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A B S T R A C T   

Solid oxide fuel cells (SOFCs) directly convert chemical energy that is stored in a wide range of fuels into direct 
current electricity, with high efficiency and low emissions, via a series of electrochemical reactions at elevated 
operating temperatures (generally 400–1000 ◦C). During such an energy conversion process, the properties of 
electrolyte materials determine the working principle and operating temperature of the SOFC. When considering 
the cost and stability, lowering the operating temperature is critical, and this has become one of the developing 
trends in SOFC research. The key point for realizing a reduction in operating temperature is to maintain low 
ohmic resistance of the electrolyte and low polarization resistance of the electrodes. In practice, the mechanical 
and chemical stability of the electrolyte is also a big concern. According to their differences in ion conduction 
mechanisms, there are three main types of electrolyte material available, namely, oxygen ion-conducting, pro-
ton-conducting, and dual ion-conducting electrolytes. In this review, we give a comprehensive summary of the 
recent advances in the development of these three types of electrolyte material for intermediate-temperature 
SOFCs. Both conductivity and stability are emphasized. In conclusion, the current challenges and future devel-
opment prospects are discussed.   

1. Introduction 

With the rapid progress of our civilization and the exponential 
growth of world population, mankind’s demand for energy is expanding 
at a high rate. During the recent past, fossil fuels have been the major 
energy sources and their utilization has been based mainly on combus-
tion technology. However, its excessive and inefficient use has led to the 
production of huge amounts of CO2 and impurities (SO2, NOx), causing 
major concerns about environmental pollution and climate change, 
which are detrimental to the healthy development of our society. For a 
sustainable future, renewable energy and green energy conversion/uti-
lization technologies are urgently needed [1,2]. Fuel cells offer 
advanced energy conversion technology that exhibits high efficiency 
and low emission of environmental pollutants and greenhouse gases. 
There are many types of fuel cell based on different electrolyte materials. 
Among these, only proton-exchange membrane fuel cells (PEMFCs) and 
solid oxide fuel cells (SOFCs) are entirely solid-state structures, which 
are free from the problem of electrolyte leakage. PEMFCs usually 
operate at room temperature and up to 80 ◦C, with the advantage of a 

quick start that makes them suitable as the power source for electric 
vehicles. However, due to their low operation temperature, precious 
metal electrocatalysts (such as Pt) are needed, which greatly increases 
the cost. In addition, pure hydrogen is the necessary fuel. Unlike 
PEMFCs, the operating temperature of an SOFC is much higher, typically 
between 400 and 1000 ◦C. Such elevated operational temperatures 
effectively accelerate the electrode reaction kinetics; thus no precious 
metals are needed for the electrocatalysts. Thanks to the higher oper-
ating temperature, SOFCs also have the advantage of fuel flexibility. In 
addition to fossil fuels, renewable biomass can also be applied as the fuel 
source [3–5]. Therefore, SOFCs are believed to be one of the most 
promising fuel cells for widespread applications in the near future. 

A typical SOFC single cell is composed of a porous oxide-based 
cathode, a dense ceramic electrolyte and a porous ceramic-metal com-
posite anode. They form a sandwich-type structure with the electrolyte 
in the middle. Unlike conventional chemical redox reactions, the oxi-
dants and reducing agents in SOFC reactions are not in direct contact. 
The fuel undergoes an electrochemical oxidation reaction at the anode 
and emits electrons that reach the cathode through an external circuit to 
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enable participation in the electrochemical oxygen reduction reaction 
(ORR). Oxygen ions or protons transfer to the other side of the fuel cell 
(anode for O2− and cathode for H+) through the bulk of solid electrolyte 
to complete the final reaction. As a key part of an SOFC, the electrolyte 
performs several important roles. Firstly, it acts as a physical block to 
avoid the direct mixing of fuel and oxidant, thus the electrolyte should 
be fully densified, without pinholes. Secondly, the electrolyte is also an 
electron diffusion block to force electron transport only through the 
external circuit. This suggests that the electrolyte should be an electronic 
insulator (pure ionic conductor). Thirdly, the electrolyte also performs 
as a substrate for the support of both electrodes, suggesting that the 
mechano-thermal properties of the electrolyte and the electrodes should 
be well matched [6,7]. In an SOFC, the properties of the electrolyte 
determine the path of the reactions, the open circuit voltage, stability, 
mechanical performance, and operating temperature of the whole cell. 
Since the electrolyte faces the atmospheres of both anode and cathode, it 
should possess high chemical stability over a wide range of oxygen 
partial pressures. 

The state-of-the-art SOFCs are composed of Y2O3 stabilized ZrO2 
(YSZ) electrolyte, Ni + YSZ cermet anode and La0.8Sr0.2MnO3 (LSM) 
perovskite oxide cathode, which are usually operated at higher than 
800 ◦C to achieve favorable power output. Nowadays, it is generally 
accepted that a reduction in operating temperature to the intermediate 
range of 400–800 ◦C is the key for accelerating the widespread appli-
cation of SOFCs. Since the power output of an SOFC is closely related to 
electrode polarization resistance and electrolyte ohmic resistance, both 
should be kept at a sufficiently low level to ensure a high power output 
at reduced temperature. However, YSZ and LSM respectively show low 
oxygen-ion conductivity and poor catalytic activity for ORR at inter-
mediate temperature (IT). Consequently, the state-of-the-art SOFC with 
thick YSZ electrolyte and LSM cathode demonstrates poor power output 
at temperatures lower than 800 ◦C [8,9]. Instead, a new cathode and 
electrolyte should be developed to meet the requirement of favorable 
power output at intermediate temperatures. During the past, consider-
able research activities have been directed towards the development of 
new cathode materials and electrolyte for intermediate temperature 
SOFCs (IT-SOFCs) [10–12]. Many review papers are available in the 
literature concerning recent advances in cathodes for IT-SOFCs, while 
less attention has been paid to the electrolyte [13–15]. In this review, we 
specifically summarize recent advances in the development of new 
electrolytes for IT-SOFCs. Finally, the current challenges and future 
development trends are provided. 

2. Electrolyte materials for IT-SOFCs 

In a typical SOFC, the electrolyte is interposed between the porous 
anode and the porous cathode, which performs one important function: 
to separate the anode and cathode gases. In order to satisfy this 
requirement, the continuity and compactness of the electrolyte layer is 
crucial. At the same time, the electrolyte also transfers ions between the 
anode and the cathode to complete the reaction of the SOFC. The ionic 
conduction inside the electrolyte is thus of enormous significance 
because it partially determines the performance of the SOFC. Depending 
on the different transport species, SOFCs can be generally classified as an 
oxygen ion-conducting SOFC (O–SOFC) or a proton-conducting SOFC 
(P–SOFC). Typically, proton diffusion has lower activation energy than 
oxygen ion diffusion. Therefore, in principle, it is easier to achieve 
higher conductivity for protons than oxygen ions at the lower-to- 
intermediate temperature range. Interestingly, another category of 
SOFC, called a dual ion-conducting SOFC (D-SOFC), has attracted 
considerable attention recently. In this cell, the electrolyte permits 
simultaneous diffusion of both oxygen ions and protons. Such fuel cells 
may enable the advantages of both O–SOFCs and P–SOFCs. As sche-
matically displayed in Fig. 1, due to the different ion conduction 
mechanisms in the electrolyte, the reaction pathways of different types 
of SOFCs are different. As an example, taking hydrogen as the fuel and 
oxygen as the oxidant, the complete reaction of the three SOFCs is as 
follows:  

2H2 + O2 → 2H2O                                                                          (1) 

H2 is oxidized at the anode and emits electrons, as shown in Eq. (2):  

2H2 → 4H++ 4e− (2) 

O2 undergoes a reduction reaction after it receives electrons at the 
cathode via Eq. (3):  

O2 + 4e− → 2O2− (3) 

To complete the reaction, water should be formed by the following:  

4H+ + 2O2− → 2H2O                                                                      (4) 

In the three different types of SOFC, due to the different conduction 
mechanisms of the electrolyte, the location of the generated water is 
different. H2O is generated on the anode in O–SOFC, but on the cathode 
in P–SOFC. In the case of D-SOFC, H2O is formed on both anode and 
cathode. 

