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Abstract 7 

This work synthesized a series of oxide composites with nominal compositions of 8 

BaCe0.5Zr0.4Y0.1O3-δ (BCZY)-Ce0.5Y0.5O2-δ (YDC) based on the BCZY/YDC molar ratios of 9 

0.5:1, 1:1, 2:1, and 4:1 (BCZY-YDC-0.5-1, BCZY-YDC-1-1, BCZY-YDC-2-1, and BCZY-10 

YDC-4-1) using a one-pot solid state reactive sintering (SSRS) method. The X-ray diffraction 11 

(XRD) patterns and refinement proved that the one-pot SSRS at 1450oC for 12h could achieve 12 

the perovskite-fluorite dual-phase composites (DPCs) with the desired structure compositions. 13 

The scanning electron microscopy (SEM) images showed that the two DPCs of BCZY-YDC-14 

1-1 and BCZY-YDC-2-1 formed excellent percolation for perovskite and fluorite phases. The 15 

conductivity measurement by electrochemical impedance spectroscopy (EIS) and the 16 

transference number measurement by the electromotive force (EMF) test proved that 17 

changing the BCZY/YDC molar ratio and operating condition could adjust the DPC’s 18 

conduction property to make them suitable for electrolytes and electrode scaffolds for 19 

protonic ceramic fuel cells (PCFCs). The long-term conductivity testing and the crystal 20 

structure analysis after EMF testing under versatile conditions indicated that the DPCs of 21 

BCZY-YDC-2-1 and BCZY-YDC-1-1 were durable PCFC component materials. The PCFC 22 

button cells with the as-discovered BCZY-YDC-2-1 and BCZY-YDC-1-1 as an electrolyte 23 

and an anode scaffold, respectively, and the reported Ba-Ce-Fe-Co-O perovskite-perovskite 24 

composite as a cathode showed promising performance under H2/air gradient. 25 
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1. Introduction 1 

Solid state ionic materials with high singular ionic (oxygen ion or proton) conductivity 2 

have found extensive applications as electrolytes in many energy conversion, storage, and 3 

harvesting devices for power generation [1, 2], water electrolysis [3, 4], carbon dioxide 4 

utilization [5, 6], ammonia synthesis [7, 8], hydrogen production and compression [9, 10], and 5 

electrochemically sensing [11, 12]. Although most of the proton conducting oxides behave 6 

some degree of oxygen-ion conductivity intrinsically, until recently, the capability of 7 

simultaneous transport of both oxygen ion (O2-) and proton (H+) in some perovskite oxides 8 

began to attract more attention in the applications for protonic ceramic-based energy devices 9 

(e.g., fuel cells, electrolysis cells, and electrocatalytic membrane reactors). The transport of a 10 

small amount of oxygen ion from the cathode to the anode through the electrolyte in the 11 

protonic ceramic fuel cells (PCFCs) was one of the common strategies for mitigating the 12 

coking effect of fuel-flexible PCFCs [13]. The solid oxide electrolysis cells made from 13 

electrolytes possessing oxygen ion and proton conductivities showed more favorable 14 

characteristics (e.g., higher efficiency and smaller cell size) than the electrolysis cells made 15 

from either pure oxygen-ion or pure proton conducting electrolytes [14]. The electrocatalytic 16 

membrane reactors made from co-ionic (proton and oxygen ion) conducting (CPOC) 17 

electrolytes showed a significant improvement in methane dehydroaromatization (MDA) 18 

performance. The simultaneous removal of hydrogen and addition of oxygen from and to the 19 

MDA electrocatalyst through the CPOC electrolyte shifted the thermodynamic equilibrium to 20 

the aromatic direction and burned the coke on the catalysts to improve the MDA performance 21 

[15].  22 

The phase-pure perovskite oxides of doped barium cerates and zirconates such as 23 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) [16] and BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) [15], which 24 

usually possess some degree of oxygen ion conductivity besides the dominant proton 25 
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conductivity, behaved CPOC characteristic. The decreasing partial pressures of water and 1 

hydrogen could increase their oxygen ion conductivity while decreasing proton conductivity. 2 

In the most recent work, the phase-pure tetragonal perovskite of Ba7Nb4MoO20 showed high 3 

proton and oxygen ion conductivity at intermediate temperatures [17]. However, it is not easy 4 

to simultaneously increase proton and oxygen ion conductivity by adjusting perovskite 5 

dopants. The equilibrium between the protonation and deprotonation reactions determines the 6 

partial ionic conductivity, while the solubility-limited extrinsic dopant (e.g., Y) concentration 7 

decides the total ionic conductivity [18]. Because of the interdependence of proton, oxygen 8 

ion, and electron in the perovskite structure and the limited adjusting parameters, the 9 

discovery of phase-pure CPOC materials faces a significant challenge. 10 

Mechanically mixing two pre-prepared phases with independently controllable 11 

transport properties to form DPCs allowed more flexibility to design the CPOC materials. The 12 

DPCs consisting of the oxygen ion-conducting phase and electron-hole conducting phase 13 

found extensive applications in oxygen-permeable membranes and SOFC/SOEC oxygen 14 

electrodes [19, 20]. The DPCs consisting of the proton conducting and electron-conducting 15 

phases provided alternative hydrogen-permeable membrane materials [21]. In recent years, 16 

combining a proton conducting phase and an oxygen ion-conducting phase has become a 17 

strategy to form CPOC DPCs [22]. DPCs with doped BaCeO3-δ or BaZrO3-δ perovskites 18 

(proton conductor) and doped ceria fluorites (oxygen ion conductor) successfully 19 

demonstrated CPOC properties and achieved good performance as electrolytes for fuel cells, 20 

electrolysis cells [23-26], and electrochemical membrane devices [21, 27-29]. However, the 21 

DPCs fabricated by mechanically mixing pre-synthesized component phase powders resulted 22 

in poor homogeneity, large phase domain size, continuous solid reactions, and emergent 23 

interface impurities, which usually caused significant performance degradation for both 24 

