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A B S T R A C T   

Electrochemical hydrogen devices like fuel cells are widely investigated as promising technologies to mitigate the 
rising environmental challenges and enhance the renewable energy economy. In these devices, proton- 
conducting oxides (PCOs) are applied as electrolyte materials to transport protons. Excellent physical stability 
and higher proton transport number are two essential properties of electrolyte materials. Doped BaZrO3 (BZO) is 
a solid ion-conducting perovskite material with high chemical stability and good proton-conducting properties at 
an intermediate temperature range of 400–650 ◦C. Therefore, BZO is an attractive material among the exciting 
proton-conducting oxides as electrolyte material. To enhance the proton transport properties and improve the 
material fabrication process of BZO, techniques such as the use of dopants, sintering aid, synthesis methods are 
crucial. The present review work highlights the applications of BZO as electrolyte material in electrochemical 
hydrogen devices such as hydrogen isotopes separation systems, hydrogen sensors, hydrogen pumps, and pro
tonic ceramic fuel cells (PCFCs) or solid oxide fuel cells (SOFCs). The central section of this review summarizes 
the recent research investigations of these applications and provides a comprehensive insight into the various 
synthesis process, doping, sintering aid, operating environments, and operating condition’s impact on the 
composition, morphology, and performance of BZO electrolyte materials. Based on the reviewed literature, re
marks on current challenges and prospects are provided. The presented information on in-depth analysis of the 
physical properties of barium zirconate electrolyte’s along with output performance will guide aspirants in 
conducting research further on this field.   

1. Introduction 

The ever-increasing energy demand and depletion of non-renewable 
energy resources have been the center stage of innovation. Among the 
various technological devices to confront these challenges, electro
chemical hydrogen devices are being thoroughly researched for energy 
conversion and gas separation processes [1,2]. Among the applications, 
PCFCs are used in the sector of sustainable energy conversion, whereas 
hydrogen pump is used in the separation of hydrogen from steam 
reforming or in the ammonia synthesis process [3–7]. The performance 

of these devices is highly dependent on electrolyte materials develop
ment [2]. Therefore, the research efforts are focused on the exploration 
of the appropriate materials, their synthesis, and performance evalua
tion at the desired operational window. 

Proton-conducting oxide (PCO) materials due to their low cost and 
high proton conduction property, are desirable materials for electro
chemical devices. The proton conduction in oxide materials such as 
BaTiO3, ZnO was discovered in the 1950s [8,9]. However, the pio
neering work of Iwahara and coworkers in the 1980s has demonstrated 
the practical application of PCO materials as proton conductors in oxide 
materials with both experimental and theoretical investigation [10,11]. 
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In PCO materials, the proton transport is driven by the protonic defects 
that are created due to the interaction of the lattice structure of materials 
with hydrogen-water-containing gas components at moderate temper
atures [12]. Kreuer et al. explained the relations of structural and 
chemical parameters on the defect chemistry and transport properties in 
PCO materials, particularly proton transport in cerates and zirconates of 
alkaline-earth elements at wet conditions [12,13]. 

The application of PCO materials as hydrogen transport in devices 
such as electrolyte material for solid oxide fuel cell (SOFC) depends 
primarily on two aspects: (1) the temperature of proton transport and 
(ii) material properties such as thermal and chemical stability. The 
initial promising materials, such as yttria-stabilized zirconia (oxide ion 
conductors) operate better at a high-temperature range of 650–800 ◦C 
[12]. To overcome the high operating temperature hindrance, PCO 
materials are investigated for proton conduction application at a tem
perature range of 400–650 ◦C [14], and due to the lower activation 
energy (Ea), PCO materials showed excellent performance at 400–650 ◦C 
temperature zone [15]. Among the studied PCOs, BaCeO3 and BaZrO3 
are the most promising oxides for such applications. BaCeO3 has high 
proton conductivity for the application of proton ceramic oxides. 
However, in a CO2-present environment, it reacts with CO2 wherein the 
presence of water, decomposes into CeO2 and Ba(OH)2 at operating 
temperature [16,17]. In this respect, BaZrO3 (BZO) has superior mate
rial stability in the presence of CO2 and water; however, it has lower 
proton conductivity compare to barium cerates. Therefore, many in
vestigations are carried out to improve the proton conductivity and easy 
processing of BZO material. 

Doping with trivalent cations such as Y3+, In3+, Yb3+, Gd3+, etc. is 
the most used technique to improve the proton conductivity of BZO 
material [18,19]. Among the doped BZO, yttrium doped BZO shows 
superior proton conductivity and better chemical, mechanical stability 
[20]. Consequently, investigations by varying the concentration of 
doping, synthesis techniques are applied to fabricate high-performing 
doped BZO material [21]. In addition, the sinterability of doped BZO 
has remained a key stumbling block for large-scale production although 
being a promising oxide material. Different sintering aids like ZnO, CuO, 
NiO were incorporated into the doped BZO to lower the required sin
tering temperature [20,22,23]. 

The growing number of research works on the variation of important 
fabrication parameters and their impact on the intrinsic structure- 
property relationship of BZO material [24,25] is a demanding task for 
an aspiring researcher to follow. Therefore, in this review, the most 
recent developments of BZO as materials for application in electro
chemical devices are summarized and presented. In the first section of 
the review, short overviews of BZO materials, hydrogen pumps, 
hydrogen sensors, and PCFCs are given to help to understand the basic 
phenomena of each topic. In the following section, BZO material as an 
electrolyte in the application of hydrogen pumps, hydrogen sensors, and 
solid oxide fuel cell devices is presented. An intensive focus is given to 

the doping, sintering aid, synthesis methods, operating conditions, 
operation environment’s influence on the final grain size, activation 
energy, total conductivity, and peak power density (Pmax) of BZO as 
electrolytes in the fuel cell. Based on the reviewed literature, remarks on 
current challenges and prospects are provided (Fig. 1). 

2. Proton conductors 

Proton conductors are functional materials through which positively 
charged protonic species, for example, H+, H3O+, and even NH4

+ ions are 
considered to migrate. Generally, protonic conduction declines at higher 
temperatures due to reversible or irreversible loss of carriers such as 
water molecules in polymers, melting or decomposition of acid salts or 
hydrates hydroxides, and reversible loss of protons (water molecule) 
from oxide materials. Thus, comparatively narrow temperature ranges 
are suitable for functioning proton conductors. However, it depends on 
the types of proton conductors, and their operating temperatures, the 
conductivity of protonic conductors can be achieved at the range of 10− 1 

- 10− 5 S/cm [26]. 
Proton conductors can be used in various electrochemical devices 

such as hydrogen sensors [27–34], humidity sensors [32], hydrogen 
pumps [35–41], hydrogen gas separation systems [2,37,42–53], the 
membrane of water electrolyzers [54–57], batteries [58–62], and elec
trolytes of fuel cells [63–69]. There are different types of proton con
ductors including organic polymers [70], inorganic oxides [71], 
β-alumina oxides [72], lattice defect oxides [73], etc. Among all types of 
proton conductors, only lattice defect oxides i.e., perovskite proton 
conductors can be used at a high temperature of 200 ◦C or higher 
because other types of proton conductors lose their proton conductivity 
due to dehydration or decomposition when the temperature is raised. 

Based on available proton concentrations and mobilities data, proton 
conductivity has been calculated for elevated temperature range and 
represented in Fig. 2 [12]. Maximum proton conductivity is found in 
perovskite-type oxides, such as BaZrO3, BaCeO3, BaTbO3, and BaThO3 
(Fig. 2) due to having extensive negative enthalpies for hydration and 
less activation energies for the migration of protons [74]. Therefore, 
lattice defect type oxides attracted the attention of scientists and re
searchers that can be used for SOFC solid electrolytes, and other elec
trochemical devices operated at high temperatures ranging from 600 ◦C 
to 1000 ◦C. 

3. Perovskite BaZrO3 proton conductor 

Barium zirconate (BaZrO3) is a well-known perovskite material, 
widely studied/applied in electronic and refractory sectors. This mate
rial possesses high melting temperature (3193 K), low thermal con
ductivity, low dielectric loss, a resistant owing to insignificant thermal 
expansion coefficient (α = 32 × 10 K− 9 at the range of 298 K and 1353 
K), and excellent mechanical and structural properties at elevated 

List of abbreviations 

BCO BaCeO3 
BZO BaZrO3 
BZY Y-doped barium zirconate 
BZY10 BaZr0.9Y0.1O3-δ 
BZYC BaZr0.955Y0.03Co0.015O3-δ 
CEM Chudley–Elliot model 
Ea Activation energy 
EIS Electrochemical impedance spectroscopy 
EMF Electromotive force 
GB Grain boundary 
HRM Hall and Ross Model 

H–SOFC Proton-conducting solid oxide fuel cells 
IT-SOFC Intermediate temperature solid oxide fuel cell 
OCV Open-circuit voltage 
PCFC Protonic ceramic fuel cells 
PCO Proton-conducting oxide 
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SEM Scanning electron microscope 
Rp Polarization resistance 
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SOFC Solid oxide fuel cell 
SSM Singwi and Sjölander Model 
SSRS Solid-state reactive sintering 
XRD X-ray diffraction  
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temperature [75]. There is no phase change occurs at temperature 
ranges from 4 K to 1600 K that makes it a suitable candidate to use as a 
structural material, thermal barrier coating [75], thin-film deposition 
substrate, dielectric materials, fuel cell electrolytes, hydrogen separa
tion membranes, etc. [76–78]. 

Ideal perovskite oxides have general chemical formula ABO3, where 
both A and B site is occupied by cations and O site by anions and con
structed a face-centered cubic (fcc) lattice structure. The desirable 
properties can be induced in perovskite oxides simply by substituting or 
partially substituting the atoms situated at A or B position [79]. BaCeO3 
and BaZrO3 materials are the best proton conductor compared with 
other perovskite oxides [12] (Fig. 2). Among all types of BaZrO3, 

Y-doped BaZrO3 (BaZr1-xYxO3-δ) exhibits high proton conductivity and 
excellent stability at elevated temperatures. According to Fig. 3 it is seen 
that oxygen vacancies are created when two Zr4+ are replaced by two 
Y3+. The generated oxygen vacancies can absorb water molecules 
leading to produce protonic defects in the crystal structure, resulting in 
increased proton transport phenomenon. 

However, the presence of an excess amount of Zr makes BaZrO3 
perovskite highly refractive and contains grain boundaries with enor
mous resistivity. Therefore, to fabricate dense membranes and grain 
growth, this material needs to be sintered at a very high temperature, 
generally between 1600 ◦C and 1700 ◦C for a prolonged time (>24 h). 
The prolonged sintering at a higher temperature may reduce total proton 
conductivity in BaZrO3 due to alteration of true compositional stoichi
ometry for partial losses of Ba by evaporation, leading to segregation of 
yttrium oxide (Y2O3) from the bulk phase [81]. 

4. Electrochemical hydrogen devices 

The basic electrochemical hydrogen devices can be constructed as, 
Electrode (anode)/Proton conducting solid (Electrolyte)/Electrode (cathode) 
[82]. Recently, proton (H+) conducting electrolytes have been using 
extensively in electrochemical devices. This becomes possible as a pro
ton has a small radius, which helps it to fit into the layered structure of 
the cathode [82]. In electrochemical hydrogen devices, two funda
mental functions of proton-conducting oxides can be utilized. One of 
them is electromotive force (EMF), and another is electrochemical 
hydrogen transportation through the solids. 

