and prevent particle agglomeration, resulting in
reducing the viscosity by forming an electrostatic or steric barrier
around the particle surface.290 The solid content can be increased
in the ink formulation if adding dispersant, and subsequently,
the relative density could be increased.290 A low concentration of
dispersant like 1–4 wt% of powder is suitable to produce a well-
dispersed YSZ ink.292 Overall, screen printing can be considered
a promising method for SOFC component development. The
cells with 30 mm SDC electrolyte fabricating by screen-printing
can obtain 397 mW cm�2 powder density at 600 1C.293 However,
this method is limited to planner SOFCs/SOECs configurations,
requiring high sintering temperatures to obtain densified
electrolyte films.

3.2.2. Spin coating. Spin coating is a simple wet ceramic
method to fabricate the electrolyte film, in which the substrate is
spun at a high and constant speed, and the centripetal accelera-
tion makes the slurry spread and consequently produces a
uniform film on the substrate as shown in Fig. 13b.273,294,295

In most wet ceramic methods, a slurry includes a solvent
(ethanol, terpineol, toluene, etc.), binder (PVB, EC, PVA, etc.),
dispersant (menhaden fish oil, phosphate ester, etc.) and solid
content (YSZ, GDC, LSO, etc.). There are two ways to add the

slurry, applying a slurry on the surface of the substrate followed
by spinning the substrate, another one is to add the slurry on the
spinning substrate. The spin coating is normally used to fabri-
cate multilayered electrolytes or electrodes on the supported
substrate.273 In the spin process, pivotal technical parameters
influence the thickness of coating layers, such as slurry viscosity,
coating cycles, and spinning speed.296,297 Reducing the spin
coating speed and increasing the coating cycles can increase
the thickness of a spin-coated film. It was reported that a
minimum spinning speed of 2500 rpm and 20 coating cycles
were applied to obtain uniform 10 mm YSZ electrolyte films
with dense and crack-free properties after sintering at 1300 1C
for 5 h for intermediate temperature SOFCs.296 The anode-
supported YSZ films can be obtained by spin coating with 12–
36 mm thickness, in which an OCV can be achieved at 1.06 V
at 800 1C with the maximum power density of 2005 mW cm�2.297

A dense and pinhole-free SDC electrolyte film via five-cycle pin
coating for anode-supported SOFCs and the maximum power
density of 685 mW cm�2 can be achieved at 600 1C.298 In this
work, the SDC slurry was fabricated with toluene, PVB and
ethanol, and dried at 500 1C for 30 min after every coating cycle
to repeat and achieve 10 mm thickness. A 2 mm thick GDC/YSZ
bi-layer electrolyte can be obtained via the spin coating method,
and its power output was 200 mW cm�2 with OCV over 1 V
at 600 1C.299 Nevertheless, despite its cost-effectiveness as a
method for fabricating the SOFCs/SOECs components, it is still
frequently used on the laboratory scale, and questionable to
apply in large-scale applications.

3.2.3. Dip coating. Dip coating is called slurry coating and
is also a traditional wet ceramic fabrication method for thin
electrolytes for a variety of geometric shapes including planar and
tubular. It needs no expensive equipment and is a fast and cheap
method for the mass production of SOEC/SOFC components.273

This method has been optimised to fabricate both thin and dense
electrolyte films by many works. The dip coating process includes
several steps: the substrate is slowly submerged, kept, removed
from the slurry, and then dried and sintered at high temperatures
as shown in Fig. 13c. This cycle is normally repeated 5–10 times to
obtain the dense and thin electrolyte films. YSZ electrolyte films
with a thickness of 16 mm were fabricated by twice dip-coating
with homogenous, crack-free and good adherent to the anode
substrate, and this assembled single cell with YSZ film presented
a good OCV of 1.01 V with a maximum power density of
262 mW cm�2 at 800 1C.300 Kim et al. employed the dip coating
technique for the deposition of anode function layer and YSZ
electrolyte layer.301 The dipping and drawing speeds were kept at
300 and 50 mm min�1, respectively, and the dwell period was
about 25 s. This condition was used to prepare both the anode-
supported layer and YSZ electrolytes. The results show that the
dip-coated anode layer can enhance the TPB volume, and the
polarisation resistance can decrease from 1.07 O cm2 to 0.48 O
cm2 if the electrolyte thickness decreases from 10.5 mm to 6.5 mm,
as a result of the maximum power density improved from 0.74 W
cm�2 to 1.12 W cm�2 at 800 1C. However, the lack of complete
control over the thickness makes it less attractive than other
ceramic processing techniques.
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3.2.4. Tape casting. Tape casting is also a wet ceramic
process for the planar SOFC component of anode and bi-layer
electrolytes. This method is stable, simple, and economical for
mass production. As shown in Fig. 13d, the process begins with
the preparation of slurry usually using ball milling, and then
the de-airing process to remove the air bubbles by vacuum
condition, followed by the slurry being cast in a tape casting
machine to produce the required layers, and finally drying and
sintering the coating layers at high temperatures.237 In order to
avoid any crack, delamination, deformation and mechanical
failure on the coating layers, every step should proceed care-
fully, and the shrinkage behaviour is necessary to observe at the
sintering step. The formulation and preparation of slurry play
important roles in tape casting, which should be homogenous,
free of agglomerates and have enough viscosity. Organic and
aqueous-based slurries are commonly used in this method. The
organic-based slurry is composed of ceramic powder (GDC,
YSZ, LSO, etc.), binder (PVB), dispersant agent (triethanolamine
TEA, triolein), plasticiser (PEG), and solvent (ethanol,
toluene).273 Aqueous tape casting is water-based and uses
polymeric emulsion as binders without using hazardous and
toxic solvents. The slurry using distilled water, YSZ and poly-
meric emulsion, exhibited fine compatible and stable proper-
ties in the tape casting process.302 Ball milling is an effective
way to mix and uniformise the composition of slurry. For
example, YSZ powders, dispersant and solvent were ball milled
for 24 h, followed by adding surfactant and binder to ball mill
with 30 min, and uniform slurry can be used for the tape
casting to obtain the tapes with 94.5% relative density after
sintering.303 Will et al. employed a water-based type casting
method to fabricate a 0.6 mm YSZ electrolyte on the 200–250 mm
NiO-YSZ anode with a relatively lower co-sintering temperature
at 1350 1C.304 Fu et al. utilised this technique to produce the Ni-
GDC anode and coating GDC electrolyte via screen printing,
and then co-sintering the electrolyte/anode bilayer to fabricate
this cell, which its power density can rise to 953 mW cm�2 at
650 1C.305 This co-sintering bilayer was observed to improve the
densification of GDC electrolyte, attributed to the pre-sintering
anode substrate promoting homogeneity and mitigating mis-
match among anode and electrolyte.