CPOC DPC materials [30]. For example, Lin et al. [31] reported that the mechanically 25 
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synthesized BaCe0.8Y0.2O3-δ-Ce0.8Gd0.2O2-δ composite further resulted ina new perovskite 1 

BaCe1.6Y0.2Gd0.2O4.9-δ phase at 1550oC, which greatly affected the electrical property. Similar 2 

further reactions, which formed a new impure phase besides the original two componential 3 

phases, also happened in other perovskite-fluorite composites by the slow cation diffusion [32, 4 

33] during applications. 5 

The one-pot synthesis/fabrication method provided an effective route to achieve stable 6 

DPCs with homogenous phase distribution, stable phase composition, and stable 7 

microstructure to ensure the steady promising transport properties for the resulted DPCs. In 8 

this work, we adapted a novel one-pot SSRS fabrication method to prepare stable perovskite-9 

fluorite DPCs consisting of proton conducting perovskite oxide of BCZY and oxygen ion-10 

conducting fluorite oxide of YDC with different BCZY/YDC molar ratios (0.5:1, 1:1, 2:1, and 11 

4:1). We investigated the phase compositions, microstructures, electrochemical properties, 12 

and transference numbers for the as-prepared DPCs and compared them with the phase-pure 13 

BCZY and YDC. After that, we proved the excellent stability by invariable crystal structure 14 

and conductivity after long-term conductivity and EMF testing. Finally, we demonstrated a 15 

promising PCFC performance by choosing BCZY-YDC-2-1 as an electrolyte, BCZY-YDC-1-16 

1 as an anode scaffold, and Ba-Ce-Fe-Co-O (a previously demonstrated DPC cathode material) 17 

as a cathode. The BCZY-YDC DPCs fabricated by one-pot SSRS provided excellent 18 

alternatives for high-performance protonic ceramic electrochemical devices for energy 19 

conversion, storage, and harvesting.  20 

 21 

2. Experimental 22 

2.1 Fabrication of BCZY-YDC DPC Pellets 23 

BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar, 99.7%), 24 

and Y2O3 (Alfa Aesar, 99.9%), and nickel (II) oxide (NiO, Alfa Aesar, Ni-base 78.5%) were 25 
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the raw materials for the fabrication of BCZY+YDC DPC pellets with BCZY/YDC molar 1 

ratios of 0.5:1, 1:1, 2:1, and 4:1 by one-pot SSRS method. The stoichiometric amounts of raw 2 

materials were weighted according to the BCZY and YDC nominal formulas and their ratios 3 

and added to Nalgene bottles. The addition of 5mol% NiO based on the sum of BCZY and 4 

YDC served as a sintering aid. Ball-milling in isopropanol (IPA, 70% v/v) with 3mm YSZ 5 

balls for 48h followed by drying at 90oC in the oven for another 48h resulted in well-mixed 6 

BCZY-YDC precursor powders. Subsequently, the dry pressing of the precursor powders in 7 

circular carbon-aided steel die-set with a 19mm diameter under 350MPa for 120s prepared 8 

green pellets with thicknesses of ~2mm. By sintering the green pellets at 1450oC for 12h, we 9 

finally obtained the BCZY-YDC DPC pellets of BCZY-YDC-0.5-1, BCZY-YDC-1-1, 10 

BCZY-YDC-2-1, and BCZY-YDC-4-1, respectively. Following the same procedure, we also 11 

prepared phase-pure BCZY and YDC pellets for comparison.  12 

 13 

2.2 Characterization 14 

The crystal structures of the BCZY-YDC, BCZY, and YDC samples were analyzed 15 

using a Rigaku MiniFlex 600 benchtop powder X-ray diffractometer with monochromatic Cu 16 

Kα radiation (1.5406 Å). The powder X-ray diffraction (XRD) patterns were collected in a 2θ 17 

scan range of 25o-85o with a scanning rate of 1o/min and a step length of 0.02o. The 18 

microstructures of the BCZY-YDC pellets and the button cells were characterized using a 19 

Hitachi S-5000 microscope with an accelerating voltage of 20kV and an emission current of 20 

35µA in a 30Pa vacuum chamber. The back-scattering (BS) scanning electron microscopy 21 

(SEM) was used to identify the morphology and the phase distribution.  22 

 23 
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2.3 EIS Measurement 1 

The electrical transport property determines the material’s electrochemical 2 

applications. The BCZY-YDC DPC pellets prepared by the one-pot SSRS method were 3 

studied in detail using EIS measurement to find suitable applications as either electrodes or 4 

electrolytes. After sandpaper polishing and proper cleaning, the BCZY-YDC DPC pellets 5 

were painted with silver paste (Alfa Aesar, item number 44075) on both sides as electrodes to 6 

prepare symmetrical cells. Gold wires (Alfa Aesar, item number 00725) tangled with silver 7 

mesh (Alfa Aesar, item number 40936) served as extensive probes (four ends) to connect 8 

platinum lead wires for EIS measurement. 9 

The EIS measurement of these symmetrical cells was performed using a Gamry 10 

Reference 600 Plus at 200oC-700oC under different atmospheres: air, wet air, 5% H2 11 

(balanced by Ar), and wet 5% H2 (balanced by Ar) with a flow rate of 50mL·min-1 (the 12 

humidity was introduced by flowing the gases through room-temperature water bubbler). The 13 

cell temperature was increased to 700oC with a ramp rate of 2oC/min and held for 1h to ensure 14 

a steady operation state. Then the EIS data were collected under a perturbation voltage of 10 15 

mV in the frequency range of 0.01Hz to 5MHz. After obtaining the EIS data at 700oC, the EIS 16 

data at lower temperatures were collected during the stepwise decreasing process using the 17 

same procedure. The temperature step size was 50oC, the cooling rate was 2oC/min, and the 18 

stabilization time was 1h. The EIS data under different atmospheres were collected using two 19 

symmetrical cells: one for oxidizing atmosphere and the other for reducing atmosphere. For 20 

each symmetrical cell, the measurement was performed at different temperatures, first 21 

conducted under the dry atmosphere and then under the wet atmosphere. The collected EIS 22 

data were analyzed by fitting with ZView software based on an equivalent circuit model to 23 

output resistances and then convert to conductivities by considering the cell area and 24 

thickness.  25 
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 1 

2.4 EMF Measurement 2 

By referencing [34], we further derived transference numbers and partial 3 

conductivities of the BCZY-YDC-1-1 and BCZY-YDC-2-1 composite samples by testing the 4 