In the proton-conducting electrolyte of an electrochemical hydrogen 

Fig. 1. Schematic representation showing an overview of the major contents of this review article.  

Fig. 2. Construction of proton conductivity graph for various oxides based on 
available proton concentrations and mobilities data. Bold lines refer to the 
conductivity of perovskite-type oxides [12]. 

Fig. 3. Formation of oxygen vacancies in Y-doped BaZrO3 [80].  
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device, an electromotive force (EMF) is utilized by following the same 
principle of a galvanic cell, where a solid material is used as an elec
trolyte. When the EMF is used in a device to generate signals, the device 
is called a hydrogen activity sensor. On the other hand, when the EMF is 
used to produce electricity, the device is termed a fuel cell. Electro
chemical transportation of hydrogen is an important function of a pro
tonic conductor, which is possible due to the preferred proton migration 
through the solid electrolyte materials. The device that follows the 
principle to separate hydrogen or extract hydrogen from the gas mixture 
is named hydrogen pump. 

4.1. Hydrogen sensors 

In respect of combustion characteristics, hydrogen (H2) has the 
lowest inflaming energy (0.017 mJ), wide combustible range (4–75%), 
high heat of combustion (142 kJ/g H2), detonation sensitivity, high 
flaming velocity, and ignition temperature (560 ◦C). Hydrogen has no 
color, odor, and taste; thus, it is almost impossible to detect by human 
senses. However, due to high flammability, strong reducing properties, 
and permeability through various materials, rapid and accurate detec
tion of this gaseous element is essential in several applications to prevent 
the risk of an explosion and damages [83]. A hydrogen sensor is a 
transducer device that is used to detect the presence of hydrogen gas 
molecules in the range of parts per million (ppm) to levels near the lower 
explosive limit (4% H2 in the air), and to concentrations near 100%. At 
present electrochemical, thermoelectric, semiconductor, metallic, opti
cal, and acoustic ones, etc. hydrogen sensors are available for com
mercial uses [83]. The basic construction of a hydrogen sensor is 
represented in Fig. 4(a) as well as the limiting-current-type hydrogen 
sensor in Fig. 4(b). Interaction of hydrogen molecules with the sensing 
material of the sensor can cause fluctuations in mechanical properties, 
electrical properties, temperature, mass, and even in refractive index 
resulting in an electrical impulse amplified proportionally to the gas 
concentration for practical applications. 

This device became affordable, portable, and in situ hydrogen con
centration detection in several applications due to its miniature size and 
low cost. Nowadays, this device has been using reliably in diverse 
hydrogen dominating applications, for example, fuel cell, purification, 
and storage of hydrogen, safety monitoring of hydrogen production 
plants, storage tanks, pipelines, refueling stations, and automotive ve
hicles [83]. 

4.2. Hydrogen pumps 

Hydrogen is an important energy carrier material to solve several 
environmental issues like toxic emissions, carbon-free sustainability, 

and alternative energy source. This material has also been extensively 
used in many sectors, including chemical, metallurgical, petrochemical 
industries as raw material. So far, hydrogen has mostly been sourced 
from the reformation of fossil fuels containing other gases, such as CH4, 
H2S, CO, and CO2 [84]. Therefore, producing hydrogen with high purity 
demands an efficient separation and purification to be used in diverse 
applications suitably. 

Several technologies have been followed to produce hydrogen, for 
example, cryogenic distillation, pressure swing adsorption galvanic 
hydrogen pumps as well as non-galvanic hydrogen separation pumps. 
Fig. 5 illustrates the construction and working principle of an electro
chemical hydrogen separation pump. In this system, proton-conducting 
BaZrO3 perovskite oxide material is used as an electrolyte layer. Proton 
is generated at the anode by following the chemical reaction mentioned 
in Eq. (1) when direct current is applied to the cell. This produced proton 
diffuses through the electrolyte layer towards the cathode and forms 
hydrogen through recombination by the following Eq. (2).  

Anode: H2→2H+ + 2e− (1)  

Cathode: 2H++2e− → H2                                                                  (2) 

Thus, according to this method, hydrogen can be separated in a 
controlled way by merely regulating the applied current of the electro
chemical cell. However, the hydrogen pumping is also influenced by 
several operating factors such as temperature, partial pressures of 
hydrogen, and water vapor in the mixture [84]. 

4.3. Fuel cells 

A basic fuel cell converts the chemical energy of a fuel directly into 
electricity without any combustion and emission. It is constructed with a 
cathode, ion-conducting electrolyte layer, and an anode (Fig. 6). In a 
fuel cell, a fuel like hydrogen is supplied from an anode, and an oxidant, 
usually oxygen is supplied from the cathode where electrolyte prevents 
the direct combustion of the fuel (H2) and oxidant (O2). This electrolyte 
layer restricts the gases to diffuse, however, it allows ions to transfer 
through it [85]. 

Solid oxide fuel cells can be classified into three categories (Fig. 6), 
such as oxygen ion transfer type, hydrogen ion transfer type, and mixed 
ion transfer type. In an oxygen ion transfer type fuel cell, electricity is 
produced when oxygen ion passes through the electrolyte membrane 
and reacts with hydrogen at the anode, releasing water as a byproduct 
(Fig. 6(a)). Electricity is generated between the electrodes due to the 
formation of discharged electrons in the water production process. The 
anodic and cathodic reactions are as follows:  

Anode: H2 + O2− →H2O + 2e− (3) 

Fig. 4. Basic diagram of (a) a simple hydrogen sensor [18], and (b) limiting-current-type hydrogen sensor [33].  
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Fig. 5. Construction of a hydrogen pump device as well as a photo of a proton conductor [19].  

Fig. 6. Operating principle of (a) oxygen ion transfer, (b) hydrogen ion transfer, and (c) mixed ion transfer type solid oxide fuel cells [86].  
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Cathode: O2 + 4e− → 2O2− (4) 

In a hydrogen ion conduction type fuel cell, water is formed at the 
cathode; thus, electricity is generated as a result of passing hydrogen 
ions across the electrolyte (Fig. 6 (b)). The anodic and cathodic reactions 
are as follows:  

Anode: H2 → 2H+ + 2e− (5)  

Cathode: 4H++ O2 + 4e− → 2H2O                                                     (6) 

In a mixed ion full cell, electricity is produced when both oxygen and 
hydrogen migrate through the electrolytic layer towards anode and 
cathode, respectively (Fig. 6 (c)). 

In fuel cells, usually hydrogen, methanol, ethanol, and other alcohols 
are used as fuel to produce electrical energy. The operating temperature 
depends on the type of electrolyte used in this cell. Generally, fuel cells 
based on polymers can be operated at low temperatures (~80 ◦C) and 
cells based on solid oxide, for example, gadolinium doped ceria and 
yttrium stabilized zirconia at intermediate temperature (~ 650 ◦C or 
below) [85]. Based on operating temperature, fuel cells can be classified 
as polymer electrolyte membrane (70–110 ◦C), alkali fuel cell (100–250 
◦C), phosphoric acid fuel cell (150–250 ◦C), molten carbonate fuel cell 
(500–700 ◦C) and solid oxide fuel cell (700–1000 ◦C). In comparison 
with other fuel cells, solid oxide fuel cell is very popular for high effi
ciency, both electricity and heat generation, and good fuel flexibility as 
various hydrocarbon fuels can be used. Besides, this type of fuel cell 
shows excellent reliability during long-term continuous operation in 
high temperature and less expensive as no need to use noble metal 
catalysts. 

5. Review on recent literature 

Recent progress on the barium zirconate electrolyte-based electro
chemical hydrogen devices like hydrogen sensors, hydrogen pumps, and 

fuel cells, their preparation techniques, and performances are discussed 
in the following sections. 

5.1. Hydrogen sensors and hydrogen pumps 

Doped BaZrO3 materials, due to their high proton conductivity and 
chemical stability at solid oxide fuel cell operating temperatures of 
400–700 ◦C have been studied as solid electrolytes in hydrogen pump 
[87] and hydrogen sensor applications [33,34]. Among a group of doped 
perovskite oxides, Schneller and Schober, T. (2003) [34] studied the 
fabrication process of proton-conducting BaZr0.80Y0.20O3-x films which 
can be applied to the sensor devices like hydrogen sensors. The study 
investigated the chemical deposition solution technique, which is very 
cost-effective and has an easy fabrication process and low operating 
temperature. The solution produced by this method was found to be very 
stable for more than six months. From the X-ray diffraction (XRD) 
pattern and scanning electron microscope (SEM) image analysis, the 
authors concluded that hydrogen sensors based on this film are very 
responsive because of its thin structure. Borland et al. have studied 
BaZr0.9Y0.1O3-δ (BZY10) and BaCe0.6Zr0.3Y0.1O3-δ prepared by the SSR 
route as solid electrolyte in potential hydrogen sensor for tritium 
detection in fusion reactors [18]. As a potential hydrogen sensor, 
Taniguchi et al. have studied BaZr0.4Ce0.4In0.2O3 proton-conducting 
ceramic properties by EMF responses of a hydrogen concentration cell 
and an electrochemical hydrogen permeation test [33]. For the study, a 
0.45 mm thick electrolyte ceramic material, prepared using the SSR 
route, and platinum paste was used as an electrode. The 
current-potential characteristics under pure H2 gas show excellent re
sults in a temperature range of 350–700 ◦C. The variation of pure 
hydrogen concentration at 500 ◦C and in H2–N2 gas mixture (up to 5 vol 
% H2) at 400 ◦C shows that the fabricated sensor responds in corre
sponding hydrogen concentration. The sensor capability was reported to 
be also excellent in the presence of CH4, C3H8, and C4H10 gases in the 

Fig. 7. Hydrogen sensor’s (a) I–V characteristics in pure H2, (b) I–V characteristics at 500 ◦C at different concentration of H2, (c) dependency of limiting current on 
H2 concentration at 400 ◦C and applied voltage 0.1 V, and (d) cycling characteristics at 400 ◦C and applied voltage of 0.1 V between 0 and 5% H2 concentrations [33]. 
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stream. From the investigation of current potential characteristics (Fig. 7 
(a)), it is clear that for limiting-current hydrogen sensors, these materials 
could be used. At every concentration of H2 (Fig. 7(b), the limiting 
currents are flat due to the contribution of electric conductivity. More
over, limiting current raised linearly with the increase of H2 concen
tration (Fig. 7(c)). Cyclic characteristics were observed which indicates 
that over 52 days and 100 cycles, output currents for 0% and 5% H2 
concentration does not degrade (Fig. 7(d)). 