3.2.5. Thin film processing-PVD. Electrolyte materials
require high operating temperatures due to low ionic conduc-
tivity at relatively low temperatures. Consequently, methodolo-
gies for the thinner films become imperative to mitigate the
thickness of the electrolytes, as these thin films can decrease
the ion conduction path and lower the operating temperatures.
Thin films are generally fabricated by chemical or physical
vapour deposition (CVD or PVD) with high-quality densification
without further sintering. Vapour phase deposition is a method
wherein a material undergoes evaporation, typically within a
vacuum chamber, followed by its condensation on a substrate,
resulting in the formation of deposited layer.306 As shown in
Fig. 14, the thin film electrolytes via PVD have a columnar grain
that is perpendicular to the substrate, and its ionic conductivity
is relatively high because of grain boundary effect can be
reduced. The PVD processes include e-beam evaporation (EB-

PVD), sputtering and pulsed laser deposition (PLD), in which
the energy imparted to the target materials undergoes conver-
sion into kinetic energy, subsequently transferred to the sub-
strate and deposited as a thin film.268

The process of EB-PVD is initiated by employing an electron
beam to melt down the materials, followed by the deposition of
evaporated atoms onto the substrate. Thereby, a dense film can
be obtained via the use of a high deposition rate. The mecha-
nism of EB-PVD is shown in Fig. 15a, this method is the mean
free path, which needs a very clean and high vacuum environ-
ment. A GDC film with 3 mm thickness was prepared via EB-
PVD on the NiO-GDC anode substrate and its ionic conductivity
was about 2.58 mS cm�1 with 0.34 eV conduction activation
energy.307 YSZ thin film (1.5–2 mm) was deposited on three
substrates to investigate the influence of substrate structure on
YSZ films, which resulted in the dependence of substrate
temperature, electron gun power has the influence on the
crystallite size and texture of films, but the crystal orientation
was irrelative with the substrate.308

There are two types of sputtering: direct current (DC) sput-
tering and radio-frequency (RF) sputtering, the DC sputtering is
suitable for metallic targets, while RF sputtering is for ceramic
or metallic targets, which means ceramic materials only can be
fabricated by RF sputtering. The reason is that ionisation
remains unhappened in the case of utilising a ceramic target
for DC sputtering, and the cations accumulate on the target’s
surface and are subsequently discharged.268 The sputtering
process is illustrated in Fig. 15b and is influenced by the flow
rate of Ar or O2,310 substrate bias,311 deposition pressure and
rate, RF or DC power,312,313 and annealing temperature.314,315

However, pinholes and cracks may form when sputtering on a
porous electrode, because of the step coverage effect or shadow
effect, which means that an annealing process is required to
obtain the densified electrolytes.316,317

The PLD method is another physical technique proficient in
enhancing the crystallisation process with the advantage of
mass production of the thin film cell component. The impor-
tant characteristic of PLD is that a thin film is formed on the
substrate through the ablation of the target surface, thereby
facilitating the preservation of the stoichiometric in muti-
component materials as illustrated in Fig. 15c.318 The thin film

Fig. 14 PVD ceramic layer.306 Reproduced from ref. 306 with permission
from [Springer], copyright [2014].
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can be affected by power density, wavelength, target composition
and temperature for gas-surface interaction.237 The process is
heated around 400–700 1C to achieve the high quality of thin
films.319,320 Saporiti et al. fabricated thin films of YSZ and GDC
with 1–3 mm thickness with fine grain boundaries about 100 nm
which resulted in the formation of densified electrolytes.321 SDC
electrolytes also can be fabricated with this method using 650 1C
thermal treatment and 10 Pa oxygen gas pressure, in which the
conductivity was 0.075 S cm�1 at 800 1C.322

3.2.6. Thin film processing-CVD. There are two main
chemical deposition: chemical vapour deposition (CVD) and elec-
trochemical vapour deposition (EVD), which are suitable for con-
trolling the chemical composition and forming the densified
film.304 In essence, the operational mechanism of the CVD method
commences with the evaporation of mixed precursor solution to
generate gaseous precursor which is used to synthesise a solid
material through a chemical process. When the chemical reaction
occurs, the reactant vapour is delivered to the substrate surface
and forms a thin film with crystallisation growth in a reaction
chamber through either a high-temperature decomposition or a
high-temperature chemical reaction. Following the completion
chemical reaction, the densified film can be formed after the
sintering process.323 The CVD technique is favoured to form
uniform, pure, reproducible and adherent films, but it needs
high reaction temperature, has relatively low deposition rates, and
presents corrosive gases if using a halogenous precursor.324

Halogen compounds such as ZrCl4, and YCl3, metal–organic
compounds such as metal alkoxides, or b-diketones are normally

used as precursor materials.304 Chour et al. used butanol con-
taining Zr- and Y-ions as a precursor (heated to 150 1C) and
sintered ceria pellets as the substrate (heated to 850 1C), and a
5 mm thickness of YSZ could be formed with 4 h deposition time
and annealing at 1300 1C for 10 h, which an OCV of 0.93 V was
reported at 650 1C.325 Gelfond et al. used the volatile metal
complexes with dipivaloylmethane Zr(dmp)4 and Y(dmp)4 as
the precursors to fabricate the gas-tight YSZ electrolyte with
the thickness of 4–15 mm on supporting porous YSZ/NiO
anodes via CVD, where the OCV could achieve 0.98–1.08 V with
440 mW cm�2 at 1073 K.326

EVD is a modified CVD process, which is easy to control and
able to modify the interface of each component. As shown in
Fig. 16a, there are two porous ceramic substrate chambers,
where the first chamber is injected with oxygen gas as the
reactant, and the other one is filled with metal chloride com-
pound. The presence of an electrochemical potential gradient
engenders the creation of a metal oxide because the oxygen
reactant formed the water vapour side to react with metal
chloride.237 Finally, the solid thin film is deposited on the
ceramic substrate. The film growth is affected by the tempera-
ture, the morphology of the porous substrate and chemical
parameters. Hermawan et al. fabricated densified and gas-tight
YSZ electrolyte film on metal-supported SOFCs.327 However, the
EVD process needs high reaction temperature, the presence of
corrosive gases, and relatively low deposition rates.

