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Abstract 

Electronic conduction through proton-conducting electrolytes significantly impairs the efficiency of 

protonic ceramic cells (PCCs). In this study, we explore the electron and ion mixed transport 

properties of four common protonic ceramics, BaZr0.8Y0.2O3-δ (BZY82), BaZr0.7Ce0.2Y0.1O3-δ (BZCY721), 

BaZr04Ce0.4Y0.1Yb0.1O3-δ (BZCYYb4411), and BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb1711). It marks the first 

instance of investigating these properties under operation-specific scenarios: fuel side of electrolysis 

cell, air side of electrolysis cell, fuel side of fuel cell, and air side of the fuel cell. BZCYYb1711 exhibits 

the highest ionic conductivity, but two to three times higher electronic leakage when exposed to 

oxygen-containing environments than the others. BZY82 exhibits approximately two times higher 

electronic leakage in a hydrogen-containing environment. BZCY721 demonstrates excellent ion 

transport numbers (~0.95) across these four operating conditions. BZCYYb4411 behaves quite 

similarly to BZCY721. The most challenging operating environment for all candidates is the air side of 

fuel cell mode. This mode leads to a high initial electronic leakage, followed by a significant increase 

with polarization. The probable cause for this behavior is a H2-free, polarization-induced reduction 

that leads to the formation of VO
• . The electron small polaron associated with VO

•  is released by the 

electrical field due to the Poole-Frenkel effect. ZnO and NiO sintering aids are found to be detrimental 

to the ionic conductivity of the electrolytes. In particular, NiO substantially lowers the ion transport 

number. The correlation of the operation-specific electronic leakage to full cells is discussed. It is 

suggested that a rational PCC design should synergistically couple BZCYYb1711 at fuel side with 

BZCY4411 at air side to deliver a well-balanced performance and faradaic efficiency simultaneously, 

and the high temperature sintering process with a NiO fuel electrode should be shortened or replaced 

by ultra-fast sintering techniques or using a fuel electrode scaffold-infiltration fabrication strategy. 
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1. Introduction 

In recent years, protonic ceramic cells (PCCs) have gained increasing attention in intermediate-

temperature solid oxide cells investigation.[1-9]PCCs can function as either protonic ceramic 

electrolysis cells (PCECs) or fuel cells (PCFCs) at temperatures 200°C lower than the oxygen-

conducting yttrium-stabilized zirconia-based solid oxide cells.[10-15] Remarkably, they maintain 

high performance levels due to their low activation energy for proton conduction. This lower 

operating temperature confers numerous advantages to PCCs, such as relaxed sealing and 

interconnection requirements, slower thermo-activated degradation, and reduced operation and 

maintenance costs. When employed as PCECs for hydrogen production, PCCs exhibit even more 

benefits over the oxygen-conducting solid oxide electrolysis cells. Notably, they facilitate the 

production of dry hydrogen on the fuel side, eliminate concerns regarding Ni oxidation in 

environments with high steam concentrations, and prevent deterioration in the air 

electrode/electrolyte interface caused by oxygen bubbling. These advantageous features make 

PCCs a promising alternative for efficient hydrogen production/power generation and underline 

their potential significance in advancing solid oxide cell technology. 

However, one critical challenge associated with PCCs is the occurrence of electronic leakage 

through the electrolyte as reported in many studies.[7, 16-21] It was even observed that under 

open circuit conditions, there was a significant electron leaking current of 0.27 A/cm2 through 

the PCC.[16] This parasitic electronic leakage severely compromises the power generation 

efficiency of these PCFCs. In the PCEC mode, when the applied voltage exceeds ~1.3 V, the 

electrolyzing current generally experiences an exponential increase.[2, 3] Although this 

performance activation may seem promising, it is unfortunately accompanied by strong 

electronic leakage induced by the high electrolyzing voltage. Verification from faradaic efficiency 

reveals that less than 70% of the energy is utilized for hydrogen production under these 

conditions for many of those studies.[22] These issues highlight the significance of addressing the 

electronic leakage problem for improved efficiency of PCCs. 

Regarding this electronic leakage, it is known that two electronic charge carriers are present in 

the protonic ceramic electrolyte materials.[23-25] In reducing conditions, n-type e defects are 

formed through Reaction 1: 

 
Χ •

2 Ο ΟΗ +2Ο 2ΟΗ +2e→     (1) 

Or more precisely, this defect appears as a small polaron associated with the metal element(s) 

in the electrolyte: 

H2 + 2OO
× + 2MM

× → 2OHO
• + 2MM

′                                              (2) 

In oxidizing conditions, p-type h defects are formed through Reaction 3: 



2 Ο ΟO +2V 2Ο +4h•• →      (3) 

These h defects appear as small polarons associated with the lattice oxygens: 

2 Ο Ο ΟO +2V +2Ο 4Ο••  •→           (4) 

The relative prevalence of these species impacts the electronic conductivity. This prevalence is 

determined by a combination of factors, including operating conditions, chemical composition, 

and fabrication processes. These factors collectively influence the formation, population, and 

mobility of the species involved. Notably, two key differences arise when considering the 

operating conditions of PCFCs and PCECs: (1) the gas atmosphere present in the electrode 

compartments and (2) the direction of polarization. To comprehensively cover all relevant 

scenarios, we categorize the operating conditions of protonic ceramic electrolytes into four 

distinct cases: (1) the fuel side of electrolysis cell, (2) the air side of electrolysis cell, (3) the fuel 

side of fuel cell, and (4) the air side of fuel cell. In each of these cases, the local environment 

significantly differs and may lead to various responses of electronic leakage within the protonic 

ceramic electrolyte, as dictated by the defect chemistry mentioned earlier. Regarding the cell 

fabrication, it involves a high-temperature co-sintering of a thin electrolyte with a NiO/electrolyte 

cermet support. To achieve densification at temperatures ≤1400 °C, sintering aids are often used. 

