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A B S T R A C T

Triple-conducting oxides (TCOs) are an emerging class of mixed ionic and electronically conducting materials 
that show great promise for oxygen reduction/evolution (ORR/OER) electrocatalysis—primarily in high- 
temperature ceramic electrochemical cells— but also in aqueous alkaline environments. Their high activity is 
attributed, at least in part, to their ability to incorporate and transport three mobile charge carriers: protons, 
oxygen vacancies, and electron-holes. Despite their promise, fundamental studies of TCOs are challenging, as 
transport dynamics from three charge carriers cannot be fully disentangled via traditional electrical measure
ment techniques. Characterizing proton dynamics in TCOs is particularly difficult as protons are generally the 
minority carrier, and their conduction response is typically obscured by the oxygen vacancies and electron holes. 
Here, we demonstrate successful isolation of the proton behavior in an archetypal TCO, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 
(BCFZY4411), using a combination of non-electrical techniques. We determine proton uptake and oxygen non- 
stoichiometry (δ) using thermogravimetric analysis (TGA). X-ray absorption near edge structure (XANES) and 
neutron diffraction (ND) are used to validate the oxidation state of Co and the δ values obtained through TGA. 
We apply 1H solid-state magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) to provide insights into 
local structure, dynamics, and proton kinetics. Finally, the proton transport properties are further quantified 
using tracer isotope exchange with time-of-flight secondary ion mass spectrometry (ToF-SIMS). Despite the very 
low proton concentrations in BCFZY4411 (<0.2 % under most conditions), our analysis suggests that the oxygen 
reduction and evolution reactions are nevertheless limited by the oxygen ion kinetics (e.g., oxygen surface ex
change) rather than the proton kinetics at the reduced operating temperatures (<500 ◦C) that are targeted for 
electrochemical cell applications. These findings provide a comprehensive understanding of proton behavior in 
BCFZY4411 and pave the way for advancing the fundamental study of TCOs.

1. Introduction

Triple-conducting oxides (TCOs) are a unique subset of mixed ion- 
electron conducting (MIEC) materials that facilitate the transport of 
three distinct charge carriers, typically protons (OH•

O), oxygen vacancies 
(V••

O ), and electron holes (h•). This mixed transport behavior contributes 

significantly to their promising electrocatalytic activity, particularly for 
the oxygen reduction and oxygen evolution reactions (ORR/OER) in fuel 
cells and electrolyzers, as these reactions can potentially involve all 
three defect species as key reaction intermediates. TCOs have enabled 
record-breaking performance in both protonic ceramic electrochemical 
cells (PCCs) as well as conventional oxygen ion-conducting solid oxide 
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electrochemical cells (SOCs) [1], e.g., for high-temperature fuel cell and 
electrolysis applications. They have also demonstrated promising per
formance in low-temperature alkaline cells [2].

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY4411) is a prototypical and widely 
used TCO [1,3–5]. The low electronegativity (χ) of Ba (χ = 0.89) en
hances oxygen-site basicity and proton uptake, while Y doping generates 
oxygen vacancies crucial for ionic conduction (H+ and O2− ). Multi- 
valent transition metals (TMs), Co and Fe, facilitate electronic conduc
tion via mobile polaronic electron-holes hopping along TM-O-TM bonds, 
while their redox flexibility supports catalytic activity for the relevant 
electrochemical reactions (ORR/OER). Given these attributes, 
BCFZY4411 has been highly effective, demonstrating exceptional per
formance in both PCCs and SOCs [6–11].

Fundamental studies of BCFZY4411 have primarily focused on oxy
gen vacancy [12–14] and/or proton transport [15–18], motivated by the 
desire to enhance their performance in electrochemical cells as positr
odes. These studies have typically employed electrical conductivity 
relaxation (ECR), yielding kinetic properties that result from changes in 
the coupled chemical potential gradients of the charge carriers. This 
complicates the interpretation of the transport physics and obscures a 
clear understanding of the kinetic behavior of each charge carrier. To 
isolate individual charge carrier contributions, Shin et al. utilized the 
isotope exchange technique, in particular to study oxygen ion kinetics in 
various BaCoxFe0.8-xZr0.1Y0.1O3-δ (BCFZY) compositions [12]. However, 
proton kinetic studies presently remain limited to the ECR technique.