To lower the operating temperatures, the thickness of the
electrolyte should be decreased to nano size, atomic layer

Fig. 15 Schematic illustration of the (a) EB-PVD, (b) sputtering, (c) PLD.244,268,309 Reproduced from ref. 244 with permission from [Springer], copyright
[2020]. Reproduced from ref. 309 with permission from [MDPI], copyright [2023].
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deposition (ALD) has the potential to grow nanoscale electro-
lytes, which allows very precise control over the thickness on an
atomic level by self-limiting chemical reaction.268 As shown in
Fig. 16b, each ALD process has four steps by using layer-by-layer
deposition while repeating the gas injection and purge. Thus,
the thickness of the final deposition film is related to the
number of precursor supply cycles, regardless of the supplied
dose of the precursor.244 Su et al. fabricated 10 nm YSZ film
through the combination of two ALD processes, where this cell
possessed a stable OCV of 1.05 V at 350 1C for 14 h.328 The first
noted GDC thin electrolyte deposited by ALD was reported
in 2003, where sputtering-coated GDC was compared with

ALD GDC thin layer (1 mm) and its ionic conductivity was
30 times higher than the sputtering method.329 However, a
low deposition rate and difficulty in deposition over large areas
could lead to prohibiting a long operation time. Moreover, the
low utilization of relatively precursor chemicals could increase
the fabrication costs. These issues need to be solved for further
practical industry applications.

Table 5 shows an overview of the different fabrication
methods used to produce electrolyte layers in SOFC. The
anode-supported cell is commonly used due to its ability to
maintain mechanical performance, provide good stability, and
exhibit low ohmic resistance with a thinner electrolyte layer
compared to electrolyte-supported cells. Dip coating is used for
tubular cells to deposit electrolytes and other functional layers.
Spin coating, screen printing, and tape casting are used in
planar cells to achieve micro-thickness layers, with screen
printing being particularly suitable for large-scale applications.
The cell with YSZ films produced by spin coating, with a
thickness of 12–36 mm, can achieve a maximum power density
of 2005 mW cm�2, which is suitable in the laboratory.297

4. Strategies to modify the electrolyte
performance

To be suitable for industrial applications, electrolyte materials
should possess high ionic or protonic conductivity and good
stability under operating conditions. One approach to improve
stability is to lower the operating temperatures. Different types
of electrolytes have been discussed in Section 2. Electrolytes are
typically polycrystalline oxide, and oxygen vacancies are the
primary charge carriers and proton conductivity is also closely
related to oxygen vacancies. Therefore, introducing oxygen

Table 5 Overview of different fabrication methods for electrolytes in SOFC

Type of SOFC Cell configuration
Fabrication method
of electrolyte SOFC performance

Operating
temperatures (1C) Ref.

Anode-supported cell NiO-SDC/SDC/Sm0.5Sr0.5CoO3-SDC Screen-printing 397 mW cm�2 600 293
Anode-supported cell NiO-8YSZ/8YSZ/LSM Screen-printing 1.5 A cm�2 at 0.7 V 800 330
Anode-supported cell NiO-8YSZ/8YSZ/LSCF Screen-printing 570 mW cm�2 750 331
Anode-supported cell NiO-SDC/YSZ/Y0.25Bi0.75O1.5-Ag Spin coating 535 mW cm�2 750 296
Anode-supported cell NiO-YSZ/YSZ/LSM Spin coating 1567 mW cm�2 750 297
Anode-supported cell NiO-SDC/SDC/LSCF Spin coating 685 mW cm�2 600 298
Anode-supported cell NiO-YSZ/YSZ/GDC/LSCF-GDC Spin coating 200 mW cm�2 600 299
Anode-supported cell NiO-YSZ/YSZ/Pt Dip coating 262 mW cm�2 800 300
Anode-supported cell NiO-YSZ/YSZ/LSM-YSZ Dip coating 1120 mW cm�2 800 301
Anode-supported tubular cell NiO-YSZ/YSZ/LSGM/Sm0.5Sr0.5CoO3 Dip coating 274 mW cm�2 600 332
Anode-supported cell NiO-GDC/GDC/GDC-LSCF Tape casting 953 mW cm�2 600 305
cathode-supported cell SDC-NiO/SDC/La0.7Sr0.3FeO3�d Tape casting 233 mW cm�2 750 333
Anode-supported cell NiO-BZCYYb/BZCYYb/LSCF-BZCYYb Tape casting 389 mW cm�2 800 334
Anode-supported cell NiO-YSZ/YSZ/LSCF Magnetron sputtering 560 mW cm�2 800 335
Anode-supported cell NiO-YSZ/YSZ/LSM EB-PVD 760 mW cm�2 800 336
Anode-supported cell NiO-GDC/YSZ/GDC-LSCF EB-PVD 540 mW cm�2 860 337
Anode-supported cell NiO-YSZ/YSZ/LSM EB-PVD 1000 mW cm�2 900 338
Anode-supported cell NiO-YSZ/YSZ/LSM CVD 440 mW cm�2 800 326

1200 mW cm�2 900
Anode supported cell NiO-YSZ/YSZ/LSM Electrophoretic deposition 624 mW cm�2 800 339
Metal supported cell Pt/YSZ/Pt ALD 270 mW cm�2 350 340

SSFCu: Sm0.5Sr0.5Fe0.8Cu0.2O3�d.

