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Critical Role of Acceptor Dopants in Designing Highly Stable and 
Compatible Proton-Conducting Electrolytes for Reversible Solid 
Oxide Cells 
Zheyu Luo, ‡a Yucun Zhou, ‡a Xueyu Hu,a Nichloas Kane,a Tongtong Li,a Weilin Zhang,a Zhijun Liu,a 
Yong Ding,a Ying Liu,b and Meilin Liu *a

Proton-conducting electrolytes are receiving increasing attention due to their high ionic conductivity at intermediate 
temperatures, enabling the operation of solid oxide cells with high energy efficiency at low cost. However, the effect of B-
site dopants on the properties of doped barium hafnate-cerate electrolyte materials, especially in single cells under 
operating conditions, has not been systematically studied. Here we report our findings in the development of a series of 
proton-conducting electrolytes with a general formula of BaHf0.1Ce0.7R0.2O3-δ (BHCR172, R = Yb, Er, Y, Gd, Sm). The results 
reveal that electrical conductivity, ionic transference number, chemical stability against steam and CO2, and compatibility 
with NiO during sintering are all closely correlated with the dopant size. In particular, the reaction with NiO is found to 
strongly affect the properties of the electrolytes and hence cell performance. Among all tested compositions, 
BaHf0.1Ce0.7Yb0.2O3-δ (BHCYb172) shows excellent chemical stability and minimal reactivity towards NiO, as predicted from 
density functional theory (DFT)-based calculations and confirmed by experimental results. In addition, proton-conducting 
reversible solid oxide cells (P-ReSOCs) based on the optimized electrolyte composition, BHCYb172, demonstrate exceptional 
performance and stability, achieving a remarkable peak power density of 1.74 W cm-2 (O2 as the oxidant) at 600 oC in the 
fuel cell mode and a high current density of 2.0 A cm-2 at 1.3 V and 600 oC in the steam electrolysis mode while maintaining 
excellent durability for over 1000 h.   

Introduction
Climate change is one of the urgent challenges facing us today, 
and the development of clean, secure, and sustainable energy 
is a top priority within the scientific community. H2 is one of the 
many renewable energy sources that have the potential to 
replace fossil fuels in order to cut CO2 emissions and achieve 
carbon neutrality.1, 2 Reversible solid oxide cells (ReSOCs), which 

can operate efficiently under both fuel cell (H2 to electricity) and 
electrolysis (electricity to H2) modes in a switchable manner, are 
a game changer for the implementation of renewable (e.g., 
solar, wind, and geothermal) energy technologies because they 
can bridge the gap between where or when electricity is 
generated and where or when it is actually needed. For 
example, ReSOCs can be used as an electrolyzer to produce H2 
(or other clean chemical fuels) when extra electricity is available 
from wind turbines or solar cells in remote locations; when 
electricity is needed during night, they can be run as a fuel cell 
to convert H2 to electricity. ReSOCs are ideally suited for load 
leveling to bridge the gap between production and use of 
electricity on a large scale.
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Broader context 
While impressive advances are being made in enhancing the efficiency while reducing the cost of renewable energy technologies (e.g., solar & wind), the integration of them 
with the existing electric grids is hindered by the lack of efficient and cost-effective energy storage technologies. Reversible solid oxide cells (ReSOCs) that allow efficient 
conversion between chemical fuels and electrical energy are a promising option for large scale energy storage and load leveling. In particular, ReSOCs based on proton 
conductors (P-ReSOCs) have potential for efficient operation at intermediate temperatures (400 - 650 oC), which greatly reduces the cost while prolonging the operational 
life. However, the widespread application of P-ReSOCs hinges on the development of highly conductive and durable proton conductors. Here we report a new proton-
conducting electrolyte, BaHf0.1Ce0.7Yb0.2O3-δ (BHCYb172), with high proton conductivity, good compatibility with a Ni-based fuel electrode during fabrication, and excellent 
chemical stability under operating conditions in both the fuel cell and electrolysis modes. The remarkable enhancement in properties of the electrolyte is attributed mainly 
to rational selection of proper dopants. The concept may offer insights into rational design of novel materials for other chemical and energy transformation technologies, 
including metal-air batteries, electrolyzers, and electrocatalysis.       
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Both oxygen ion-conducting and proton-conducting 
electrolytes have been used for ReSOCs.3 The ReSOCs based on 
proton-conducting electrolytes are attracting more attention in 
recent years since the electrolytes can achieve a much higher 
ionic conductivity (e.g., 0.01 S cm-2 at 500 oC) than the 
conventional oxide ion-conducting counterparts at 
intermediate temperatures, enabling the application of low-
cost cell components. Moreover, water is formed/provided on 
the air electrode side of the cell, effectively preventing fuel 
dilution and nickel oxidation problems associated with oxide ion 
conductor-based cells.4-7 Accordingly, proton conductor-based 
ReSOCs have great potential to achieve high efficiency at low 
cost. However, one of the reasons that they have not been 
widely adopted is the difficulty in finding an electrolyte material 
that possesses both high ionic conductivity and sufficient 
stability against high concentrations of steam and carbon 
dioxide.8, 9

