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A B S T R A C T   

The state-of-the-art protonic ceramic conductor BaZr0.8Y0.2O3-δ (BZY20) requires an extremely high sintering 
temperature (≥1700 ◦C) to achieve the desired relative density and microstructure necessary to function as a 
proton conducting electrolyte. In this work, we developed a cold sintering pretreatment assisted moderate- 
temperature sintering method for the fabrication of high-quality pure BZY20 pellets. BZY20 pellets with high 
relative density of ~94% were fabricated with a final sintering temperature of 1500 ◦C (200 ◦C lower than the 
traditional sintering temperature). A comparison with BZY20 control samples indicated that the proper amount 
of BaCO3 introduced on the BZY20 particle surface and the high green density achieved by cold sintering pre-
treatment were the main drivers for lowering the sintering temperature. The electrical conductivity measurement 
by electrochemical impedance spectroscopy showed that the as-prepared BZY20 pellets have a proton conduc-
tivity comparable to the state-of-the-art values. The cold sintering pretreatment outlined in this work has the 
potential to lower the sintering temperatures for similar types of protonic ceramic materials under consideration 
for a wide range of energy conversion and storage applications.   

1. Introduction 

Proton conducting oxides (i.e., protonic ceramics, PCs) have attrac-
ted increasing attention in energy conversion and storage devices [1–4] 
due to their high ionic conductivity at intermediate temperatures 
(300–600 ◦C) as compared with traditional oxygen-ion conducting 
materials [5]. Among the versatile PC materials, the perovskite oxides of 
doped barium cerates and zirconates, such as BaCe0.8Y0.2O3-δ (BCY20), 
BaCe0.8Gd0.2O3-δ (BCG20), BaCe1-x-yZrxYyO3-δ (BCZY), 
BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb7111), BaCe0.4Zr0.4Y0.1Yb0.1O3-δ 
(BCZYYb4411), BaCe0.7Zr0.1Y0.07Sm0.13O3-δ (BCZYSm), and 
BaZr1-xYxO3-δ (BZY), represent state-of-the-art materials [6]. The ma-
jority of doped barium cerates (e.g., BCY20 and BCG20) usually exhibit 
high proton conductivity, however, these materials often suffer from 
poor chemical stability when exposed to water and carbon dioxide 
containing atmospheres [7]. The introduction of the proper amount of 
zirconium into doped barium cerates improved the chemical stability to 
some degree while maintaining appreciable levels of proton conduc-
tivity (e.g., BCZY and BCZYYb) [8]. However, fuel cell operation with 
hydrocarbon fuels (e.g., methane) rapidly degraded the BCZYYb7111 
based materials [9], and some fuel cells based on BCZY with different 

Ce/Zr radios exhibited problems with stability and long term operation 
[10]. 

In contrast, the yttrium doped barium zirconates BZY show excellent 
chemical stability as compared with doped barium cerates and their 
derivatives. The study on single-crystal samples and epitaxial thin films 
of BZY demonstrated excellent proton conductivity, which was even 
higher than the values obtained for doped barium cerates [11]. How-
ever, their refractory nature demanded a high sintering temperatures 
around 1700 ◦C to obtain an acceptable relative density in order to 
function as the electrolyte [12]. The high sintering temperature resulted 
in significant barium loss from the bulk and Y2O3 precipitation in the 
grain boundaries, which inevitably caused low proton conductivity for 
the BZY electrolytes [13]. Many efforts have been pursued over the 
decades to achieve BZY samples with high relative density and the 
desired microstructure. Processing under flowing pure oxygen with a 
protection powder bath (90 wt% BYZ20 and 10 wt % BaCO3) was a 
novel and promising method to prepare dense BZY pellets from powders 
synthesized via wet-chemistry, which require a sintering temperature 
around 1600 ◦C to achieve the acceptable relative density [14]. Spark 
plasma sintering was a powerful tool to achieve high relative density 
while limiting the grain size growth. The spark plasma sintering method 
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usually resulted in high relative densities for BZY pellets, which showed 
a comparable proton conductivity to the samples obtained from the 
conventional sintering method [15,16]. However, spark plasma sinter-
ing requires complex equipment, high cost, and faces limitations with 
sample geometries, making it challenging to utilize for the fabrication of 
protonic ceramic devices. The pulsed laser deposition technique showed 
the capability to achieve epitaxial dense BZY thin film exhibiting high 
proton conductivity [17]. Nonetheless, this technique needs to address 
similar challenges as spark plasma sintering before its practical appli-
cation. In recent years, the solid state reactive sintering based on sin-
tering aids such as NiO [18], ZnO [12], CoO [19], and CuO [20] 
significantly lowered the sintering temperatures of PCs, including BZY. 
The sintering temperatures lower than or equal to 1500 ◦C ensured the 
successful fabrication of PC devices, which showed promising device 
performance. Specifically, BZY-based devices fabricated by the solid 
state reactive sintering method showed both excellent chemical stability 
and power density. However, the addition of sintering aids resulted in 
mechanical instability and made it difficult to study the intrinsic prop-
erties of BZY [21]. Therefore, the PC community still needs a new sin-
tering method to achieve dense, phase pure BZY samples at moderate 
sintering temperatures (≤1500 ◦C). 