Proton dynamics have been explored using ab-initio molecular dy
namics (MD) simulations [19] and quasi-elastic neutron scattering 
(QENS) [20–22], nuclear magnetic resonance (NMR) [23], and infrared 
spectroscopy (IR) [24,25], mainly in pure proton-conducting oxides 
such as B-site acceptor doped barium zirconates and calcium zirconates. 
Within TCOs, proton dynamic studies have been relatively scarce. Ple
khanov et al. used MD simulations to examine proton location and 
proton trapping effects in A3+B3+O3 perovskite TCOs [26]. However, 
this study may be of limited applicability to A2+B4+O3 perovskites like 
BCFZY4411 because of varying proton – oxygen atom distances 
depending on the dopant site (A- vs. B-site). To date, the only investi
gation of compositions closely related to BCFZY4411 is by Chesnokov 
et al., who utilized density functional theory (DFT) to study B-site doped 
barium ferrite TCOs [27]. DFT calculations are generally performed 
under the assumption of 0 K, which does not fully capture the thermally 
activated nature of proton dynamics. This underscores the importance of 
the experimental approaches such to validate the reliability of DFT.

The potential applications of BCFZY4411 have been extended, 
including chemical sensors [28], heterogeneous catalysis [2], and 
hydrogen permeation membranes [29,30], where the role of protons is 
of critical importance. Additionally, the presence of five cations across 
the A- and B-sites of BCFZY4411 allows for great compositional flexi
bility to enhance ORR and OER [12,15,31,32]. Consequently, a 
comprehensive understanding of proton behavior in BCFZY4411 is 
essential for maximizing its performance in various applications and 
exploring other promising TCOs, beyond the optimization of BCFZY 
compositions.

This study investigates a wider spectrum of proton behaviors in 
BCFZY4411, beyond kinetics to encompass thermodynamics (oxygen 
non-stoichiometry and proton uptake), proton local structure, and dy
namics. These aspects are examined primarily through three charac
terization techniques: 1) thermogravimetric analysis (TGA) for 
thermodynamics, 2) 1H solid-state nuclear magnetic resonance (NMR) 
for local structure and dynamics, and 3) isotope exchange and time-of- 
flight secondary ion mass spectrometry (ToF-SIMS) for kinetic studies. 
Furthermore, neutron diffraction (ND) and X-ray absorption near edge 
structure (XANES) are employed to gather atomic occupancy and 
oxidation states of B-site cations in BCFZY4411, respectively. These two 
highly sensitive techniques complement the TGA results by providing 
critical chemical information that offers insights into the oxygen occu
pancy in the lattice sites.

2. Experimental methods

2.1. BCFZY4411 synthesis

BCFZY4411 was synthesized by a modified Pechini method, and the 
details of synthesis are described in the supplementary information (SI). 
BCFZY4411 powder was pressed into 2 mm thick pellets using a 3/4″ 
diameter die with 5 wt% polyvinyl alcohol in DI water as a binder. 
Finally, the pellets were sintered at 1250 ◦C for 10 h under air and 
cooled to room temperature (RT) at 1 ◦C/min, achieving 95–96 % 
theoretical density. Phase purity was confirmed using X-ray diffraction 
after both calcination and sintering.

2.2. Neutron diffraction (ND)

ND and structure refinement were performed under ambient condi
tions on a sample reflecting a selected arbitrary reference state, specif
ically, 250 ◦C under dry air. A sintered BCFZY4411 pellet was ground 
using a SpexMill high-energy ball mill. Following a high temperature 
dehydration step (500 ◦C, 2 h, flowing dry air), the sample was equili
brated at 250 ◦C (3 days, flowing dry air). It was then quenched to RT 
(directly removed the sample from the heating zone). 2 g of the so- 
prepared sample was loaded into a 6 mm diameter vanadium can and 
sealed with a copper seal for ND measurements. ND data were collected 
at RT to preserve the quenched atomic occupancies, using the high- 
resolution POWGEN powder diffractometer, using the 1.5 Å frame, at 
the Spallation Neutron Source (SNS) [33]. The data analysis is described 
in the SI.