To date, doped barium cerates, doped barium zirconates, and 
their solid solutions are the most widely used proton-
conducting electrolytes.10-15 Research focus has gradually 
shifted from zirconates to cerates due to enhanced conductivity 
and favorable sinterability.16-21 Undoped barium zirconates or 
cerates have limited conductivity because proton conduction 
requires the creation of protonic defects in the ABO3 perovskite 
lattice through dissociative adsorption of water (Reaction 1). In 
order to obtain sufficient proton conductivity under humidified 
conditions, it is necessary to introduce extrinsic oxygen 
vacancies by doping to allow for the incorporation of water, and 
acceptor-doping is the most commonly adopted strategy. For 
example, replacing two cerium ions by two yttrium ions will 
produce one oxygen vacancy (Reaction 2). Subsequently, the 
oxygen vacancy can accommodate a water molecule to produce 
protonic charge carriers; the motion of these protons 
contributes to ionic conduction.22-24 Theoretically, proton 
conductivity depends on both the concentration and mobility of 
the protonic charge carriers. Although all trivalent dopants are 

likely going to introduce similar amounts of oxygen vacancies if 
they can be successfully doped into the B-site of the perovskite, 
not all of them participate in the hydration reaction.25 For 
protonated charge carriers, their mobility within the material 
lattice also depends sensitively on the choice of dopants, since 
the degree of the proton trapping effect varies greatly as the 
constituent ions change.26, 27 To date, many trivalent elements 
have been tried as dopants in the barium cerate family and 
reasonable electrochemical performance has been 
demonstrated.28, 29  However, detailed correlations between 
the choice of dopant and the electrochemical properties of the 
electrolyte have not been systematically explored, especially in 
single cells under operating conditions, which hinders the 
rational design and optimization of ReSOCs. 
In this work, we have systematically investigated a series of proton-
conducting electrolytes with a general formula of BaHf0.1Ce0.7R0.2O3-

δ (BHCR172, R = Yb, Er, Y, Gd, Sm) to uncover the correlations 
between R3+ and electrical conductivity, ionic transference 
number, chemical stability, compatibility with NiO, and cell 
performance.30 It is found that both conductivity and chemical 
stability are strongly correlated with dopant size, and NiO 
compatibility increases as the ionic radius of the rare earth 
dopant decreases. Moreover, reactivity with NiO during 
sintering is identified as another critical parameter that 
determines the performance on the single cell level. A Yb-doped 
electrolyte, BaHf0.1Ce0.7Yb0.2O3-δ (BHCYb172), offers excellent 
chemical stability against both H2O and CO2 and the best 
electrode compatibility when compared to other compositions, 
as confirmed by both experimental and computational results 
(Fig. 1). Further, proton-conducting reversible solid oxide cells 
(P-ReSOCs) based on the BHCYb172 electrolyte were fabricated 
and tested under typical operating conditions, demonstrating 
exceptional performance and stability in both fuel cell and 
electrolysis modes.

Fig. 1 Schematic of the properties of BHCYb172.
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(1)                                                                                    
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𝐂𝐞 𝐎 ×
𝐎  𝟐𝐘′𝐂𝐞 𝐕¨

𝐎

(2)                                                                                            

Results and discussion
Structural characterization of BHCR172

The crystal structures of Yb/Er/Y/Gd/Sm-doped BHCR172 and 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb1711) were investigated using 
X-Ray diffraction (XRD). As shown in Fig. S1 (ESI), all as-sintered 
samples have a cubic perovskite structure. To gain a deeper 
understanding of the structural arrangement, selected area 
electron diffraction (SAED) patterns and high-resolution 
transmission electron microscope (HRTEM) images were 
collected for BHCYb172 (Fig. 2a-d, Fig. S2, ESI). The SAED 
patterns can be successfully indexed according to the cubic 
double perovskite structure with a space group of Fm m. The 𝟑
SAED pattern of BHCYb172 is characteristic of a typical cubic 
perovskite lattice along the [001] zone axis of the sample 
aligned parallel to the electron beam. In addition to the Bragg 
reflections characteristic of the cubic perovskite unit cell, 
superlattice reflections/existence of the ( 1 ) planes were 𝟏 𝟏
observed along the [ 01] zone axis of the sample, indicating the 𝟏
presence of a double perovskite lattice, which is attributed to B-
site cation ordering in the structure.31 In the case of BHCYb172, 
the ordering is mainly caused by the differences in ionic radius 
and charges among the Hf4+, Ce4+, and Yb3+ ions. The ordered 
dopant structures could be beneficial to proton conductivity 

through a possible lower dimensional proton conduction 
pathway in which enabled by a percolated dopant network.32, 33 
A distance of 0.44 nm between characteristic rows of (200) are 
observed, and the corresponding lattice parameter for a Fm m 𝟑
double perovskite unit cell should be 2*0.44 nm=0.88 nm, 
which is consistent with the lattice parameter obtained from 
XRD Rietveld refinement (Fig. 2e).