Fig. 1. Schematic diagrams of the working principles for (a) O–SOFC, (b) P–SOFC and (c) D-SOFC.  
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2.1. Oxygen ion-conducting electrolytes 

In O–SOFCs, the electrolyte layer transports oxygen ions from the 
cathode to the anode. In order to reach favorable power output, the 
electrolyte materials should have high ionic conductivity at their 
working temperature range. Moreover, since the electrolyte layer is 
interposed between the anode and the cathode, facing the oxidizing and 
reducing atmospheres respectively, the electrolyte material is required 
to be densely sintered and have good mechanical and chemical stability. 
The conduction of oxygen ions in a dense solid material normally de-
pends on the lattice defects and is driven by a concentration gradient or 
current. 

2.1.1. Stabilized ZrO2 
At present, the most widely used oxygen ion-conducting electrolyte 

materials for IT-SOFCs are fluorite-type oxides, which possess a face 
centered cubic arrangement of cations with anions occupying all the 
tetrahedral sites. When a small number of lower valence cations are 
introduced into the crystal structure, the crystal will maintain the 
fluorite structure and generate some oxygen ion vacancies, which pro-
vide a channel for the conduction of oxygen ions. The fluorite-structured 
materials that can be used as an electrolyte for IT-SOFCs are predomi-
nantly stabilized ZrO2, doped CeO2, and stabilized Bi2O3. 

Pure ZrO2 exhibits three different crystal structures, i.e. monoclinic 
(<1170 ◦C), tetragonal (1170–2370 ◦C) and cubic (>2370 ◦C) [16]. In 
the process of crystal structure transformation there is an accompanying 
change in the crystal volume, which makes the thermal stability of pure 
ZrO2 material very poor. The partial substitution of Zr by a suitable 
trivalent or divalent cation results in two beneficial effects: the creation 
of oxygen ion conductivity within the oxide lattice due to the intro-
duction of oxygen vacancies, and stabilization of the cubic structure 
over a large temperature range, greatly improving the mechanical 
properties and thermal stability. As shown in Fig. 2, to compensate for 
the charge changes caused by the introduction of trivalent or divalent 
cations, oxygen vacancies are correspondingly generated in the crystal 
lattice, which provide a channel for oxygen ion conduction. Y is the most 
popular dopant for ZrO2. At present, YSZ is the most widely used elec-
trolyte in high-temperature SOFCs, especially for world-wide commer-
cial SOFC stacks with a power range from 1 KW to 1 MW [17–19]. As a 
state-of-the-art electrolyte material for SOFCs, its properties have been 
well studied, including optimal doping amount, structural stability, and 
sintering performance. Based on the investigation of Badwal, it was 
found that the bulk conductivity was significantly dependent on the 
concentration of oxygen vacancies, which are determined by the doping 
amount. The results showed that, at lower concentration, as the doping 
level increased, the conductivity increased and reached a maximum at 
8%; however, the oxygen ion conductivity greatly decreased if the 
doping amount was more than 8%, especially at lower temperatures 

[20]. 
Even for the 8% Y-stabilized ZrO2, the ionic conductivity decreases 

rapidly with decreasing temperature. As a result, when using YSZ ma-
terial as the electrolyte for IT-SOFCs, the membrane must be thin enough 
to maintain low ohmic resistance [21]. In order to obtain favorable 
power output of the IT-SOFCs, the area-specific resistance (ASR) of the 
electrolyte layer should maintain a low value. Taking 0.2 Ω cm2 as a 
target, the maximum thickness of the electrolyte layer can be calculated 
using the following formula:  

L = 200 × σ                                                                                   (5) 

where L (μm) is the electrolyte layer thickness, and σ is the ionic con-
ductivity (S cm− 1) of the corresponding temperature. As shown in Fig. 3, 
the conductivity of YSZ at 500 ◦C is approximately 0.0005 S cm− 1, 
meaning that the thickness of the YSZ electrolyte layer should be less 
than 1 μm to reach the ohmic resistance of 0.2 Ω cm2 [22]. To fabricate a 
dense YSZ thin film with such a small thickness, advanced technology 
must be adopted. For example, An et al. reported an SOFC with a 
thin-film YSZ of only 50 nm. The peak power density (PPD) of the cell 
reached as high as 1.3 W cm− 2 at 450 ◦C, operating on H2 fuel [23]. 
However, the mass production of electrolyte layers with a thickness less 
than 1 μm is a big challenge, especially for scaling up to large-size cells. 

The results suggest that the ionic conductivity of stabilized zirconia 
should be further improved in order to realize its application in IT- 
SOFCs. Following this, different dopants were extensively trialed for 
zirconia oxides. Studies have shown that doping trivalent ions (rare 
earth metals) are more effective than divalent ions (alkali metals), 
mainly because of the higher defect association tendency and the lower 
thermodynamic stability of cubic fluorite [29,30]. For trivalent ions, the 
doping effect on oxygen ion conductivity is mainly in the order of Eu <
Gd < Dy < Y < Er < Yb < Sc [31]. Among them, Sc2O3-stabilized ZrO2 
(ScSZ) demonstrated the highest ionic conductivity, reaching as great as 
0.003 S cm− 1 at 500 ◦C [24]. Together with the use of better electrodes, 
the SOFC with the thin-film ScSZ electrolyte has demonstrated a 
favorable power output at intermediate temperature [32–34]. Unfortu-
nately, scandium-rich minerals are scarce. The separation and extraction 
of scandium is also very difficult, which makes scandium and its 

Fig. 2. Schematic of the defect fluorite structure in YSZ.  