However, the presence of Ni or a sintering aid inside the electrolyte introduces an additional layer 

of complexity to the electronic leakage, potentially altering the protonic ceramic’s efficiency. 

Currently, the reported efficiencies of most PCCs span from 50% to 80%, indicating the need for an 

insight into the electronic leakage of the protonic ceramic electrolytes. This understanding will be vital 

for the rational design of PCCs. To address this gap, we embarked on a pioneering investigation of the 

transport properties of four commonly used protonic ceramics from low to high Ce content, 

BaZr0.8Y0.2O3-δ (BZY82), BaZr0.7Ce0.2Y0.1O3-δ (BZCY721), BaZr04Ce0.4Y0.1Yb0.1O3-δ (BZCYYb4411), and 

BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb1711), under four operation-specific conditions. Furthermore, we 

investigated the influence of NiO and ZnO sintering aids. Our findings suggest a rational design of PCCs 

by coupling two electrolytes in a synergistic way to meet the versatile operating conditions 

encountered in PCCs. This combination holds promise for achieving optimal efficiency in both 

hydrogen production and power generation applications, paving the way for advancements in 

protonic ceramic cell technologies. 

2. Experimental 

2.1 Methodology 

Fig. 1 illustrates the operating conditions of PCCs and the experimental design in this study. Fig. 1a 

depicts the operation of a PCEC. Vapor-containing air is supplied to the air electrode, H2 to the fuel 

electrode. This results in oxidizing and reducing conditions at the air and fuel electrode sides, 

respectively. In addition to the nominal gaseous conditions, the local environment at the 

electrode/electrolyte interface is influenced by polarization. Under electrolyzing potential, both PH2 at 



the fuel electrode/electrolyte interface and PO2 at the air electrode/electrolyte interface increase. This 

polarization-dependent tendency is referred to as the reducing and oxidizing trend, respectively. In 

Fig. 1a, we designate the specific condition of the electrolyte at the fuel electrode of the electrolysis 

cell as "Case 1," and at the air electrode of the electrolysis cell as "Case 2." Similarly, in Fig. 1b, the 

operation of a PCFC is shown. On top of the nominal gaseous conditions, polarization creates an 

oxidizing trend at the fuel electrode side and a reducing trend at the air electrode side. In this PCFC, 

we designate the specific condition at the fuel electrode of the fuel cell as "Case 3," and the air 

electrode of the fuel cell as "Case 4." 

 

Fig. 1 Illustration of PCC operation and the decoupled operation-specific experimental design. (a) PCEC 

operation. (b) PCFC operation. (c) Two different electrolyte operation conditions realized by 

polarization and gas atmosphere control on the ion-blocking electrolyte samples. (d) Another two 

different electrolyte operation conditions realized similarly.  

To investigate the electronic leakage of the electrolyte under these operation-specific conditions 

which depend both on atmosphere and polarization, bulk electrolyte samples are prepared and 

measured under four scenarios. Fig. 1c depicts an ion-blocking electrolyte sample which separates the 

conductivity of electronic defects including electrons and holes (simplified as electronic conductivity 

hereafter) from the ionic one. The ion-blocking electrode only allows the passage of electrons/holes, 

a b 

c d 



while the porous electrode on the opposite side allows electrochemical interaction between the 

electrolyte and the surrounding gas. When negative polarization (in reference to the porous electrode) 

is used, lattice oxygen in the electrolyte can be driven out, or hydrogen from the surrounding 

environment can be charged in, resulting in a polarization-induced reducing trend. When H2 is used as 

the testing gas, the specific condition of the electrolyte in this measurement corresponds to Case 1 in 

Fig. 1a. When air is used as the testing gas, it corresponds to Case 4 in Fig. 1b. Similarly, as shown in 

Fig. 1d, if the polarization is reversed, an oxidizing trend will be created. The specific operating 

condition of the electrolyte in this measurement corresponds to Case 2 when vapor-containing air is 

used, and to Case 3 when H2 is used.   

2.2 Sample Fabrication and Characterization 

BZY82 and BZCY721 were purchased from Fuelcellmaterials (FCM). BZCYYb4411 and BZCYYb1711 

were synthesized by the ethylenediaminetetraacetic (EDTA)-citric sol-gel method.[26, 27] 

Stoichiometric nitrates together with citric acid were dissolved into distilled water. EDTA was dissolved 

into diluted ammonia water. The mole ratio for metal cation:citric acid:EDTA was 1:1.5:1.25. The 

nitrate and EDTA solutions were mixed in a glass beaker, followed by adjusting pH value to 8 using 

ammonia water. Afterward, the solution was held at ~80 oC on a heating plate and magnetically stirred 

until gelation. The gel was heated at 600 oC in a box furnace to decompose the nitrates and organic 

residual. The resultant powders were calcined in air at 1100 oC for 10 h. Calcined powders were ball-

milled in a planetary miller for 12 h to decrease the particle size. The phase purity was examined by X-

ray diffraction (XRD, PANalytical X’pert PRO, Cu Kα radiation). Electrolyte pellets in thickness of 0.4 

mm were made by dry pressing in a 16 mm die. Polyvinyl butyral (PVB) ethanol solution was mixed 

with the electrolyte powders and ground until dry. The weight ratio of PVB to electrolyte powders was 

3:100. The pellets were made in a 16 mm die at a pressure of 250 MPa. If the ZnO or NiO sintering aid 

was used, their nitrates would be dissolved to ethanol and added to the electrolyte powders before 

grinding in a mortar. Pellets were sintered in a box furnace to different temperatures for densification.  

Dense gold was used as ion-blocking electrode on one side of the electrolyte, referred to as blocking 

samples. Gold paste (FCM) was applied to one side of the electrolyte pellets three times with 

intermediate heating to 200 oC. The samples were then sintered to 950 oC to densify the gold electrode. 