Patki et al. have studied the application of BaZr0.8Ce0.1Y0.1O3-δ based 
membrane for galvanic hydrogen pumping in methane dehydroaroma
tization reaction for in-situ separation of product hydrogen from the 
system [87]. They have deposited Cu on perovskite materials by elec
troless plating to use as anode electrode on one side and 
Ni–BaZr0.7Ce0.2Y0.1O3-δ cermet as a cathode. The performance of such 
system under gas mixture containing methane, ethane, CO, and H2 
shows that: (1) the proposed system can pump H2 at 40 mA cm− 2 

through Cu–Cu electrodes using 268 mW/(NmL.H2 min− 1), and (2) the 
faradaic efficiency decreases with increasing cerium content in the solid 
membrane structure which may due to the migration of cerium from 
cermet structure. In another galvanic hydrogen pump application study 
is reported by Tanaka et al. using BaZr0.955Co0.0155Y0.03O3-δ as a solid 
electrolyte membrane and platinum as an electrode [19]. The hydrogen 
recovery performance was analyzed in one end closed tube type set-up 
under a temperature of 350–550 ◦C. While no oxygen ion-conduction 
was observed in standard water vapor electrolysis condition up to 
550 ◦C operation temperature, however, mixed conduction of proton, 
electron, and oxygen conduction was observed even at 425 ◦C of oper
ating condition. Fig. 8(a-c) shows the characteristics of hydrogen 

extraction while Fig. 8(d-f) shows characteristics of hydrogen pumping. 
From Fig. 8(b), it is seen that in anode compartment water vapor con
centration decreases with the increasing current density while in cath
ode compartment it remains consistent. These results show that 
hydrogen is produced by vapor electrolysis and conductivity of 
oxide-ion is nearly insignificant under wet atmosphere conditions. Fig. 8 
(e) indicates that the oxide-ion went through the proton conductor and 
concentration increased with the increase of current density. Even at 
lower current density, migration of oxide-ion happened. 

A hydrogen pump made out of dense Ba(Zr0.30Ce0.54Y0.15Cu0.01)O3-δ 
as a solid electrolyte where porous BaZr0.75Y0.03O3-δ -graphite layer was 
tape cast on both sides of the electrolyte, and composite electrode of 
(La0.7Sr0.3)V0.9O3-δ, a trace of CeO2, Pd was infiltrated on the porous 
layer was studied by Choi [88]. The hydrogen pump operation per
formed well when 3 wt% H2O atm was used as sweep gas, and an over 
potential of 1.1 eV at 973 K for a current density of 2 A cm− 2 was 
recorded. Therefore, such a composite membrane has good potential to 
be used in the synthesis of hydrocarbon fuels, ammonia, where in-situ 
hydrogen separation is needed. The attractive properties of 
BaCe0.2Zr0.7 Y0.1O3-δ composites membrane were studied by Robinson 
et al. [89]. In this galvanic hydrogen pump study, coated 65 wt% NiO- 
35 wt% BaCe0.2Zr0.7Y0.1O3-δ cermet using spray coating and porous 
La0.6Sr0.4Fe0.8Co0.2O3-δ material by sintering as electrodes were used. 
The resulting device has a shell and tube form, where a gas mixture of 
He, H2, H2O was passed on the shell side, and gas mixture of Ar & H2O 
was passed on the tube side of the device during performance study at a 
temperature range of 650 ◦C and 800 ◦C. The Galvanic hydrogen flux 
measured through the studied solid electrolyte membrane fits 

Fig. 8. Characteristics of H2 extraction at 600 ◦C under wet atmosphere: (a) voltage, (b) concentration of water vapor at both anode and cathode, (c) extracted H2 
concentration at the cathode. Characteristics of H2 pumping at 600 ◦C: (d) voltage, (e) concentration of water vapor at both anode and cathode, (f) extracted H2 
concentration at cathode and anode [19]. 
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excellently with theoretical faradaic predictions. Therefore, such fabri
cated devices are suitable for potential applications as hydrogen pumps 
in a wide temperature range. 

5.2. Comparative studies on fuel cell electrolytes 

The electrolyte is one of the most important components in fuel cells 
since the operating conditions and efficiency largely depend on its 
characteristics [90]. Y-doped barium zirconate (BZY) has a lot of po
tential as a fuel cell electrolyte due to its good protonic conductivity 
along with higher chemical stability [91]. That is why comparative 
studies of various types of doped barium zirconate electrolytes are 
essential, which is summarized and analyzed in the following sections 
based on recent literature. 

5.2.1. Grain growth and relative density 
Grain size, grain boundary (GB), and relative density are important 

parameters for fuel cell electrolyte materials as they determine the 
performances of the fuel cell like total conductivity, power density, etc. 
[91–93]. Grain size and relative density mainly depend on electrolyte 
composition, sintering method, sintering temperature, and sintering 
time (Table 1). Nikodemski et al. (2013) [94] studied the mechanism of 
the solid-state reactive sintering (SSRS) method on BaCe0.8Y0.2O3− δ 
(BCY20), BaCe0.6Zr0.3Y0.1O3− δ (BCZY63), and BaZr0.8Y0.2O3− δ (BZY20) 
with NiO sintering additives. Fig. 9 (a) shows the dependency of relative 
density on dopant ionic radius. The dopants were categorized into three 
groups based on their shrinkage behavior and color pattern of the sin
tered pellets. Group 2 (sintering additives of metal ions with oxidation 
state +2) shows the highest densified electrolytes (> 90%). Fig. 9(b-d) 

Table 1 
Average grain size and relative density of barium zirconate electrolytes with different compositions for various synthesis methods, sintering time, and sintering 
temperature.  

Electrolyte materials Synthesis method Sintering temperature 
(oC) 

Sintering time 
(h) 

Relative density 
(%) 

Average grain size, Dg 

(μm) 
Refs. 

BaZr0.8Y0.2O3-δ Citrate-nitrate combustion 1600 5 79.32 0.28 [95] 
BaZr0.8Y0.15Sm0.05O3-δ 1450 10 86.76 0.41 
BaZr0.8Y0.1Sm0.1O3-δ – – 87.09 0.49 
BaZr0.8Y0.05Sm15O3-δ – – 89.22 0.63 
BaZr0.8Sm0.2O3-δ – – 91.36 0.79 
BaZr0.8Y0.2O3− δ SSRS (with Ball-milled precursor 

powder) 
1435 5 56 0.51 [93] 

15 70 0.72 
1485 10 82 0.88 
1535 5 87 1.02 

15 94 1.19 
SSRS 
(with Planetary 
Ball-milled precursor powder) 

1435 5 94 0.61 
15 94 0.82 

1485 5 94 0.83 
10 94 0.93 
15 95 0.96 
20 95 1.04 
25 95 1.16 

1535 5 94 1.06 
15 95 1.39 

BaZr0.98Y0.02O3-δ Solid-state reactions 1700 10 95 – [13] 
BaZr0.95Y0.05O3-δ 1700 97 
BaZr0.9Y0.1O3-δ 1700 91 
BaZr0.85Y0.15O3-δ 1700 90 
BaZr0.8Y0.2O3-δ 1700 92 
BaZr0.75Y0.15O3-δ 1710 87 
BaZr0.9Sc0.1O3-δ 1700 91 
BaZr0.9In0.1O3-δ 1700 93 
BaZr0.9Gd0.1O3-δ 1650 88 
BaZr0.8Y0.2O3-δ Combustion 1400 6 – 1 [103] 
BaZr0.4Ce0.4Y0.2O3-δ SSRS 1400 8 97 5–10 [97] 
BaZr0.6Ce0.2Y0.2O3-δ SSRS 1400 12 97 4–6 
BaZr0.9Y0.1O3-δ Sonochemical 1400 20 84 – [102] 

1450 20 90 4.63 ± 1.60 
1500 20 95 7.67 ± 2.79 

Ba1.00Zr0.90Y0.10O3-δ SSRS 1600 8 89.23 ~(0.1–1.0) [98] 
Ba1.00Zr0.90Y0.10O3-δ 1600 24 92.9 
Ba0.97Zr0.90Y0.10O3-δ 1600 40 93.93 
Ba0.96Zr0.90Y0.10O3-δ 1600 70 94.44 
Ba0.98Zr0.90Y0.10O3-δ 1600 100 96.84 
Ba0.95Zr0.90Y0.10O3-δ 1600 200 97.1 – 
BaZr0.85Y0.15O3- δ – 1450 10 – ~0.5 [91] 
BaZr0.5Ce0.3Y0.2O3-δ + NiO (before 

calcination) 
Solid-state reaction 1600 10 97 ≥10 [92] 

BaZr0.5Ce0.3Y0.2O3-δ 1600 24 96.4 1.5 
BaZr0.5Ce0.3Y0.2O3-δ + NiO (after 

calcination) 
1600 10 96.4 5 

BaZrO3 +
134BaO Spray pyrolysis 1600 10 >97% 1.1 ± 0.1 [104] 

BaZrO3 +
96ZrO 

BaZr0.9Y0.1O2.95 

(Exsolve Composite) 
Spray pyrolysis 1600 10 – (4.5 ± 1.4) × 10− 2 [101] 

BaZr0.9Y0.1O2.95 (6.2 ± 2.4) × 10− 2 

BaZr0.9Y0.1O3-δ Gel-polymerization – – – (4–5) × 10− 2 [105] 
BaZr0.9Y0.1O3-δ Combustion-based wet-chemical 

route 
1500–1600 12 95 (6–12) × 10− 2 [99] 

BaZr0.9Y0.1O3-δ Gel-pol – – – (4–7) × 10− 2 [100]  

M.K. Hossain et al.                                                                                                                                                                                                                             



Ceramics International 47 (2021) 23725–23748

23733

shows SEM images of BCY20, BCZY63, BZY20, whereas Fig. 9(e-g) 
shows SEM of with the addition of NiO. It is understood from the figures 
that the increase of Zr content, grain size, and density decrease, which 
indicates that yttrium doped barium zirconate without Ce has poor 
sintering behavior. However, adding 5% NiO can significantly improve 
the sinterability and densify the electrolyte, which proves that NiO 
mitigates the poor sintering properties of zirconium. 

Table 1 focused on the average grain growth and relative density of 
different doped and co-doped barium zirconate electrolytes. Z. Zhu and 
S. Wang (2019) [95] investigated the BZY electrolyte with Sm3+

co-doping and found out the dependency of average grain size with the 
co-doping level. It is seen from their data that grain size and relative 
density increase with the increase of Sm3+ incorporation. Irshad et al. 
(2019) [96] also pointed out that using Sm3+ or Gd3+ can lower the 
average grain size. Using Sm3+ lowers the grain size to the later one. But 
it is noticed that the grain size of pure BZY has the smallest grain size 
among the other studies. The work of Jeong et al. (2018) [97] proves 
that increasing Ce molar percentage in BZY can lead to a larger grain 
size. On the other hand, J. Bu, P. G. Jönsson, and Z. Zhao [92] found that 
adding NiO before calcination to the electrolyte can increase the mean 
grain size due to its higher density. Yun et al. (2018) [93] used a 
different approach and studied the effect of the sintering process, tem
perature, and time on the grain size. It was observed that the range of 
average grain size (0.61–1.39 μm) using planetary ball-milled precursor 
powder is higher than the grain size (0.51–1.19 μm) using only 
ball-milled precursor powder. It is also clear that in both cases, grain size 
increases with the increase of sintering temperature and time (Fig. 10). 