Fig. S3 (ESI) shows the crystal structure of BHCYb172 with a Fm𝟑
m space group, in which some of the B-sites (4a) are occupied 
by ordered Ce4+, whereas the remaining Ce4+, Hf4+, and Yb3+ are 
situated in the 4b-site. Fig. 2f shows a magnified view of the 
(220) peak of BHCR172 (R = Yb, Er, Y, Gd, Sm). As the ionic radius 
of R increases, the peak positions shift to lower angles, which 
indicates an increase in the lattice parameter and cell volume, 
confirming the desired materials were obtained. 

Investigation into the electrochemical properties of acceptor-
doped electrolytes

The conductivities of dense BHCR172 (R = Yb, Er, Y, Gd, Sm) 
electrolyte pellets were measured in argon with 3% H2O using 
electrochemical impedance spectrometry (EIS) at temperatures 
ranging from 400 to 700 oC (Fig. S4, ESI). From the example 
Nyquist plots of the EIS scans for BHCYb172, only one clear 
intercept on the x-axis is observed, and the grain and grain 
boundary contributions cannot be separated at all 
temperatures (Fig. S5, ESI). As shown in Fig. 3a, conductivities 
of BHCR172 electrolytes are comparable to the state-of-the-art 
proton-conducting electrolyte BZCYYb1711, and all tested 

Fig. 2 SAED patterns of BHCYb172 along the a) [001] and b) [ 01] zone axis aligned parallel to the electron beam. HRTEM images corresponding to the c) 1

[100] and d) [ 01] zone axis of the sample. e) XRD Rietveld refinement for BHCYb172. f) Magnified view of the (220) peak of BHCR172 (R = Yb, Er, Y, Gd, 1

Sm).
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compositions showed a low activation energy in range of 0.32-
0.34 eV, which is characteristic for proton conductors.34 The 
conductivity at 600 oC as a function of dopant size shows a 
gradual increase from Yb3+ to Gd3+, followed by an abrupt drop 
once the dopant size is further increased to 0.958 nm for Sm3+ 
(Fig. 3b). As discussed by Amsif et al., proton conduction in 
perovskite oxides is favored by minimal deviation from the ideal 
cubic structure and maximal lattice free volume. Since both the 
lattice distortion and free volume of perovskite oxides increase 
as the ionic radius of the rare earth dopant gets larger, trivalent 
dopants with an intermediate ionic radius are expected to give 
the highest conductivity as they offer balanced lattice distortion 
and free volume, which might explain the optimized 
conductivity of Gd-doped sample.35 Another possibility is the 
partial substitution of large Sm3+ cations on the Ba-site, which 
would result in the consumption of oxygen vacancies, 
decreasing overall conductivity, while smaller cations can only 
situate at the B-site.36

As EIS only gives total electrical conductivity, the ionic 
transference number, tion, was measured to determine the 
actual ionic contribution to electrical conduction in the 
materials under realistic cell operating conditions.37 As shown 
in Fig. 3c, the measured tion is close to unity at 500 oC for all 
materials and decreases with increasing temperature, 
suggesting that ionic species are the only mobile charge carries 
at temperatures lower than or close to 500 oC. It is reported that 
BaCeO3-based proton conductors are nearly pure ionic 
conductors under reducing atmospheres, but electronic leakage 
could be a concern under oxidizing atmospheres (i.e., high 
partial pressure of oxygen, po2), in which O2 can combine with 
oxygen vacancies inside the material to form electron holes, 
leading to electronic leakage (Reaction 3).38-40 This reaction is 
more favorable at temperatures higher than 600 oC as 
dehydration becomes significant. Without enough water to 
interact with oxygen vacancies to generate protonic defects, 
the oxygen vacancy defects can freely combine with O2 to 

Fig. 3 a) Conductivity of BHCR172 (R = Yb, Er, Y, Gd, Sm) and BZCYYb1711 as a function of temperature. b) Conductivity of BHCR172 at 600 oC as a function 
of ionic radius of R3+. c) Ionic transference number measured under cell operation conditions. d) Conductivity of BHCYb and BHCY172 as a function of po2 
at different temperatures.
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produce electron holes, resulting in observable electronic 
leakage at elevated temperatures.41-43 The results from ionic 
transference number measurements are consistent with the 
observed dependence of conductivity on po2. While po2 has 
little effect on the total electrical conductivity at 400 and 500 
oC, a clear increase in conductivity with po2 is observed at 600 
and 700 oC, due likely to the increased contribution from 
electron holes (Fig. 3d and Fig. S6, ESI). 

It has been reported that the ionic transference number 
decreases with increasing ionic radius of the trivalent dopant.44 
Thus, although BaHf0.1Ce0.7Gd0.2O3-δ (BHCGd172) shows the 
highest conductivity from EIS measurements, the larger 
electronic contribution to the conductivity makes it less suitable 
for ReSOCs. In contrast, both Y- and Yb-doped samples possess 
highly desirable ionic transference numbers (tion > 97% at 600 

oC), making them better candidates as electrolyte materials for 
ReSOCs.