EMF of the concentration cells with a configuration of gas (I), Ag electrode (I) | BCZY-YDC 5 

electrolyte | Ag electrode (II), gas (II). By applying different gases with designed gas 6 

compositions at each side of the concentration cells,  we tested EMFs at 300oC-700oC for 7 

deriving transference numbers under oxidizing and reducing atmospheres, respectively. 8 

Cell-1. Oxygen concentration cell with oxygen gradient:  9 

Air-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), O2-3.12% H2O. 10 

Cell-2. Oxygen concentration cell with water vapor gradient:  11 

Air-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), Air-1.56% H2O 12 

Cell-3. Hydrogen concentration cell with hydrogen gradient:  13 

5% H2-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), H2-3.12% H2O 14 

Cell-4. Hydrogen concentration cell with water vapor gradient: 15 

H2-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), H2-1.56% H2 16 

The BCZY-YDC composites might involve the charged species of protons, oxygen 17 

ions, and electrons. By assuming the ionic transference number was one, Eq. 1 could express 18 

the theoretical EMFs (Vcal) generated by the gas concentration gradient at different sides of 19 

the dense membrane. R is the ideal gas constant, F is the Faraday constant, T is the 20 

temperature, t is the transfer number (marked with species), and p is the partial pressure of gas 21 

species at different electrodes. 22 

V��� = t�� 	

��  ln ����

�

���
�� � + t��� 	


��  ln ����
��

���
� �           (1) 23 

Taking the water formation (Eq. 2) into account, we could rewrite Eq. 1 as Eq. 3 and Eq. 4. 24 

2H� + O� = 2H�O                (2) 25 
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Due to electron conduction contribution, the measured EMFs (Vmea) were usually smaller than 3 

the theoretical Nernst voltage calculated from Eqns. 1-4 based on the gas partial pressures and 4 

temperatures. By dividing the measured EMF with theoretical EMF (Eq. 5), we could 5 

calculate the total ionic transference number (ti) and electron transference number (tele). 6 

t = !"#$
!%$&

                 (5) 7 

In cell-1, the water vapor partial pressures at each side were the same, and the oxygen 8 

partial pressure gradient generated the EMF. Thus, Eq. 4 could transform into Eq. 6. 9 

V��� = �t�� + t���� 	

��  ln ����

��

���
� �              (6) 10 

We could obtain the total ionic transference number (ti) and electron-hole transference 11 

number (tele). In cell-2, the oxygen partial pressures at each side were the same, and the water 12 

vapor partial pressure gradient generated the EMF. Thus,  Eq. 4 could transform into Eq. 7. 13 

V��� = t�� 	

��  ln ������

������ �                                                          (7) 14 

We could separate proton and oxygen ion transference numbers. Therefore, using cell-1 and 15 

cell-2, we obtained the transference numbers for proton, oxygen ion, and electron under 16 

oxidizing atmospheres. Following the similar derivation, using cell-3 and cell-4, we could 17 

obtain the proton, oxygen ion, and electron transference numbers in reducing atmosphere.  18 

By considering electrode polarization, Eq. 8 could further correct the transference 19 

numbers, where Reletrolyte is the electrolyte resistance, Rtotal is the total resistance (including the 20 

Relectrolyte and the electrode polarization resistance) [35]. These resistances came from previous 21 

EIS measurements by Gamry Reference 3000. 22 
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t = 1 − 	#&#
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+1 − !"#$
!%$&

,               (8) 1 

 2 

2.5 BCZY-YDC Based PCFC Single Cells 3 

The BCZY-YDC-2-1 and BCZY-YDC-1-1 DPCs obtained in this work were chosen 4 

as the electrolyte and anode scaffold. The Ba-Ce-Fe-Co-O DPC discovered in our previous 5 

work was chosen as the cathode. The button cells with a configuration of 40wt% BCZY-6 

YDC-2-1+60wt%NiO | BCZY-YDC-1-1+5mol%NiO | Ba-Ce-Fe-Co-O were fabricated and 7 

tested. 8 

Precursor powders of the anode and the electrolyte were prepared by mechanically 9 

mixing raw material powders through ball milling in isopropanol followed by oven drying, 10 

similar to the method in section 2.1. With the preparation of electrolyte BCZY-YDC-2-1 11 

precursor powder as an example, the procedure can be described as follows. Proper amounts 12 

of BaCO3, CeO2, ZrO2, and Y2O3 with a stoichiometry ratio of BCZY-YDC-2-1 and an 13 

additional 5mol% NiO as a sintering aid were ball-milled for 48h with 3 mm yttria-stabilized 14 

zirconia balls grinding media and isopropanol as grinding solvent.  The slurry was then heated 15 

at 150oC in a box oven for 48h to get fully dried. Anode powder of 40wt%BCZY-YDC-2-16 

1+60wt.% NiO+ 20wt.% starch was prepared by mixing with BaCO3, CeO2, ZrO2, Y2O3, 17 

60wt.% NiO and extra 20wt.% starch using the same procedure. Ba-Ce-Fe-Co-O cathode 18 

precursor powder was synthesized using the modified Pechini method described in our 19 

previous work [36]. 20 

The green anode pellets with a diameter of 19 mm and a thickness of ~2 mm were 21 

obtained by dry-pressing under 350 MPa for 12 s in circular carbon-aided steel die set. 22 

Precursor paste of BCZY-YDC-2-1 electrolyte was prepared according to the following 23 

procedure. The precursor powder, dispersant (20wt% solsperse 28000 in terpineol solution), 24 

and binder (5wt% V-600 in terpineol solution) with a weight ratio of 15:3:1 were mixed by 25 