Afterward, silver paste (FCM) was applied to the other side of the electrolyte pellets and sintered to 

700 oC in air to make a porous electrode. In parallel, electrolyte pellets with symmetric porous silver 

electrodes at both sides were also made and measured for the total electrical conductivity (including 

electronic and ionic), referred to as porous samples. Silver paste was applied to both sides of these 

pellets and sintered to 700 oC in air. The active area of both blocking and porous samples is 0.785 cm2. 

Gold wire was used as lead wire for all samples. The samples were measured by a four-probe 

configuration from 600 oC to 700 oC. Three gas atmospheres, 3 vol.% humidified H2, air, 40 vol.% 

humidified air, were used to represent corresponding atmosphere in the PCCs electrode 

compartments (referred to as H2, air, and vapor conditions hereafter). The electrochemical impedance 

spectroscopy (EIS) was collected over a frequency range from 1 MHz to 0.1 Hz with an alternating 

current (AC) perturbation of 10 mV for both blocking and porous samples. The galvanostatic scan was 



used to determine the electronic conductivity of the blocking samples at different current densities 

(i.e., polarization strength), from 1 mA/cm2 to 20 mA/cm2. These electrical measurements were 

carried out by Gamry Interface 5000E. The electrical conductivity is calculated from the porous 

samples. The ion transport number (ti) is calculated by Equation 5: 

𝑡𝑖 =
𝜎𝑖

𝜎𝑖+𝜎𝑒
        (5) 

Where σe is electronic (including electrons and holes) conductivity from the galvanostatic scan, σe+σi 

is the electrical conductivity including both electronic and ionic contributions from the high frequency 

intercept of the porous sample EIS. The microstructural and compositional properties of samples were 

examined by scanning electron microscopy (SEM, Hitachi S-4700) and scanning transmission electron 

microscopy (STEM). STEM specimens were extracted from fractured surfaces near the 

electrode/electrolyte interface using a Nova Nanolab (Thermo Fisher) focused ion beam (FIB) 

instrument. STEM was performed using a Themis Z system (Thermo Fisher) equipped with energy 

dispersive spectroscopy (EDS) and operated at 200 kV acceleration voltage. High-angle annular dark 

field (HAADF) images were recorded with 300 mm camera length for a combination of diffraction 

contrast and Z-contrast imaging. EDS mapping by STEM was performed with drift correction, 50-100 

microseconds dwell time and at least 60 frames were acquired for each location. 

3. Results 

3.1 Characteristics of Blocking and Porous Samples 

Fig. 2a exhibits the XRD patterns of these candidates. A pure phase was achieved for each composition. 

The cubic lattice constant is calculated as follows: a = 4.222 Å for BZY82, 4.246 Å for BZCY721, 4.286 Å 

for BZCYYb4411, and 4.367 Å for BZCYYb1711, respectively. This increasing trend is due to the 

increasing content of the large-radius Ce in these candidates. Using BZY82 as an example, Fig. 2b 

shows the EIS of BZY82 blocking and porous samples measured under open circuit voltage (OCV) 

conditions at 700 °C in air. The high-frequency intercept, Rs, represents the total ohmic resistance. The 

interface reaction resistance (Rp) indicates the catalytic electrochemical reactions occurring at the 

interface. While the ohmic resistance remains the same (1.62 Ω·cm2 for porous, 1.59 Ω·cm2 for 

blocking), the interface reaction resistance increases from 0.93 Ω·cm2 for the porous sample to 

approximately 150 Ω·cm2 (fitting) for the blocking sample. In this mixed conducting occasion, the 

electronic rail allows electronic charge carriers to flow through the entire sample, while the ionic rail 

is blocked due to the presence of the ion-blocking gold electrode. Despite this blocking effect, the 

interaction of the electrolyte with the atmosphere is still allowed at the porous electrode side. To 

elucidate these characteristics, an equivalent circuit for the blocking sample is presented in Fig. 2c. In 

this circuit, Re represents the electronic resistance of the electrolyte, Ri the ionic resistance. Rp//CPE 

(constant phase element) represents the interface reaction at the porous silver electrode side, which 

manifests as an arc. Another CPE originating from the blocking electrode couples with Re, creating 

another arc. A simulated EIS profile is generated using this equivalent circuit and shown in Fig. 2c. It is 



in good agreement with the measured data, suggesting the consistency between the equivalent circuit 

and the function of blocking samples. 

Fig. 2d displays a galvanostatic scan at a current density of 1 mA/cm² on the BZY82 blocking sample. 

The voltage increased over time until it reached a stable value. Throughout this process, the electrolyte 

interacted with the atmosphere as indicated in Equations 1-4, leading to changes in the population of 

charged defects inside the electrolyte until an equilibrium was reached. Along with the charging 

process of CPE-1 and CPE-2, the ionic conduction was quenched. Ultimately, the current transformed 

to a pure electronic one and the voltage reached a plateau, which was solely determined by the 

conduction of electronic species. The electronic conductivity of the electrolyte under this specific 

operating condition was then calculated. 

Fig. 2e depicts a series of EIS of the BZY82 blocking sample. The initial EIS was collected prior to any 

galvanostatic scans. The rest of the EIS were performed under OCV conditions right after each 

galvanostatic scan was finished. This measurement retained the effect of the electrolyte material 

change resulting from polarization but eliminated the charge transfer activation or deactivation effect 

on the electrodes if otherwise measured under overpotential. The results show that negative 

polarization substantially decreased Rp. Negative polarization leads to a loss of oxygen from BZY82, 

which creates more oxygen vacancies in the electrolyte and leads to changes in ionic and/or electronic 

conductivity. On the other hand, under positive polarization, the vacancies tend to be filled. Both 

changes inside the electrolyte will in turn affect the interface reaction resistance.[28] The significant 

differences in the EIS between these opposite polarization treatments confirm that, in addition to the 

ambient atmosphere, polarization dramatically altered the transport properties of the mixed 

conducting electrolytes.  