O2 + 2    +                                                                      𝐕¨
𝐎 𝟒𝐡˙ 𝟐𝐎 ×

𝐎

(3)                                                                                    

Impact of acceptor dopants on the chemical stability against H2O 
and CO2

It is reported that acceptor-doped barium cerate materials are 
vulnerable to high concentrations of steam and carbon dioxide 
with the formation of Ba(OH)2 and BaCO3, respectively.45-48 The 
stability of various BHCR172 compositions were tested in CO2 
conditions as the formation of BaCO3 can easily be detected 
using conventional characterization techniques such as XRD, 
while the solubility of the Ba(OH)2 impurity phase in water 
prevents its identification by various characterization 
techniques. To test the stability of these materials, XRD patterns 
were obtained after exposing electrolyte pellets to 30% CO2 (3% 
H2O) in Ar for 50 h at 500 oC. As shown in Fig. S7a-b (ESI), the 
degradation phase was identified as BaCO3 by XRD. To quantify 
the extent of degradation, the ratio of the BaCO3 peak intensity 
to that of the original perovskite (at around 29°) was calculated, 

Fig. 4 a) Magnified view of XRD patterns of BHCR172 (R = Yb, Er, Y) pellets after exposure to 30% CO2 and 3% H2O in Ar at 500 oC for 300 h. b) Intensity 
ratio between the BaCO3 and perovskite (220) peaks of BHCR172 as a function of ionic radius of R3+. Conductivity of BHCYb172, BHCY172, and BZCYYb1711 
over 500 h in c) 30% CO2 and 3% H2O, and d) 30% H2O in Ar at 500 oC.
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as shown in Fig. S7c (ESI). The results show that the correlation 
of the peak ratio with the dopant size is similar to that with 
conductivity in Fig. 3b. The data show that the conductivity and 
chemical stability of rare earth-doped barium cerate materials 
are closely related and a trade-off between them is difficult to 
avoid. In addition, the stability of the Yb-, Er-, and Y-doped 
materials were also evaluated by exposure to 30% CO2 (3% H2O) 
in Ar for 300 h at 500 oC. As shown in Fig. 4a and Fig. S8 (ESI), 
much more severe degradation was observed with a prolonged 
testing time. Similarly, Fig. 4b shows that the extent of 
degradation is strongly related to the dopant size. In the 
subsequent tests, BHCYb172 and BaHf0.1Ce0.7Y0.2O3-δ (BHCY172) 
were selected for further characterization and comparison since 
both Yb- and Y-doped materials showed desirable ionic 
transference numbers, and they are also the two constituents 
of the state-of-the-art proton conductor BZCYYb.

To understand the effect of degradation on the electrochemical 
performance of these materials, long-term conductivity 
evolution was measured in 30% CO2 (3% H2O) in Ar and 30% H2O 
in Ar for 500 h at 500 oC (Fig. 4c-d). The %degradation/500h of 
BHCYb172 and BHCY172 upon CO2 exposure is 6.8% and 10.7%, 
respectively, and 1.9% and 3.7% upon H2O exposure, 
respectively. It is clear that the perovskite Ba(Hf,Ce)O3-based 
proton conductors are more stable in high concentration of H2O 
than CO2. The results show that the degradation proceeds 
slowly over the 500 h for both BHCYb172 and BHCY172, while 
BHCYb172 exhibits a much lower percentage of conductivity 
degradation under both testing conditions over the entire 500 
h, suggesting Yb-doping positively affects the stability of the 
electrolyte materials. Moreover, BZCYYb1711 was also included 
for comparison, and it is worth noting that with 10% Yb-doping, 
BZCYYb1711 shows similar degradation rate to that of BHCY172, 
which is likely because BaZrO3 is less stable than BaHfO3, and 
that effect compensates the substitution of 10% Y by Yb.

For thick pellet samples, it is possible that a thin layer of 
degradation phase may form at the surface initially, preventing 
further reaction between the contaminants and the bulk 
materials. As such, fine powders of BHCYb172 and BHCY172 
were exposed to 10% CO2 (3% H2O) and Ar for 20 h at 500 oC for 
further verification. As shown in Fig. S9a-b (ESI), BaCO3 was 
detected for both BHCYb172 and BHCY172, and the main BaCO3 
peak has a greater intensity for BHCY172 than for BHCYb172, 
confirming the better stability of BHCYb172. Again, the BaCO3 
peak intensity is comparable for BHCY172 and BZCYYb1711, 
implying that the two compounds have similar stability, which 
is consistent with the results from long-term conductivity 
measurements. 