Fig. 16 The illustration of (a) the CVD reactor and (b) the ALD
process.237,268 Reproduced from ref. 237 with permission from [Springer],
copyright [2020].
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vacancies is critical for electrolytes, and dopants are effective
and common methods to increase oxygen vacancies and
improve stability and sintering ability at lower operating
temperatures. As shown in Fig. 17a, co-doping Sm and
Gd can increase the oxygen vacancy and the maximum concen-
tration V��O

� �
was 2.65 � 1021 cm�3 for Ce0.8Sm0.1Gd0.1O1.9

composition.341 Different dopants have varying effects on the
properties of electrolytes, with transition metals, rare earth
metals, and alkaline earth metals commonly used. Typically,
the ionic radius of the dopants is an important factor in
determining performance, with higher conductivity achieved
by doping with a similar ionic radius. However, dopants can
also negatively affect performance by occupying the oxygen ion
channel or capturing the moving oxygen ions. As shown in
Fig. 17, the main strategies are doping cations, forming the bi-
layer, decreasing the thickness of the electrolyte into nano-size
and establishing the composite with two types of electrolytes.
The strategies of doping or co-doping on conductivity have
been discussed in detail in Section 2 and illustrated through
different types of electrolytes.

4.1. Bi-layer strategy

An alternative approach to improve performance is to use
bi-layer electrolytes. Although an excellent electrolysis perfor-
mance has been achieved by using 8 mol% Y2O3 stabilised ZrO2

as the electrolyte, Ni-YSZ, and LSM as the fuel electrode and
oxygen electrode, respectively,344 there is a need for higher

and stable performance with cost reduction and successful
implementation of the technology. To achieve this, superior
electrode materials and stable electrolytes with sufficient con-
ductivity are required, along with a reduction in the operating
temperatures for the long term. However, there are some
disadvantages to applying a single electrolyte layer. Such as,
YSZ electrolyte is prone to react with the electrode materials
LSCF and only provides sufficient conductivity at high tempera-
tures (1000 1C); Bi2O3-based electrolyte can be reduced to
metallic Bi at reduced atmosphere; CeO2 electrolyte system
could transfer to electronic conduction by reduction of Ce4+

to Ce3+ with high applied voltage in SOEC. Bi-layer electrolytes
are an effective solution to solve these problems and can
improve stability. For example, a bi-layered electrolyte ScSZ/
GDC with high-performance LSCF can overcome unstable ScSZ
and GDC electrolyte and obtain good electrolysis, in which this
cell exhibited a very high electrolysis current density of approxi-
mately �2.2 A cm�2 in steam, and the OCV was significantly
improved, albeit at the cost of an increase in the ohmic resis-
tance of the cell.345 As shown in Fig. 18, anode-supported cell
NiO + BZCYYb4411//BZCYYb4411//PBSCF (full formula is inside
of figure) was fabricated via drop coating method, and a dense
layer of PBSCF was deposited via PLD between the electrolyte
and cathode, which can dramatically decrease ohmic resistance
compared to the cells without PLD and improve the contact
between cathode and electrolyte.346 Bi-layer SrCo0.3Sn0.7O3�d/
CeO2�d can establish heterojunction, which improved the ionic
conductivity from 0.11 S cm�1 (SrCo0.3Sn0.7O3 electrolyte) to

Fig. 17 The strategies of (a) co-doping of Sm3+ and Gd3+ in ceria strategies341 and (b) bi-layer SrCo0.3Sn0.7O3�d/CeO2�d
342 and (c) thin electrolyte film271

and (d) the composite of GDC and (Dy0.2Zr0.05Bi0.75)2O3.343 Reproduced from ref. 341 with permission from [Elsevier], copyright [2020]. Reproduced from
ref. 342 with permission from [Elsevier], copyright [2021]. Reproduced from ref. 271 with permission from [Wiley], copyright [2012]. Reproduced from ref.
343 with permission from [Elsevier], copyright [2024].
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0.2 S cm�1 at 520 1C and its heterojunction can block electronic
transport through the cell.342

Various methods have been investigated to fabricate the
dense bi-layer electrolyte, such as PLD, screen printing, sputtering,
tape casting, and electrophoretic deposition.183 The thickness of
electrolytes has a great effect on the performance of SOFC. To
reduce ohmic loss, the thickness should be minimised to reduce
the resistance when YSZ is used as the blocking layer, such as the
insertion of YSZ with 50–200 nm thickness could increase the
power output from 377 mW cm�2 to 1 W cm�2.347 Wachsman et al.
investigated that Erbium or Yttria stabilised Bi2O3 (ESB or YSB)
could be one of the electrolytes on the cathode and doped ceria
electrolyte on the anode for SOFC, which could allow ESB/GDC
bi-layered system to be used at low temperatures with high
conductivity as well as high efficiency.348 It was also reported
that the ESB/GDC bilayer electrolyte can improve OCV and
reduce the specific resistance of SOEC compared with single-
layer GDC electrolyte, which is shown in Fig. 19, the thickness of
the ESB film was about 4 mm and the maximum power density of
bilayer SOFC was increased to 1.95 W cm�2 with 0.079 O cm2

total area specific resistance at 650 1C.349 However, several
challenges need to be addressed to apply bi-layer electrolytes
in a practical solution, including shrinkage compatibility, ther-
mal expansion coefficient (TEC) compatibility, and interdiffu-
sion between the two components.183

4.2. Effect of microstructure

The total ionic resistance of polycrystalline electrolytes largely
depends on grain and grain boundary, and it has been reported
that the grain boundary conductivity is lower than grain

conductivity by 2–3 orders of magnitude.153 Grain boundaries refer
to areas of crystallographic mismatch caused by lattice mismatch,
impurities, space charge, microcracks, or a combination of all of
these factors, which provide an area for faster mass transporting
than bulk crystalline properties of crystalline.350 The total con-
ductivity can be enhanced by increasing the grain boundary
conductivity. However, the impurities negatively affect the grain
boundary conductivity, which can be eliminated by heating treat-
ment or adding various additives. Recently, the ceria chloride
electrolytes GDC-LiCl-SrCl2 showed superionic conductivity, which
was 2–10 times higher than GDC at the temperature of 400–
600 1C.351 The d-Bi2O3-0.2 wt% B2O3 composite with molten grain
boundary-based electrolyte can provide the highest oxygen ionic
conductivity of 2 S cm�1 at 750 1C with double layer, and the power
density of the intermediate-temperature molten oxide fuel cell can
theoretically obtain a value of 1 W cm�2.352 Therefore, the liquid
phase or composite electrolyte can help enhance the grain bound-
ary conductivity. The composite 0.5 wt% Er0.2Bi0.8O1.5 (ESB) and
Ce0.85La0.15O1.925 (CLO) was reported the enhancement of ionic
conductivity, which was an order of magnitude with a value of
1.41 � 10�2 S cm�1 at 600 1C compared to CLO and addition
of ESB enhanced the conductivity of the bulk as well as grain
boundaries.341 Moreover, ESB also can decrease the sintering
temperature, in which 5 wt% ESB-Sm0.075Nd0.075Ce0.85O2�d (SNDC)
achieved the high density (almost 100%) after sintering at 1100 1C
and the power density of anode supported cell using 5ESB-SNDC
as electrolyte can reach 129 mW cm�2 at 450 1C.353 As shown in
Fig. 19d, A novel composite (Dy0.2Zr0.05Bi0.75)2O3 (DZSB)-GDC
electrolyte was reported to reach more than 95% relative density
after sintering at 1200 1C for 10 h and the sintering temperature