2.3. X-ray absorption near edge structure (XANES)

Transmission mode XANES measurements were conducted under 
ambient conditions using ground powders of sintered BCFZY4411 pellet 
(1250 ◦C, 10 h, air and cooled to room temperature at 1 ◦C/min). Under 
air and this slow cooling rate, the sample becomes oxidized relative to 
the sintering condition (1250 ◦C). A previous thermal expansion study 
[12] suggests that the oxidation state fixation in BCFZY4411 occurs 
between 200 and 400 ◦C. Duffy et al. also observed indications of 
oxidation state changes in BCFZY4411 around 300 ◦C from TGA mea
surement, narrowing the likely fixation window to 200–300 ◦C 
BCFZY441 [34]. The sample preparation is detailed in the SI. Data were 
collected on the BioXAS beamline at the Canadian Light Source (CLS) 
synchrotron facility. XANES data were recorded in transmission mode 
using high energy X-rays from a wiggler insertion device, where the 
beam was further conditioned by a toroidal mirror collimator, Si (220) 
double crystal monochromator, focusing mirror, and a set of vertical and 
horizontal slits. Before each elemental absorption edge measurement, 
the photon energy of the incident beam was calibrated by performing a 
XANES measurement of the corresponding standard metal foil. Each 
XANES measurement was repeated three times to check for reproduc
ibility and then summed for improved statistics. A standard normaliza
tion process was applied to each XANES spectra using the ATHENA 
program [35].

2.4. Thermogravimetric analysis (TGA)

A large dense pellet (15 mm diameter and 2.1 mm thick) was 
wrapped in a Pt wire and then suspended in a Setaram Setsys evo TGA 
modified for use under humidified gas environments. While use of a 
dense pellet significantly increases equilibration times, this approach 
minimizes surface area, reducing the impact of surface-adsorbed water. 
The large mass also ensures a high signal-to-noise ratio in the experi
ments, allowing for the detection of small proton uptake mass signals 
during hydration.

Mass loss corresponding to oxygen non-stoichiometry (δ) was 
recorded under both dry and humidified conditions, using a single 
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sample for the entire series of measurements. The dry state (pH2O ≈ 0.1 
mbar) was measured under a N2/O2 mix to achieve sea-level oxygen 
partial pressure (pO2 = 209 mbar). pO2 was monitored at the TGA 
exhaust using a zirconia oxygen sensor (Econox type C-700/C3M). Hy
dration was achieved by passing part of the N2 through a Nafion mem
brane, suspended in an enclosed chamber half-filled with water heated 
to 66 ◦C. The dew points (25.0 and 37.2 ◦C, corresponding to pH2O = 31.8 
and 63.6 mbar, respectively) were monitored by a hygrometer (Rotronic 
HC2) at the TGA exhaust. To avoid oxygen dilution, the N2 flow rate was 
decreased by an amount equivalent to the steam added, keeping the total 
flow rate (and pO2 ) constant between dry and humidified experiments. 
The external oxygen sensor was used to monitor this adjustment. Further 
measurement and analysis details are explained in the SI.

2.5. 1H solid-state nuclear magnetic resonance (NMR)

1H solid-state magic-angle-spinning (MAS, 60 Hz) NMR experiments 
were performed on a Bruker Avance III-600 spectrometer with a mag
netic field of 14.1 T. In addition to recording 1H resonance positions, 
local proton dynamics were assessed by performing 1H T1 relaxation 
time measurements using the saturation recovery approach under fast 
MAS. For comparative purposes, measurements were also made on the 
well-known proton conductor, BaZr0.8Y0.2O3-δ (BZY82), using identical 
NMR data acquisition parameters. Samples consisted of powders of the 
oxides prepared from a sintered pellets (BCFZY4411: 1250 ◦C, 10 h, air 
and cooled to room temperature at 1 ◦C/min). To achieve hydration, the 
samples were heat-treated for 4 days at 400 ◦C under 3 % H2O. Proton 
concentrations in BCFZY4411 were quantified ex situ following 
sequential dehydration treatments (from the maximally hydrated state) 
at temperatures between 150 and 650 ◦C at 100 ◦C steps. Adamantane 
was used as an internal intensity reference. Full details of the NMR data 
acquisition steps, including BZY82 synthesis, are provided in the SI.