 

  

Fig. 2 (a) XRD patterns of these protonic ceramics, and electrical characteristics of selected BZY82 

samples by various measurements. (b) EIS of the BZY82 porous (inset) and blocking samples measured 

at 700 oC in air under OCV condition. (c) The equivalent circuit of the blocking sample. (d) Equilibration 

process of the BZY82 blocking sample during a 1 mA/cm2 galvanostatic scan. (e) EIS profile of BZY82 

sample measured in air under OCV at 700 oC right after various polarization treatments at 700 oC, 

negative current for negative polarization, positive current for positive polarization. 

3.2 Ionic Conductivity and Electronic Leakage 
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Fig. 3 Conductivity, activation energy, and ion transport numbers for the electrolytes. (a) Ionic 

conductivity of four electrolytes measured in different atmospheres from 600 oC to 700 oC, (b) the 

corresponding activation energy (Ea), and (c) Ion transport number of these electrolytes at different 

electronic current densities in four cases measured at 700 oC. Lines in these plots are for guide of 

eye. 

Fig. 3a presents the ionic conductivity of four different electrolytes from 600 °C to 700 °C, calculated 

under different atmospheric conditions from the porous samples at OCV condition. The electronic 

conductivity was removed using the calculated date from the blocking samples at the lowest 

galvanostatic scan current density of 1 mA/cm². Among the four electrolytes, BZCYYb1711 exhibits the 

highest conductivity in all tested conditions. The conductivity of these candidates largely follows the 

order of BZCYYb1711 > BZCYYb4411 > BZCY721 > BZY82. Fig. 3b is the corresponding activation energy 

of these candidates calculated based on the random walk theory.[29] In general, air atmosphere led 

to the strongest thermoactivation and H2 led to the weakest in each candidate. This pattern is 

consistent with the transition of the majority ionic charge carrier from O2- to a mixture of O2- and H+, 

and to H+ when measured in the corresponding atmospheres. The highest conductivity for each 

sample is generally achieved in vapor conditions at each tested temperature, suggesting that water 

intake is the primary mechanism to generate protonic defects in these electrolytes.  



Fig. 3c presents the ion transport number (ti) of four different electrolytes at varying polarization 

strengths (embodied as electronic current density). The polarization-driven 20 mA/cm2 maximum 

electronic current density used in these measurements seems small, but it corresponds to the 

electronic leaking current of a single cell operating at an apparent current density of 0.5~1 A/cm2, 

depending on the value of ti. When measured at 700 °C, the general trend for all electrolytes is 

that ti decreases with increasing electronic current density (i.e., increasing polarization). All 

samples exhibit ti higher than or close to 0.95 in Case 1 and Case 3. Among them, BZY82 exhibits 

approximately two times higher electronic leakage in these hydrogen-containing environments. In 

Case 2 and Case 4, BZCYYb1711 shows particularly high leakage when exposed to these oxygen-

containing environments.  

This phenomenon, where the Zr-rich composition (BZY82) exhibits a low ion transport number in 

reducing atmosphere, and the Ce-rich composition (BZCYYb1711) shows a low ion transport 

number in oxidizing atmosphere, seems to contradict our conventional wisdom. According to DFT 

computational studies,[30] it is energetically unfavorable to form electron defects in BaZrO3 (ZrZr
′  

showing a higher energy level than the conduction band minimum). Hole defects are allowed in 

BaZrO3, as the energy level of OO
• is only slightly higher than the valence band maximum. 

Therefore, BaZrO3 is generally expected to show p-type electronic conduction. Considering the 

valence stability of yttrium, BZY82 could exhibit similar behavior to BaZrO3. On the other hand, 

since the energy level of CeCe
′  in BaCeO3’s band gap is close to the conduction band minimum, 

BaCeO3 is expected to display n-type electronic conduction. BZCYYb1711, as a close derivative of 

BaCeO3, should behave similarly. Therefore, it is expected that BZY82 should behave better in 

reducing atmosphere than in oxidizing one, and BZCYYb1711 should behave better in oxidizing 

atmosphere than in reducing one. 

Based on our experimental data, BZY82 is calculated to display electronic conductivity from 

2.0×10-4 S/cm to 5.7×10-4 S/cm in H2 under increasing negative polarization (case 1) and 

electronic conductivity from 5.8×10-4 S/cm to 3.7×10-3 S/cm in air under increasing negative 

polarization (case 4). BZY82 indeed exhibits p-type electronic conductivity. Nevertheless, it 

should be noted that in addition to electronic conductivity, the atmosphere can change the ionic 

conductivity as well. The ionic conductivity of BZY82 in H2 is remarkably lower than that in air (Fig. 

3a). Therefore, the resultant ion transport number of BZY82 in a reducing atmosphere is relatively 

smaller. 

For BZCYYb1711, the electronic conductivity ranges from 3.0×10-4 S/cm to 1.0×10-3 S/cm in H2 

under increasing negative polarization (case 1) and from 1.8×10-3 S/cm to 3.7×10-3 S/cm in air 

under increasing negative polarization (case 4), which indeed contradicts the expected n-type 

nature of BZCYYb1711. But, as will be shown later, besides the atmosphere, the electronic 

conductivity of the electrolyte is heavily affected by polarization. Negative polarization in an air 

atmosphere leads to amplified electronic conductivity, possibly due to the absence of charge 

association, resulting in a lower ion transport number of BZCYYb1711 at case 4. 