10 
 

manually grinding for 45 min in an agate mortar with an agate pestle. Thin electrolyte layers 1 

were applied on both sides of green anode pellets by screen-printing electrolyte precursor 2 

paste, followed by firing at 1500oC for 12h. Fired pellets were polished to remove one 3 

electrolyte layer to change into half-cells. The Ba-Ce-Fe-Co-O cathode paste was prepared 4 

using the same procedure to prepare electrolyte paste and then was screen-printed on the 5 

electrolyte center to form a circular green cathode film with a diameter of 3/16 inches and a 6 

thickness around 20μm (after firing). The subsequent firing at 900oC for 5h completed single-7 

cell fabrication. Silver painting of electrode surface introduced current collectors while silver 8 

mesh and gold wire attached to the current collector to get the button cells connected to 9 

Gamry 3000 for fuel cell performance evaluation. 10 

The button cells were sealed to an end of an alumina tube using Aremco Ceramabond 11 

552 to separate into an anode chamber and a cathode chamber. The cell performance was 12 

measured using a homemade testing station from 650 to 550oC with dry hydrogen 13 

(25mLꞏmin-1) as the fuel and dry air as the oxidant (200mLꞏmin-1). The current-voltage (I-V) 14 

curves and the corresponding power density (P) were collected using Gamry Reference 3000. 15 

The EIS spectra were collected under an open-circuit condition in the frequency range from 16 

0.01 Hz to 1MHz with a voltage perturbation of 10mV for understanding the ohmic resistance 17 

and polarization resistance of the PCFC single cells.  18 

 19 

3. Results and Discussion 20 

3.1. Crystal Structures and Microstructures 21 

The BCZY-YDC composite pellets were synthesized by a one-pot SSRS method 22 

described in the experimental section. The XRD was employed to study the phase 23 

composition for the BCFC-YDC composite pellets with nominal phase ratios of 0.5:1, 1:1, 2:1, 24 

and 4:1. Fig. 1 shows that all composite specimens exhibit XRD patterns that perfectly match 25 
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BCZY perovskite and YDC fluorite phases without any impurities. The YDC and BCZY 1 

peaks for the composites are the same as those for phase-pure YDC and BCZY without peak 2 

shifts versus variable phase composition, indicating that the YDC and BCZY in the 3 

composites should have a similar element composition as the designed individual fluorite and 4 

perovskite phase. As expected, the relative intensities of peaks for each phase increase along 5 

with the designed amount in the composites. The Rietveld refinement by GSAS II software 6 

allowed us to obtain the phase compositions for BCZY-YDC-0.5-1 and BCZY-YDC-1-1 7 

DPCs. As shown in Fig. 2, the two phases are perovskite (01331) and fluorite (41331) 8 

crystal structures. The phase ratios are 0.50:1 and 1.01:1 when assuming the individual phase 9 

is consistent with the nominal stoichiometry. We can conclude that the one-pot SSRS method 10 

allowed the fabrication of the BCZY-YDC DPCs with the desired crystal structures and phase 11 

compositions.  12 

 

Figure 1. XRD patterns of BCZY-YDC pellets with different component ratios compared with pure BCZY 

and YDC phases. 
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Figure 2. The refinement results of (a) BCZY-YDC-0.5-1 and (b) BCZY-YDC-1-1 DPCs. 

 1 

Furthermore, the BS-SEM was used to study the microstructures of the BCFC-YDC 2 

DPC pellets. Fig. 3 indicates that the pellets are fully dense, consisting of two phases 3 

represented by bright and dark grains. Since the intensity of BS electrons increases 4 

monotonically with the increasing average atomic number of the detected phases [29], the 5 

bright grains refer to the BCZY perovskite phase with a large atomic number, while the dark 6 

grains stand for the YDC fluorite phase with a small atomic number. The phase ratio shows an 7 

apparent effect on the composite percolation and grain size of each phase. The BCZY-YDC-8 

1-1 and BCZY-YDC-2-1 DPCs formed the best percolation for the two phases. The BCZY-9 

YDC-4:1 DPC did not form the percolated structure, in which the minor YDC phase stayed in 10 

the grain boundary region of the main BCZY phase. Although the BCZY-YDC-0.5-1 DPC 11 

also formed percolated structure, the percolation was not as good as that for BCZY-YDC-1-1 12 

and BCZY-YDC-2-1 DPCs.  In general, the phase ratio effect on the grain size does not show 13 

an apparent trend. The BCZY-YDC-1-1 DPC shows the most homogenous grain size 14 

distribution, and the two phases have a similar grain size of 0.5-1.5 µm. The BCZY-YDC-2-1 15 

DPC also shows good grain size distribution for both phases except for the small number of 16 

large grains of the BCZY phase. With the further increase of the BCZY phase, the BCZY-17 
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YDC-4-1 DPC shows relatively large homogenous BCZY grains with a small number of 1 

small YDC grains dispersed in the pocket or grain boundary regions. However, for the DPC 2 

with the lowest BCZY phase (i.e., BCZY-YDC-0.5-1), both BCZY and YDC phases show the 3 

two modal grain size distribution.  4 

 

Figure 3. BS-SEM images of BCZY-YDC pellets’ surface with different component ratios: (a) 0.5:1, (b) 1:1, 

(c) 2:1, and (d) 4:1. 

 5 
 6 

3.2. Electrical Conductivity 7 

Understanding the detailed electrical conduction properties for the BCZY-YDC DPCs 8 

at variable temperatures under different atmospheres can provide insightful guidance for 9 

designing their applications (e.g., electrolytes, electrode, and hydrogen-permeable 10 

membranes). Based on symmetrical cells of the dense composite pellets coated with identical 11 

silver electrodes on both surfaces, the composites’ total conductivities were measured using 12 

EIS at temperatures from 200oC to 700oC under atmospheres of dry/wet air and dry/wet 5vol.% 13 

H2 (balanced by Ar). Fig. 4 provided the EIS Nyquist plot obtained at 250oC under wet air for 14 

the BCZY-YDC-1-1 composite pellet. The black square markers were the experimental data 15 
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points of the Nyquist plot based on area-specific resistance (ASR). These data points 1 

displayed a small semicircle at the high-frequency range, a big semicircle at the intermediate-2 

frequency range, and a straight line with ~45 degrees relative to the Z-real axis at the low-3 

frequency range.  4 

 

Figure 4. The fit of the EIS Nyquist curve of BCZY-YDC-1-1 at 250oC under wet air. The inset is the 

equivalent circuit model used for this fitting. 