Fig. 3. Ionic conductivity versus reciprocal temperatures for selected electro-
lyte materials, including 8 mol% Y2O3–ZrO2 (YSZ) [22], 8 mol% scandia sta-
bilized ZrO2 (ScSZ) [24], Gd0.1Ce0.9O1.95 (GDC) [22], Er0.4Bi0.6O3 (ESB) [25], 
La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) [26], Sr0.55Na0.45SiO2.755 (SNS) [27], 
BaZr0.8Y0.2O3-δ (BZY) [28], Ba Ce0.7Zr0.1Y0.2O3-δ (BCZY712) [22] and 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) [22]. 
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compounds expensive and affects its large-scale application. Compared 
to Sc2O3, Er2O3 and Yb2O3 are much cheaper and the ionic conductivity 
of ZrO2 stabilized with Er2O3 or Yb2O3 is still acceptable. Therefore, they 
(Sc- or Yb-stabilized zirconia) are more promising for reduced temper-
ature SOFCs. However, one big challenge for IT-SOFCs with stabilized 
ZrO2 electrolytes is the very limited choice of cathode materials. It was 
found that cathodes containing Ba, La and other elements react easily 
with YSZ, which causes a substantial increase in both electrode polari-
zation resistance and ohmic resistance, as well as poor long-term sta-
bility of the cells [35,36]. A buffer layer may be applied to avoid direct 
contact between the YSZ electrolyte and the cathode. It should have high 
oxygen-ionic conductivity and chemical inertness towards both the 
electrolyte and the cathode. Currently, doped ceria is widely applied as 
the buffer layer [35–39]. 

2.1.2. Doped CeO2 
Different to the multiphase nature of ZrO2, CeO2 maintains its cubic 

fluorite structure from room temperature to its melting point. However, 
pure CeO2 has negligible oxygen vacancies in its crystal structure, so the 
oxygen ion conductivity is very low. In order to improve its oxygen ion 
conductivity at intermediate temperatures, the partial substitution of 
Ce4+ in the crystal structure with a trivalent or divalent cation such as 
Gd3+, Sm3+, Y3+, La3+ or Ca2+ has been investigated extensively, 
leading to the generation of more oxygen vacancies that are the carriers 
of oxygen ions. Studies have shown that the closer is the ion radius of the 
dopant cation to Ce4+, the higher is the expected oxygen ion conduc-
tivity [40,41]. Kim proposed the concept of a critical ionic radius (rc) for 
the dopant. For CeO2 with trivalent dopants, the value of rc is 1.038 Å 
[42]. Among these doped CeO2 oxides, Gd0.1Ce0.9O1.95 (GDC) and 
Sm0.2Ce0.8O1.9 (SDC) have the highest ionic conductivity and are used in 
IT-SOFCs. 

Doped CeO2 materials have much higher oxygen ion conductivity 
than stabilized ZrO2, especially at intermediate temperatures. It is worth 
noting, in the literature, that there are many studies of the conductivity 
of doped CeO2 electrolytes, but the reported conductivity varied quite 
significantly. There are two main reasons for such a discrepancy. One is 
the relative densities of the electrolytes and the other is the impurities in 
the electrolytes. The sintering of the electrolyte layer is related to the 
properties of the initial powder and the sintering temperature. Adding 
Al2O3, ZnO, Fe2O3, etc. can effectively improve the sintering perfor-
mance of doped CeO2. Consequently, higher oxygen ion conductivity is 
achieved [43–46]. The purity of the electrolyte is another important 
issue. The common impurity in the electrolyte is silicon oxide, which is 
ubiquitous in chemicals, water and the environment. The studies found 
that silicon oxide usually deposits at the grain boundaries of the sintered 
electrolyte, which hinders the conduction of oxygen ions at the grain 
boundaries [47,48]. Therefore, during electrolyte preparation, the pu-
rity of the product, the silicon content of the liquid used, and the sin-
tering environment should be strictly controlled. In order to obtain 
better electrolyte performance, co-doping methods are sometimes used 
and materials such as Ce0.8Pr0.2-xLaxO2-δ, Ce1-x-yDyxCayO2-δ, and Ce1-x 
(Sm/Gd)xO2-δ have shown favorable conductivity at intermediate tem-
peratures. Through systematic optimization, the sintering performance 
and conductivity of the doped CeO2 electrolyte have been improved 
[49–51]. 

In addition to higher oxygen ion conductivity, doped CeO2 electro-
lytes show good chemical compatibility with many cathodes, like 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), 
Sm0.5Sr0.5CoO3-δ (SSC) and others, in the low to intermediate tempera-
ture range. Many IT-SOFCs with a thin-film-doped CeO2 electrolyte have 
demonstrated low overall cell resistance and have delivered favorable 
PPD at temperatures down to 500 ◦C [52–55]. In particular, the ionic 
conductivity of GDC can reach as high as 0.005 S cm− 1 at 500 ◦C, which 
is one order of magnitude that of YSZ at the same temperature [22]. It 
suggests that the thickness of the electrolyte layer must be no more than 
10 μm in order to reach an ASR of 0.2 Ω cm2 for the ohmic resistance. A 

thin film with such thickness can be easily fabricated on a large scale 
using a low cost process like tape casting, screen printing, or spin 
coating. For example, Zhang et al. fabricated a cell with an 
anode-supported doped electrolyte (~12 μm) and BSCF cathode based 
on screen printing of the electrolyte layer, which delivered a high PPD of 
370 mW cm− 2, with H2 as fuel, at 505 ◦C [56]. 

One big concern in the use of a doped ceria electrolyte is partial 
electronic conductivity at elevated temperature and reduced atmo-
sphere, which is related to the reduction of Ce4+ to Ce3+. Such partial 
electronic conductivity causes a decrease in the open circuit voltage 
(OCV) and reduces overall Faradaic efficiency of the IT-SOFCs. In 
particular, for a thin-film electrolyte, such internal shorted current be-
comes more obvious. For example, Zhang et al. analyzed the internal 
shorting of a thin-film SDC electrolyte cell [57]. At 600 ◦C, the respec-
tive OCV values were 0.84 V, 0.87 V, and 0.91 V for a cell with an 
electrolyte thickness of 10 μm, 20 μm, and 400 μm. Thus, it is generally 
considered that the doped ceria thin-film electrolyte is suited for oper-
ation at a temperature of 600 ◦C or lower. Therefore, IT-SOFCs based on 
a doped ceria thin-film electrolyte are usually operated at the temper-
ature range of 450–600 ◦C. One way to broaden the application tem-
perature range of a doped ceria electrolyte is the use of an electron block 
layer [58–60]. As shown in Fig. 4, Su et al. fabricated an SOFC with the 
SDC electrolyte and a proton-conducting oxide as the ionic conducting 
phase in the anode. An in situ phase reaction occurred between the SDC 
and the proton-conducting oxide to form a thin buffer layer that sup-
pressed the internal shorting of the SDC. Therefore, the OCV of the 
SOFCs with an SDC electrolyte was successfully increased to 1.02 V at 
600 ◦C while excellent power outputs were maintained (a PPD of 574 
mW cm− 2 at 600 ◦C) [58]. 