From Han and Uda’s work [98] it is also observed that relative 
density depends on the sintering time. Relative density rises to 95% after 
sintering for 100 h. The grain size was found in the micro-meter range 
from this study. On the other hand, Chen et al. (2018) [99], Hosseina
badi et al. (2019) [100], Rioja-Monllor et al. (2019) [101] have found 
the lowest grain size, in 10− 2 μm range, for BZY10 electrolytes. It was 
not clear whether the lowest grain size is due to the electrolyte 
composition or not. However, Seeharaj et al. (2016) [102] used the 
sonochemical method and found the highest grain size. The average 
grain size of BYZ ceramics sintered at 1550 ◦C was 7.67 ± 2.79 μm, 

which is significantly larger than pure BYZ ceramics. Therefore, the 
authors suggested increasing grain size diameter for reducing grain 
boundary resistivity to improve the performance of proton conductivity. 

5.2.2. Activation energy 
The activation energy for proton conductivity and diffusivity are 

important parameters of a solid oxide fuel cell electrolyte. Generally, the 
lower activation energy for proton conductivity means fuel cells can 
operate at a lower temperature [12]. Solid oxide fuel cells (SOFCs) need 
high operating temperature due to their higher activation energy for 
conductivity, while protonic oxide fuel cells can operate at a lower 
temperature because of their lower activation energy for conductivity 
[12,101]. Table 2 recaps the data of activation energies for proton 
conductivity for the different compositions of BZY at various tempera
ture ranges and atmospheres. According to the study of Jarry et al. 
(2018) [106], the activation energy for conductivity decreases with the 
increase of Ce doping. Zhu and Wang (2019) [95] examined the acti
vation energy for the conductivity of Sm3+ doping BZY in wet air and 
wet hydrogen. The activation energy for conductivity in a wet hydrogen 
atmosphere (0.28–0.31 eV) is three times lower than in wet air 
(0.94–0.97 eV). This is because, in the hydrogen atmosphere, the proton 
acts as the majority current carrier whereas electron holes and oxygen 
ions contribute to conductivity in wet air oxygen. It is also noticed that 
with the increase of Sm3+ doping activation energy for conductivity 
increases in both wet air and wet hydrogen atmospheres. This result is 
also supported by the work of Zhu et al. (2019) [107]. Huang et al. 
(2018) [108] investigated apparent activation energy for conductivity in 
four different atmospheres and found consistent results. However, 
activation energy in a hydrogen atmosphere (0.157 eV) is lower than the 
typical energy value (0.417 eV) for proton conductivity, especially in 
dry hydrogen which might be caused by the porous/dense/porous 
structure of integrated electrolyte matrix. Fluri et al. (2017) [109] 
concluded that in dry oxygen activation energy for conductivity is 
higher because the electron holes act as dominant charge carrier. On the 
other hand, due to proton conductivity in a humidified argon atmo
sphere and relaxed structure of the lattice, activation energy is less. 
There is an inversely proportional relationship between activation 

Fig. 9. (a) Relation between ionic radius and relative density using SSRS method sintered at 1450 ◦C for 12 h. Cross-sectional SEM images of (b) BCY20 sintered for 
12 h at 1400 ◦C (relative density ~59.7%), (c) BCZY63 sintered for 12 h at 1500 ◦C (relative density ~60%), (d) BZY20 sintered for 12 h at 1500 ◦C (relative density 
~34.1%), (e) BCY20 + 5 mol% NiO sintered for 12 h at 1400 ◦C (relative density ~98.6%), (f) BCZY63 + 5 mol% NiO sintered for 12 h at 1500 ◦C (relative density 
~90%), and (g) BZY20 + 5 mol% NiO sintered for 12 h at 1500 ◦C (relative density ~95.1%) [94]. 
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energy and tensile strain was also found. Besides, no correlation exists 
between the activation energy and electrolyte thickness. 

Activation energies for different types of diffusion (tritium diffusion, 
protonic diffusion, conductivity diffusion, etc.) are summarized in 
Table 3. Sažinas et al. (2017) [104] studied the activation energy for 
lattice and grain boundary (GB) diffusion of BaO and ZrO in barium 
zirconate electrolyte and pointed out that activation energy is higher for 
lattice diffusion than for grain boundary diffusion. Noferini et al. (2018) 
[113] studied different types of the standard diffusion model to estimate 
activation energy and reported that 10% In doped barium zirconate 
(BaZr0.8In0.2O2.9) exhibits lower activation energy for diffusion than 
20% In doping (BaZr0.8In0.2O2.9) across all the model. 

Kreuer et al. (2000) [13] pointed out that activation energy for 
conductivity diffusion is higher than the activation energy for proton 
diffusion. On the other hand, Fig. 11 (a) illustrates that the lowest 
activation energy (0.43 eV) of proton diffusivity is noticed for 10% Y 
doping while 10% Sc doping barium zirconate has the highest activation 

energy (0.50 eV). However, among the different Y doping concentra
tions (Fig. 11 (b)), 20% doped electrolyte has slightly increased acti
vation energy (0.48 eV), which, according to the authors, might be due 
to the lattice distortion by Y dopant. Raiteri et al. (2011) [114] pointed 
out that for both Y doped and pure barium zirconate electrolyte, the 
Arrhenius plots of proton diffusivity are parallel (Fig. 11 (c)), which 
indicates that Y-doping of little concentration does not affect the acti
vation energy for proton diffusion. Recent studies [80,115] stated that 
the tritium diffusivity in both BaZr0.9Y0.1O3-δ (BZY) and 
BaZr0.955Y0.03Co0.015O3-δ (BZYC) increases with the increase of tem
perature, as shown in Fig. 11(d). However, at a higher temperature 
(1000 ◦C) both samples show similar diffusivity value, whereas at lower 
temperature (400 ◦C) diffusivity of BZY (2 × 10− 12 m2/s) is one order 
lower than the BZYC (4 × 10− 11 m2/s). 

Table 4 summarizes the data of activation energy for the resistance of 
different compositions of barium zirconate. Wu et al. (2019) [116] 
found out that with the increase of Fe-doping, the activation energy of 
polarization resistance for each composition does not vary due to the 
different reaction steps at the electrodes. This study concluded that 
BaZr0.2Fe0.6Y0.2O3-δ (BZFY-6) has the lowest activation energy (0.946 
eV), and therefore, it is more useful and beneficial at low temperatures. 
Jeong et al. (2018) [97] conducted a similar kind of experiment with Ce 
doping. Using a different composition of Ce doping, a change in acti
vation energy for polarization resistance (Rp) was observed, which im
plies that the cathodic reaction involves the same rate-determining 
steps. On the other hand, Rioja-Monllor et al. (2019) [101] reported that 
activation energy for area-specific resistances (ASRs) is lower in a moist 
atmosphere than in dry air. Besides, when the electrolyte composition 
was made by exsolution, the activation energy was found lower than the 
direct composition. 

5.2.3. Total conductivity 
BZY10 shows mixed bulk conductivity, like, protonic defect con

ductivity, electronic conductivity, and oxygen vacancy conductivity, 
among which protonic conductivity dominated about 98.5% of con
ductivity up to 600 ◦C operating temperature [119]. Protonic defects are 
involved with hydration reaction [H2O (g)+ O×

o + V••
o ↔ 2OH•

o] which 
is largely associated with the near-surface lattice structure and surface 
vacancies (V••

o ) to adsorb the water (H2O) [12,120–122]. Conventional 
measurement techniques like proton-NMR [123], TGA [12,120,122], 
Raman profilometry [124], and HT-XRD [125–127] can determine the 
bulk protonic defects (OH•

o) in the BZY10 crystal, but to understand the 
near-surface and surface chemistry, a special technique like 
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) is 
required [106,128]. 

Ling et al. (2016) [129] reported that acceptor-doped BaZrO3 oxides 
are more suitable for practical application, e.g., proton-conducting solid 
oxide fuel cells (H–SOFCs) due to their acceptable conductivity. How
ever, significant sintering activity is a problem and requires doping with 
trivalent cations. The authors studied the effect of co-addition of Bi2O3 
and In2O3 on sintering behavior and electrical properties of 
BaZr0.8− xIn0.2BixO3− ẟ (x = 0, 0.05, 0.1, and 0.2). Among those four 
compositions, BaZr0.8− xIn0.2BixO3− ẟ (x = 0.05), i.e., BZIB5, exhibited 
the highest conductivity of 9.93 × 10− 4 Scm− 1 at 600 ◦C, outstanding 
electrochemical performance with a maximum power density of 
0.34Wcm− 2 at 700 ◦C. Bi doping increased the power density by 300%. 
Furthermore, the addition of Bi concentration increased the activation 
energy (Ea). Compared to Y-doped BaZrO3, In-doped BaZrO3 results in 
superior conductivity and grain boundary. The authors reported that 
BZIB5 is a suitable electrolyte material for H–SOFCs. 

Zhu et al. (2019) [107] also stated that BaZrO3 oxides have excellent 
chemical stability in CO2 or H2O-containing environments. However, 
there is a significant challenge in film densification and grain growth 
due to high grain boundary density and low conductivity. The authors 
co-doped Ca2+ and Y3+ in the B site to improve the performance. The 

Fig. 10. SEM images of BZY electrolyte using (left) ball-milled and (right) 
planetary ball-milled precursor powder sintered at different temperatures for a 
different time period [93]. 
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authors reported a highly dense film surface of BaZr0.8Y0.15Ca0.05O3-ẟ 
(BZYC5), the grain size and thickness were 0.5–1 μm and 15 μm, 
respectively. The authors reported a higher total conductivity of BZYC5 

compared to that of BZY. However, the activation energy for BZYC5 and 
BZY in wet H2 and wet air was similar. BZYC5 exhibited better sintering 
activity, higher proton conductivity, and high chemical stability 

Table 2 
Activation energy for the conductivity of barium zirconate electrolyte with different compositions for various atmospheres and temperature ranges.  

Electrolyte materials Synthesis method Atmospheres Temperature range (◦C) Activation energy for Ea (eV) Refs. 