Overall, BZCY721 demonstrates high ion transport numbers (>0.95) across all four operating 

conditions. BZCYYb4411 behaves quite similarly to BZCY721. The most challenging operating 

environment for these electrolyte candidates is the air side of the fuel cell mode. When the testing 

temperature is lowered to 600 °C, similar trends were observed. 

3.3 Effect of Sintering Aid on Transport Properties 

For full cell fabrication, the use of ZnO or NiO sintering aid is a common practice to lower the 

densification temperature by 100 oC or more. Two protonic ceramics with best ti, BZCY721 and 

BZCYYb4411, were chosen to continue the transport property investigation when a sintering aid 

is used. ZnO and NiO was introduced to the electrolyte by mixing electrolyte powders with 

Zn(NO3)2 or Ni(NO3)2 aqueous solution. NiO sintering aid was also introduced by a second method 

through diffusion. In the second method, the investigated electrolyte pellet was placed on a NiO 

pellet and sintered together to a high temperature, to mimic the real full cell fabrication process 

where NiO diffuses from the NiO-containing cermet to the thin electrolyte layer. 
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Fig. 4 Effect of sintering aid on BZCY721. (a) SEM images of BZCY721 densified at different 

temperatures with/without sintering aid. (b) Ionic conductivity of BZCY721 measured in different 

atmospheres. (c) Ion transport number of BZCY721 with/without sintering aid at different 

electronic current densities measured in four cases at 700 oC. 

Fig. 4a displays cross-sectional SEM imaging of BZCY721 samples densified at different temperatures 

with and without sintering aid. All samples achieved high relative density (>97%). The pristine sample, 

when sintered at 1550 °C, showed small grain sizes ranging from 0.5 to 1 µm. After incorporating the 

3 wt.% ZnO sintering aid, the densification temperature was lowered by 100 °C, and the grain size 

substantially increased to 2−3 µm. The addition of NiO as a sintering aid at 0.5 wt.% achieved a similar 

effect. In the case of using diffuse NiO as sintering aid, the electrolyte pellet showed a very close 

morphology as the first method. Fig. 4b illustrates the ionic conductivity of these BZCY721 samples 

from 600 °C to 700 °C. Both ZnO and NiO decreased the ionic conductivity in all conditions. In relative 

terms, the samples using ZnO sintering aid exhibited higher conductivity than using NiO. 

Fig. 4c presents ti of BZCY721 samples with and without sintering aid at 700 °C. The most 

significant influence of the sintering aid was observed in the air side of fuel cell mode. In this case, 

ti decreased modestly when ZnO was used. However, it dropped substantially when NiO was 

employed. Remarkably, in the diffusion NiO case, ti dropped to ~0.82. For the other three cases, 

relatively small differences were found between the samples with and without sintering aid, 

except that diffusion NiO generally leads to smallest ti. 
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Fig. 5 Effect of sintering aid on BZCYYb4411. (a) SEM images of BZCYYb4411 densified at different 

temperatures with/without sintering aid. (b) Ionic conductivity of BZCYYb4411 measured in different 

atmospheres. (c) Ion transport number of BZCYYb4411 with/without sintering aid at different 

electronic current densities measured in four cases at 700 oC. 

Fig. 5a displays cross-sectional SEM imaging of BZCYYb4411 samples densified at different 

temperatures with and without sintering aid. The pristine BZCYYb4411 sample, when densified at 

1500 °C, showed a grain size of ~1−2 µm. After incorporating 3 wt.% ZnO as a sintering aid, the 

densification temperature was lowered to 1400 °C, and the grain size increased significantly to 5 µm. 

When NiO sintering aid was used, the samples were densified at 1400 °C as well, regardless of the 

introduction method. The grain size of BZCYYb4411 ranged from 1.5 to 3 µm in both cases. Fig. 5b 

illustrates the ionic conductivity of these BZCYYb4411 samples measured under different atmospheres. 

The addition of ZnO sintering aid had no influence on the ionic conductivity, but NiO reduced this value 

substantially regardless of the incorporating method. 

Fig. 5c presents ti of BZCYYb4411 samples with and without sintering aid at 700 °C. In the first three 

cases, there is no apparent difference in ti for different samples except for the diffusion NiO sample 

Case 4. Consistently, the ti in this case is the lowest among all four cases. The pristine BZCYYb4411 

sample initially had a good ti, but the addition of NiO led to a rapid decrease with increased electronic 

current density. ZnO sintering aid did not deteriorate this value.  



4. Discussion 

4.1 Poole-Frenkel Effect  

A common trend of ti across these electrolytes is that it decreases with increasing polarization 

(i.e., electronic current density), regardless of the composition of the electrolyte, the direction of 

the polarization, or atmosphere. This observation is likely related to the Poole-Frenkel effect. The 

Poole-Frenkel effect is a phenomenon that occurs in semiconductors or insulators, leading to a 

nonlinear electronic conductivity.[31, 32] It involves field-assisted electronic charge carrier 

generation from trap states, which arise from structural defects, impurities, or other 

imperfections in the material, such as doped ions or grain boundary regions of polycrystalline 

substances. In the present case, the small polaron associated with Ce and O sites can be 

considered as weakly trapped electronic defects. Computational studies have shown that the 

electron polaron resides on the 4f orbitals of Ce, exhibiting a binding energy of 0.61 eV, while the 

electron hole polaron resides on the O 2p orbitals of the Zr-O-Zr coordination, with a binding 

energy of 0.12 eV.[30, 33] These binding energies are relatively low and much smaller than the 

band gap of these BaCeO3 or BaZrO3-based electrolyte materials, which ranges from 3.5 to 5 

eV.[30, 33] At the testing temperatures, thermal excitation can free a portion of these trapped 

carriers to the conduction band, similar to what is observed in many semiconductor materials.[34, 

35] The applied electric field, as predicted by the Poole-Frenkel effect, magnifies this effect by 

reducing the effective potential barrier to detrap these carriers. Consequently, the electronic 

conductivities of these electrolytes increase with the applied electric field. 