Fig. 18 Scanning electron microscope images of a cross-section of (a) PBSCF/BZCYYb/BZCYYb + NiO cermet anode fuel cell without PLD layer and (b)
with PLD layer. The polarization and power density of cermet anode fuel cell (c) without PLD layer and (d) with PLD layer using humidified H2 as fuel and
dry air as oxidant. (e) Impedance spectra at 600 1C with and without PLD layer.346 Reproduced from ref. 346 with permission from [Springer Nature],
copyright [2018].
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can decrease with an increase in the DZSB composite ratio, due to
the low melting point of DZSB around 825 1C to form the liquid
phase, in which the grain boundary conductivity of 10 wt% DZSB-
GDC was 113.8 times than pure GDC.343

The grain size also can affect the ionic conductivity with the
nanosized electrolytes showing higher conductivity than micro-
structure electrolytes. It was found that 16 mol% YSZ exhibited
improved conductivity and lower activation enthalpy with
nanocrystalline films (average 20 nm grain size) compared
with coarse-grained polycrystals.350 The ultra-fine grained
(110–220 nm) and micron (1–1.8 mm)-Sm, Bi co-doping CeO2/
BaCeO3 electrolytes were prepared, in which the specific grain-
boundary conductivities were 1–2 orders higher than micron
structures.354 Doped ceria with an average particle size below
20 nm could obtain high density 99% sintering at a relatively
low temperature of 1150 1C and higher conductivities at 500 1C,
but the ionic conductivity could not show enhancement with
a decrease in the grain size for the micro-level electrolytes (0.2–
20 mm).355 The effect of grain size should be further investi-
gated with the assistance of simulation calculation due to the
unclear grain boundary conduction behaviours.

As discussed in Section 2.2, the thickness of the electrolyte
also influences the performance of the cell. The electrolyte thin
film in nano size showed minimized ohmic resistance and
grain boundary resistance at lower temperatures,269 in which
this electrolyte possesses a higher surface area to volume ratio
than the bulk electrolyte. Advanced deposition methods are
applied to prepare the nanoscale electrolyte film, such as CSD,
ALD, PLD, PVD, and CVD.269 It was reported that a 100 nm YSZ
film on a 400 nm GDC electrolyte was deposited on Ni-based
cermet support via the CSD method as shown in Fig. 19c,
in which this cell showed a maximum power density of

1300 mW cm�2 and high OCV (1 V) at 650 1C.271 YSZ with
1 mm thickness was deposited to anode support and fabricated
with Ni and Pt as the anode and the cathode, in which the
maximum power density was 493 mW cm�2 at 500 1C and high
ionic conductivity of electrolyte was controlled by adjusting the
sputtering pressure condition to obtain the large surface area
and internal tensile stress.356

4.3. Other strategies

The synthesis method also has a great effect on the performances
of solid oxide electrolytes, directly affecting their electrical and
mechanical properties as well as the potential for large-scale
production. Solid-state reaction is a common method to synthe-
sise the electrolyte, but it requires high temperature and energy.
Soft chemical synthesis of materials could make the targeted
product at a relatively low temperature and with less energy
consumption, like co-precipitation. However, the recycling of
solvents should be considered. The choice of synthesis method
could control the surface, porosity, and performance. It is better to
choose a suitable method to synthesise the electrolyte. Some
advanced manufacturing techniques, such as pulsed laser deposi-
tion, could improve performance by reducing the thickness.
Developing good electrode materials compatible with electrolytes
also plays a critical role in the performance of SOECs or SOFCs.

5. Thermomechanical and thermo-
electrochemical characteristics of solid
electrolyte

The electrolyte plays a vital role in SOECs and SOFCs, which
should possess high ionic conductivity (0.1 S cm�1 at operating

Fig. 19 I–V characteristics of fuel cell samples with single layer GDC and bilayer ESB/GDC electrolyte at 650 1C using 90 sccm of air and wet hydrogen.
(b) SEM micrograph of the cross-section of ESB/GDC bilayer electrolyte with anode support. (c) Impedance spectra of the GDC and ESB/GDC
electrolyte.349 Reproduced from ref. 349 with permission from [Elsevier], copyright [2009].
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temperature); good densification (relative density 495%) to
separate the gases; and reliable mechanical integrity with
anode and cathodes. The total resistances are measured by
electrochemical impedance spectroscopy (EIS) which is a nor-
mally used 2-probe method. The relative density can be calcu-
lated with skeletal density dividing absolute density, which is
measured by the ASTM B962-17 method based on the Archi-
medes principle or mercury porosimeter, and helium pycn-
ometer. The mechanical properties include microhardness,
fracture toughness, and Young’s modulus of the electrolyte.
This section will cover the techniques for studying and devel-
oping electrolyte performances.