BaZr0.8Y0.2O3-δ Citrate-nitrate combustion Wet H2 300–700 Conductivity 0.28 [95] 
Wet air 400–700 0.96 

BaZr0.8Y0.15Sm0.05O3-δ Wet H2 300–700 0.30 
Wet air 400–700 0.94 

BaZr0.8Y0.1Sm0.1O3-δ Wet H2 300–700 0.31 
Wet air 400–700 0.96 

BaZr0.8Y0.05Sm0.15O3-δ Wet H2 300–700 0.30 
Wet air 400–700 0.97 

BaZr0.8Y0.15Ca0.05O3-δ Citrate-nitrate combustion Wet H2 300–750 Conductivity 0.38 [107] 
BaZr0.8Y0.15Ca0.05O3-δ Wet air 0.97 
BaZr0.8Y0.20O3-δ Wet H2 0.40 
BaZr0.8Y0.20O3-δ Wet air 0.99 
BaZr0.8Y0.2O3- δ SSRS Wet air 400–600 Conductivity 0.602 [108] 

Dry air 0.608 
Wet H2 0.417 
Dry H2 0.157 

BaZr0.8Y0.2O3-δ Combustion Wet H2 (3% H2O) ~ (550–650) Conductivity 0.48 [103] 
BaZr0.9Y0.1O3-δ Sol-gel H2 450–550 Conductivity 0.23 [110] 
BaZr0.9Y0.1O3-δ 

(calcined: 900 ◦C/4 h) 
Oxidant peroxide Air ~ (350–550) Conductivity 0.38 [111] 

BaZr0.9Y0.1O3-δ 

(calcined: 1200 ◦C/2 h) 
Air ~ (400–550) 0.39 

BaZr0.9Y0.1O3-δ 

(calcined: 900 ◦C/4 h) 
N2 ~ (350–550) 0.38 

BaZr0.9Y0.1O3-δ 

(calcined: 1200 ◦C/24 h) 
N2 ~ (250–550) 0.38 

BaZr0.9Y0.1O2.95 Standard solid-state reaction Moist air 300–500 Conductivity 0.79 [106] 
BaCe0.2Zr0.7Y0.1O2.95 0.63 
BaZr0.8Y0.2O3 – dry O2 200–325 Conductivity 0.78 ± 0.01 [109] 

Humidified Ar 0.44 
BaZr0.53In0.47O3− δ (hydrated structure) – Wet air 260–340 Proton conductivity 0.44 [112] 
BaZr0.4Ce0.4Y0.2O3-δ SSRS Ar (10% H2) 550–700 Proton conductivity 0.26 [97] 
BaZr0.6Ce0.2Y0.2O3-δ 0.33 
BaZr0.7Ce0.1Y0.2O3-δ 0.34 
BaZr0.8Y0.2O3-δ 0.22  

Table 3 
Activation energy for the diffusion of barium zirconate electrolyte with different compositions for various atmospheres and temperature ranges. (GB = grain boundary, 
CEM= Chudley–Elliot model, SSM= Singwi and Sjölander Model, HRM= Hall and Ross Model).  

Electrolyte materials Synthesis method Temperature range (◦C) Activation energy for Ea (eV) Refs. 

BaZr0.9Y0.1O3-δ Solid-state reactions 350–600 Tritium diffusion 0.74 [115] 
BaZr0.955Y0.03Co0.015O3-α Tritium diffusion 0.43 
BaZr0.98Y0.02O3-δ Solid-state reactions ~ (90–325) Protonic diffusion 0.44 [13] 
BaZr0.95Y0.05O3-δ ~ (70–290) Protonic diffusion 0.44 
BaZr0.9Y0.1O3-δ ~ (40–150) Protonic diffusion 0.43 
BaZr0.8Y0.2O3-δ ~ (50–150) Protonic diffusion 0.48 
BaZr0.9Sc0.1O3-δ ~ (90–200) Protonic diffusion 0.50 
BaZr0.9In0.1O3-δ ~ (80–325) Protonic diffusion 0.48 
BaZr0.9Gd0.1O3-δ ~ (30–110) Protonic diffusion 0.47 
BaZr0.95Y0.05O3-δ – Conductivity diffusion 1.04 
BaZr0.9Y0.1O3-δ – Conductivity diffusion 1.00 
BaZr0.85Y0.15O3-δ – Conductivity diffusion 0.86 
BaZr0.8Y0.2O3-δ – Conductivity diffusion 0.93 
BaZr0.75Y0.25O3-δ – Conductivity diffusion 0.87 
BaZr0.9Sc0.1O3-δ – Conductivity diffusion 0.89 
BaZr0.9In0.1O3-δ – Conductivity diffusion 0.99 
BaZr0.9Gd0.1O3- – Conductivity diffusion 0.99 
BaZrO3 +

134BaO Spray pyrolysis 1015–1200 Diffusion of Ba (lattice) 4.1 ± 0.5 [104] 
Diffusion of Ba (GB) 3.1 ± 0.5 

BaZrO3 +
96ZrO 1300–1500 Diffusion of Zr (lattice) 4.5 ± 0.7 

Diffusion of Zr (GB) 3.7 ± 0.4 
BaZr0.9In0.1O2.95 – – Diffusion (CEM) 0.04 [113] 

Diffusion (SSM) 0.04 
Diffusion (HRM) 0.04 

BaZr0.8In0.2O2.9 – – Diffusion (CEM) 0.12 
Diffusion (SSM) 0.11 
Diffusion (HRM) 0.114  
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compared to BZY. The authors concluded that BZYC5 is a steady 
promising alternate proton-conducting electrolyte material. 

Pure BaZrO3 shows lower conductivity in the range of 10− 6 S cm− 1 

[130], whereas in the rare earth materials (Y, Sm, Gd, etc.) doped 
BaZrO3 show higher order of total conductivity (10− 3 Scm− 1 range). 
This is because doping with impurities leads to lowering the activation 
energy. Among these impurities, the yttrium doped one (BZY) shows the 
most promising result. Conductivity also depends on the chemical 
composition and sintering temperature, cell operating temperature, and 
atmosphere, which can be observed from Table 5. Yun et al. (2018) [93] 
found that when BZY is sintered at 1485 ◦C for 15 h, it exhibits the 
highest total conductivity (2.28 × 10− 3 Scm− 1) relative to 1435 ◦C (1.15 

× 10− 3 Scm− 1) or 1525 ◦C (2.01 × 10− 3 Scm− 1) in the atmosphere of Ar 
(3%H2, pH2O = 0.03 atm) at 500 ◦C. It is noted from Fig. 12(a) that the 
Arrhenius plot of all the BZY compositions changes the slope at 550 ◦C 
due to the lower concentration of protons. The authors concluded that 
using NiO additives has little influence on the total proton conductivity 
of the electrolyte. Fig. 12(b) presents that grain-boundary conductivities 
are significantly lower than bulk conductivities due to the high amount 
of NiO additives. Measured and theoretical EMF values and their ratio 
(ion transport number) are shown in Fig. 12(c). It is clear that from 600 
to 900 ◦C ion transport number decreases due to the lowering concen
tration of proton with the increase of temperature. 

Huang et al. (2018) [108] reported that BZY in dry H2 shows less 

Fig. 11. Arrhenius plot of proton diffusivity of barium zirconate with (a) different types of dopants, and (b) different concentration of yttrium doping [13], (c) pure 
and Y doped barium zirconate [114], and (d) tritium diffusivity in BZY (blue square) and BZYC (closed red circle) [115]. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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conductivity than in wet H2. Gonçalves et al. (2016) [111] synthesized 
BZY using the oxygen peroxide method in two different atmospheres, 
namely in N2 and in laboratory air. 120 times improvement of con
ductivity was found in the N2 atmosphere over the air due to the denser 
sintered pellets. Ling et al. (2016) [129] observed that with the increase 
of cell operating temperature, conductivity increases. Similar results 
were supported by the study of Xiao et al. (2016) [131] as well as Xie 
et al. (2018) [132]. Ce is a very common co-doping substrate to BZY, 
which can increase the conductivity of the electrolyte. Jarry et al. (2018) 
[106] found relatively high conductivity using Ce and Zr co-doping. 
BaCe0.9Y0.1O2.95 (BZY) has poor grain boundary conductivity, while 
BaCe0.9Y0.1O2.95 (BCY) has lower chemical stability. To resolve these 
problems, the authors used Ce and Zr co-doped barium zirconate as an 
electrolyte. Jeong et al. (2018) [97] reported that BaZrxCe0.8-xY0.2O3-δ 
(BCZY) (where x = 0.4, 0.6, 0.7, and 0.8) in Ar (10% H2) atmosphere 
with the increase of Ce co-doping (0%–40%) the conductivity increases 
almost double. J. Bu et al. [92] one step further and studied the effect of 
NiO incorporation in a different stage of the calcination process of BCZY. 
Based on this study, it is concluded that adding NiO before calcination 
showed the best-enhanced oxygen and proton conductivities, followed 
by adding NiO after calcination and no addition of NiO. So, adding NiO 
during the synthesis process helps to increase the conductivity and lower 
the sintering temperature of BZCY electrolytes. However, Chen et al. 
(2018) [110] found the highest conductivity in the BZY electrolyte in the 
order of 10− 1 S cm− 1. The conduction mechanism might be different and 
found out that pure oxygen conduction is the main reason for high 
conductivity [110]. 

5.2.4. Peak power density 
Though indium-doped BaZrO3 (BZI) shows lower proton conductiv

ity than the yttrium-doped BaZrO3 (BZY) [141], the BZI has higher 
chemical stability in the CO2 atmosphere and better sintering ability as 
well [142]. Moreover, indium and yttrium co-doped BaZrO3 cell [143], 
and indium and bismuth co-doped BaZrO3 cell [129] show higher power 
density than the BZI cell [142]. Therefore, it was postulated that by the 
addition of a dopant in the BZI, the cell performance could be improved. 

In Table 6, performances of the fuel cell, namely peak power density 
(Pmax), open-circuit voltage (OCV) with polarization resistance (Rp), and 
ohmic resistance (RΩ) are summarized. Electrochemical impedance 
spectroscopy (EIS) is conducted on the single-cell under open-circuit 
conditions to measure ohmic resistance and polarization of electrolyte 
materials [95]. Open circuit voltage is calculated by Nernst equation 

[138,144,145]. From Zhu and Wang’s [95] study, it is noticed that with 
the increase of operating temperature from 600 ◦C to 700 ◦C, peak 
power density doubles due to the lower polarization resistance. In this 
study, 5% of Sm is co-doped with BZY. Ling et al. (2016) [129] studied 
indium and bismuth co-doping in barium zirconate and found relatively 
higher peak power density (340 mWcm− 2) at 700 ◦C, which is about 3 
times higher than only indium doping barium zirconate. Besides, the 
OCV value is also higher than the barium zirconate electrolyte, which 
indicates that bismuth doping increases the density of the electrolyte, 
and electron conduction can be ignored. 

Zhu et al. (2019) [107] investigated calcium and yttrium doping and 
found out that Ca and Y doping in barium zirconate shows comparable 
performance with other researchers’ works [137,142,146–148]. From 
the SEM image of BaZr0.8Y0.15Ca0.05O3-δ (BZYC5) shown in Fig. 13(a and 
b), it can be noted that the electrolyte has a lower number of pores and 
highly dense, which improves the proton transfer by reducing ohmic 
resistance. However, OCV values are lower (Fig. 13(c)) than the theo
retical value, and this result is due to the fact of hole conduction at high 
operating temperature. Fig. 13(d) presents that ohmic resistance 
(intercept of the spectra in the real axis at high frequency) and polari
zation resistance (the difference between low and high-frequency 
intercept at real axis) significantly increases if the operating tempera
ture decreases. Yun et al. (2018) [93] also found comparable power 
density values, which is illustrated in Fig. 12(d). 

Dai (2017) stated in his study [137] that with co-doping 5% of Pr 
exhibits better cell performance than 10% Pr co-doping. Bi et al. (2017) 
[103] found quite higher peak power density in BZY electrolyte, which is 
mainly caused by the use of BZY-NiO anode substrate. Irshad et al. 
(2019) [96] used Y, Gd, Sm doping and found comparable peak power 
density, but Pmax of Gd doping composition was relatively lower than the 
other two. Fuel cells based on BaZr0.8Sm0.2O3-δ (BZSm) and 
BaZr0.8Gd0.2O3-δ (BZGd) electrolyte shows smaller peak power density 
(320 mWcm− 2, 240 mWcm− 2) as compared to BaZr0.8Y0.2O3-δ (BZY) 
electrolyte (340 mWcm− 2). This is because of the mixture of dopants 
when they split over the A and B sites of perovskite. However, BZSm 
shows higher peak power density relative to BZGd due to its dense 
structure, which limits the gas diffusion and increases the fuel cell 
performance. Moreover, BaO deteriorates the performance of BZSm and 
BZGd. Therefore, if the sintering temperature is increased, the BaO 
phase will be removed, which will increase the power density. Xie et al. 
(2018) [132] studied Gd–Zn co-doping in barium zirconate to enhance 
cell performance. The maximum power obtained in the study is higher 

Table 4 
Activation energy for resistance of barium zirconate electrolyte with different compositions for various atmospheres and temperature ranges.  