2.1.3. Bi2O3-based electrolytes 
To further reduce the operation temperature of SOFCs to lower than 

450 ◦C, doped ceria oxides are not suitable as electrolytes because of the 
insufficiency of their ionic conductivity under such conditions. Bi2O3- 
based oxides then became a focus of attention due to their superior 
conductivity. The pristine Bi2O3 has three different crystal structures, i. 
e. monoclinic (α-Bi2O3), tetragonal (β-Bi2O3) and cubic (δ-Bi2O3). 
Among these structures, δ-Bi2O3 is stable from 730 to 804 ◦C, and pos-
sesses a defective fluorite structure in which two of the tetrahedral sites 
are unoccupied [61]. Some dopants, like Y3+, Pr3+ and Er3+, can sta-
bilize the cubic structure of δ-Bi2O3 at room temperature. Therefore, 
some stabilized δ-Bi2O3 oxides have shown higher oxygen ion conduc-
tivity than doped ceria, as well as excellent oxygen surface exchange 
kinetics that can promote oxygen migration/diffusion at the 
cathode-electrolyte interface [62–65]. However, to date, stabilized 
δ-Bi2O3 has seldom been applied as the electrolyte in IT-SOFCs due to 
the fact that bismuth oxide has relatively poor chemical stability. It is 
easily reduced to Bi metal under a reducing atmosphere. In addition, due 
to the low melting point and easy volatilization of Bi2O3 at high tem-
peratures, the stabilized Bi2O3 electrolyte rarely becomes densified and 
it usually has poor mechanical strength [66,67]. Other bismuth 
oxide-based electrolyte materials, like the γ-Bi4V2O11 series oxides, also 
show favorable oxygen-ion conductivity at reduced temperatures. After 
the partial replacements of V by Cu, Ni, Zn, Fe and Co, the oxides 
maintain their tetragonal crystal structure, while their conductivity is 
improved at reduced temperatures. However, such materials are sus-
ceptible to reaction with other materials, and their high thermal 
expansion coefficients (TECs) and poor mechanical properties are also 
big concerns for practical use in IT-SOFCs [68–70]. Considering the poor 
chemical stability of Bi2O3-based oxides under a reducing atmosphere, 
the concept of a dual-layer electrolyte was proposed, which takes 
advantage of the superior oxygen ion conductivity of Bi2O3 oxides and 
solves the problem of insufficient stability under a reducing atmosphere 
[25,71–73]. 
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2.1.4. LaGaO3-based perovskite-type electrolytes 
ABO3-type perovskites are a large category of oxides in which A is a 

lanthanum or alkaline earth element and B is a transition metal element. 
Many perovskite oxides show mixed oxygen ion and electronic con-
ductivity and they have been extensively used as electrode materials in 
SOFCs, especially as cathode materials. Some perovskite-type or related 
materials, like LnBO3 (B = Al, In, Sc, Y) perovskites, doped LaGaO3 
perovskites, La2Mo2O9 and brownmillerite-like phases (with the chem-
ical formula of A2B2O5), have shown high and pure oxygen ion con-
ductivity at intermediate temperatures, making them suitable for use as 
electrolyte materials for IT-SOFCs. Among these oxides, LaGaO3-based 
perovskite oxides were most intensely investigated as electrolytes for IT- 
SOFCs [26,74–76]. If the A site of LaGaO3 is doped with divalent alka-
line earth metal ions, like Sr2+, Ba2+, and Ca2+, oxygen vacancies will be 
generated. Research shows that the partial substitution of La3+ with 
Sr2+, which has the closet ionic radius to La3+, results in the highest 
oxygen ion conductivity. Theoretically, as the amount of A-site doping 
increases, the number of oxygen vacancies should increase and thus the 
oxygen ion conductivity increases. However, in practice, the amount of 
Sr2+ doping in the A site is limited. For example, if the doping amount of 
Sr2+ is higher than 10%, in addition to the main perovskite phase, 
SrGaO3 or La4SrO7 impurity phases are also found, which negatively 
affects the oxygen ion conduction. Doping the B site of LaGaO3 with 
divalent ions will also encourage oxygen vacancies. After doping Mg2+

into the B site, additional oxygen vacancies will be created, and the ionic 
conductivity improves rapidly. Meanwhile, the doping of Ga3+ with 
Mg2+ also increases the doping limit of La2+ at the A site, which may be 
caused by the larger crystal lattice [77]. Ishihara et al. found that 
La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) has the best oxygen ion conductivity 
among the La1-xSrxGa1-yMgyO3-δ (x = 0.10–0.20, y = 0.15–0.20) series 
oxide electrolytes. It has higher oxygen ion conductivity than stabilized 
ZrO2 and is comparable to doped CeO2 at intermediate temperatures 
[75]. Pelosato et al. prepared LSGM via a co-precipitation route in 
aqueous medium, and the sintered sample had a relative density of 98% 
and a total conductivity of 1.13 × 10− 2 S cm− 1 at 600 ◦C [26]. 

In spite of its high conductivity, the LSGM electrolyte has been used 
less in IT-SOFCs than doped ceria. This is due to several challenges for 
IT-SOFCs based on an LSGM electrolyte. Firstly, LSGM is very difficult to 
densify. Secondly, very often, an impurity phase could be formed during 
the synthesis of LSGM perovskite, which inevitably reduces the apparent 
conductivity. Thirdly, LSGM easily reacts with Ni-based cermet and 
forms a low conductivity phase at the interface [78]. To avoid a reaction 
between the anode and the LSGM electrolyte, a perovskite oxide or a low 
temperature-sintered Ni-based anode is a good choice [79–81]. For 
example, Huang et al. have developed a double-perovskite anode, 
Sr2MgMoO6-δ, based on the LSGM electrolyte. With hydrogen or 
methane as its fuel, the single cell has high power density and a stable 
performance on power cycling [80]. 

2.1.5. Other oxide electrolytes 
In addition to the above-mentioned oxide electrolytes, a series of 

oxide compounds with a 2D layered structure, firstly reported by 

Goodenough et el., also show favorable oxygen ion conductivity at in-
termediate temperatures, which can be used as electrolytes for IT-SOFCs 
[27,82–92]. These oxides have the structural formula of Sr1-xAxSi1-y-

GeyO3-0.5(x+y) (A = Na or K). Research has shown that K-doped samples 
in this system were subsequently highly hygroscopic at room tempera-
ture, while Na-doping, with the large range of solubility of Na ions on 
the Sr site, proved to be highly effective in introducing pure oxygen ion 
conduction into the system [83]. The best oxide ion conductivity of the 
Sr1-xAxSi1-yGeyO3-0.5(x+y) (A = Na or K) series was found in the compo-
sition Sr0.55Na0.45SiO2.755 (SNS). At 500 ◦C, the measured oxide ion 
conductivity reached >10− 2 S cm− 1 [27]. It is worth noting that the 
oxygen ion conduction activation energy of SNS is only 0.3 eV, which is 
much lower than that of traditional oxygen ion conductors based on 
oxygen vacancies. As shown in Fig. 5a, no apparent pO2-dependence of 
conductivity was observed over a pO2 window as wide as 10− 30 to 1 atm, 
suggesting that SNS is indeed a pure and chemically stable oxide ion 
conductor. No obvious change in conductivity was observed with 
respect to oxidizing or reducing atmospheres for 200 h, as seen in 
Fig. 5b, indicating that the oxide ion-conducting phase in SNS is stable. 
With H2 as fuel, an electrolyte-supported SOFC with an SNS layer of 294 
mm and infiltrated electrode nanoparticles (anode: Ni + SNS, cathode: 
Sm0.5Sr0.5CoO3-δ + SNS) has an OCV of above 1.10 V and PPD of 213 
mW cm− 2 at 500 ◦C. Due to its high conductivity, the SNS electrolyte has 
a greater advantage at lower temperatures. If the fuel cell structure 
could be optimized in anode–supported form, even better performance 
could be achieved. However, at present, there are still problems in the 
selection and matching of anodes and cathodes with SNS electrolytes, 
and the stability of SNS materials during thermal cycling is poor. These 
are the aspects that need to be improved in future studies. 