5.1. Conductivity measurement

The Pt or Ag pastes are commonly used as electrodes by coating
on both sides of the electrolyte. In order to eliminate the
influence of organics in the Pt or Ag pastes, it is better to calcine
the cell at 500–800 1C for several hours. In the electrochemical
impedance spectroscopy (EIS) measurements, the impedance is
the function of the alternating current (AC), and a Nyquist plot
displays the Impedance spectra by showing the imaginary part
on the Y-axis and the real part on the X-axis at different
frequencies.123 The electrochemical impedance data were col-
lected at different impedances from 400 to 800 1C, and three
well-distinguished semicircles can be seen in Nyquist plots. The
intercept on the real axis at higher frequencies represents the

grain bulk resistance and this interception corresponds to the
grain boundary resistance, and interface resistance between
electrolyte and electrode at intermediate and low frequencies,
respectively. At higher measurement temperatures (Z700 1C),
the arcs contributed from both grain bulk and grain boundary
disappeared due to the instrument limitation. Therefore, the
intercept of the impedance arc with a real axis represents
the total resistance at high frequencies. As shown in Fig. 20,
these semicircles can be interpreted by equivalent circuits with a
serial association of (R//CPE) elements, where R is the resistance
and CPE is a constant phase element. The conductivity can
be calculated according to the resistances, and the activation
energy (Ea) can be estimated by calculating the slope of the linear
Arrhenius plots in Fig. 20c. The activation energy Ea corresponds
to migration reduces the energy barrier for oxygen ions diffusion
across the electrolyte layer. The smaller activation energy indi-
cated the smaller energy barrier to transport the oxygen ions.357

Measuring the conductivity of samples at different oxygen partial
pressures can verify the oxygen ions’ conduction. As shown in
Fig. 20d, the total conductivity is independent of the oxygen
partial pressure, which implies the major charge carrier is
oxygen ions rather than electronic defects.211

5.2. Densification measurement

The shrinkage/expansion behaviour can be measured by a
dilatometer which can estimate the sintering temperature to

Fig. 20 Impedance spectra of La10Si5Al1�xWxO27�d (x = 0–1) measured at (a) 773 K and (c) 973 K in the air; (b) Arrhenius plots of the total conductivity of
the samples La10Si5Al0.9M0.1O27�d (M = W, In, Nb, Mg); (d) the total conductivity of sample La10Si5Al0.9W0.1O27 as the function of the oxygen partial
pressure at different temperatures.211 Reproduced from ref. 211 with permission from [Elsevier], copyright [2016].
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obtain the dense electrolyte. After preparing dense electrolytes,
the scanning electron microscope (SEM) can be used to mea-
sure the morphology of the surface and cross-section, where
there should be no pores. The relative density should be above
95% to achieve separating gases at the anode and cathode. The
relative density can be calculated by the following eqn (9):

Relative density %ð Þ ¼ Skeletal density

Absolute density
(9)

where skeletal density can be estimated by a hand-made device
according to the Archimedes principle and mercury porosime-
try; absolute density can be measured by a helium pycnometer.
Some literature also reported the use of the other eqn (10) to
calculate the relative density:

Relative density %ð Þ ¼ Actual density

Theoretical density
(10)

where the actual density can be measured by actual mass and
volume; the theoretical density can be obtained according to
the results of XRD refinement.

5.3. Mechanical measurement

The mechanical properties of the electrolyte in SOFCs are crucial.
The electrolyte must maintain structural integrity under opera-
tional conditions, which include high temperatures and thermal
cycling. If the electrolyte is too brittle, it can crack or fracture,
leading to the failure of the fuel cell. Thus, maintaining a balance
between thinness for ionic conductivity and sufficient mechanical
strength to avoid brittleness and failure is essential.

When the thickness of electrolyte decreases to a small
number, it will be brittle and introduce mechanical failure.
Typically, electrolytes are kept at thicknesses around 10–20
micrometres to balance mechanical strength and ionic con-
ductivity. Below this range, the brittleness increases, leading to
a higher risk of mechanical failure. Advanced deposition

techniques are used to optimize the mechanical properties
while maintaining thin layers for better performance. A Shi-
matzu indentation equipment with a Vickers diamond indenter
was used for the determination of Vickers microhardness (Hv)
and fracture toughness of the electrolyte. The Hv values were
calculated by the following eqn (11):341

Hv = 1854.4P/a2 (11)

where P is the applied load and a is the indentation diagonal
distances (mm). The fracture toughness was determined by
applying was determined by applying the Palmqvist method
using the following eqn (12):358

KIC ¼ 0:016
E

Hv

� �1=2
P

C3=2
c ¼ aþ l (12)

where P, Hv, E, a, and c are the applied load, the Vickers
hardness, the elastic modulus of the materials measured
by a three-point bending test, and diagonal and crack length
measured by SEM, respectively. The hardness is relative to the
sintered density, the samples with lower porosity showed
higher hardness, and Fig. 21 shows the indentation marks
observed on the different sintered samples. The fracture tough-
ness can be calculated with these cracks observed near the
indentation zones.

The following eqn (13) can be used to calculate the reduced
Young’s modulus Er:

Er ¼
1

2

ffiffiffiffiffiffi
p
Ac

r
1

C � Cf
(13)

where C is the compliance of the unloading part and Cf is the
frame compliance, Ac is the contact area of the indentation
immediately before unloading.359 Er is the function of Young’s
modulus E, and the Poisson’s ratio u of the sample (s) and the
indenter (i), through eqn (14):360

1

Er
¼ 1� us2

Es
þ 1� ui2

Ei
(14)

5.4. Stability measurement

Thermodynamic and chemical stability over a wide range of
temperatures plays an important role for SOECs and SOFCs.
The electrolyte should not react with the anode and cathode, and
these components should possess a similar thermal expansion to
avoid cracking. The thermal expansion can be estimated by dilat-
ometer measurement, which can obtain the shrinkage temperature
and rate. To evaluate the chemical stability, the electrolytes should
be exposed to 20% H2/Ar, wet Ar, or CO2 at 800 1C for several hours
and are analysed by XRD to check the structural changes or impurity
phases. The morphology of the surface and cross-section is inves-
tigated via SEM and transmission electron microscopy (TEM) to
estimate the interconnect with other components.