While stability measurements were performed using electrolyte 
pellets and powder samples, the actual solid oxide fuel cells 
(SOFCs) and solid oxide electrolysis cells (SOECs) for 
electrochemical performance evaluation were based on an 
electrolyte layer that is only tens of microns thick. Therefore, to 
verify the stability of these materials under more realistic 
SOFC/SOEC operating conditions, XRD patterns of the surface of 
the BHCYb172 and BHCY172-based fuel electrode-supported 
half cells were collected after exposure to 30% CO2 (3% H2O) in 

Ar for 300 h at 500 oC. Here, the Yb-doped material also shows 
improved stability as compared to the Y-doped counterpart (Fig. 
S9c-d, ESI). Fig. S10 (ESI) shows the corresponding surface 
morphology after long-term CO2 exposure. While the original 
electrolyte grain structures cannot be observed as the surfaces 
are heavily covered by BaCO3, the BHCYb172-based cell shows 
a smaller BaCO3 particle size on average as compared to the 
BHCY172-based cell. 

DFT-based calculations

Along with experimental results, DFT-based calculations were 
used to study the stability of BHCR172 against H2O and CO2. 
Thermodynamic analysis in Fig. 5a-b shows that the Gibbs free 
energy (ΔG) of the reaction between BHCYb172 and H2O is 
higher than that of the Er- and Y-doped electrolytes, indicating 
a higher H2O tolerance due to Yb incorporation, which is 
consistent with the results from the stability measurements. 

To emphasize the influence of rare earth dopants on the 
stability of electrolyte materials, the CO2 and H2O adsorption 
behaviors were investigated with AO-terminated BHCR172 
(001) surfaces (Fig. 5c).49-51 For Yb-, Er-, and Y-doped BHCR172, 
the calculated CO2 chemical adsorption energies are -3.28, -
3.37, and -3.51 eV, respectively, while the H2O adsorption 
energies are -2.59, -2.67, and -2.76 eV, respectively (Fig. 5d). 
The DFT-based calculations further confirm the superiority of 
Yb-doping in suppressing surface CO2 and H2O adsorption. The 
calculated Eads values show a clear trend with respect to dopant 
size for both the CO2 and H2O contamination cases, which is 
similar to the phenomenon observed in Fig. 4b and Fig. S7c (ESI). 

Both experimental and computational results show that Yb-
doping enhances the stability of electrolyte materials against 
both CO2 and H2O exposure more than other conventional 
trivalent dopants such as Er3+ and Y3+. Specifically, the optimized 
composition, BHCYb172, showed sufficient chemical stability 
even under harsh conditions such as 30% H2O at 500 oC (Fig. 4d). 
Furthermore, the comparable conductivity to that of the state-
of-the-art BZCYYb1711 suggests that BHCYb172 could be a 
promising electrolyte candidate for SOFC and SOEC 
applications.  

Compatibility with electrode materials

It is critical for electrolyte materials to be chemically compatible 
with both air and fuel electrode components during cell 
fabrication and operation, especially the high temperature co-
firing processes. First, the chemical compatibility between 
BHCR172 and a highly active air electrode material 
Ba0.9Co0.7Fe0.2Nb0.1O3-δ (BCFN) was investigated. Fig. S11 (ESI) 
shows the XRD patterns of the powder mixture of BHCR172 and 
BCFN (in a weight ratio of 1:1) after annealing at 1000 oC for 4 
h. Both BHCR172 and BCFN maintained their initial phases, and 
no secondary peaks were observed. 
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As the fuel electrode is often composed of an electrolyte-NiO 
cermet, the chemical compatibility between BHCR172 and NiO 
was examined. Unlike air electrode fabrication, the co-firing 
process for the fuel electrode-electrolyte bilayer takes place at 
much higher temperatures (>1400 oC), which easily induces 
reactions between cell components.52 Fig. 6a and Fig. S12 (ESI) 
shows the XRD patterns of a mixture of BHCR172 and NiO (in a 
weight ratio of 1:1) after firing at 1400 oC for 5 h. For BHCYb172, 
no other peaks exist besides the perovskite peaks and NiO 
peaks. However, for the electrolytes doped with Er, Y, Gd, and 
Sm, the XRD patterns display the existence of small peaks 
associated with BaR2NiO5. Additionally, Fig. 6b shows that the 
relative intensity of the BaR2NiO5 peak displays strong 
correlation with the ionic radius of the dopant. It has been 
reported that the thermodynamic driving force for dopant 
segregation increases with increasing dopant size, especially at 
elevated temperatures where dopants are mobile, which could 
lead to the reaction between NiO and segregated cations.53, 54 
Fig. S13a-e (ESI) shows that BaR2NiO5 starts to form at 
temperatures as low as 1100 oC, so a lower sintering 
temperature may not be able to completely diminish the 
formation of this phase. At a co-firing temperature of 1100 oC, 
larger shrinkage of the pellet was found for those materials that 
exhibited a strong reaction with NiO (Fig. S13f, ESI). The 
formation of BaR2NiO5 is known to promote sintering of 
electrolyte materials as an intermediate liquid phase, thus 
stronger interaction with NiO is possibly contributing to an 
enhanced sintering ability for those samples doped with larger 
trivalent dopants.55-58 