 5 

The equivalent circuit model (inset in Fig. 4) related to the electrolyte bulk transport, 6 

electrolyte grain boundary transport, and electrode reaction processes were used to fit these 7 

experiment data by ZView software to derive the global conduction behavior through the 8 

intergrain (grain boundary) and intragrain (bulk) of the pellet sample. The excellent fitness of 9 

the red curve to square markers proved that the proposed equivalent circuit model could well 10 

describe the experimental data. Following the analysis procedure, we fitted all the 11 

experimental EIS data and achieved the electrolyte and electrode transport/reaction 12 

information of the symmetrical cells made from the BCZY-YDC composite pellets. We also 13 

studied the electrical conductivity using the same method for the BCZY and YDC phase-pure 14 

pellets for comparison. Fig. 5 provides the plots of the natural logarithm of the product of 15 
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total conductivities and temperature (ln(σT) versus the reciprocal temperatures (1/T) under 1 

different atmospheres for these pellets.  2 

 

Figure 5. Temperature dependence of conductivity for BCZY-YDC pellets under different atmospheres: (a) 

dry air, (b) wet air, (c) dry 5% H2, and wet 5% H2. 

 3 

Under dry air atmosphere (Fig. 5a), the conductivity versus temperature plots show 4 

excellent linearity for all the six tested pellets at the whole temperature range 200-700oC. The 5 

phase-pure YDC pellet shows the lowest conductivity and highest conduction activation 6 

energy of 1.38 eV. The high activation energy is consistent with the conduction behavior of 7 

the doped ceria materials primarily dominated by oxygen ions in dry air (oxidizing 8 

atmosphere), as commonly reported in the literature[37]. The phase-pure BCZY pellet shows 9 
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the highest conductivity and the lowest conduction activation energy of 0.72 eV, slightly 1 

higher than those reported for pure proton conduction in perovskite oxides[38]. The lack of 2 

hydrogen and water usually made the proton conducting perovskite oxide an oxygen ion 3 

conductor with a small contribution of electron-hole in an oxidizing atmosphere with 4 

activation energy higher than pure proton conduction but lower than the pure oxygen-ion 5 

conduction in fluorite oxide. All the BCZY-YDC DPC pellets show conductivities and 6 

activation energies between the pure BCZY and pure YDC samples. The BCZY phase played 7 

a more critical role in determining the DPC’s conduction behavior for all these four DPCs. 8 

For example, the conduction activation energy for the BCZY-YDC-0.5-1 DPC pellet is 0.87 9 

eV, 0.51 eV lower than that for phase-pure YDC pellet but very close to that for phase-pure 10 

BCZY pellet (0.72 eV). The BCZY-YDC-1-1, BCZY-YDC-2-1, and BCZY-YDC-4-1 DPC 11 

pellets, with the increased BCZY phase, do not show a marked decrease in conduction 12 

activation energy, staying between 0.77 eV and 0.87 eV. The total conductivity for these 13 

composite pellets increases with the increasing amount of BCZY phase slightly, which are 14 

slightly smaller than the total conductivity for the phase-pure BCZY pellet but much higher 15 

than that for the phase-pure YDC. The observation of the conduction behavior is consistent 16 

with the microstructure of these four DPC pellets. The formed percolation and relatively high 17 

conductivity of the BCZY phase in these composites made the apparent conduction behavior 18 

close to the BCZY phase in the DPCs. 19 

Under wet air atmosphere (Fig. 5b), the conductivity-temperature plots show different 20 

linearities for different BCZY-YDC DPCs. The phase-pure YDC plot hardly changes 21 

compared with the one under dry air since it still behaves almost pure oxygen ion conduction. 22 

On the contrary, the phase-pure BCZY shows a significant increase in conductivity and a 23 

noticeable decrease in conduction activation energy (from 0.72 eV to 0.54 eV), indicating that 24 

the dominant charge carriers through the BCZY structure may include both oxygen ions and 25 
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protons. The introduction of easily transport protons is the reason for higher conductivity and 1 

lower conduction activation energy. As for the BCZY-YDC DPC pellets, in general, the plots 2 

are still close to the phase-pure BCZY plot, indicating a much higher conductivity than the 3 

phase-pure YDC pellet. With the increase in the BCZY phase, the plot linearity gets poorer 4 

and converges at high temperatures, indicating the typical co-ionic (proton and oxygen ion) 5 

conducting behavior. The conduction activation energies for these four composite pellets 6 

focus on 0.63-0.69 eV, close to the charge transport activation energy in the phase-pure 7 

BCZY structure. It proves that the highly conductive BCZY phase plays a dominant role in 8 

deciding the transport behavior of the BCZY-YDC composite pellet in a wet air atmosphere 9 

even the BCZY to YDC ratio is only 0.5:1.   10 

Under dry 5vol% H2 (balanced by Ar) atmosphere (Fig. 5c), the conduction behavior 11 

for all the six samples shows a noticeable difference from that measured under oxidizing 12 

atmosphere (dry/wet air). The pure YDC pellet shows a dramatic increase in conductivity 13 

corresponding to a significantly decreased conduction activation energy of 0.88 eV. At 14 

temperatures higher than 500oC, the pure YDC’s conductivities are higher than all five 15 

samples. The increase in electronic conductivity that occurred to doped ceria under a reducing 16 

atmosphere can reasonably explain this conduction change for pure YDC [39]. The pure 17 

BCZY pellet shows slightly decreased conductivity, corresponding to a small drop of 18 

activation energy (from 0.72 eV to 0.46 eV) than in the oxidizing atmosphere (dry/wet air). 19 