6. Large-scale stack applications

SOFC power technology offers several benefits, including super-
ior energy conversation efficiency, minimal environmental

Fig. 21 The sample of Ce0.9Gd0.1O1.95 of Pyramid-shaped Vickers indenta-
tion marks on tape sintered at (a) 1300, (b) 1400 1C/2 h, (c) and (d) indentation
imprint and emanated crack on the tapes sintered at 1500 1C 2 h�1.358

Reproduced from ref. 358 with permission from [Wiley], copyright [2013].
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footprint, and reduced noise levels when converting chemical
energy into electrical energy. However, SOFCs need to achieve
capacities in the megawatt and multi-megawatt range for
application in the future energy system, which can be solved
by increasing the active cell area and current density with
stacks. Typically, dozens of planar cells and interconnectors
are alternately assembled in a planar stack by incorporating
appropriate sealing materials and porous current collector
materials.361 As shown in Fig. 22a, the conventional planar
SOFC stack consists of electrolyte, porous electrodes, and gas
flow paths where the solid bipolar plate serves multiple func-
tions, including connecting cell units, current connector, separ-
ating the air and fuel flows as well as distributing the gases over
cathode and anode surface by solid ribs.362 The stack design
mainly relies on the electrolyte, since the operating tempera-
ture is determined by the ionic conductivity of the electrolyte.
The 3D structure of the 10-cell SOFC stack model is shown in
Fig. 22b where red lines indicate the fuel flow within the stack
and the blue lines for airflow, and the SOFC unit active area was

about 100 � 105 mm using SDC/YSZ bi-layer as electrolyte.362

The muti-SOFC stacks are also shown in Fig. 22c, which
consists of 20 cells in each stack with a 100 cm�2 cell area
and 0.1 mm electrolyte thickness.363 TOFC has collaborated
with Wartsila since 2002 on the development of an SOFC
system in the 200+ kW class for power generation and marine
application, in which four stacks were installed and can be
operated continuously providing an average power of 3.6 kW at
55–60% fuel utilisation.364 As shown in Fig. 22d, the anode
support tubular SOFC stack is constructed with 7 � 7 tubular
cells in which 8YSZ served as the electrolyte with 1 mm thick-
ness and the final active area was 205 cm2.364,365 Moreover,
30-cell SOE stack in Fig. 22e was operated at 750 1C under
0.5 A cm�2 constant current density for more than 500 h with
4.06% k h�1 degradation rate with high net hydrogen produc-
tion rate 361.4 N L h�1 and 73% steam conversion, in which
each single cell consisted with 400 mm NiO-YSZ electrode
substrate, 10 mm NiO-YSZ electrode functional layer, a 10 mm
8YSZ electrolyte and 2 mm GDC barrier layer and 20–30 mm

Fig. 22 (a) The schematic diagram of a planer SOFC stack with three cell unit; (b) 3D structure of the 10-cell SOFC stack; (c) the schematic diagram of an
integrated muti-SOFC stack and (d) tubular SOFC stack with anode support and (e) 20-cell SOE stack.362,363,365,366,368 Reproduced from ref. 362 with
permission from [MDPI], copyright [2018]. Reproduced from ref. 363 with permission from [Elsevier], copyright [2023]. Reproduced from ref. 365 with
permission from [Elsevier], copyright [2018].
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LSCF-GDC oxygen electrode.366 A multi-SOEC stack with 720 of
10 cm � 10 cm cells was conducted in a newly developed 15 kW
integrated laboratory scale test facility; the test test-average H2

production was about 1.2 Nm3 h�1 based upon current with a
peak value of 5.7 Nm3 h�1.367,368

Reversible solid oxide cells (r-SOC) are a great option for
highly efficient energy supply and production of fuel gases. The
components of cassette-type r-SOC stack and single cell with
101.2 � 0.1 cm2 average active area are shown in Fig. 23a, e and
f, in which the 15.7 mm YSZ served as the electrolyte with 2.5 mm
Gd0.135Yb0.015Bi0.02Ce0.83O1.195 (GYBC) diffusion barrier layer;
the photograph of 30-cell stacks are shown in Fig. 23c, which
1 kW of stack power can be achieved at 43.7 A at 700 1C in SOFC
mode and 502 L h�1 of H2 production rate at �40 A in SOEC
mode.369 The key requirements for the industrial scale of r-SOE
application are cell stability and durability, as well as reliability
of power supply and hydrogen production. The YSZ electrolytes
are normally chosen in a large-scale stack for industrial appli-
cation, due to good ionic conductivity and mechanical ability to
improve the cell stability, but the thin GDC barrier layer should
be added to avoid the reaction between LSCF and YSZ if using
LSCF as the oxygen electrodes. Moreover, varying operational
conditions can lead to performance decline and microstruc-
tural deterioration in both SOFC and SOEC modes, which will
reduce the r-SOC lifespan.370,371 The detailed performance of
the cells in the stack can be analysed with electrochemical
impedance spectroscopy (EIS) in combination with the method

of distribution of relaxation times (DRT), which can provide
useful information for early-stage degradation detection.372,373

7. Conclusion and perspectives

This review specifically centres on the electrolyte for SOEC and
SOFC, which offers an excellent method for hydrogen produc-
tion and electricity generation. The discussion focuses on the
synthesis methods for electrolytes; the various types of electro-
lytes (oxygen ion conduction and proton conduction); strategies
to decrease the operating temperature and enhance stability
and conductivity; the characterisation techniques of the elec-
trolyte properties; and the YSZ electrolyte used as the large-
scale SOEC and SOFC application. Additionally, the review also
summarises the methods to modify the electrolytes for perfor-
mance improvement.
� Proton-conducting electrolytes exhibit considerable

conductivity at low temperatures (400–600 1C), but the
performance of the cells is not satisfactory with one type of
electrolyte. Ba/SrCeO3-based electrolytes offer good proton con-
ductivity but lack good chemical stability when exposed to an
atmosphere containing CO2, SO2, and H2O. Conversely, Ba/
SrZrO3-based electrolytes demonstrate robust chemical stability
but poor proton conductivity. The combination of two types of
electrolytes could compensate for their limitations and deliver
good conductivity and stability. One well-known example of a