To further confirm the reactivity under cell fabrication 
processes, fuel electrode-supported half cells using BHCYb172 
and BHCY172 electrolytes were fabricated and characterized 
after co-firing. Fig. 6c-d shows the SEM images of the electrolyte 
surface of the two cells, and the formation of secondary 
particles can be clearly identified on the BHCY172-based half 
cell, while the BHCYb172-based cell exhibits a clear and smooth 
surface. Further energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping analysis shows that the secondary particles 
are rich in Y and Ni while the presence of Hf and Ce is not 
detected, which matches the elemental constituents of 
BaY2NiO5 (Fig. 6e-f and Fig. S14, ESI). Unlike pellet fabrication 
where NiO is added as a sintering aid, the only NiO source 
during cell fabrication is from the fuel electrode, indicating 
diffusion of NiO at high temperatures is extensive enough to 
penetrate the thickness of the electrolyte layer, which is around 
10 μm. As shown in Fig. S15-16 (ESI), a BHCY172-based half cell 
with a 50 μm thick electrolyte layer was fabricated, and the 
formation of BaY2NiO5 was still confirmed by both XRD and EDS 
after sintering, suggesting the diffusion length of NiO can be as 
far as 50 μm at elevated temperatures, and it is very difficult to 
suppress with conventional cell fabrication methods. In 
comparison, the cross-section of the BHCYb172-based cell is 
free of secondary particles, suggesting an excellent phase 
compatibility between Yb-doped electrolytes and NiO (Fig. S17, 
ESI). 

It is reported that the reactivity between the electrolyte and 
NiO depends sensitively on the doping concentration of R3+. For 
example, the solubility of Y in the Ba-Zr-Y-Ni system at 

Fig. 5 a) The H2O reaction schematic between BHCYb172 and H2O. b) Gibbs free energy curves for the reaction of H2O with BHCR172 (R=Yb, Er, Y). c) The 
CO2 (top) and H2O (bottom) adsorption behavior for AO-terminated BHCR172 (001) surfaces. d) CO2 and H2O Eads as a function of the ionic radius of R3+.
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temperatures above 1500 oC is about 12%, and the solubility of 
larger dopants such as Gd and Sm could be even lower.59 As 
confirmed in Fig. S18 (ESI), BaHf0.1Ce0.8Y0.1O3-δ (BHCY181) shows 
no compatibility issues with NiO, and BHCYb starts to react with 
NiO when the Yb content is increased to 30% on the B-site, 
suggesting the solubility limit of Yb in the Ba-Hf-Ce-Yb-Ni system 
is between 20 and 30% at elevated temperatures. Although the 
compatibility issue can be resolved with lower Y content, it is 
found that the conductivity of BHCY181 is significantly lower 
than that of BHCY172, due likely to the lack of oxygen vacancies 
available for proton incorporation at such a low doping level 
(Fig. S19, ESI). It is also found that the conductivity of 
BaHf0.1Ce0.6Yb0.3O3-δ (BHCYb163) is comparable to that of 
BHCYb172, but 20% Yb3+ doping on the B-site is indeed the 
optimal concentration to have both good conductivity and 
chemical compatibility with NiO.60, 61 

It is possible that trivalent dopants with even smaller ionic radii, 
such as In3+, may have better compatibility during cell 
fabrication. However, it is reported that In-doped electrolytes 
give poor conductivity, which leaves Yb the most practical 
acceptor dopant that shows excellent compatibility with NiO at 
a doping concentration of 20% on the B-site, while maintaining 
adequate conductivity.35, 62 

In addition, our results may explain why the state-of-the-art 
BZCYYb1711 electrolyte gives excellent cell performance.63, 64 
First, although the total doping level on the B-site is 20%, the Y 
content is only 10%, which is lower than the solubility limit 

during co-firing. As a result, BZCYYb1711 shows excellent 
compatibility with NiO and the formation of secondary phases 
is prevented (Fig. S20, ESI). In addition, Yb- and Y-doping are 
responsible for maintaining high stability and conductivity, 
respectively, as confirmed by our results. Furthermore, the NiO 
compatibility of two other commonly used proton-conducting 
electrolytes, BaZr0.4Ce0.4Y0.1Yb0.1O3-δ (BZCYYb4411) and 
BaZr0.8Y0.2O3-δ (BZY82) were also investigated. While 
BZCYYb4411 shows no reaction, the formation of BaY2NiO5 
phase can be clearly identified with BZY82, further confirming 
Y-doping beyond 10% on the B-site may cause NiO compatibility 
issues during cell fabrication (Fig. S21, ESI). It is interesting to 
note that the degree of reaction between BZY82 and NiO is 
more severe than the case of BHCY172, indicating the other 
constituents in the electrolyte composition might also have 
some impact on NiO reactivity. Accordingly, doping with 
multiple cations on the B-site for different functionalities could 
be a viable strategy to achieve balanced NiO compatibility and 
electrochemical performance during electrolyte development. 