Electrolyte materials Synthesis method Atmospheres Temperature range (◦C) Activation energy for Ea (eV) ref 

BaZr0.4Ce0.4Y0.2O3-δ SSRS Ar (10% H2) 550–700 Polarization resistance 0.94 [97] 
BaZr0.6Ce0.2Y0.2O3-δ 0.90 
BaZr0.7Ce0.1Y0.2O3-δ 0.89 
BaZr0.8Y0.2O3-δ 0.81 
BaZr0.6Fe0.2Y0.2O3-δ Wet chemical Wet H2 ~ (550–700) Polarization resistance 0.954 [116] 
BaZr0.4Fe0.4Y0.2O3-δ 1.06 
BaZr0.2Fe0.6Y0.2O3-δ 0.946 
BaZr0Fe0.8Y0.2O3-δ 1.09 
BaZr0.9Y0.1O2.95 

(Composite by exsolution) 
Spray pyrolysis Dry air – Area specific resistance (ASR) 1.36 [101] 

3% moist synthetic air 0.60 
BaZr0.9Y0.1O2.95 

(Direct Composite) 
Dry air 1.49 
3% moist synthetic air 0.77 

BaZr0.9Y0.1O2.95 – – 23–277 Quasi-elastic component 
(Proton Transfer) 

0.09 ± 0.05 [117] 

Quasi-elastic component 
(O–H rotation) 

0.08 ± 0.05 

BaZr0.9Sc0.1O2.95 Quasi-elastic component 
(Proton Transfer) 

0.096 ± 0.02 

Quasi-elastic component 
(O–H rotation) 

0.1 ± 0.02 

BaZr0.8Y0.2O3-δ – 90% humid air 23–177 Time constant (Annealed Sample) 0.55 [118] 
Time constant 
(Virgin Sample) 

0.65  
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Table 5 
Total conductivity of barium zirconate electrolyte materials with different compositions for various synthesis methods, sintering conditions, and measurement 
atmosphere.  

Electrolyte materials Synthesis method Sintering temperature (oC)/ 
time (h) 

T (oC)/atmosphere Total conductivity, σ (S 
cm− 1) 

Ref. 

BaZr1-xYxO3-δ (x = 0.1–0.25) Solid state rection 1600/24 500/wet H2 (pH2O= 0.05 
atm)  

~(0.001–0.019) [90] 

600/wet H2 (pH2O= 0.05 
atm)  

~(0.002–0.029) 

700/wet H2 (pH2O= 0.05 
atm)  

~(0.003–0.024) 

BaZr0.8Y0.2O3-δ Solid state rection 1600/24 500/wet O2 (pH2O= 0.05 
atm)  

~0.019 

600/wet O2 (pH2O= 0.05 
atm)  

~(0.029–0.035) 

700/wet O2 (pH2O= 0.05 
atm)  

(~0.025–0.06) 

BaZrO3 SSR 1600/12 600/wet N2 2.21 × 10− 6 [130] 
7.64 × 10− 7 

BaZr0.9Y0.1O3-δ Gel polymerization – 80/wet air (95% RH) 1.26 × 10− 5 [105] 
BaZr0.8Y0.2O3-δ Combustion 1400/6 600/wet H2 (3% H2O) 4.5 × 10− 3 [103] 
BaZr0.8Y0.2O3-δ Combustion 1150/4 650/wet H2 (3% H2O) 2.2 × 10− 3 [96] 
BaZr0.9Y0.1O3-δ SSRS 1640/15 600/H2O-saturated N2 2.14 × 10− 3 [133] 
BaZr0.85Y0.15O3-δ Solid state reaction 1400/10 600/wet N2 1.5 × 10− 3 [134] 

600/wet N2 8.7 × 10− 4 

BaZr0.8Y0.2O3-δ SSRS 1400/8 700/wet air 6.9 × 10− 3 [135] 
BaZr0⋅85Y0.15O3-δ – 1600/10 600/wet N2 (3% H2O) 3.9 × 10− 3 [136] 
BaZr0.9Y0.1O3-δ Oxidant peroxide 1200/24 900/Air 4.5 × 10− 5 [111] 

1200/Air 1.0 × 10− 5 

900/N2 1.13 × 10− 3 

1200/N2 1.20 × 10− 3 

BaZr0.53In0.47O3− δ (hydrated structure) – – 300/wet air 9.2 × 10− 4 [112] 
BaZr0.8Y0.15Sm0.05O3-δ Citrate-nitrate 

combustion 
1450/10 600/wet H2 1.36 × 10− 3 [95] 

700/wet H2 2.48 × 10− 3 

BaZr0.75In0.2Bi0.05O3-δ Citric acid - EDTA 1500/10 700/wet H2 (~3% H2O) 3.0 × 10− 3 [129] 
650/wet H2 (~3% H2O) 2.3 × 10− 3 

600/wet H2 (~3% H2O) 1.5 × 10− 3 

BaZr0.8Y0.20O3-δ Citrate-nitrate 
combustion 

1600/10 600/wet H2 4.6 × 10− 4 [107] 
BaZr0.8Y0.15Ca0.05O3-δ 600/wet H2 8.0 × 10− 4 

BaZr0.8Y0.2O3-δ SSRS 1435/15 500/Ar (3%H2, pH2O = 0.03 
atm)  

1.15 × 10− 3 [93] 
1485/15 2.28 × 10− 3 

1535/15 2.01 × 10− 3 

1435/15 600/Ar (3%H2, pH2O = 0.03 
atm)  

3.0 × 10− 3 

1485/15 3.0 × 10− 3 

1535/15 1.24 × 10− 3 

BaZr0.75Y0.2Pr0.05O3-δ Sol-gel 1650/10 600/wet air (~3% H2O) 2.0 × 10− 3 [137] 
BaZr0.8Y0.2O3-δ Combustion 1600/6 550/wet H2 (~3% H2O) 9.4 × 10− 4 [131] 

600/wet H2 (~3% H2O) 1.28 × 10− 3 

650/wet H2 (~3% H2O) 1.78 × 10− 3 

BaZr0.8Y0.2O3-δ SSRS 1500/10 600/wet air 6.94 × 10− 3 [108] 
600/dry air 6.13 × 10− 3 

600/wet H2 3.40 × 10− 3 

600/dry H2 6.19 × 10− 4 

BaZr0.8Gd0.16Zn0.04O3-δ Citric acid - EDTA 1500/5 500/wet H2 (~3% H2O) 5.17 × 10− 6 [132] 
BaZr0.8Gd0.14Zn0.06O3-δ 750/wet H2 (~3% H2O) 2.54 × 10− 3 

BaZr0.9Y0.1O3-δ Wet-chemical 
combustion 

1500-1600/12 400/humid reducing 
atmosphere 

2.4 × 10− 3 [99] 

BaZr0.8In0.2O3-δ Glycine-nitrate 
combustion 

1600/10 600/wet H2 (1.9% H2O) 1.1 × 10− 3 [138] 

BaZr0.9Y0.1O3-δ Sol-gel 1000 or 1200/5 450/H2 1.91 × 10− 1 [110] 
500/H2 2.27 × 10− 1 

550/H2 2.54 × 10− 1 

BaZr0.4Ce0.4Y0.2O3-δ SSRS 1400/8 600/Ar (10% H2) 4.2 × 10− 3 [97] 
BaZr0.6Ce0.2Y0.2O3-δ 1400/12 5.2 × 10− 3 

BaZr0.7Ce0.1Y0.2O3-δ – 2.7 × 10− 3 

BaZr0.8Y0.2O3-δ – 2.2 × 10− 3 

BaCe0.9Zr0Y0.1O2.95 SSRS 1700/6 500/moist air (pH2O= 0.023 
atm)  

8 × 10− 2 [106] 
BaCe0.2Zr0.7Y0.1O2.95 8 × 10− 3 

BaZr0.75Ce0.05Y0.2O3-δ SSRS 1550 550/Ar (3% H2O, 10% H2) 1.6 × 10− 3 [139] 
500/Ar (3% H2O, 10% H2) 2.9 × 10− 3 

550/Ar (3% H2O, 10% H2) 3.1 × 10− 3 

BaZr0.7Ce0.2Y0.1O3-δ SSRS 1550/0.8 600/Ar (3% wet H2) 2.58 × 10− 4 [140] 
BaZr0.5Ce0.3Y0.2O3-δ + NiO (before 

calcination) 
Solid-state reaction 1600/10 600/dry air 3.4 × 10− 3 [92] 

600/wet N2 1.38 × 10− 2 

600/wet H2 4.46 × 10− 2 

BaZr0.5Ce0.3Y0.2O3-δ 1600/24 600/dry air 5.0 × 10− 4 

(continued on next page) 
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than the similar cell with BaZr0.75Pr0.5Y0.2O3− δ electrolyte [137]. The 
performance can be further optimized by cell microstructure and 
nanoparticle impregnation. So, it is concluded that Gd–Zn co-doping is 
an effective way and has a great improvement in sinterability, me
chanical properties, and conductivity, leading to high electrochemical 
performance of protons conducting SOFC. 

6. Current challenges and prospects 

BaZrO3 is the most promising proton conductor electrolyte among all 
electrolytes as a potential alternative of oxygen conductor due to high 
proton conductivity and excellent chemical stability at an intermediate 
operating temperature [156,157]. However, they showed poor sinter
ability, requiring high sintering temperature (1700–2100 ◦C) to promote 

desired microstructure and grain growth, defects due to the dopants 
and/or sintering aids, negative effects of sintering aids on hydration 
ability, ionic conductivity and electronic transport number, long-term 
instability in CO2, complicated phase compatibility, and so on. 

The partial infusion of M dopant into A site instead of B site might 
lead to defects, e.g., consumption of oxygen vacancies instead of crea
tion, in ABO3 perovskite lattice structure. Dopants defects significantly 
lowered the overall proton conduction. It has been observed that A site 
replacement occurred if the dopant has a higher ionic radius compared 
to the B site and similar to A site [158–160]. In addition, Ba content 
depletion from the original composition via BaO vaporization also leads 
to A site replacement. It is reported A site replacement is prominent due 
to energetically favorable in BaCeO3 perovskite [161]. A rational dopant 
selection can lead to defects-free and stable lattice structure [162]. 

Table 5 (continued ) 

Electrolyte materials Synthesis method Sintering temperature (oC)/ 
time (h) 

T (oC)/atmosphere Total conductivity, σ (S 
cm− 1) 

Ref. 