On the other hand, the aforementioned speculation does not rule out the potential contribution 

of grain boundaries. Structural defects, including grain boundary dislocations or steps, can give 

rise to local distortions and strain fields, which in turn may lead to the trapping of electronic 

defects and hinder their mobility within the material. The application of an electric field could 

release these trapped electronic defects, influencing the overall electronic conductivity. Although 

specific studies on the interaction between grain boundaries and carriers in these protonic 

ceramics are currently lacking, it is worth noting that nonlinear electronic conductivity arising 

from the grain boundary Poole-Frenkel effect has been observed in many other ceramic materials, 

such as CuAlO2+x nanocrystals,[32] YMnO3,[36] and BaTiO3.[37] 

4.2 High Electronic Leakage due to VO
•   

Compared to the other three modes, ti for the air electrode of the fuel cell mode stands out, 

showing the most rapid decrease with polarization and lowest value, irrespective of the 

electrolyte composition. This change in ti is attributed to the concurrent increase in σe. For 

example, in the pristine BZY82 sample, σe increased from 5.80 x 10-4S/cm at 1 mA/cm2 to 3.75 x 

10-3 S/cm at 20 mA/cm2. The ionic conductivities show no significant changes with polarization. 

This uniqueness of the air side of the fuel cell mode presents a complex situation. It likely involves 

contributions from gas environment and the polarization effects, but not in the conventional 



manner as previously understood. In many electrochemical analyses, the applied polarization is 

often converted to an equivalent PO2 change using the Nernst equation: 

Δv(I-II)=
𝑅𝑇

4𝐹
𝑙𝑛

𝑝𝑜2
𝐼

𝑝𝑜2
𝐼𝐼                                                          (6) 

However, adopting this approach raises inconsistencies. The voltage used to generate 

polarization through the electrolyte in this air side of fuel cell mode is up to 0.2 V, corresponding 

to an equivalent PO2 of 1.5 x 10-5 atm inside the sample, suggesting a reducing atmosphere 

(despite using air as the testing gas). If we attribute this reducing atmosphere as the reason 

behind the high electronic conductivity in this mode, it contradicts the results obtained with H2 

under negative polarization, i.e., the fuel electrode of the electrolysis cell mode. The atmosphere 

is evidently more reducing in the latter case (calculated as an equivalent PO2=5 x 10-51 atm), but 

ti of these electrolytes remains significantly higher than that in the air electrode of fuel cell mode. 

Alternatively, one may totally disregard the influence of polarization and conclude that air 

provides the most oxidizing gas atmosphere compared to H2 and vapor conditions, resulting in a 

strong p-type electronic conductivity in all electrolytes in this mode. However, this speculation is 

also unfounded. Measurements conducted on these samples in air with positive polarization (as 

shown in Fig. 6a) reveal much higher ion transport numbers, indicating a significant role played 

by polarization in case 4 where ti shows lowest value compared to the other cases, irrespective 

of the electrolyte composition. There must be a different cause for the high electronic 

conductivity.  
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Fig. 6 ti of four electrolytes measured (a) under positive polarization in air at 700 oC, (b) under 

negative polarization in 40% vapor containing air at 700 oC (these two measurement do not 

belong to any of these four cases). 

When examining the defect chemistry of the fuel electrode of the electrolysis cell mode under 

negative polarization, one can find that the formation of electronic defects follows Equation (2), 

with the involvement of H2, and the negative polarization drives this reaction more forward. 

However, the defect formation process in the air electrode of the fuel cell mode under negative 



polarization cannot proceed in the same manner since there is no presence of H2. Instead, it must 

proceed as follows: 

OO
× + VO

•• → 2VO
• +

1

2
O2            (7) 

Here, the negative polarization drives out lattice oxygen and forms two parts of VO
• . Previous 

studies have indicated that this low ionized oxygen vacancy VO
•  is not a stable species compared 

to VO
••. The electron associated with VO

•  can be released as an itinerary one under the influence 

of electrical field. In contrast to Equation 2, where OHO
•  and MM

′  are always formed in pairs, VO
•  

is the primary electronic defect here. They might not experience any +/- charge association that 

could exist between OHO
•  and MM

′ , or their associated electron may exhibit a smaller binding 

energy and/or migration barrier than the electron associated with MM
′ . These possibilities can 

lead to a magnified Poole-Frenkel effect, where these electrons can be detrapped from VO
•  more 

easily than from MM
′ . As a result, the electronic conductivity of these electronic defects is higher 

in the air side of the fuel cell mode than in the fuel side of the electrolysis cell mode, though the 

former is of less a reducing condition than the latter. 

Using the same reasoning, we predict that introducing an abundant hydrogen source (such as 

high concentration of vapor) to air could switch the defect formation reaction from Equation 7 

to Equation 8, thus eliminating VO
•  species: 

H2O + 2OO
× + 2MM

× → 2OHO
• + 2MM

′ +
1

2
O2    (8) 

This change in the defect chemistry is expected to dampen the electronic conductivity and result 

in a higher ti value. To test this prediction, we conducted measurements on these electrolytes 

under the same conditions as the air side of fuel cell mode, but with the addition of 40 vol.% 

vapor to the air. As shown in Fig. 6b, ti value under this condition is significantly higher than that 

observed in the air side of the fuel cell mode, supporting the idea that the formation of VO
•  is most 

likely the cause for the high electronic leakage in the air side of the fuel cell operating condition. 

4.3 Coupled Electrolyte to Delivered Optimal Efficiency   

 



Fig. 7 Illustration of potential distributions in electrolytes with different transport properties, (a) 

in a pure proton conducting electrolyte, (b) in an electrolyte with high electronic conductivity at 

air electrode side, and (c) in a coupled electrolyte with lowered electronic conductivity at the air 

electrode side.   