A new technique, named cold sintering, was developed to obtain 
dense ceramics at temperatures much lower than the traditional sin-
tering temperatures to densify ceramics at extraordinarily low temper-
atures of ≤300 ◦C. The cold sintering process utilizes a small amount of 
water vapor or aqueous environments as a transient solvent. The addi-
tion of water improved the rearrangement of particles and boosted mass 
transfer [22]. Cold sintering showed promising sintering results for a 
broad series of ceramics such as ZnO, Li2CO3, LiFePO4, BaTiO3, and 
Li0.5xBi1-0.5xMoxV1-xO4. For example, dense ZnO pellets were prepared 
by cold sintering at a temperature lower than 300 ◦C, which is 700 ◦C 
lower than the traditional sintering temperature of ~1000 ◦C [23]. The 
cold sintering pretreatment of BaTiO3 at a temperature around 180 ◦C 
could help densify BaTiO3 after post-sintering at 900 ◦C, which was 
500 ◦C lower than the traditional sintering temperature (~1400 ◦C) 
[24]. The formation of an amorphous BaTiO3 layer on particle surface 
from the coated Ba(OH)2 and TiO2 aqueous suspension during the cold 
sintering was proposed to be the reason why post-sintering at 900 ◦C 
could fully densify BaTiO3. In the most recent work, a conventional PC 
material of BaCe0.9Zr0.1Y0.1O3-δ was fully densified by combining the 
cold sintering treatment at 200 ◦C followed by sintering at 1200 ◦C, 
which was 300 ◦C lower than the traditional sintering temperature of 
1500 ◦C [25]. However, until now, the cold sintering technique has not 
been successfully utilized to densify BZY protonic ceramic at moderate 
temperatures (≤1500 ◦C). 

In this work, we applied the cold sintering pretreatment process on 
as-synthesized phase-pure BZY20 powder by the modified Pechini 
method to achieve BZY20 pellets with a relative density of ~94%. The 
cold sintering pretreatment was carried out in the 20 wt% of water 
environment at a temperature of 180 ◦C under ~400 MPa pressure, and 
the subsequent sintering was at a temperature of 1500 ◦C in a box 
furnace. The conductivity measurement and analysis showed that the as- 
prepared dense BZY20 pellets have comparable proton conductivities 
with the state-of-the-art BZY20 pellets. A mechanism of the cold sin-
tering induced reduction in the final densification temperature while 
preserving the desired microstructure is proposed. We expect that the 
same methodology for preparing dense BZY20 will result in similar 
densification results for other perovskite-type protonic ceramics. 

2. Experimental 

2.1. Synthesis of BZY20 powder 

BaZr0.8Y0.2O3-δ (BZY20) powder was synthesized by the modified 
Pechini method described in our previous work [1]. Stoichiometric 
amounts of Ba(NO3)2 (99+% Alfa Aesar), ZrO(NO3)2 solution (~35 wt 

%, Sigma Aldrich), and Y(NO3)3 (99.9%, Alfa Aesar) were mixed into the 
proper amount of deionized water in a beaker. Ethylenediaminetetra-
acetic acid (EDTA, 99.4%, Alfa Aesar) and citric acid monohydrate 
(99.5%, ACROS Organics) were added to the nitrate solution with 
magnetic stirring. The molar ratios of EDTA and citric acid to the total 
cation are both 1.5 and 1, respectively. The solids dissolved and formed 
a clear solution after slowly adding ammonium hydroxide (NH3⋅H2O, 
28–30% w/w, LabChem) to adjust pH around 10. With gradual water 
vaporization at 80–90 ◦C on a hot plate, the solution finally turned into a 
viscous gel. After further drying at 150 ◦C for 48 h in a box oven, the gel 
turned into a dark charcoal-like primary powder, which eventually 
calcined at 900 ◦C for 10 h to form crystalized BZY20 perovskite pre-
cursor powder. 