Electrochemical performance of fuel electrode-supported single 
cells 

NiO is widely used as a sintering aid for electrolyte densification 
due to the formation of a liquid BaR2NiO5 phase during sintering. 
However, this phase may not completely disappear after cell 
fabrication if the doping concentration of R3+ exceeds the 
solubility limit in the Ba-Hf/Ce/Zr-R-Ni system. Formation of this 

Fig. 6 a) Magnified view of XRD patterns of BHCR172 (R = Yb, Er, Y, Gd, Sm) after firing with NiO at 1400 oC for 5 h. b) Intensity ratio between the BaR2NiO5 
and perovskite (220) peaks of BHCR172 (R = Er, Y, Gd, Sm) as a function of the ionic radius of R3+. c) SEM image of the electrolyte surface of a Ni-
BHCYb/BHCYb172 half cell with an electrolyte thickness of 10 µm after firing at 1400 oC for 5 h. d-f) SEM image and EDS mapping of the electrolyte surface 
of a Ni-BHCY/BHCY172 half cell with an electrolyte thickness of 10 µm after firing at 1400 oC for 5 h.
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phase will lead to exsolution of Ba and Y from the bulk 
electrolyte phase, resulting in deviation from the desired 
electrolyte composition and electrochemical properties 
(Reaction 4).65-67 Also, the existence of these secondary 
particles on the electrolyte surface might create a poor 
interface between the electrolyte and air electrode, leading to 
an enlarged polarization resistance. Moreover, BaR2NiO5 is 
more electronically conducting than the parent electrolyte 
phase, thus the formation of this phase might result in 
increased electronic leakage through the electrolyte layer. 
Furthermore, the difference in thermal expansion coefficient 
between BaR2NiO5 and the electrolyte phase might cause 
cracking in the electrolyte layer during thermal cycling, causing 
other  problems (e.g., gas leakage).68  To test these hypotheses, 
single cells with a configuration of Ni-
BHCYb172/BHCYb172/BCFN and Ni-BHCY172/BHCY172/BCFN 
were constructed to evaluate the cell performance. As shown in 
Fig. 7a and Fig. S22 (ESI), dense electrolyte membranes with a 
thickness of about 10 μm were achieved in both cases. The open 
circuit voltages (OCVs) of the BHCYb172-based cell are 1.09, 
1.07, and 1.04 at 550, 600, and 650 oC, respectively, and the 
peak power densities (PPDs) are 0.77, 1.21, and 1.79 W cm-2 at 
550, 600, and 650 oC, respectively, as shown in Fig. 7b. Further, 

another cell was tested to show the effect of feed gas in the air 
electrode on the cell performance (Fig. S23, ESI). When the 
oxidant was switched from ambient air to pure O2, the PPDs of 
the fuel cell increased from 0.84 to 1.18 W cm-2 at 550 oC and 
from 1.33 to 1.74 W cm-2 at 600 oC. The increase in power 
output is attributed to both the Nernst effect (higher open cell 
voltage) and enhanced mass transfer of oxygen to the active 
sites (lower resistance to oxygen transport). The performance 
achieved in the fuel cell mode is among the highest of those 
reported for proton-conducting solid oxide fuel cells (Table. S1, 
ESI). When compared to the OCVs and PPDs of the BHCY172-
based cell, the BHCYb172-based cell shows substantial 
enhancement, which is consistent with our previous hypotheses 
(Fig. S24-25, ESI). Specifically, PPDs are boosted by about one-
fold at all testing temperatures by using BHCYb172 rather than 
BHCY172. As shown in Fig. S26-27 (ESI), the BHCY172-based cell 
exhibits both higher ohmic resistance (Ro) and polarization 
resistance (Rp) at all temperatures, due likely to the formation 
of BaY2NiO5 secondary particles, leading to lower cell 
performance. Thus, although the BHCY172 electrolyte offers 
higher conductivity than that of the Yb-doped counterpart, its 
performance cannot be fully realized in single cells due to poor 
chemical compatibility with NiO, and the same is also expected 

Fig. 7 a) Cross-sectional SEM image of the Ni-BHCYb172/BHCYb172/BCFN single cell. b) Typical I-V-P curves measured in the fuel cell mode at 500-650 oC 
with H2 (3% H2O) in the fuel electrode and ambient air in the air electrode. c) Typical I-V curves measured in the electrolysis mode at 500-650 oC with H2 
(3% H2O) in the fuel electrode and air (30% H2O) in the air electrode. d) Comparison of current density at 1.3V of SOECs based on proton conductors at 
500-650 oC.12, 69-74 e) Long-term stability in the fuel cell mode with H2 (3% H2O) in the fuel electrode and ambient air in the air electrode at 0.5 A cm-2 and 
600 oC. f) Long-term stability in the electrolysis mode with H2 (3% H2O) in the fuel electrode and air (3% H2O) in the air electrode at -0.5 A cm-2 and 500 
oC. g) Comparison of the duration of stability tests of proton-conducting electrolysis cells at 500 oC.71, 75-77 h) Reversible operation of the cell: the cell 
voltage as a function of time when the operating mode was switched between the fuel cell and electrolysis modes (2-12 h for each mode) at a current 
density of ±0.5 A cm-2 at 650 oC.
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for other electrolytes (such as BHCGd172) with poor NiO 
compatibility. 