2.2. Proton-conducting electrolyte 

Normally, the conductivity of oxygen ion-conducting electrolytes 
sharply reduces with a decrease in operation temperature, due to the 
high activation energy (Ea) of oxygen ion conductors. Whereas proton 
conductors, as the name suggests, possess proton conductivity with an 
appropriate conductivity value in the intermediate to low temperature 
ranges under an atmosphere containing vapor (~0.01 S cm− 1 at 600 ◦C) 
[93]. There are mainly two proton transport mechanism for 
proton-conducting electrolyte, the vehicle mechanism and the Grotthuss 
mechanism [94]. In the vehicle mechanism, a proton attaches itself to an 
oxygen ion to form hydroxide ion (OH− ), which moves instead of the 
individual proton. This proton transport mechanism is attributed to the 
movement of OH− by oxygen vacancies. The Grotthuss mechanism is 
essentially a two-step mechanism which involves the reorientation of 
the OH− and proton transfer between adjacent oxygen ions. Unlike 
vehicle mechanism, in Grotthuss mechanism, the proton is the only 
mobile species while the oxygen is localized in the vicinity of its crys-
tallographic position. Generally, they have a much lower Ea (0.4–0.6 eV) 
than that of oxygen ion conductors [95,96]. Therefore, compared with 
oxygen ion-conducting oxides, the proton-conducting materials are 
more suitable as the electrolytes of intermediate to low temperature 

Fig. 4. Schematic of the SOFC with beneficial anode-electrolyte interfacial reaction. Reproduced with permission from Ref. [58]. Copyright 2012, Royal Society 
of Chemistry. 
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SOFCs (ILT-SOFCs), which has led to an important development trend 
for SOFCs. 

In the early 1980s, for the first time, Takahashi and Iwahara found 
that SrZrO3-based materials possessed high temperature proton con-
ductivity [97]. Immediately after, Iwahara et al. reported that doped 
SrCeO3 exhibited proton conductivity when it was exposed to a water- or 
hydrogen-containing atmosphere [98,99]. However, SrCeO3-based ma-
terials usually show low ionic conductivity and their chemical stability is 
also weak, leading to decomposition to SrCO3 and CeO2 under CO2 at-
mosphere at high temperatures. Later, they systematically investigated 
the high temperature proton-conducting properties of acceptor-doped 
BaCeO3 [100–103]. Since then, the researchers began to pay attention 
to this kind of electrolyte material that can conduct protons. Up to now, 
many protonic ceramics with various structures have been developed, 
including ABO3 simple perovskite, and A2B2O5 brownmillerite, as well 
as LnBO4 orthophosphates, orthoniobates and orthotantalates [104, 
105]. The ABO3 simple perovskite is the most popular 
proton-conducting electrolyte material among these structures, because 
its crystal structure is beneficial for proton mobility, thus a high ionic 
conductivity can be expected. Doped BaCeO3 and BaZrO3 are two types 
of representative and promising proton-conducting electrolyte. By 
substituting the B-site ions of BaCeO3 and BaZrO3 with dopants such as Y 
ion, oxygen vacancies are formed, which are the sites for hydrogen 
incorporation and transportation. Hence, the protonic defects are 
created through dissociative adsorption of the water. 

2.2.1. Doped BaCeO3 
We know that an excellent electrolyte material should meet three 

requirements: high ionic conductivity, strong chemical stability and 
good sinterability. The proton conductivity of BaCeO3-based electrolytes 
is generally high, with values of greater than 0.01 S cm− 1 among inor-
ganic proton conductors. Furthermore, doped BaCeO3 shows satisfac-
tory sinterability [93]. Therefore, doped BaCeO3 materials are currently 
one of the most widely studied proton conductors. All the rare earth 
elements have been partially doped in the B-site of BaCeO3, and their 
physico-chemical properties, such as crystal structure, electronic con-
ductivity, and chemical stability have been investigated in detail 
[106–110]. Medvedev et al. have reviewed the development, properties 
and application of BaCeO3-based materials [111]. Similar to doped 
SrCeO3 materials, their poor chemical stability hinders the practical 
application of BaCeO3-based materials. Due to the natural basicity of 
barium cerate, they easily react with acidic gases (CO2 and SO2) and 
H2O to produce BaCO3, BaSO4 and Ba(OH)2, which can hamper the 
proton migration, resulting in large thermal expansion of the materials, 
thus greatly reducing the performance of fuel cells. 

Matsumoto et al. investigated the effects of different dopants 
including Y3+, Yb3+, Tm3+, Lu3+, In3+, and Sc3+ on the conductivity and 
stability of BaCeO3 [112]. It was found that, with the increase of ionic 

radius of dopants, the ionic conductivity was enhanced but the chemical 
stability decreased. In other words, the Y3+-doped BaCeO3 (BCY) 
showed the best conductivity, while Sc3+-doped BaCeO3 demonstrated a 
better stability among all the studied oxides. Although BCY possesses 
high proton conductivity, the SOFCs with a majority of the 
proton-conducting electrolytes still showed lower cell performance as 
compared with oxygen ion-conducting SOFCs at low temperatures, 
which is mainly attributable to the lack of matched cathode materials 
and the relatively low conductivity produced. As shown in Fig. 6, Liu 
et al. improved the performance of BCY via a Pd ingress-egress approach 
to design a new proton-conducting perovskite with the composition of 
BaCe0.8Y0.1Pd0.1O3-δ (BCYP10). The introduction of a small amount of 
Pd resulted in a great increase in ionic conductivity, thus the SOFC with 
a BCYP10 electrolyte delivered a high PPD of 645 mW cm− 2 at 700 ◦C 
[113]. As to the enhancement of chemical stability, it is hard to find a 
smaller trivalent rare earth cation than Sc3+, so the chemical stability of 
BaCeO3 cannot be further improved by doping with other rare earth 
cations. However, the expensive price of Sc prevents its widespread 
application. Therefore, Shin et al. recently investigated the effects of 
Al3+ doping into BaCeO3 upon its chemical stability and conductivity 
properties [114]. They found that Al-doped BaCeO3 delivered better 
chemical stability than that of rare earth metal cation-doped BaCeO3. 
Although the protonic conductivity of Al-doped BaCeO3, as a whole, is 
lower than that of BCY at 250–800 ◦C, its conductivity at 400–470 ◦C has 
exhibited an abnormal phenomenon that is comparable to that of BCY in 
that there is a transformation of crystal structure and a dehydration 
reaction occurs with the changes in temperature. Bi et al. co-doped Ta 
and Y into the Ce site of BaCeO3 to form BaCe0.7Ta0.1Y0.2O3-δ, which 
delivered an acceptable chemical stability against H2O and CO2 [115]. It 
indicated that a Ta-doping strategy is promising to balance the con-
ductivity and chemical stability. It should be mentioned that some of the 
doped BaCeO3 perovskites showed mixed oxygen ion and proton con-
ductivities at elevated temperatures. This will be discussed in a later 
section. 