2.2. Preparation of BZY20 pellets 

The as-synthesized BZY20 powder was mixed with a certain amount 
of polyvinyl alcohol (PVA, Alfa Aesar) aqueous solution (3 wt% PVA in 
deionized water) to achieve the water amount as 20 wt% of the total 
powder weight. Around 0.8 g of this wet BZY20 powder was evenly 
packed in circular carbon-aided steel die set with a diameter of 12.7 mm. 
The pressing was firstly performed under ~400 MPa at room tempera-
ture for 10 min. The die set was then heated to 180 ◦C with a ramp rate of 
10 ◦C/min by a heating tape and held for 1 h to perform the cold sin-
tering pretreatment under the same pressure. The cold-sintered pellets 
were placed in the box furnace overnight at 200 ◦C to remove residual 
absorbed water. The subsequent sintering was performed at a moderate 
temperature of 1500 ◦C for 12 h to achieve final BZY20 pellets marked as 
CS-20. Simultaneously, three control BZY20 pellets were also prepared 
from the as-synthesized BZY20 powder for comparison. One control 
BZY20 pellet named CS-0 was fabricated via the same procedure for CS- 
20 except that no water was added to the powder. The other two control 
BZY20 pellets were prepared under traditional sintering conditions. The 
as-prepared BZY20 powder with 20 wt% water or without water addi-
tion was pressed under ~400 MPa for 10 min in circular carbon-aided 
steel die set with a diameter of 12.7 mm to form green pellets, which 
were further sintered at 1500 ◦C for 12 h to achieve sintered BZY20 
pellets. These two BZY20 pellets were named TS-0 and TS-20. For con-
venience, experimental conditions for each investigated pellet were 
summarized in Table 1. 

2.3. Characterization 

A Rigaku Ultima IV diffractometer, using monochromatic Cu Kα ra-
diation (1.5406 Å), was employed to record the X-ray diffraction (XRD) 
patterns for all BZY20 pellet samples. The scanning rate was 1◦/min 
with a step length of 0.02◦ and a 2θ scan range of 20◦~80◦. The mi-
crostructures of BZY20 samples were observed by scanning electron 
microscopy (SEM) of a Hitachi S-4800 microscope under 10 kV accel-
eration voltage and emission current of 10 μA. Element compositions 
inside all samples were detected by the Energy Dispersive X-Ray Spec-
troscopy (EDX) (Oxford) component on S-4800 with 20 kV acceleration 
voltage and emission current of 15 μA. 

Table 1 
The summary of experimental conditions for BZY20 pellets.  

Sample H2O amount 
(wt%) 

Pretreatment Condition Sintering 
Condition 

CS-0 0 400 MPa 10 min at RT and 1 h at 
180 ◦C 

1500 ◦C 12 h 
CS-20 20 
TS-0 0 400 MPa 10 min at RT 
TS-20 20  
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2.4. Electrochemical measurement 

Symmetrical cells for conductivity test were fabricated in the elec-
trode | electrolyte | electrode configuration. The silver paste (Alfa Aesar, 
item number 44075) was applied on both sides of a BZY20 pellet by a 
screen printing method. Silver mesh (Alfa Aesar, item number 40936) 
and gold wire (Alfa Aesar, item number 00725) were attached to the 
sliver electrode surfaces to work as current collectors and lead wires 
(four probes), respectively. The pellet was dried on a hot plate at 150 ◦C 
for good adherence. The electrochemical impedance spectra (EIS) for 
BZY20 pellets were measured by a Gamry Reference 600 Plus at 
300oC–700 ◦C under several atmospheres, including wet air, wet 5% H2 
(balanced by Ar), dry air, and dry 5% H2 with a flow rate of 50 mL min− 1 

(the humidity was introduced by following through room-temperature 
water bubbler). The temperature increased to 700 ◦C firstly with a 
2 ◦C/min ramping rate, and the sample was held to stabilize 1 h at this 
temperature, and subsequent temperature points down to 300 ◦C with 
50 ◦C step size. The perturbation voltage of 10 mV and the frequency 
range of 0.01 Hz–5 MHz were used for the data collection. Obtained EIS 
results were analyzed by fitting with ZView software based on the 
equivalent circuit model to output resistances and then convert to 
conductivities. 