600/wet N2 1.1 × 10− 3 

600/wet H2 1.5 × 10− 3 

BaZr0.5Ce0.3Y0.2O3-δ + NiO (after 
calcination) 

1600/10 600/dry air 9.0 × 10− 4 

600/wet N2 1.7 × 10− 3 

600/wet H2 4.9 × 10− 3  

Fig. 12. (a) Arrhenius plot of total proton conductivity and (b) (empty symbols) grain-boundary conductivities and (filled symbols) bulk conductivity of BZY sintered 
at 1435, 1485, and 1535 ◦C for 15 h. (c) Measured and theoretical EMF values of Pt/BZY/Pt fuel cell with total ionic transport number (d) power density and current- 
voltage curves of Pt/BZY/Pt fuel cell at different temperatures [93]. 

M.K. Hossain et al.                                                                                                                                                                                                                             



Ceramics International 47 (2021) 23725–23748

23740

Table 6 
Fuel cell performance (peak power density, Pmax, and open-circuit voltage, OCV) of different electrolyte materials with their ohmic and polarization resistance.  

Electrolyte materials Electrolyte 
thickness 
(μm) 

Operating 
temperature 
(oC) 

Ohmic resistance, RΩ (Ω 
cm2) 

Polarization resistance, Rp (Ω 
cm2) 

OCV 
(V) 

Pmax 

(mW 
cm− 2) 

Ref 

BaZr0.8Y0.15Sm0.05O3-δ 25 600 1.84 1.4 1.01 92 [95] 
700 1.01 0.18 0.92 180 

BaZr0.75In0.2Bi0.05O3-δ 12 600 0.78 0.41 0.99 180 [129] 
650 0.53 0.29 0.98 260 
700 0.4 0.18 0.96 340 

BaZr0.8Y0.15Ca0.05O3-δ 15 600 1.63 1.49 1.006 84 [107] 
650 1.11 0.52 0.976 145 
700 0.76 0.21 0.928 218 

BaZr0.8Y0.2O3-δ – 350 – – 1 26.7 [149] 
400 – – – 72.4 

BaZr0.8Y0.2O3- δ 20 750 4.4 9.8 0.916 24 [150] 
BaZr0.8Y0.2O3-δ ~0.08 400 0.085 3.660 1.02 206 [151] 

350 0.099 11.899 – 51 
375 0.089 7.045 0.425 93 

BaZr0.6Fe0.2Y0.2O3-δ – 700 – 13.46 0.977 ~13 [116] 
BaZr0.4Fe0.4Y0.2O3- δ – 2.72 0.979 ~53 
BaZr0.2Fe0.6Y0.2O3- δ – 0.287 0.952 ~322 
BaZr0Fe0.8Y0.2O3- δ – 0.15 0.963 ~248 
BaZr0.8Y0.2O3-δ 1000 900 – – – ~5 [93] 
BaZr0.75Y0.2Pr0.05O3-δ – 500 – – 0.99 43 [137] 

550 – – 0.96 70 
600 1.01 0.4 0.93 124 

BaZr0.8Y0.2O3-δ 23 550 2.45 1.25 1 66 [131] 
600 1.79 0.53 0.96 91 
650 1.29 0.25 0.9 121 

BaZr0.9Y0.1O3-δ 140 80 – – – 0.61 [105] 
BaZr0.8Y0.2O3- δ 200–400 500 – – 1.082 ~15 [152] 

600 3.8 1.9 1.054 ~37 
BaZr0.8Y0.2O3-δ 2000 600 – – 0.97 – [108] 
BaZr0.8Y0.2O3-δ 20 550 – – – 187 [103] 

600 0.44 0.26 0.99 267 
650 – – – 327 

BaZr0.8Y0.2O3-δ 1500 650 – – 0.88 340 [96] 
BaZr0.8Gd0.2O3-δ – – 0.9 240 
BaZr0.8Sm0.2O3-δ – – 0.89 320 
BaZr0.8Gd0.16Zn0.04O3-δ 30 550 – – 1.01 37 [132] 

600 – – 1 63 
650 – – 0.98 141 
700 – – 0.93 282 

BaZr0.9Y0.1O3-δ 1000 – – – – – [99] 
BaZr0.8Y0.2O3-δ 20 500 – – 0.78 156 [145] 
BaZr0.8In0.2O3- δ 10 600 0.91 0.49 1.01 143 [138] 
BaZr0.8Y0.2O3- δ 

(with blank LCSF cathode) 
15 550 – ~4.9  44 [153] 

600 – 2.17 – ~70 
650 – ~0.09 – 166 
700 – ~0.02 – ~210 

BaZr0.8Y0.2O3- δ 

(with impregnated LCSF 
cathode) 

15 550 – ~1.5 – 132 
600 – 0.58 – 198 
650 – ~0.02 – 262 
700 – ~0.01 – ~320 

BaZr0.9Y0.1O3-δ 500 450 0.12 0.79 – ~326 [110] 
500 0.1 0.35 – ~538 
550 0.09 0.27 – ~736 

BaZr0.4Ce0.4Y0.2O3- δ 30 550 – – – 205 [97] 
600 1.41 – 1.07 279 

30 650 – – – 340 
700 – – – 381 

BaZr0.6Ce0.2Y0.2O3-δ 30 550 – – – 264 
600 1.72 – 1.08 336 
650 – – – 396 
700 – – – 435 

BaZr0.7Ce0.1Y0.2O3-δ 30 600 0.75 – 1.05 111 
BaZr0.8Y0.2O3-δ 30 600 0.76 – 0.93 102 
(BaZr0.8Y0.2O3-δ) - 

(BaCe0.8Y0.2O3-δ) 
20 600 ~0.95 ~3.7 0.98 51 [144] 

650 ~0.7 ~2.05 0.97 81 
700 ~0.65 ~1.1 0.96 131 

BaZrO3 15 500 – – – 249 [154] 
550 – – – 389 
600 ~0.23 0.08  602 

BaZr0.85Y0.15O3- δ 2.5 450 – – – 342 [91] 
500 – – – 457 
550 – – – 563 

(continued on next page) 

M.K. Hossain et al.                                                                                                                                                                                                                             



Ceramics International 47 (2021) 23725–23748

23741

Other defects due to dopants infusion with potentially higher ionic 
radius than B site is lattice distortion [161,163]. The higher dopant 
concentration or larger size leads to unit cell volume variation, resulting 
in strain induced in the system. This implies the overall distortion in the 
structure and reduces the proton conductivity of the high-temperature 
proton conductors [161,164]. These results suggest the choice of 
dopant with a similar ionic radius of B site and stable oxidation state of 
+2 is favorable for stable lattice structure of ABO3- type perovskites. 

In addition, long term sintering step (>24 h) also restricts their 
promising applications. This processing condition not only raises the 
production cost and process incompatibilities but also significantly re
duces the proton conductivity via barium vaporization and yttria 

formation (in the case of Y-doped BaZrO3) during sintering [99]. This 
can be ascribed due to reduced occupancy of A sites in the microstruc
ture allowing dopant substitution and thereby lower concentration of 
oxygen vacancies. Babilo et al. observed that covering of BZY20 during 
sintering significantly reduces BaO loss results in a 3-fold conductivity 
enhancement compared to the uncovered sample at 100 ◦C [165]. 

Researchers overcame the low sinterability of BZY with the addition 
of small amounts of sintering aids such as ZnO, NiO, CuO, SnO, BaO, 
MgO, and Al2O3 [166–168]. The prime objective of the inclusion of 
these additives is to reduce sintering temperature to intermediate 
operating condition temperature so that the fabricated BZY can be 
applied to classical intermediate temperature solid oxide fuel cell 

Table 6 (continued ) 

Electrolyte materials Electrolyte 
thickness 
(μm) 

Operating 
temperature 
(oC) 

Ohmic resistance, RΩ (Ω 
cm2) 

Polarization resistance, Rp (Ω 
cm2) 

OCV 
(V) 

Pmax 

(mW 
cm− 2) 

Ref 

600 – – 1.0 740 
BaZr0.9Y0.1O2.95 0.065 ± 0.01 500 – – – – [106] 
BaCe0.2Zr0.7Y0.1O2.95 

BaZr0.53In0.47O3− δ 

(hydrated structure) 
50 300 – – – – [112] 

BaZr0.8Y0.2O3-δ 20 500 0.63 3.32 – 109 [155] 
550 0.5 1.36 – 154 
600 0.41 0.64 – 200  

Fig. 13. (a) Surface morphology (SEM micrograph) of the BaZr0.8Y0.15Ca0.05O3-δ (BZYC5) electrolyte film, (b) single cell’s cross-sectional SEM micrograph, (c) single 
cell’s I–V and I–P characteristics curves, (d) single cell’s electrochemical impedance spectroscopy (EIS) measurement results in open-circuit voltage (OCV) condition 
at three different temperatures, 600 ◦C, 650 ◦C, and 700 ◦C [107]. 
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(IT-SOFC) cell fabrication methods. An ideal sintering additive (e.g., 
metal ions) should possess a stable oxidation state of +2 and ionic 
radium close to Zr4+ in order to reside in the BaZrO3 structure and 
generates a large percentage of defects [166–168]. There is also a pos
sibility that metal ions having multiple oxidation states can take part as 
sintering aids. A rational selection of metal ions and structure design is 
needed to achieve high sinterability and conductivity. 

Among the aforementioned additives, Zn showed the excellent po
tential to reduce sintering temperature. Research conducted by P. Babilo 
and S. M. Haile at CalTech showed that the addition of ZnO significantly 
improved the sinterability and chemical stability of BZY at 1300 ◦C 
[112]. Among all the transition metal elements from Sc to Zn, the high 
densification efficiency of ZnO at 4 mol% and 1300 ◦C was observed. 
However, the conductivity of ZnO infused BZY was found lower 
compared to unmodified BZY despite the uniform distribution of ZnO at 
grain boundaries, high chemical stability, and homogeneous grain size. 
The reason behind this is the potential proton trapping at Zn//

Zr sites. 
Unfortunately, no evidence was found as it is way below the detection 
limit of EDS analysis. 

Similar research observed that at 1 wt% ZnO addition, the sintering 
temperature of 20 mol% Y-doped BaZrO3 significantly reduced from 
1700 ◦C to 1300 ◦C [168]. The authors found that the fabricated 
Ba0.97Zr0.77Y0.19Zn0.04O3− δ is highly dense, single-phase, and exhibited 
a tetragonal structure, which eventually enhances the proton conduc
tion at a much lower temperature. The high grain boundary surface area 
dominated poor proton conduction at a lower temperature, whereas 
ZnO induced BZY showed a total conductivity of 1.0 × 10− 3 Scm− 1 at 
above 600 ◦C, which widens its application in intermediate temperature 
electrochemical devices [168]. Another experiment investigated the 
sinterability of BZY with the aid of a novel composition of BaO–CuO 
mixture at a ratio of 28 mot% and 72 mol%, respectively [169]. M. 
Biswas et al. observed that the eutectic mixture of BaO–CuO signifi
cantly improved the sinterability and formed dense as high as 97% 
nanocrystalline BZY powder [169]. With the aid of a eutectic flux, the 
pinning mechanism can be avoided, which is deleterious for grain 
growth. Other advantages of binary flux are including but not limited to 
particle rearrangement and suppressing surface diffusion at intermedi
ate temperatures. With the increased temperature, grain growth domi
nates and forms an extremely dense solid [170,171]. Previously 

reported results showed that single phase inclusion of 1 wt% CuO as 
sintering aid offers only 3% shrinkage at 1200 ◦C, whereas, BaO–CuO 
flux showed as high as 18.5% shrinkage at the same conditions [169]. 