The operating condition of the electrolyte of a single cell has two atmospheres, fuel and air, 

suggesting that electronic leakage should be blocked as long as one side of the electrolyte 

exhibits a high ti value. The results presented above indicate that all four electrolytes 

demonstrate relatively high ti in H2-containing conditions, implying that in PCC operations, there 

is at least one side of the electrolyte capable of blocking electronic leakage. However, this 

speculation seems inconsistent with the literature, where lowered faradaic efficiency has been 

observed in cells with these electrolytes.[16-19] A couple of reasons could contribute to this 

discrepancy. 

First, despite using a high applied potential up to 6 V to generate 20 mA/cm2 electronic current 

density in this study, the distributed potential drop across the electrolyte pellets is only 0.15 

V/10µm, which remains lower than the potential drop in a thin-film electrolyte in an electrode-

supported full cell, such as 0.8 V/10µm for PCFC or 1.3 V/10µm for PCEC. As the potential drop 

(i.e., electrical field strength) increases, electronic leakage in all cases will also increase. 

Second, a high electronic conductivity on one side of the electrolyte will redistribute the 

potentials inside the thin film electrolyte of a single cell, resulting in a very steep potential drop 

on the other side. This, in turn, raises the electronic leakage through the electrolyte. In Fig. 7a, 

we illustrate the distribution of the chemical potential of H2 (µH2) and the electrochemical 

potential of protons (𝜇H+) and electrons (𝜇 e) in a pure proton conducting electrolyte of an 

electrolysis cell.[38, 39] In this scenario, since there is no electronic conductivity through the 

electrolyte, there is no electronic leakage. 

In Fig. 7b, we present the potential distributions within an electrolyte exhibiting electronic 

conductivity initially at one side, i.e., the air side (right) in this case. Consequently, the profile of 

𝜇 e will deviate from the linear distribution in the pure protonic conducting electrolyte, 

transitioning to a steeply changing one due to the conservation of the electronic current. The 

electronic current inside the electrolyte can be expressed as: 

𝐼𝑒(𝑥) =
𝜎𝑒

𝑒

𝜕𝜇̃𝑒(𝑥)

𝜕𝑥
      (9)    

As the electronic current (Ie) through the electrolyte remains constant, the distribution of 𝜇e in 

the electrolyte is governed by σe. Due to the higher σe on the right side of the electrolyte, the 

gradient of 𝜇e on the right side will be significantly smaller than on the left side. This results in a 

steep 𝜇e at the left side, as illustrated in the yellow box in Fig. 7b. This occurrence of this uneven 

𝜇e gradient will be accompanied by a redistribution of charges and the formation of a strong 

electrical field. Under the influence of a strong Poole-Frenkel effect, the electronic leakage 

current at the left side will experience a remarkable increase, ultimately leading to high electronic 



leakage. At the same time, the redistribution of ionic species, including protons, will affect ionic 

conductivity, which, in turn, influences the ion transport numbers. However, numerically 

pursuing these trends is a complicated process and is beyond the scope of this work. Insightful 

studies regarding these aspects can be found elsewhere.[4, 22, 39-41]  

Based on the ti values of these four electrolytes, we can remark that this electronic leakage issue 

can be solved by employing two different electrolytes with operation-specific high ti for opposite 

sides to create a coupled electrolyte as depicted in Fig 7c. It can effectively avoid the issue of 

relatively high electronic conductivity at the air electrode, restoring the potential distributions to 

a state close to the ideal case in Fig. 7a.  

Furthermore, when reversible PCCs are becoming the new trend in meeting power generation 

and energy storge requirements, a rational PCC design should have high ti values in all four 

electrolyte operating conditions. While BZY82 and BZCYYb1711 demonstrate acceptable ti values 

in the PCEC mode, they suffer from strong leakage in the PCFC mode. On the other hand, BZCY721 

and BZCY4411 show relatively high ti in all conditions, but their ionic conductivity is lower than 

that of BZCYYb1711. A rational electrolyte design can be achieved by coupling BZCYYb1711 at the 

fuel side with BZCY4411 at the air side. This electrolyte configuration will deliver a well-balanced 

performance and enhanced faradaic efficiency for reversible PCC applications. 

4.4 Concerns of Sintering Aid on Transport Properties    

NiO sintering aid substantially reduced ti for both BZCY721 and BZCY4411, especially in the NiO 

diffusion case. ZnO has almost no detrimental effect on BZCY4411, but reduced both the ionic 

conductivity and ti of BZCY721. Without sintering aid, pristine BZCY721 and BZCY4411 have been 

densified at higher temperatures, and homogeneous element distributions have been confirmed 

after sintering. Fig. 8 displays the STEM analysis, including HAADF mode imaging and EDS 

elemental mapping, of samples with sintering aids. In BZCY721 samples with sintering aids, no 

local segregation of constituent elements as particle or at the grain boundary is found in BZCY721 

with NiO regardless of the way of adding it, as shown in Fig. 8a and 8b. The addition of ZnO 

triggered the segregation of Y2O3 in BZCY721 in size of ~0.2−0.5 µm. ZnO is located at the same 

site as Y as shown in Fig. 8c. For BZCYYb4411 samples, a homogeneous distribution of elements 

is found when NiO is added in nitrate form. However, in the diffuse NiO case in Fig. 8e, 

segregation of Y2O3 and Yb2O3 is found. Ni is concurrently present with these simple oxides and 

at the grain boundaries. When ZnO is used, homogeneous element distribution is achieved in 

grains. But Zn accumulation at the grain boundary is found as shown in Fig. 8f. 