3. Results 

3.1. Crystal structures and microstructures 

3.1.1. BZY20 green pellets 
Fig. 1 summarizes the XRD patterns for the BZY20 green pellets after 

traditional dry pressing and cold sintering before the final sintering at 
1500 ◦C. The XRD plot for the BZY20 precursor indicates the presence of 
minor BaCO3 peak exists in the BZY20 precursor powder synthesized 
using the modified Pechini method with an eventual calcination tem-
perature of 900 ◦C. For calcining the BZY20 powder, the calcination 
temperature lower than 950 ◦C or the inefficient air exchange in the box 
furnace usually resulted in a residual amount of BaCO3 phase inside the 
BZY20 powder. In this work, the use of a low calcination temperature of 
900 ◦C helped achieve BZY20 powder with a smaller particle for 
improving BZY20’s sinterability. The BZY20 green pellets, after the 
pretreatment of traditional pressing and cold sintering without water 
(TS-0 and CS-0), maintained a cubic perovskite structure with a similar 

BaCO3 peak intensity. However, the addition of 20 wt% of water for both 
traditional pressed and cold sintering pretreated BZY20 green pellets 
(TS-20 and CS-20) increased the peak intensity of BaCO3. Pretreatment 
with 20 wt% H2O addition resulted in the formation of a distinct BaCO3 
phase. The previous studies indicated that a proper amount of BaCO3 in 
BZY20 could improve the BZY20’s sinterability to achieve high relative 
density and large grains [14]. Therefore, we expect that the introduced 
BaCO3 in BZY20 by the pretreatment with 20 wt% can increase the 
sintered BZY20 pellets’ relative density. 

The green histograms in Fig. 2 provide the relative densities of the 
BZY20 green pellets. The CS-20 BZY20 green pellet after cold sintering 
with 20 wt% water at 180 ◦C showed a relative density of ~76%, which 
was higher than the theoretical packing density of the cubic close- 
packing structure (~74%) based on equal spheres. The three other 
BZY20 green pellets of CS-0 (cold sintering without water), TS-0 (tradi-
tional pressing without water), and TS-20 (traditional pressing without 
20 wt% water) showed relative densities much lower than the one for 
CS-20 green pellet (53–56% vs. 76%). Since the high relative density for 
the green pellets usually resulted in high relative density for the sintered 
pellets, we expect to achieve high relative density for the BZY20 pellets 
pretreated by cold sintering with 20 wt% at 180 ◦C. 

Fig. 3 further provides the cross-section SEM images of the BZY20 
green pellets cold sintered at 180 ◦C with and without water. The BZY20 
green pellets cold sintered with 20% water (CS-20, Fig. 3b) showed a 
homogenous and highly compacted microstructure consistent with the 
high green relative density (Fig. 2, CS-20). The BZY20 green pellets cold 
sinter without water (CS-0, Fig. 3a) showed an inhomogenous and 
loosely packed microstructure consistent with the low green relative 
density (Fig. 2, CS-0). In summary, the CS-20 BZY20 green pellets cold 
sintered with 20 wt% water at 180 ◦C showed the proper amount of 
BaCO3 as a sintering aid, high green relative density, and homoge-
neously compacted microstructure. Therefore, we expect to achieve 
improved sinterability for BZY20 green pellets cold sintered with 20 wt 
% water at 180 ◦C (CS-20 BZY20 green pellets). 

3.1.2. BZY20 sintered pellets 
Fig. 4 summarizes the XRD patterns for the BZY20 pellets sintered at 

1500 ◦C for 12 h. The XRD patterns indicate that all the four sintered 
BZY20 pellets formed the pure cubic perovskite structure with a 
spacegroup of Pm3m with BaCO3 impurity completely disappeared. The 
relative intensity, width, and position of the corresponding peaks for all 
four samples do not show a noticeable difference, which indicates 
crystal structures of the sintered BZY20 under different conditions was 
the same within our XRD analysis error range. In other words, different 

Fig. 1. XRD patterns of BZY20 precursor powders and green pellets after cold 
sintering pretreatment and traditional pressing process with different water 
amounts. 22. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 2. The summary of relative densities (calculated by the geometric mea-
surement) for all samples discussed. 23. 
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pretreatment conditions (Table 1) for the BZY20 green pellets did not 
affect the eventual crystal structure of a fully sintered BZY20 pellet, 
which ensured good proton conduction properties. 