The hydrogenation of BCZY in the reducing atmosphere usually results in proton 20 

conductivity and a decrease in electron-hole conductivity. The activation energy absolute 21 

value of ~0.46 eV is within the range of activation energy for pure proton transport for doped 22 

barium cerates and zirconates. The slightly decreased activation energy at the high-23 

temperature range, a common phenomenon for proton conducting perovskite oxide caused by 24 

decreased proton concentration, can be observed. As for the BCZY-YDC DPC pellets, the 25 
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conductivity shows a reverse change trend versus the BCZY-YDC ratio compared with that in 1 

an oxidizing atmosphere. The higher amount of YDC phases corresponds to higher 2 

conductivity. However, the activation energy does not show a clear change trend, staying in 3 

the range of 0.5-0.6 eV. The dominance of the increased electronic conductivity caused by the 4 

YDC phase in the DPC pellets can explain the increasing conductivity with the increasing 5 

YDC in DPCs.  6 

Under wet 5vol% H2 (balanced by Ar) atmosphere (Fig. 5d), the conduction behavior 7 

of these pellets shows marked change compared with those in dry 5vol% H2 and the dry/wet 8 

air (oxidizing atmosphere). The phase-pure YDC pellet shows decreased conductivity and 9 

increased conduction activation energy when changing dry 5vol% H2 into wet 5vol% H2. The 10 

introduction of water could increase the oxygen partial pressure to some degree, which 11 

probably decreased the electronic conductivity and contribution to the total conductivity of 12 

the pure YDC in wet 5vol%. The phase-pure BCZY pellet shows the same conduction 13 

activation energy and slightly increased conductivity when changing dry 5vol% H2 into wet 14 

5vol% H2. The easy hydration of BCZY in a wet atmosphere could increase the proton 15 

concentration, resulting in increased proton conductivity. However, the conductivity in a wet 16 

reducing atmosphere is still slightly lower than in the oxidizing atmosphere. The existence of 17 

electron-hole conductivity for the BCZY phase under oxidizing atmosphere may be 18 

responsible for the higher conductivity in an oxidizing atmosphere. For the four BCZY-YDC 19 

DPCs, switching the atmosphere to wet 5vol% H2 from dry 5vol% H2, the conductivity 20 

exhibited reverse tendency versus the BCZY/YDC ratio. The pellet with a higher BCZY/YDC 21 

ratio shows a higher conductivity since the proton conduction dominated the transport 22 

behavior of the DPCs.  23 

Furthermore, comparing with conductivities of state-of-the-art DPCs consisting of 24 

doped BaCeO3-δ and doped ceria phases[21, 31, 40-44], the conductivities of as-prepared 25 
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BCZY-YDC-4-1 under wet 5% H2 and wet air stand in the reasonable range and show more 1 

competitive conduction at lower temperatures (Fig. 6). The lower activation energies (as the 2 

slope of plots) of the BCZY-YDC DPCs achieved in this work can be ascribed to the better 3 

percolation structure and chemical compatibility between the two phases. 4 

 5 

Figure 6. Total conductivity comparison between as-prepared BCZY-YDC-4-1 under wet air and wet 5% H2 6 

and state-of-the-art composites. 7 

 8 

Table 1. Comparison of total conductivities of as-prepared BCZY-YDC-4-1 and state-of-the-art 9 

composites shown in Fig.6 at 600oC. 10 

Ref. Perovskite Phase Fluorite Phase Conductivity (S·cm-1) Atmosphere 

This work BaCe0.5Zr0.4Y0.1O3-δ Ce0.5Y0.5O2-δ 2.78×10-3 Wet 5% H2 

This work BaCe0.5Zr0.4Y0.1O3-δ Ce0.5Y0.5O2-δ 3.91×10-3 Wet Air 

21 BaCe0.65Zr0.20Y0.15O3-δ Ce0.85Y0.15O2-δ 9.29×10-3 Wet H2 

31 BaCe0.8Y0.2O3-δ Ce0.8Gd0.2O1.9 1.66×10-3 Wet Air 

40 BaCe0.8Y0.2O3-δ Ce0.8Y0.2O2-δ 1.02×10-2 4% H2 

40 BaCe0.8Y0.2O3-δ Ce0.8Y0.2O2-δ 3.50×10-3 Air 

41 BaCe0.8Sm0.2O3-δ Ce0.8Sm0.2O2-δ 6.72×10-3 Wet H2 

42 BaCe0.8Y0.2O3-δ Ce0.8Y0.2O2-δ 7.96×10-2 Wet 5% H2 

43 BaCe0.83Y0.17O3-δ Ce0.85Sm0.15O1.925 1.99×10-2 Air 

44 BaCe0.8Sm0.2O3-δ Ce0.8Sm0.2O2-δ 1.13×10-2 Wet Air 
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 1 

The BCZY-YDC DPCs may involve the conduction of multiple species such as 2 

protons, oxygen ions, and electrons (or electron holes). Therefore, we investigated the three 3 

charged species’ transference numbers and partial conductivities using the EMF method. Fig. 4 

7 summarizes the transference numbers and partial conductivities for BCZY-YDC-1-1 and 5 

BCZY-YDC-2-1 under oxidizing atmosphere a 450oC-700oC, the ordinary operation 6 

temperatures of protonic electrochemical devices. Fig. 7a and Fig. 7c indicate that the total 7 

ionic transfer numbers (t�� + t���) for both BCZY-YDC-2-1 and BCZY-YDC-1-1composite 8 

pellets increase rapidly with decreasing operating temperature (0.95 at 450oC to 0.55 at 700oC 9 

for BCZY-YDC-2-1 and  0.86 at 450oC to 0.46 at 700oC for BCZY-YDC-1-1). The electronic 10 

conduction usually results from some electron contribution in the BCZY perovskite phase and 11 

a small electron contribution due to Ce3+/Ce4+ in the YDC fluorite phase. The positive effect 12 

of operating temperature on the electronic transference number is consistent with the 13 

commonly reported small polaron transport mechanism for protonic ceramic in an oxidizing 14 

atmosphere (e.g., pure oxygen). The decreased ionic transference numbers and increased 15 

electronic transfer numbers with increasing YDC phase in BCZY-YDC composite further 16 

proved this explanation. Furthermore, the oxygen ion transference numbers in the wet 17 

oxidizing atmosphere are pretty low for both samples, indicating that the protons are the 18 

primary ionic transport carriers. It verifies that the protonic ceramic phase dominated the 19 

conduction behavior of BCZY-YDC composites, consisting of the transport activation 20 

energies obtained from total conductivity measured by EIS. Based on the total conductivities 21 

in wet air and the measured transference, the partial conductivities under wet air are 22 

calculated and summarized in Fig. 7b and Fig. 7d. It is consistent with the transference 23 

number observation that the oxygen ion conductivities are too low to contribute to the 24 

conduction for both samples. The proton conduction dominated the conductivity at lower 25 