The Y/Yb segregation triggered by the sintering aid is quite intriguing. No segregation was 

observed in either sample when 0.5 wt.% NiO was added as a sintering aid, presumably due to 

its small amount. ZnO and diffuse NiO triggered Y/Yb segregations, but in different manners. ZnO 

led to segregation in BZCY721, but not in BZCY4411; vice versa for diffuse NiO. It is very common 

to see sintering aid-triggered Y/Yb segregations in Ba(CeZr)O3-based electrolytes in the literature 

when the amount of the sintering aid exceeds a certain threshold.[42-44] For ZnO sintering aid, 



the same amount of ZnO (3 wt.%) was added to both candidates. The difference between 

BZCY721 and BZCYYb4411 in Y/Yb segregation might be due to the different Ba loss during 

sintering. It is well-known that Ba evaporates more severely than Zr and Ce at densification 

temperature, leading to an unbalanced A/B site ratio. This is more pronounced when Zn sintering 

aid is introduced to form the low melting point eutectic Ba-Zn-O phase. Since BZCY721 was 

densified at 1450°C and BZCYYb4411 at 1400°C, the former could lose more Ba. As a result, the 

unbalanced A/B site will trigger the extra B site element to segregate. As the dopant yttrium 

possesses a size mismatch to the host Zr, yttrium segregation occurs. It is also interesting to 

notice that a solid solution could be formed between ZnO and Y2O3, though the possible phase 

structure cannot be identified yet.  

Diffuse NiO causes exactly the opposite trend. However, the cause should be different from ZnO. 

The exact amount of NiO diffused into BZCY721 and BZCYYb4411 is unknown, depending on the 

diffusivity of Ni inside these candidates. BZCYYb4411 has a larger lattice structure than BZCY721, 

which could benefit the Ni diffusion. It can be seen clearly that Ni appeared in the whole sampling 

area of BZCYYb4411 and heavily occupied the grain boundaries, indicating a strong diffusion. The 

corresponding TEM EDS showed that the atomic fraction of Ni in BZCY4411 is 2.5% in the grain 

and surged to 5% at the grain boundary. However, this value is 1.5% for the BZCY721 sample, 

regardless of grain or grain boundary. It implies that more Ni indeed diffused into BZCY4411 than 

BZCY721. When enough amount of Ni occupies the B site in BZCYYb4411, the Y/Yb segregation 

results.       

It is not surprising to see that the NiO/ZnO sintering aid compromises the ionic conductivity these 

segregation phases are formed and the host materials deviate off its nominal composition, as in 

the case of BZCY721 with ZnO and BZCYYb4411 with diffuse NiO. Remarkably, even in the cases 

where a lower than usual amount is used (0.5 wt.% vs. ~1−4 wt.%) and the sintering aid is 

incorporated into the lattice due to its minute quantity, as seen in BZCY721 with NiO and 

BZCYYb4411 with NiO, the defective cation site replacement of Ni for B-site elements can still 

exert a significant detrimental effect on the ionic conductivity. The sole exception is where the 

sintering aid did not influence the ionic conductivity is BZCYYb4411 with ZnO. Although grain 

boundary ZnO accumulation has occurred, substantial grain growth from ~1−2 µm to 5 µm has 

reduced the number of grain boundaries.[45] These two factors appear to counterbalance each 

other, resulting in a nearly unchanged conductivity.  

NiO decreased ti more than ZnO. This distinction is likely linked to the fact that Ni is multivalent 

(2+, 3+ or even 4+) in the oxides but Zn is not (2+ only). In these electrolytes, every Ni cation has 

the potential to serve as an electronic defect host, facilitating the transmission of the electronic 

current. Diffused NiO has led to the lowest ionic conductivity and ti values, presumably due to a 

higher than 0.5 wt.% NiO that has diffused from the NiO substrate to the electrolyte under the 

sintering conditions.  



These findings underscore that the amount of ZnO sintering aid should be carefully chosen if ever 

needed and the adverse impact of high temperature sintering of Ni-containing 

cermet/electrolyte bilayer on the performance the PCCs is a notable concern. These issues could 

potentially be circumvented through other innovations, such as ultra-fast sintering techniques or 

a scaffold-infiltration fabrication strategy. 



 



 



Fig. 8 STEM-HAADF imaging and STEM-EDS elemental mapping of BZCY721 sintered at 1450 oC 

with (a) NiO, (b) diffuse NiO, (c) ZnO, and BZCYYb4411 sintered at 1400 oC with (d) NiO, (e) diffuse 

NiO, and (f) ZnO, 1 µm scale bar. 

5. Conclusion 

Operation-specific transport properties of four commonly used protonic electrolytes were 

investigated for the first time. Polarization and atmosphere were controlled to study the 

electronic leakage of electrolytes under fuel cell and electrolysis cell modes. BZCYYb1711 had two 

to three times higher electronic leakage in oxygen-containing environments than all others. BZY82 

exhibited two times higher electronic leakage in hydrogen-containing environments. Of all four 

operating conditions, the one leading to the most electronic leakage for all candidates was the air side 

of the fuel cell conditions. The probable cause is a H2-free, polarization-induced reduction that gives 

rise to the formation of VO
• . The electron small polaron associated with VO

•  is released by the electrical 

field due to the Poole-Frenkel effect, leading to a fast drop in the ion transport number with applied 

polarization. Of them, BZCY721 and BZCYYb4411 demonstrated relatively high ion transport numbers 

across all four operating conditions. Sintering aids, especially NiO, substantially lowered the ion 

conductivity and transport number. A high efficiency PCC should have high ti values in all four 

electrolyte operating conditions. A rational electrolyte design can couple BZCYYb1711 at fuel side 

with BZCY4411 at air side to deliver optimal performance and efficiency, and at the same time 

shorten or replace the high temperature sintering process with a NiO fuel electrode by ultra-fast 

sintering techniques or a fuel electrode scaffold-infiltration fabrication strategy. 
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