A new concept of reactive sintering, consisting of solid-state syn
thesis and reactive sintering, termed as “solid-state reactive sintering” 
(SSRS), exhibited the great potential of synthesis single-phase, highly 
dense, and well-developed grain growth in a single step sintering 
approach. This method not only reduced sintering temperature by 
200–400 ◦C compared to traditional processes and production costs by 
10-fold but also overcame various challenges linked with BaZrO3-based 
perovskite [172]. Though researchers have a great understanding of the 
benefits of the SSRS method, there is an extensive dearth of literature 
regarding the general mechanism of the SSRS method. Recently, Niko
demski et al. investigated the mechanism of the SSRS method in a pro
totypical perovskite BaCe0.6Zr0.3Y0.1O3− δ (BCZY63) via analyzing the 
microstructure development due to the infusion of metal ions as sin
tering additives [94]. The results showed that metal ions had a 2+

oxidation state, and similar radii of Zr4+ greatly improved sinterability 
and conductivity. The proposed SSRS mechanism is shown in Fig. 14, 
which visually depicts the influence of dopants and sintering aids, allows 
to rationalize materials selection in order to obtain any desired 
morphology of BZY perovskites. 

As high grain boundary surface area is detrimental to proton con
ductivity, it is in great interest to obtain high grain size. BaZrO3 exhibits 
lower grain boundary conductivity compared to BaCeO3 due to its high 
grain boundary resistance. Some works were conducted to explain this 
phenomenon by the space charge layer model. J.M. Polfus et al. 
observed the positive charge layer formation through accumulation at 
the surface that resembles the space charge layer formation on the grain 
boundary [173]. L.P. Wendler et al. investigated the poor grain growth 
of Y-doped BaZrO3 via analyzing the microstructure [156]. During sin
tering, the formation of BZ microstructure was developed at 1100 ◦C. 
With the increasing temperature, the BZ phase transition towards BZY 
occurred at 1600 ◦C with the inclusion of Y3+ in the final structure. A 
formation of an yttria-like secondary phase at around 1500 ◦C was 
found, which acts as pinning and restricts grain growth. Therefore, to 
trigger the growth of grain boundary and inhibit secondary phase for
mation during sintering, it is required to avoid yttria phase formation. 
This might be done by lowing the Y content or using alternative dopants. 

Fig. 14. Solid-state reactive sintering (SSRS) roadmap [94].  
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Although sintering aids showed excellent performance to enhance 
sinterability and grain growth, these additives might cause inevitable 
deleterious effects on the electrical conductivity of BZY perovskites. The 
co-sintering approach carried out at 1500 ◦C, commonly used as a cell 
fabrication method, has a negative effect on the performance of elec
trochemical devices. The reasons are the poor phase compatibility of 
BZY and metal oxide system, secondary phase formation, and reduction 
of ionic conduction. An experiment conducted by D. Han et al. on the 
influence of sintering additives on BZY20 and found that the transport 
number of ionic conductions at 600 ◦C significantly reduced from 0.69 
to 0.34, 0.39, and 0.43 at 2 wt% NiO, CuO, and ZnO infusion respec
tively into BZY20 sample compared to pure BZY [174]. In addition, the 
self-diffusion of NiO from anode to the BZY electrolyte layer took part to 
reduce the conductivity as well. The reduced proton concentration with 
increasing Ni concentration was observed during hydration reaction, 
equates to lower oxide ion vacancies (VO), and promotes electron-hole 
(h ) formation by the following reactions. 

H2O+V••
o + O×

o = 2OH•
o (7)  

O2 + 2V••
o ↔ 2O×

o + 4h• (8) 

Therefore, the utilization of sintering aids or their removal after 
sintering via post-annealing is in great interest to avoid their detrimental 
effects on proton conduction [174]. D. Han et al. proposed a 
post-annealing approach at reduced temperature ( ̴ 700 ◦C) [174]. The 
data revealed the favorable removal of Cu and Ni at hydrogen atmo
sphere at desired temperature both from intragrain and grain boundary 
areas. However, the complete removal of sintering aids at lower tem
peratures requires a longer soaking/sintering step or higher tempera
ture, for instance, 1400 ◦C. In another paper from the same group, Yb 
was used as a dopant instead of Y to enhance the phase compatibility 
between BZY and NiO as well as to suppress the formation of secondary 
phases [175]. In this instance, excellent phase compatibility between 
BaZrO3-based electrolyte (BaZr0.8Yb0.2O3-δ) (BZYb20) and NiO elec
trode substrate. This can be ascribed due to the uniform distribution of 
the components in the electrolyte layer. Their study also revealed the 
suppression of secondary phase formation at lower Y content in 
BaZr1-xYxO3-δ (BZY) where x = 0.12. However, evidence of Ni diffusion 
during this high temperature co-sintering process was observed. It is also 
reported in the literature that in case of In doped BZY, BaZr0.8In0.2O3-δ 
(BZIn20) showed better compatibility with NiO but exhibited poor 
proton conductivity [176]. Therefore, it is worth mentioning that these 
issues cannot be easily overcome by reducing doping levels or changing 
dopants. So, it is greatly in need to develop new sintering additives, 
anode catalysts, and cell fabrication techniques. 

In addition, mechanical stability also plays a vital role in restricting 
the broad application of BZY perovskite-based electrolytes with sinter
ing issues and less dense structure. To reduce the ohmic resistance of the 
BZY film, it greatly depends on the film thickness. The reduced film 
thickness of BZY electrolytes exhibited significantly lowered ohmic 
resistance and higher conductivity [91]. This can be attributed that high 
grain boundaries induced high ohmic resistance and less power output 
[177,178]. Therefore, grain boundary elimination and/or reduction 
during BZY electrolyte fabrication is the key to enhance the proton 
conduction [179]. Developing thin-film BZY electrolytes while reducing 
or eliminating grain boundaries may cause poor mechanical stability of 
the free-standing membrane electrode assemblies (MEAs). Hence, the 
key challenge of improving the proton conductivity of thin and dense 
BZY membrane is to maintain structural integrity and mechanical sta
bility. However, some recent studies reported that highly dense thick 
films are promising materials for SOFCs due to high ionic conductivity. 
A group of researchers fabricated highly dense films of barium-based 
perovskite ceramics, namely barium zirconates (BaZrO3), barium stan
nates (BaSnO3), and barium cerates (BaCeO3), via a novel method 

Powder Aerosol Deposition (PAD) [180]. This is a spray coating 
approach where the films were formed at room temperature without 
sintering. They found that the adhesion between dense solid electrolyte 
(e.g., BCY20/BZY20) and porous anode (NiO) could be improved by the 
PAD technique which eventually improved the phase compatibility, film 
thickness, structural integrity, stability, and ionic conductivity. 

It is important to keep in mind that the materials selection criteria 
principally depend on the operation temperature of individual electro
chemical devices. For example, operation temperature in the range of 
800–1000 ◦C is ideal for a proton conducting membranes for hydrogen 
separation [181,182]. Where, SOFC devices, it principally in the range 
of 400–600 ◦C for intermediate proton conducting oxide as electrolyte 
materials [183–185]. Keeping such considerations, BaCeO3 (BCO) and 
BaZrO3 (BZO) are the two main proton conducting oxides that domi
nates the most recent research activities. SrCeO3 is another proton 
conducting oxides that has small traction too. BCO provides better 
proton conductivity among all these materials, however, due to the 
basicity of BCO, it easily reacts with acidic gases (CO2 and SO2) and H2O 
and hence has poor chemical stability. The interesting trend is that 
although all of them have different material drawbacks to overcome, 
however, doping seems to be a common technique to overcome these 
drawbacks. Doping with Yttrium was found to be most effective to 
improve the conductivity of BCO. Other metals such as Sc, Ta, Tb, Gd, In, 
etc. were used as dopants to improve the material stability of BCO [182, 
183,186]. Among those dopants, Sc3+ is reported to provide the best 
chemical stability due to the small atomic size in the trivalent rare earth 
group [186]. 

It is well-known that BCO provides the best proton conductivity and 
BZO has better chemical stability among the proton conducting oxides. 
Therefore, a recent trend is to combine these two perovskite oxides to 
optimize the better properties [184,185]. The choice between incorpo
rating Zr into BCO or Ce into BZO depends on the final objective. Like, 
incorporation of Ce into BaZrO3 improves the overall conductivity, 
sinterability, however, decreases its chemical stability in CO2 and water 
vapor conditions. Apart from the final composite chemical composition, 
the synthesis routes play a key role. The solid-state reaction method was 
reported to produce better performing such composites compare to the 
wet chemical, citrate combustion method [187]. One important thing to 
be noted that doping with rare earth metal with mixed BZO-BCO com
posites results in improved properties. Therefore, the opportunity to 
optimize materials is still going at a rapid speed. 

7. Conclusions 

The depletion of fossil fuels, global awareness of environmental is
sues and growing demand for clean energy forced the scientific com
munity to search for green alternatives. The electrochemical hydrogen 
devices like fuel cells showed excellent potential as clean and renewable 
energy sources. These devices require highly stable and higher 
conductive electrolytes, especially at the intermediate temperature 
range, in which perovskite oxides are prominent. Among various pe
rovskites, BaZrO3 exhibited tremendous performance as solid ion- 
conducting perovskite material at a temperature range of 400–650 ◦C 
after modifications in fabrication techniques, which include doping and 
co-doping, adding sintering aids, and so on. The inclusion of metallic 
and non-metallic dopants with different ionic radii and electronegativity 
allows achieving high stability and superior proton conductivity of pe
rovskites. However, based on the experimental data, it has been 
observed that dopants’ size and concentration lead to unit cell volume 
expansion, results in strain induction, distortion, and overall reduce 
proton conductivity. To overcome these inconsistencies, various in
vestigations on BaZrO3 are highlighted in this review, which includes co- 
doing, dopant with similar ionic radii of B site, and stable oxidation 
state. In addition, high sintering temperature and long-term sintering 
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step associated with various synthesis methods restrict their wide ap
plications and commercialization. Researchers overcame the low 
sinterability of BZY with the addition of small amounts of sintering aids 
for the practical applications of this electrolyte at intermediate oper
ating temperature conditions. Solid-state reactive sintering (SSRS) 
showed the excellent performance to synthesize single-phase, highly 
dense, and well-developed grain growth in a single-step sintering 
approach by decreasing sintering temperature by 200–400 ◦C compared 
to traditional processes and production cost by 10-fold. This is worth 
mentioning that all the strategies and modifications carried out with the 
increase of electrolytes’ conductivity and sinterability, a reduction in 
structural integrity, mechanical stability, and ionic and protonic con
ductivity occurs to a greater or lesser extent, which still restricts their 
practical applications and adoption by industry. Therefore, scientists are 
studying materials that would be thermodynamically stable and highly 
suitable for proton-conducting at intermediate temperatures that might 
be ideal electrolyte materials for electrochemical hydrogen devices. 
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