2.2.2. Doped BaZrO3 
In contrast to BaCeO3-based materials, doped BaZrO3 is much more 

stable in acidic gases or a steam-containing atmosphere [116]. However, 
BaZrO3-based electrolytes face a big challenge because of their inability 
to form a dense membrane. Due to the poor sinterability of BaZrO3, after 
sintering, the samples usually show low density and high grain boundary 
resistance, leading to low total proton conductivity [27]. Fortunately, 
the drawbacks of BaZrO3 can be overcome by introducing sintering aids, 
such as using ultrafine powder precursors, or adopting advanced 
thin-film fabrication techniques. 

The Y ion has been considered as the best dopant for the B-site of 
BaZrO3 until now. Kreuer et al. demonstrated that doping with Y did not 
change the hydration enthalpy and mobility of protonic defects, when 

Fig. 5. (a) Variation of oxide ion conductivity of SNS with pO2 at 500–650 ◦C, and (b) stability of SNS in air and dry 5% H2–N2. Reproduced with permission from 
Ref. [27]. Copyright 2014, Royal Society of Chemistry. 
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compared with undoped BaZrO3 [117]. Therefore, Y-doped BaZrO3 
(BZY) is one of the most popular barium-zirconate materials. It is almost 
a pure proton conductor in H2 and/or vapor-containing atmospheres at 
low temperatures (such as less than 650 ◦C) [27]. The application of 
sintering aids is commonly used to enhance the sinterability of BZY 
[118–122]. Solid-state reactive sintering (SSRS) is an effective method 
to fabricate dense pellets [123]. The key point of SSRS is the introduc-
tion of sintering aids with raw precursors. Prof. O’Hayre’s group at the 
Colorado School of Mines optimized the SSRS approach to fabricate 
P–SOFCs in one firing step with the help of a NiO sintering aid [124]. 
The dense BZY membrane, fabricated at a relatively low temperature of 
1400 ◦C, showed a high total conductivity of 3.3 × 10− 2 S cm− 1 at 
600 ◦C in a wet argon atmosphere [125]. The P–SOFC with BZY elec-
trolyte yielded a PPD of 335 mW cm− 2 at 500 ◦C, using H2 fuel [124]. 

The preparation of an ultrathin BZY electrolyte layer using pulsed 
laser deposition (PLD) and atomic layer deposition (ALD) is beneficial to 
decrease the ohmic resistance of P–SOFCs, realizing a good cell perfor-
mance [126,127]. Bae et al. fabricated a P–SOFC with a thin-film BZY 
electrolyte (~2 μm) using the PLD technique. No impeding grain 
boundaries were proven, thus the fuel cell showed a super high power 
output (PPD of 740 mW cm− 2 at 600 ◦C) among the reported P–SOFCs 
with BZY electrolytes in the literature, as shown in Fig. 7 [128]. How-
ever, these techniques are not suitable for large-scale applications at 
present, and they will also increase the fabrication cost. 

As mentioned earlier, the doping strategy involves oxygen vacancies 
in the lattice, then promotion of the protonic conductivity of oxides 
[129]. Sometimes, an improvement in sintering properties can be ach-
ieved due to the effect of a dopant [130]. Fabbri et al. developed a new 
proton conductor by partially substituting Zr ions with Pr ions, i.e. 
BaZr0.7Pr0.1Y0.2O3-δ (BZPY) [93]. It demonstrated both strong chemical 
stability and high proton conductivity (2 × 10− 2 S cm− 1 at 600 ◦C under 
wet air). Moreover, improved sinterability was revealed, compared with 
BZY. Although the P–SOFC with BZPY electrolyte achieved low perfor-
mance, it could be increased by the development of matched cathode 
materials. Sun et al. doped 10 mol% Sn in the B-site of BZY to form 
BaZr0.7Sn0.1Y0.2O3-δ (BZSY) and demonstrated its good chemical stabil-
ity and sufficient conductivity with the value of 1.6 × 10− 3 S cm− 1 at 
600 ◦C in wet H2 containing 3% H2O. The cell with the configuration of 
(anode) Ni + BZSY ǀ BZSY (12 μm thickness) ǀ Sm0.5Sr0.5CoO3-δ + SDC 
(cathode) delivered a PPD of 360 mW cm− 2 at 700 ◦C [131]. Liu et al. 
developed a BaZr0.7Nd0.1Y0.2O3-δ (BZNY) proton conductor, and both 
sinterability and conductivity of BZY were improved [132]. 

2.2.3. BaCexZr1-xO3-based electrolytes 
According to the above statements, BaCeO3 has high ionic conduc-

tivity and poor chemical stability, while BaZrO3 shows the opposite 
trend. Therefore, the combination of BaCeO3 and BaZrO3 could effec-
tively integrate their strengths while avoiding their shortcomings. 

Katahira et al. conducted a systematic study of Zr-doped BCY, i.e. 
BaCe0.9-xZrxY0.1O3-δ (BCZY). As supposed, it was found that the increase 
in Ce content improved the conductivity and sinterability of BCZY, while 
the increase in Zr content enhanced the chemical stability of BZCY 
[116]. Consequently, BaCe0.7Zr0.1Y0.2O3-δ (BCZY712) became the most 
extensively used proton-conducting electrolyte, offering the best 
compromise between stability and conductivity [27,133]. However, 
later studies demonstrated that BCZY712 may not be very stable after 
long-term exposure to CO2-containing atmosphere and boiling water 
[93,134]. It meant that further compositional optimization of BCZY was 
still necessary. Guo et al. carried out a systematic investigation con-
cerning the effect of Zr doping on the performance of 
BaZryCe0.8-yY0.2O3-δ (0.0 ≤ y ≤ 0.8) for P–SOFCs [135]. They found that 
the anode-supported cell configuration was most favorable to thin-film 

Fig. 6. Mechanism of the sintering process for a BCY electrolyte with Pd. Reproduced with permission from Refs. [113]. Copyright 2014, Elsevier.  

Fig. 7. (a) Structure configuration and (b) performance of the proposed 
P–SOFC with BZY thin layer. Reproduced with permission from Ref. [128]. 
Copyright 2017, Springer Nature. 
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electrolyte sintering. After considering the sinterability, stability, and 
electrochemical activity of BaZryCe0.8-yY0.2O3-δ, they believed that 
BaZr0.4Ce0.4Y0.2O3-δ (BZCY0.4) was a promising electrolyte material for 
P–SOFCs. Liu et al. further decreased the sintering temperature of 
BZCY0.4 dense pellets to 1250 ◦C via the infiltration of zinc nitrate so-
lution as a sintering aid. The liquid phase mechanism is shown in Fig. 8. 
The total conductivity of BZCY0.4 + 4 wt% Zn was 0.40 × 10− 2 S cm− 1 

at 600 ◦C in wet H2 [136]. In addition to the BCZY series, the researchers 
also developed many other BaCexZr1-xO3-based electrolytes; for 
example, BaCe0.9-xZrxM0.1O3-δ (M = Nd or Gd) [137], 
BaCe0.4Zr0.3Sn0.1Y0.2O3-δ [138], BaZr0.3Ce0.5Y0.2-xZnxO3-δ [139], and so 
on. As a whole, although favorable conductivity could be achieved, the 
materials still suffered from the problems of poor sinterability, poor 
chemical stability and no matchable cathodes. More research studies are 
urgently needed for the development of IT-SOFCs based on 
proton-conducting electrolytes. 