21 
 

temperatures. The comparable electronic conduction caught up at high temperatures, 1 

indicating both samples can work as an electrolyte at lower temperatures, but BCZY-YDC-2-2 

1 is a better electrolyte than BCZY-YDC-1-1 due to the higher ionic conductivity and ionic 3 

transference number.  4 

 5 

 

Figure 7. Ionic transfer numbers in oxidizing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC-2-1. 

The transfer numbers of t�� + t��� and t�� were tested by concentration cell 1 and cell 2, respectively. The 

transfer numbers of t��� were calculated by subtraction of t�� from t�� + t��� . And t6� was calculated by 1-

(t�� + t���). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were 

calculated based on transfer numbers and conductivities under wet air. 
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Figure 8. Ionic transfer numbers in reducing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC-2-1. 

The transfer numbers of t�� + t��� and t��� were tested by concentration cell 1 and cell 2, respectively. The 

transfer numbers of t�� were calculated by subtraction of t��� from t�� + t��� . And t6� was calculated by 1-

(t�� + t���). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were 

calculated based on transfer numbers and conductivities under wet 5% H2. 

 1 

When the atmosphere turned into a reducing one, a different conduction behavior 2 

appeared. Fig. 8a and Fig. 8c, the transference number-temperature plots for both BCZY-3 

YDC-2-1 and BCZY-YDC-1-1, indicate the total ionic contribution in the whole temperature 4 

range (450oC-700oC) are slightly higher than that in an oxidizing atmosphere. On the one 5 

hand, the BCZY-YDC-1-1 sample’s total ionic transference numbers are ~0.95 and  0.70 at 6 

450oC and 700oC in the reducing atmosphere versus 0.86 and 0.46 at the same temperatures in 7 

the oxidizing atmosphere. The relatively high electronic transference number in both reducing 8 

and oxidizing atmospheres at lower temperature further prove that BCZY-YDC-1-1 is good 9 

anode scaffold material. On the other hand, the BCZY-YDC-2-1 sample keeps a very high 10 
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ionic conduction ( t�� + t��� >0.95) at the same temperature range. The total ionic 1 

transference number doesn’t decrease with the increasing temperature.  The steady high total 2 

ionic transference number further proved that BCZY-YDC-2-1 is a better electrolyte material. 3 

The oxygen ion and proton transference numbers in the reducting atmosphere show opposite 4 

results compared with those in the oxidizing atmosphere. The oxygen ion transference number 5 

increased significantly, which is higher than the proton transference number in the most 6 

temperature range. The temperature effect showed the trend of emerging extreme regions for 7 

both ionic transference numbers. BCZY-YDC-2-1 shows much higher oxygen ion 8 

conductivity than the BCZY-YDC-1-1 sample. The higher oxygen ion transference number 9 

than the proton transference number might result from the higher oxygen vacancy in the 10 

reducing atmosphere in the proton conducting perovskite phase. We also calculated the partial 11 

conductivities under wet 5% H2 (Fig. 8b and Fig. 8d) based on the total conductivity under 12 

wet 5% H2 atmosphere. Proton conductivities are similar for the two samples. Electronic 13 

conductivity increases steadily as the temperature rises for BCZY-YDC-1-1, while BCZY-14 

YDC-2-1 shows an almost standstill value above 500oC. BCZY-YDC-2-1 shows much higher 15 

oxygen ionic conductivity than BCZY-YDC-1-1, even though it has a lower fluorite phase 16 

concentration. Therefore, the partial conductivity data further support that BCZY-YDC-2-1 is 17 

a good electrolyte candidate while BCZY-YDC is a suitable anode scaffold.  18 

 19 

3.3. Structure and Electrical Conduction Stability 20 

The standard issue for DPCs is the precipitation of the new insulate phase and 21 

degradation of electrical transport property because of the sluggish solid state reaction 22 

between the mechanically mixed two phases or the matrix and infiltrated phases[30]. In this 23 

work, we studied structural stability and electrical conduction stability using BCZY-YDC-2-1 24 

as an example. Fig. 9 provides the conductivity of the BCZY-YDC-2-1 DPC pellet versus 25 
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testing time under wet air. Within the 100 h, the total, bulk, and grain boundary conductivities 1 

did not show any degradation. At around 80 h, the power outage caused the discontinuity of 2 

data points, which did not affect the electrical conductivity stability. Fig. 10 compares XRD 3 

patterns for fresh BCZY-YDC-2-1 and the used sample after electrical conductivity testing for 4 

100h. The used sample did not form any new phase, which shows the same crystal 5 

composition as the fresh sample.  6 

Furthermore, the composite crystal structure stability under oxygen, hydrogen, and 7 

steam gradients can directly express the material suitability for stable electrolyte and electrode 8 

scaffold. We investigated the crystal structure using XRD on pellets after the measurement of 9 

EMF, which endure a totally 150 h gradient treatment. Fig. 10 compares the XRD patterns of 10 

tested BCZY-YDC-2-1 and BCZY-YDC-1-1 DPC pellets and the corresponding fresh 11 

samples. The long-term treatment under typical fuel cell gradient did not degrade the crystal 12 

structure for DPCs, ensuring their stable suitability for fuel cell electrolyte and electrode 13 

scaffold.  14 

 15 

 

Figure 9. The conductivity stability of BCZY-YDC-2-1 under wet air at 600oC (the break around 80 h caused 

by the power outage). 
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Figure 10. The XRD pattern for the tested BCZY-YDC-2-1 sample and samples exposed to various gradients 

(BCZY-YDC-1-1 and BCZY-YDC-2-1) compared with the fresh samples. 