2.6. H2O/D2O isotope exchange and time-of-flight secondary ion mass 
spectrometry (ToF-SIMS)

Isotope exchange measurements, used to obtain both the H/D surface 
reaction rate and the bulk H/D diffusivity, were performed on sintered 
BCFZY4411 pellets of which one side was diamond-polished, achieving 
a final polish of 0.05 μm. The H2O/D2O isotope exchange flow chart is 
shown in Fig. S9 with details. Post-exchange sample preparation is 
illustrated in Fig. S10. Before ToF-SIMS measurements, the samples 
were placed in the ION-TOF (TOF.SIMS 5, Germany) loading chamber 
overnight to remove the surface water. The sample surface was sputter- 
cleaned prior to the actual measurement using an Ar1200+ cluster ion 
source (10 keV). Line-scan used a 30 keV Bi+ primary ion beam of 2 pA 
total current in static mode, allowing for the acquisition of profiles for 
16OH− (m/z = 17.0111) and 16OD− (m/z = 18.0089). The sputter- 
cleaned area was 700 × 700 μm2, and 500 × 500 μm2 of the area was 
analyzed. Charge compensation was achieved with an electron flood 
gun, and the extended dynamic range analyzer feature addressed 16OH- 

saturation. Detected secondary ions containing deuterons in the samples 
were D− (m/z = 2.014) and 16OD− .

3. Results and discussion

3.1. ND refinement and atomic occupancies

Rietveld refinements, in Fig. 1, show that the BCFZY4411 powder is 
single phase and well-modeled by the Pm3m structure. Short-range 
antiferromagnetic correlations are evident as diffuse humps at 4.73 and 
2.47 Å, but were not included in the model due to their very weak 
contribution to the refinement. There is some misfit due to the high 
absorption of Co, which is most severe in the (100) peak at 4.1 Å. The 
refined lattice parameter, site occupancies, and atomic displacement 

parameters are shown in Table 1. The unit cell is contracted, compared 
to previous work. In that prior work, the powder was annealed at 750 ◦C, 
resulting in a lower oxygen content; as expected, this powder, annealed 
at 250 ◦C, has higher oxidation [36]. Accordingly, the total oxygen oc
cupancy is 0.823, resulting in δ = 0.531. Overall, atomic displacement 
parameters (ADPs) are higher than typical, especially for the B-site 
cations. This is likely due to the complexity of four species sharing the 
octahedral position.

3.2. Oxidation states of B-site cations

The XANES spectra for the Co and Fe K-edges are displayed in Fig. 2. 
The K absorption edge energy is assigned to the electronic transition 
from the 1 s orbital of the atom probed to an unoccupied p level [37]. As 
the transition metal becomes more oxidized, the absorption edge shifts 
towards higher energies (i.e., the binding energy for core electrons in
creases as the screening effect by outer electrons decreases). Comparing 
the absorption edge energies (defined as E = E0 where normalized μ(E) is 
50 % of the edge step) for the measured sample and reference com
pounds, we determine that the oxidation states for Fe, Zr, and Y in 
BCFZY4411 are Fe3+, Zr4+, and Y3+ (see Fig. S1 for the Zr and Y K-edge 
XANES spectra). Since none of our reference compounds had a K-edge 
closely aligned with Co in BCFZY4411, we performed a linear extrapo
lation of the E0 values for the reference compounds to estimate the 
oxidation state to be Co2.9+ in BCFZY4411. This approach is justified on 
the basis of previous works supporting the linear extrapolation (or 

Fig. 1. Observed and modeled neutron powder diffraction data of BCFZY4411 
following a quench from 250 ◦C under dry air. The calculated profile includes 
the total fit (red line) and the background (green line). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 1 
Refined crystallographic parameters of Space group Pm3m was used for Rietveld 
refinements. Rwp and Uiso are weighted profile residual and isotropic atomic 
displacement parameters (ADPs), respectively.