2.3. Dual ion-conducting electrolyte 

The mixed conduction characteristics of the electrolyte and the co- 
existing electrochemical emissions in the anode and cathode make the 
D-SOFC a fascinating substitute for efficient energy conversion beyond 
the P–SOFC and O–SOFC. It is known that the harsh fuel dilution in 
O–SOFCs and the inevitable oxygen dilution in P–SOFCs, induced by the 
H2O product, are severe challenges. By contrast, D-SOFCs enable a more 
harmonious electrochemical reaction between reducing and oxidizing 
gases, thanks to its dual ion conductivity in the electrolyte. Therefore, 
high cell performances could be triggered through the beneficial ionic 
transport process in the electrolyte, making D-SOFCs an impressive 
technological advancement in the future. There are currently two main 
types of dual ion-conducting electrolyte material: one is perovskite 
electrolytes and the other is ceria-carbonate composites. In both elec-
trolyte materials, oxygen ions and proton conductivity exist at the same 
time, but the mechanism is different. We will discuss them separately 
below. 

2.3.1. Perovskite electrolytes 
As mentioned above, some doped BaCeO3 proton-conducting mate-

rials have exhibited both the presence of oxygen ions and proton 

conductivity. In these perovskite lattices, the oxygen vacancies and 
proton defects act as the oxygen ion and proton carriers, separately. 
Actually, the oxygen ion conductivity could dominate over the proton 
conductivity under intermediate temperatures (600–800 ◦C) due to the 
hydrolysis effect. Additionally, these perovskite-type electrolytes are 
more likely to be the O2− and H+ co-conducting oxides within the in-
termediate temperature range. Iwahara et al. studied the doped BaCeO3 
electrolyte materials and found that some materials exhibit proton 
conductivity in a hydrogen atmosphere while becoming mixed ionic 
conductors of protons and oxide ions under fuel cell conditions (with 
hydrogen at the anode and oxygen at the cathode). By monitoring the 
water produced on the cathode and anode, with BaCe0.9Nd0.1O3-δ as the 
electrolyte, the dual ion conduction of the electrolyte was confirmed 
[140]. As shown in Table 1, the transfer numbers of proton and oxygen 
ions were calculated based on the water evolution at each electrode. 
With the increase of operating temperatures, the amount of water pro-
duced on the cathode decreased, indicating that oxygen ion conduction 
dominates at high temperatures, while proton conduction dominates at 
lower temperatures. Peng et al. tested the conductivity of 
BaCe0.8Sm0.2O2.9 (BCSO) and found that there was a clear turning point 
in the conductivity of the material at 550 ◦C under fuel cell conditions, 
due to the dual ion-conducting property [141]. Yang et al. proposed a 
famous dual ion-conducting electrolyte, BaZr0.1Ce0.7Y0.1Yb0.1O3− δ 
(BZCYYb), which possessed excellent ionic mobility and good sinter-
ability. As shown in the data in Fig. 3, conductivity as high as 0.013 S 
cm− 1 was achieved at 500 ◦C [22]. Zhou et al. confirmed the dual 
ion-conducting property of the BZCYYb electrolyte for the first time 
[142]. With dry hydrogen as the fuel and flowing air as the oxidant, the 
absolute humidity was found to be 20.0 g m− 3 in the anode chamber and 
65.5 g m− 3 in the cathode chamber. The cell performance was promoted 

Fig. 8. Schematic diagram of the liquid phase mechanisms that underlie the higher sinterability stimulated by ZnO. Reproduced with permission from Refs. [136]. 
Copyright 2013, Elsevier. 

Table 1 
Transference numbers of proton and oxide ions in BaCe0.9Nd0.1O3-δ under fuel 
cell operating conditions [140].   

Temperature (◦C) 

700 800 900 1000 

Oxide ion 0.22 0.58 0.71 0.79 
Proton 0.78 0.42 0.29 0.21  
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by a triple-conducting (proton, oxygen ion and electronic conduction) 
cathode of Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ (SSNCF) and a PPD of 405 mW 
cm− 2 was achieved at 500 ◦C. 

2.3.2. Doped CeO2-carbonate composites 
Doped CeO2 materials are oxygen ion-conducting electrolytes for 

SOFCs and molten carbonates are electrolytes for molten carbonate fuel 
cells (MCFCs). Zhu et al. found that the mixture of doped CeO2 and 
carbonates (Li2CO3, Na2CO3, and K2CO3 or a mixture of these) with high 
dual ion conduction can be used as electrolytes for ILT-SOFCs 
[143–147]. The dual ion conduction of the doped CeO2-carbonate 
composites was confirmed by performing DC-conducting measurements 
in different atmospheres. An example is SDC/Na2CO3. As shown in 
Fig. 9a, the nanocomposite electrolyte shows proton conductivity and 
oxygen ion conductivity within a temperature range of 200–600 ◦C. The 
DC conductivity of the SDC/Na2CO3 nanocomposite electrolyte reaches 
0.02 S cm− 1 in 5% H2 and 0.002 S cm− 1 in air at 500 ◦C. In this elec-
trolyte, oxygen ions can transfer in the phase of SDC and protons are 
thought to be conducted between the carbonate and SDC phases. The 
pathway for proton conduction is shown in Fig. 9b, and the swing model 
of “Ce–O–H–O–C′′ was believed to provide the possibility for proton 
conduction [144]. With H2 as the fuel and air as the oxidant, a PPD as 
high as 750 mW cm− 2 at 500 ◦C was achieved in a cell with an 
SDC-Na2CO3 composite electrolyte [145]. 

Because these electrolytes contain carbonates, the sintering tem-
perature of these electrolytes must be strictly controlled. The presence of 
carbonate also promotes the sintering of the electrolyte and higher 
temperature will cause a loss of carbonate. The sintering temperature of 
single cells using this electrolyte is generally lower than 650 ◦C, and the 
operating temperature of the fuel cell should be lower than this tem-
perature [148]. The carbonate vaporization and decomposition may 
result in performance degradation of SOFCs over long-term operation 
[149]. 