Fig. 23 (a) Schematic diagram of reversible SOC with repeating cell units; (b) photograph of 1 kW class stack; (c) I–V curves of both SOEC and SOFC
mode for 30-cell stack at 700 1C; (d) and (e) cross-section SEM image of the cell area and Ag glass interconnector.369 Reproduced from ref. 369 with
permission from [Elsevier], copyright [2022].
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dual ion-conducting electrolyte is BaZr0.1Ce0.7Y0.1Yb0.1O3�d
which exhibits both oxygen ion conductivity as well as proton
conductivity at 500 1C while maintaining good sintering ability.
� Oxygen ion conductivity must be as high as 0.1 S cm�1 at

operating temperature to satisfy the SOECs or SOFCs require-
ment. Among these, stabilised zirconia-based electrolytes
possess high stability and good conductivity at high operation
temperatures, but low conductivity at low to intermediate
temperatures. The Bi2O3-based electrolytes, on the other hand,
exhibit good ionic conductivity at intermediate temperatures
but are prone to reduce to metallic Bi, which limits their further
application in IT-SOECs. Doped cerium oxide-based electrolytes
are suitable for intermediate temperatures, but the reduction of
Ce4+ to Ce3+ can lead to internet short-circuiting and block
its application. For the perovskite-based electrolyte, the ionic
conductivity is not good when compared with another electro-
lyte at IT temperature. To enhance conductivity and stability, a
bilayer approach is often employed. GDC/YSZ bi-layer electro-
lytes are commonly used in SOECs or SOFCs and can achieve a
power density of 1450 mW cm�2 at 800 1C.
� Dual-ion conducting electrolytes, which facilitate the

transport of both protons (H+) and oxygen ions (O2�), offer
significant potential for improving the efficiency and flexibility
of SOFCs. These materials enable enhanced ionic conductivity,
particularly at intermediate temperatures, and can contribute
to reduced operational temperatures while maintaining
high performance. Key challenges remain in optimising the
balance between proton and oxygen ion conductivity, ensuring
chemical stability, and addressing issues related to phase
compatibility. Continued development of dual-ion conductors
could lead to more efficient, durable, and cost-effective SOFC
technologies for energy conversion applications.
� In addition to the aforementioned material systems, there

are other factors that impact cell performance. It is important
to optimise the thickness of electrolytes to minimise the
polarisation resistance; prepare the nanoparticles that exhibit
high density at low sintering temperatures; and ensure good
contact with electrodes to avoid interface resistance which can
be influenced by the coating methods of cathodes and anodes.
The factors that affect cell performance are numerous, includ-
ing gas environment; synthesis methods; electrodes; cell
configuration; and cell preparation.
� Wet chemical techniques are recommended to synthesise

the electrolyte powders, such as the sol–gel and co-precipitation
methods, since reactants are easy to react at the atomic level
with these methods and nanoparticles can be achieved to
decrease the ohmic resistances of electrolytes. For commercial
electrolytes with large-scale applications, screen coating is
suggested for the electrolyte deposition with the purpose of
forming thin thickness (5–15 mm) with small ohmic resistance.
� Characterisation plays an important role in better choos-

ing the proper electrolyte for SOECs and SOFCs. A good
electrolyte should possess properties with high ionic conduc-
tivity (0.1 S cm�1 at operating temperature); good densification
(relative density 495%) to separate the gases; reliable mechan-
ical integrity with anode and cathodes; and good stability.

From the perspective of synthesis electrolytes, co-precipitation,
and sol–gel methods would be commonly effective to obtain
uniform and nano-size particles. It is vital to consider chemical
compatibility and low area-specific resistance when selecting
an appropriate method for electrolytes in SOECs or SOFCs.
The traditional synthesis by solid-state and solutions methods
has some limitations during synthesis, such as high synthesis
temperature, impurity, and relatively bigger particle size. The
auto-combustion method was considered to be the most conve-
nient and effective method to synthesise the electrolyte, since
the ultrafine, high purity and homogenous nano-powders can
be formed via this method at the relatively low sintering tempera-
ture, and the method is economical and energy efficient. Another
effective method is microwave heating with fast-heating
speed, which can reduce the sintering densification temperatures,
improve the microstructures, reduce the activation energy
between grain boundaries and improve the conductivities.
However, it is not clear about the specific reasons why microwave
heating can promote conductivities, which should be investigated
further. Acceptor dopants were extensively used to stabilise the
phase and increase the oxygen defects to improve the ionic
conductivity, which was found to be affected by ionic radius,
the charge valence of dopants, and the doping amount. The
increase in oxygen vacancy concentration is an effective way to
increase the ionic conductivity and co-doping can decrease
the densification temperature as well as increase the ionic con-
ductivity. Recently, a new way has been set up by triple-doping to
enhance the ionic conductivity of ceria, such as La/Pr/Sm triple-
doped ceria and Pr/Sm/Gd triple-doped ceria However, further
investigation is needed in tri- or muti-doped ceria in order to
develop new electrolytes for further SOECs and SOFCs applica-
tion. A buffer layer also should be required to improve the stability
and mechanical compatibility when electrolytes may react with
the anode, but the thickness should be thin to avoid the increase
in ohmic resistance. Finally, the oxygen ion transfer numbers
also play n very important role in the oxide ionic conductivity,
which could decrease the operating temperature if the ion transfer
numbers are high. Still, we need to develop new electrolyte
materials with good stability, mechanical properties, and ionic
conductivity as well as cathode and anode materials with good
performance to make commercially viable IT-SOECs and IT-
SOFCs. It is still a big challenge to develop electrolytes with good
conductivity, chemical stability, and mechanical ability. The main
challenges of the operation of SOECs are the sealing problems
and thermal and chemical stresses at electrolyte–electrode inter-
faces which may cause delamination. Additionally, the migration
of oxygen ions or protons is not yet fully understood; and further
simulations and experiments are necessary to address this issue.
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370 V. Subotić, A. Baldinelli, L. Barelli, R. Scharler, G. Pongratz,
C. Hochenauer and A. Anca-Couce, Applicability of the
SOFC Technology for Coupling with Biomass-Gasifier Sys-
tems: Short-and Long-Term Experimental Study on SOFC
Performance and Degradation Behaviour, Appl. Energy,
2019, 256, 113904.

371 F. Tietz, D. Sebold, A. Brisse and J. Schefold, Degradation
Phenomena in a Solid Oxide Electrolysis Cell after 9000 h
of Operation, J. Power Sources, 2013, 223, 129–135.

372 Q. Fang, L. Blum and N. H. Menzler, Performance and
Degradation of Solid Oxide Electrolysis Cells in Stack,
J. Electrochem. Soc., 2015, 162, F907.
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and V. Subotić, Performance Assessment and Evaluation of
Soc Stacks Designed for Application in a Reversible Oper-
ated 150 kW rSOC Power Plant, Appl. Energy, 2021,
283, 116372.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 9
:0

4:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00690a