The black histograms in Fig. 2 summarize the relative densities of the 
BZY20 pellets after the subsequent sintering at 1500 ◦C for 12 h. The CS- 
0, TS-0, and TS-20 BZY20 pellets after sintering resulted in much lower 
relative densities of 67%, 75%, and 73%, respectively. Considering the 
lower green relative densities and the less BaCO3 sintering aid for CS- 
0 and TS-0 BZY20 green pellets, the poor sintering results for these 
three samples are reasonable. After a longer pressing process and higher 
temperature, even though the density of CS-0 was higher than TS-0, the 
inhomogeneous microstructure discussed above eventually leads to a 
much lower relative density after the final 1500 ◦C sintering (~67%) 
than TS-0. For TS-20, the addition of 20 wt% H2O might somehow help 
to improve the packing density after 10 min pressing comparing with TS- 
0. Once the final 1500 ◦C sintering was conducted, the extra water just 
went without leaving any improvement as showing the similar relative 
density with TS-0 considering the experimental error (red bars in Fig. 2). 
In other words, the additional 20 wt% H2O in the room temperature 
pressing does not affect the final relative density even though it may lead 
to a little bit of improvement for the density of green pellet. When cold 
sintering was applied, the added water could strongly interact with 
BZY20 powders rather than simple physical absorption. The CS-20 
BZY20 pellets achieved a relative density as high as ~94% after the 
final sintering, consistent with its high green relative density, 

homogeneous and compact microstructure, and a larger amount of 
BaCO3 sintering aid. 

Fig. 5 summarizes the fractured cross-sectional SEM images for all 
the four BZY20 pellets after sintering at 1500 ◦C for 12 h. The CS-20 
BZY20 pellet does not show any obvious pores suggesting the high 
relative density. All the other three BZY20 pellets (CS-0, TS-0, and TS- 
20) show visible pores in the SEM micrographs in line with the low 
relative densities reported above. The further comparison of these four 
pellets’ microstructures indicates that the sintered CS-20 pellets have 
grain sizes ~1 μm, almost twice those for the other three samples. 
Therefore, we can conclude that the cold sintering pretreatment with 20 
wt% water at 180 ◦C for 1 h can efficiently assist the sintering process of 
the BZY20 pellets, which allowed the densification of the refractory 
BZY20. The densification temperature was lowered by about 200 ◦C 
compared to the traditional sintering method. The fully densified and 
large-grained microstructure should result in high proton conductivity. 

3.2. Proton conductivity 

Fig. 6 presents an examplar EIS spectrum measured at 300 ◦C under 
wet air condition for the symmetrical cell comprised of the sintered CS- 
20 BZY20 electrolyte and silver electrodes. The red square points show 
the Nyquist plot of EIS measurement results after area normalization. As 
is shown, the Nyquist plot consists of an intercept at the Z-Real axis at 
high frequency, two depressed small semicircles at intermediate- 
frequency range, and a straight line with ~45◦ relative to the Z-real 
axis at low-frequency range. The equivalent circuit model (inset in 
Fig. 6) was used to fit the EIS data points by Z-View software. For detail, 
the consisting of the elements of electrolyte bulk, electrolyte grain 
boundary, electrolyte-electrode interfacial charge transfer (protons), 
and electrode diffusion, The EIS Nyquist plots’ analysis is the same as 
most protonic ceramic electrolyte symmetrical cells, allowing the 
achieving of electrolyte electrical conductivities quickly. The charac-
teristic frequencies (ƒmax) and capacitance (C) are listed in Fig. 6, which 
fall in the similar value literature reported [26]. 

Fig. 7 displays the total conductivities of the CS-20 BZY20 under 
different atmospheres (dry air, wet air, dry 5% H2, and wet 5% H2) in the 
temperature range from 300 ◦C to 700 ◦C. It is consistent with most other 
reports that our BZY20 electrolyte pellets showed increased total elec-
trical conductivities with increased temperature. The atmospheres 
showed a significant effect on the electrical conductivities at a specific 
fixed temperature. The total conductivities under wet atmospheres (wet 
air and wet 5% H2) are much higher than those under dry atmospheres 
(dry air and dry H2). The electrical transport activation energies showed 
the smallest value under dry 5% H2 (i.e., 0.38 eV) and the largest value 
under dry air (i.e., 0.77 eV). While under wet atmospheres, the oxygen 
partial pressure did not affect the transport activation energies mark-
edly. The activation energies under wet air and wet 5% H2 are almost 
equal within the error range (0.51 eV vs. 0.48 eV). Besides, as the same 
as most proton conductivity under wet reducing atmosphere, the 

Fig. 3. The cross-sectional SEM images of CS-0 (a) and CS-20 (b) after cold sintering pretreatment. 23.  