Lattice parameter

a = b = c (Å) 4.10256(5)

V (Å3) 65.05
Rwp 7.070
Site occupancy at 250 ◦C under dry air
Atom Ba O Co Fe Zr Y
Target site occupancy 1 1 0.4 0.4 0.1 0.1
Refined 1.000(5) 0.823(5) – – – –
Uiso (Å2) Ba O Co/Fe/Zr/Y

0.0178(4) 0.0234(3) 0.0217(3)
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interpolation) of the K-edge absorption energies for different reference 
compounds to estimate the Co oxidation state [38–40]. A similar Co2+/ 

3+ mixed valency was reported earlier for BCFZY4411 [41]. The Co 
valence of 2.9+, along with the fixed valences of the other cations, 
implies δ = 0.47.

3.3. Equilibrium oxygen non-stoichiometry and proton uptake

TGA experiments and a simple defect model were used to explore the 
thermal reduction thermodynamics in BCFZY4411. Details of the 
reduction defect model and the fitting methodology can be found in the 
SI. The resulting fits, as shown in Fig. 3, provide starting oxygen non- 
stoichiometry estimates of δ = 0.45 and 0.48 at 50 and 250 ◦C, 
respectively, under 209 mbar O2. The latter agrees well with the non- 
stoichiometry derived from XANES (δ = 0.47) under the assumption 
that the oxidation state of BCFZY4411 for the spectroscopy measure
ment was fixed near 250 ◦C, and provides further evidence that Fe is 
redox inactive across these conditions. There is some discrepancy be
tween these values and the ND refinement (δ = 0.531 at 250 ◦C). This 
may be due to the presence of cation vacancies, which would be 
compensated by an increase in δ without affecting the average Co 
valence. To assess this possibility, the defect model was modified to 
explore two possible cases: i) A-site cation vacancies, and ii) B-site cation 
vacancies, for simplicity, in a single species (Fe in this case). These new 
models were fit to the original TGA mass loss data while constraining the 
δ to be close to the ND results and using the same ND sample preparation 

conditions for modeling. As shown in Fig. 4, although either a 6.3 % loss 
of Fe (equivalent to a 2.5 % loss of total B-site cations) or a 5.1 % Ba 
deficiency can explain the differences in δ between the TG and ND re
sults, the reduction thermodynamics are largely unchanged, thus 
providing confidence in these values.

In general, the results indicate that thermal reduction occurs at 

Fig. 2. Normalized XANES spectra of BCFZY4411 along with those of reference 
compounds for the (a) Co and (b) Fe K-edges measured in transmission mode 
under ambient conditions. The inset in (a) shows absorption edge energies for 
different charge states of Co.

Fig. 3. Oxygen non-stoichiometry (δ) of BCFZY4411 as determined by ther
mogravimetric analysis under various pO2 levels (as indicated) with the 
resulting reduction thermodynamic fit curves. Open symbols were not used 
for fitting.

Fig. 4. A comparison of the original fitting results with the addition of cation 
vacancies for (a) the mass loss experimental results and (b) the resulting oxygen 
non-stoichiometry with temperature (δ vs T).
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temperatures as low as 250 ◦C and that the δ is significant at all tem
peratures due to the high level of 3+ cation substitutions on the B-site. 
The low enthalpy of reduction obtained from the model fit (ΔHred =

51.8 kJ/mol) is not unexpected for positrode materials such as 
BCFZY4411, which are known to be highly non-stoichiometric [42,43].

A more detailed model that included Co disproportionation was also 
investigated, as discussed in the SI. While it is possible that Co3+ may 
disproportionate into Co2+ and Co4+, the model that included this re
action very slightly worsened the fit, despite the addition of more pa
rameters. Moreover, the derived thermodynamic parameters for the 
reduction reaction were only marginally impacted, as shown in Table 
S1. An understanding of the electronic defect changes could help clarify 
the role of disproportionation; however, it is not possible to gain insight 
into the electron-hole reaction or electronic defect concentrations using 
TGA under dry atmospheres, since there is no way to differentiate if δ 
changes are compensated by localized cation valence changes or more 
mobile electronic defects. Other work has established very small pop
ulations of electron-holes in BCFZY4411 [3], effectively at site fractions 
on the order of 10− 5, consistent with the relatively low electronic con
ductivity of this material (σe ~ 1 S/cm). A systematic and detailed 
analysis using Hall-effect measurements would be necessary to examine 
the influence of temperature and pO2 on the electronic defect pop
ulations. Regardless, their small concentrations suggest that even if 
oxygen and oxygen vacancy reactions participate in electron-hole for
mation, the reaction does not affect the overall reduction 
thermodynamics.