3. Conclusion, challenges and perspectives 

A decrease in the operating temperature of SOFCs to the 
intermediate-to-low temperature range is vital for the widespread 
application of this attractive technology. A breakthrough in electrolyte 
materials is one of the key steps towards achieving this goal. An elec-
trolyte material for IT-SOFCs should possess both high ionic conduc-
tivity at intermediate temperatures and good long-term stability under 
fuel cell operating conditions. Up to now, many oxide-based electrolyte 
materials have been developed or exploited as potential electrolytes for 

IT-SOFCs. These oxides are usually polycrystalline and form defined 
lattice structures, such as fluorite and perovskite. Oxygen vacancies are 
the main charge carriers of oxygen ions, while the proton conductivity is 
also closely related to oxygen vacancies. Introducing oxygen vacancies 
into the oxide lattice is a universal way to progress the development of 
oxide electrolytes for IT-SOFCs. The fluorite structure has been the most 
investigated structure for oxygen ion conductors, while stabilized zir-
conia and doped ceria have been the two most important examples of 
fluorite-type electrolytes. Dopants have been extensively applied to 
tailor the conductivity, stability, and sintering of the electrolyte mate-
rials. For zirconia-based materials, the dopant is also important to sta-
bilize the cubic lattice structure. Different dopants usually have different 
effects on the properties and, thus, performance of the electrolytes. 
Typically, the more similar is the ionic radius of the dopant to the parent 
cation in the oxide, the higher is the conductivity that can be achieved. 
Perovskite-based oxides, like LSGM, are also an important type of oxy-
gen ion electrolyte for IT-SOFCs. During the past, considerable research 
efforts have been directed towards this type of material. As compared to 
stabilized zirconia, LSGM shows higher ionic conductivity at interme-
diate temperatures, and it shows higher ion transfer numbers than doped 
ceria; thus it is highly attractive as an electrolyte in IT-SOFCs. 

Compared to O–SOFC, P–SOFC is, in principle, more promising for 
reduced temperature applications since proton transfer requires lower 
activation energy than oxygen ion diffusion. Actually, P–SOFCs have 
received considerable attention recently and have become a hot research 
topic in the field of SOFCs. To date, the main proton-conducting elec-
trolytes that have been developed are based on doped BaZrO3 and 
BaCeO3 parent perovskite oxides. After optimization, the conductivity of 
proton conductors is comparable to that of the benchmark oxygen ion- 
conducting electrolytes, like doped ceria and LSGM. The proton con-
duction in perovskite is also closely related to the oxygen vacancies. 
Under certain conditions, mixed oxygen ion and proton conduction 
could be created inside these perovskite oxides, leading to the devel-
opment of a new type of dual ion-conducting SOFC, which also has 
received increasing attention recently. 

Based on the previous works, we can see that all three kinds of 
available electrolyte material suffer from certain deficiencies, which 
could be derived from the intrinsic properties of the materials or a result 
of the preparation process. For example, the stabilized ZrO2 electrolyte 
with high physico-chemical stability but low conductivity at low to in-
termediate temperatures limits its practical application in IT-SOFCs, 
while Bi2O3-based electrolyte materials, with extremely high ionic 
conductivity, are difficult to utilize in IT-SOFCs due to their poor sta-
bility. Doped CeO2 is suitable for 450–600 ◦C but the internal current 

Fig. 9. (a) DC conductivity of SDC/Na2CO3 composite in 5% H2 or air and (b) schematic of transfer of protons in the SDC/Na2CO3 composite. Reproduced with 
permission from Ref. [144]. Copyright 2011, Elsevier. 
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limits its application at temperatures higher than 600 ◦C, in particular in 
thin-film configuration. The LSGM and other perovskite electrolytes 
have also been questioned due to their stability issues. In contrast, the 
electrolyte materials with proton-conducting or dual-conducting abili-
ties have low activation energy and can be used at intermediate to low 
temperatures (400–800 ◦C). By improving their physical and chemical 
stability, they are expected to become the first choice for low temper-
ature SOFC electrolyte materials. 

When compared to oxygen ion conductors, the easier migration of 
protons results in lower values of activation energy for proton conduc-
tors. Therefore, much attention has been paid to the SOFCs with a 
proton-conducting electrolyte because they are more suitable for oper-
ation at reduced temperatures. The main structure of proton-conducting 
electrolytes is perovskite oxide, such as BaCeO3-based and BaZrO3-based 
electrolytes. Despite the proton conductors showing a strong superiority, 
their big disadvantage is a lack of excellent materials concurrently 
possessing high proton conductivity and good chemical stability in an 
atmosphere containing CO2, SO2, and/or H2O under SOFC operating 
conditions. In general, BaCeO3-based electrolytes show high proton 
conductivity but poor chemical stability, while BaZrO3-based electro-
lytes are exactly the opposite in delivering relatively low proton con-
ductivity but strong chemical stability. The combination of BaCeO3- 
based and BaZrO3-based oxides to form new BaCexZr1-xO3-based elec-
trolytes is a good option for the development of proton conductors. 
Currently, BCZY712 is a widely used and studied composition among 
many BaCexZr1-xO3-based electrolytes. Some BaCeO3-based electrolytes 
(such as BaCe0.9Nd0.1O3-δ) also show oxygen ion conductivity alongside 
proton conductivity under certain circumstances, so they are actually 
dual ion electrolytes. The best known dual ion electrolyte is the perov-
skite BZCYYb. The other kind of dual ion electrolyte is a mixture of 
doped CeO2 and carbonate composites, such as SDC/Na2CO3. Fuel cells 
with such an electrolyte have delivered attractive power output at low 
temperature. The dual ion electrolytes can combine the advantages of 
proton and oxygen ion conduction. Due to the dual ion conductivity, D- 
SOFCs no longer require an external humidification device, which can 
simplify the systems. By optimizing electrode materials and stability, D- 
SOFCs can achieve better performance at intermediate to low 
temperatures. 

Considering the differences of these electrolytes in oxygen ion con-
ductivity, chemical stability, and mechanical properties, sometimes 
their combined use can deliver better performances. For example, a thin 
layer of doped CeO2 on stabilized ZrO2 can avoid the potential reaction 
between the stabilized ZrO2-based electrolyte and many high- 
performance cathode materials (such as BSCF and LSCF). This struc-
ture is being widely used at present, particularly as the main structure of 
the single cells in some running SOFC stacks. The LSGM layer on doped 
CeO2 electrolyte can not only obtain a high open circuit voltage, but also 
avoid the interface reaction between the electrode and LSGM. The 
combination of stabilized ZrO2 and δ-Bi2O3 can ensure the chemical and 
mechanical properties of the electrolyte and avoid the interface reac-
tion, thus promoting the ORR performance at the cathode-electrolyte 
interface. The doped CeO2 layer between anode and stabilized δ-Bi2O3 
can block the electronic conductivity and avoid the reduction of stabi-
lized δ-Bi2O3 at the anode-electrolyte interface. Sometimes, the struc-
ture of the electrolyte can be more complicated. A triple layer electrolyte 
may be designed to improve the performance of the IT-SOFC. Each layer 
of the electrolyte plays a separate role. Therefore, to enhance the per-
formance and stability of SOFCs via the development and selection of 
electrolyte materials, the combined use of various electrolyte materials 
is a good choice. 

On the other hand, the preparation technique is also very important 
for the fabrication of the electrolyte layer. Advanced manufacturing 
techniques, like pulse laser deposition, can reduce the thickness of the 
dense electrolyte layer, thereby improving the performance of SOFCs. 
Meanwhile, the cost of manufacturing technology is also important for 
large-scale applications and the quality of single cells should be 

controlled. With a decrease in operating temperatures, the problem of an 
increase in the ASR of electrodes will become more prominent. The 
development of adapted electrode materials must also be carried out 
synchronously. With the progress of these technologies, IT-SOFCs 
running at lower temperatures can be expected to yield commercial 
applications in the near future. 
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