Fig. 4. XRD patterns of BZY20 pellets that fabricated with the cold sintering 
pretreatment and the traditional sintering method with different water 
amounts. 24. 
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activation energies showed relatively smaller values in the higher tem-
perature range (500oC–700 ◦C) than at lower temperatures 
(300oC–500 ◦C). Furthermore, the CS-20 BZY20 pellets’ total conduc-
tivities under wet atmospheres are among the representative BZY20 
pellets’ highest region [10,11,27–32]. 

4. Discussion 

The study for the BZY20 pellets sintered at moderate temperature (i. 
e., 1500 ◦C) indicated that the pretreatment of green pellets by cold 
sintering at 180 ◦C with 20 wt% water could result in fully densified 
phase-pure BZY20 pellets. The cold sintering pretreatment could in-
crease the barium carbonate amount inside the green pellet and the cold- 
sintered green pellet’s relative density as described above. Therefore, we 
can ascribe the improved sinterability of the BZY20 pellets to these 
effects. 

The total conductivities for the CS-20 BZY20 pellets under wet air 
and wet 5% H2 both are much higher than the respective dry atmo-
spheres (dry air and dry 5% H2). The significantly higher electrical 
conductivities caused by water introduction come from the dominant 

proton conductivity in wet atmospheres, which is the same as other 
proton conducting oxides. The electrical transport activation energies of 
~0.5 eV are consistent with proton conduction in perovskite-type oxides 
(e.g., BZY20). The lower increasing rate (lower activation energy) at the 
high-temperature range (500–700 ◦C) for the BZY20 under wet 5% H2 
results from the decrease in proton concentration and a minor increase 
in proton mobility, which is consistent with most of the other proton 
conducting oxides too [33–35]. When the atmospheres turn into dry 
atmospheres (dry air and dry 5% H2), the electrical conductivities are 
much lower than those achieved under wet atmospheres. The high 
electrical transport activation energy of 0.77 eV under dry air is 

Fig. 5. The cross-sectional SEM images of CS-0 (a), CS-20 (b), TS-0 (c) and TS-20 (d). 25.  

Fig. 6. The fitting of the EIS plot of the CS-20 sample was tested at 300 ◦C 
under wet air. Inset is the equivalent circuit used for fitting. 25. 

Fig. 7. The temperature dependence of total conductivity under different at-
mospheres for CS-20, with comparing with representative BZY20 under wet 
atmospheres. 26. 

Z. Zhao et al.                                                                                                                                                                                                                                    



Ceramics International 47 (2021) 11313–11319

11318

attributed to the lack of hydrogen or water in a dry air atmosphere. 
Thus, it is not surprised that the contribution of proton conductivity to 
the total conductivity is negligible. The lowest conductivity was 
observed with the test under dry 5% H2. The lower concentration of 
protons in the BZY20 pellets due to the lack of water and the low oxygen 
partial pressure were hypothesized to result in a lower total conduc-
tivity. When we consider the activation energy, under dry 5% H2 BZY20 
shows the lowest value, even lower than the value observed under wet 
5% H2. The potential mixed ionic conduction (concomitant H+ and O2−

transport) under a wet reducing atmosphere may cause the observed 
increased activation energy. Further studies aimed at understanding the 
conduction properties of the phase-pure and fully densified BZY20 are 
ongoing. 

5. Conclusions 

In summary, we demonstrate a cold sintering pretreatment of BZY20 
helped to produce dense ceramics at a moderate temperature of 1500 ◦C 
(200 ◦C lower than the traditional sintering temperature). The as- 
fabricated BZY20 pellets showed a phase-pure perovskite structure, 
high relative density, and desired microstructure. A further comparative 
study with the control BZY20 pellets indicated introducing the proper 
amount of BaCO3 on the precursor particle surface and the high green 
density for the green pellets with homogenous microstructure achieved 
by cold sintering pretreatment were responsible for lowering the final 
sintering temperature. Furthermore, the as-fabricated BZY20 pellets 
showed comparably high proton conductivity to conventionally pro-
cessed state-of-the-art BZY20 pellets. We expect to utilize this fabrica-
tion method for other protonic ceramic electrolyte membranes. 
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