 1 

3.4. Performance of Button Cells 2 

We fabricated single cells using BCZY-YDC-2-1 electrolyte, 40wt%BCZY-YDC-1-1 3 

+ 60NiO% anode, and Ba-Ce-Fe-Co-O cathode to study the potential for the BCZY-YDC 4 

DPCs as PCFC electrolyte and anode components. Fig. 11 summarizes the cell performance 5 

and EIS analysis for the single cells at 550oC-650oC under the H2/air gradient and the SEM 6 

image of the tested cells. The I-V and I-P curves (Fig. 11a) show that the open-circuit 7 

voltages (OCVs) of the single cells are 1.03 V, 1.07 V, and 1.11 V at 650oC, 600oC, and 8 

550oC, respectively, which are close to the theoretical OCV values at these temperatures, 9 

indicating the negligibly small electronic leak through electrolyte film and the excellent gas-10 

tight cell sealing. Comparing the OCVs for the single cells made from co-ionic conducting 11 

perovskite-fluorite composite electrolytes reported in the literature [26, 31, 41, 43, 45, 46], the 12 

OCVs for our single cells achieved higher OCV values, further proving the small electronic 13 

leakage through BCZY-YDC-2-1 electrolyte layer (Fig. 12). The peak power densities at 14 

650oC, 600oC, and 550oC are 239, 198 and 146 mW·cm2 respectively. The corresponding 15 

current densities are 468 mA·cm-2, 357 mA·cm-2, and 254 mA·cm-2 at respective 16 
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temperatures. Fig. 11b presents the open circuit EIS analysis results for the single cells under 1 

Air/H2 gradient at different temperatures. The experimental data markers of the Nyquist plot 2 

measured at all three temperatures of 650, 600, and 550oC have intercepts on the Z-real axis, 3 

ascribing to the ohmic resistance. The rest of the data markers at the lower frequency range 4 

display two depressed arcs, ascribing to cathode polarization resistance and anode 5 

polarization resistance. The fitting spectra by ZView software using the equivalent circuit 6 

model (inset in Fig. 11b) allowed the calculation of the ohmic ASR (RO), the total 7 

polarization ASR (RP),  the anode polarization ASR (RPa), and the cathode polarization ASR 8 

(RPc). With increasing the temperature from 550oC to 650oC, and the RO decreases from 1.01 9 

Ω·cm2 to 0.60 Ω·cm2. Based on the electrolyte thickness of 13 μm (Fig. 11c), the calculated 10 

conductivities of the electrolyte film are 1.3 mS·cm-1, 1.7 mS·cm-1, and 2.2 mS·cm-1 at 550oC, 11 

600oC, and 650oC, respectively, which are close to the conductivities at corresponding 12 

temperatures for the BCZY-YDC-2-1 composite pellets measured under wet 5% H2. 13 

Therefore, we can conclude that the BCZY-YDC-2-1 composite can serve as a promising 14 

intermediate-temperature SOFC electrolyte.  The cathode polarization ASRs at 650oC, 600oC, 15 

and 550oC are 0.19, 0.28, and 0.42 Ω·cm2, respectively, consistent with the cathode 16 

performance BCFC twin-perovskite cathode reported in our previous work [36]. The anode 17 

polarization ASRs are 0.13, 0.20, and 0.37 Ω·cm2 at the same three temperatures. Fig. 11c 18 

shows the SEM image of the single-cell cross-section after the performance testing. The 19 

adhesion between the cathode and the electrolyte is still excellent. The cathode and anode 20 

layers are keeping good porosity. Combining with nickel to form cermet, BCZY-YDC-1-1 21 

can serve as a promising component as a solid oxide fuel cell anode.  22 
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Figure 11. (a) The EIS data for fuel cells tested at 550oC-650oC. (b) The polarization resistance, ohmic 

resistances, and total resistances are determined from the EIS. (c) I-V and I-P curves of single-cell measured 

under a dry hydrogen atmosphere at different temperatures. (d) The cross-sectional morphology of the single-

cell after testing. 

 

Figure 12. Comparison of OCVs between our cell and other single cells with co-ionic composite electrolytes. 

The data for other single cells with co-ionic composite electrolytes BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O1.9 [26], 



28 
 

BaCe0.8Y0.2O3-δ-Ce0.8Gd0.2O1.9 [31], BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O2-δ [41], BaCe0.83Y0.17O3-δ-Ce0.85Sm0.15O1.925 

[43], BaCe0.8Y0.2O3-δ-Ce0.8Sm0.2O2-δ [45], and BaCe0.83Y0.17O3-δ-Ce0.85Sm0.15O1.92 [46]. 

  1 
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Conclusions 1 

We successfully synthesized a series of perovskite-fluorite BCZY-YDC DPCs with 2 

BCZY/YDC molar ratios of 0.5:1, 1:1, 2:1, and 4:1 using the one-pot SSRS method. The EIS, 3 

SEM, and EMF characterization proved that BCZY-YDC-2-1 and BCZY-YDC-1-1 could 4 

work as electrolyte and anode scaffolds for PCFC by considering their CPOC/TPOEC 5 

properties and phase composition/distribution. The further stability testing of electrical 6 

conductivity and crystal structure showed promising long-term durable operation. The PCFC 7 

button cells of 40wt% BCZY-YDC-1-1+60wt% NiO | BCZY-YDC-2-1| Ba-Ce-Fe-Co-O 8 

showed promising fuel cell performance under hydrogen as fuel and air as oxidant. The new 9 

BCZY-YDC DPCs fabricated by one-pot SSRS can serve as promising components for 10 

protonic ceramic electrochemical devices.  11 
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