As shown in the long-term conductivity test of the electrolytes 
under exposure to 30% steam, the BHCYb172 electrolyte 
exhibits the best stability under realistic electrolysis operating 
conditions (Fig. 4d). As such, BHCYb172 was also tested as an 
electrolyte for water electrolysis. Fig. 7c shows the current-
voltage curves of the electrolysis cell when the fuel electrode 
was exposed to humidified hydrogen (with 3% H2O) and the air 
electrode was exposed to humidified air (30% H2O). As is well 
known, cell performance depends sensitively on the 
composition of the feed gas to the fuel electrode (Fig. S28, ESI). 
In this study, H2 (3% H2O) was supplied to the fuel electrode in 
order to compare the cell performance with those reported in 
literature under similar conditions.12, 69 At 600 oC, a current 
density of 2.0 A cm-2 at a cell voltage of 1.3 V was obtained, 
which is one of the best performances ever reported in 
literature (Fig. 7d).12, 69-74 Faradaic efficiencies are shown in Fig. 
S29 (ESI). The roundtrip electric effeciency (defined as the ratio 
of the cell voltage under the fuel cell mode at 0.5 A cm-2 to the 
cell voltage under the electrolysis mode at 1 A cm-2) of the 
reversible cell was about 84% at 650 oC and 79% at 600 oC. As 
shown in Fig. 7e-f, remarkable long-term durability of the cell in 
both fuel cell and electrolysis modes were demonstrated. 
Especially, for the electrolysis cell, only 0.8% 
degradation/1000h was observed for a total testing time over 
1400 h, which is among the best stability reported, especially at 
such a low testing temperature for proton conductor-based 
cells (Fig. 7g).71, 75-77 It is noted that the degradatioin rate of the 
cell operated in the electrolysis mode (about 0.8%/1000h, Fig. 
7f) is smaller than that of the fuel cell mode (about 9%/1000 h, 
Fig. 7e), attributed likely to the degradation of the air electrode-
electrolyte interface due to water generation, charge transfer, 
and oxygen transport processes in the fuel cell mode.78 Cross-
sectional SEM images of the BHCYb172 cell after the 1400 h 
durability test is shown in Fig. S30 (ESI), revealing a dense 
electrolyte membrane and good bonding with the two porous 
electrodes. In addition, the durability of the cells was also tested 
under aggressive electrolysis conditions; the air electrode was 
exposed to wet air with 30% and 50% H2O. As shown in Fig. S31 
(ESI), excellent long-term stability of the cells was demonstrated 
at a current density of -1 A cm-2 at 600 oC for over 200 h for both 
conditions. Furthermore, the reversibility of the cell was 
evaluated at 650 oC by cyclic operation between the fuel cell 
mode and the electrolysis mode at a current density of ±0.5 A 
cm-2, and there was minimal degradation for over 200 h and 50 
cycles (Fig. 7h). 

BaHf0.1Ce0.7Y0.2O3-δ + xNiO  
xBaY2NiO5 + Ba1-xHf0.1Ce0.7Y0.2-2xO3-4x-δ                                                 (4)

Conclusions

We have successfully developed a Yb-doped barium hafnate-
cerate proton-conducting electrolyte, BaHf0.1Ce0.7Yb0.2O3-δ, 
which demonstrates high ionic conductivity, excellent chemical 
stability against steam and CO2, adequate compatibility with 
NiO during co-sintering and cell fabrication, and exceptional cell 
performance in both the fuel cell and the electrolysis modes. In 
particular, the strong correlation of the size of the B-site 
trivalent dopant with the electrical conductivity, chemical 
stability, and NiO compatibility confirmed that the selection of 
proper B-site dopant is critical to cell performance, as evidenced 
by both experimental and DFT-based computational results.  
Single cells based on BHCYb172 achieved significantly higher 
performance with excellent durability when compared to the Y-
doped counterpart (BHCY172), although the latter displays 
higher ionic conductivity. The poor cell performance is 
attributed to the formation of a secondary phase, BaY2NiO5, 
during cell fabrication, as confirmed by XRD, EDS, and 
electrochemical measurements. Further, the BHCYb172-based 
cells delivered an extraordinary peak power density of 1.33 (or 
1.74) W cm-2 at 600 oC when air (or oxygen) was used as oxidant 
in the fuel cell mode and a high current density of 2.0 A cm-2 at 
a cell voltage of 1.3 V at 600 oC in the electrolysis mode while 
maintaining excellent durability for more than 1000 h. These 
performances are among the best ever reported for reversible 
solid oxide cells under similar operating conditions. These 
results may provide insights into rational selection of dopants 
for the design of proton-conducting electrolytes for high-
performance solid oxide cells.
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