For similar reasons, we chose to treat the reduction and hydration 
processes independently. Preliminary measurements did not show an 
appreciable change in hydration levels under small changes in pO2 (Fig. 
S3). Furthermore, as will be demonstrated later, the number of oxygen 
vacancies filled during hydration does not change the overall oxygen 
vacancy population enough for there to be competition between the two 
reactions.

Protons are generated primarily through hydration and/or hydro
genation (Eqs. 1 and 2). Hydration involves the filling of oxygen va
cancies with steam (acid-base reaction), producing two protonic defects 
in the lattice for each molecule of water taken up by the material. In 
contrast, hydrogenation does not require oxygen vacancies to generate 
protons but instead consumes electron-holes, leading to proton uptake 
and gas-phase oxygen (redox reaction). 

V••
O + O×

O + H2O(g)→2OH•
O (1) 

H2O(g) + 2O×
O + 2h•→2OH•

O +
1
2
O2(g) (2) 

We performed isotope-labeled TGA experiments, where the mass 
uptake was observed upon exposure to the same concentration of water 
vs. deuterated water, as detailed in the SI, to establish that proton 
incorporation into the BCFZY4411 lattice principally occurs through the 
uptake of water (hydration), rather than hole-water interactions (hy
drogenation). Further TGA measurements were then employed to 
determine uptake as a function of pH2O and temperature. The data and 
resulting fits are shown in Fig. 5.

The bulk proton uptake is modest (e.g., ≈ 0.002 per formula unit at 
500 ◦C under 3 % wet air) as compared to the much higher values (e.g., 
≈ 0.13 per formula unit at 500 ◦C under 2.3 % wet air) seen in elec
trolytes like BZY82 [44,45]. It is worth noting that the oxygen vacancy 
concentration obtained under the same pO2 (209 mbar O2, Fig. 3) is 
about 100 times higher than the proton concentration obtained across 
the entire pH2O range. Using very large pellets allowed us to establish 
that as much as 1/3 to 1/4 of the low-temperature proton content per
sists even at high temperatures (T > 700 ◦C), which was unexpected.

Our TGA results deviate from a previously reported proton uptake 
study in BCFZY4411 [46], which observed proton concentrations as 
high as 0.022 per formula unit (i.e., approximately one order of 
magnitude larger than the results reported here). However, that study 

investigated maximum uptake using samples that were thermally 
reduced and hydrated under 100 ppm O2 to minimize the electron-hole 
population. This discrepancy points to the possible general invalidity of 
the assumption of independence between the hydration and redox re
actions. However, the one order of magnitude higher proton concen
tration reported in this prior work was obtained under test conditions 
corresponding to approximately four orders of magnitude lower pO2 , so 
the hydration/redox reaction independence assumption may reasonably 
hold for the much smaller factor of two changes in pO2 explored in this 
study. Potential interaction between the hydration and hydrogenation 
reactions could be pursued via systematic studies under lower oxygen 
conditions. This is, however, beyond the scope of the present study.

3.4. Proton local structure and dynamics

The 1H NMR spectra, Fig. 6, revealed the presence of both bulk and 
surface proton species in BCFZY4411. For aid in visualization of the 
spectral features, the spectra which exclude adamantane, the resonances 
of which overlap with the surface resonances of the sample, are pre
sented; the signal intensity is scaled according to experimental NMR 
parameters and total mass to provide approximate quantification. The 
chemical nature of the species associated with specific resonances was 
determined by comparison to the spectra of BZY82, also included in 
Fig. 6. BZY82 exhibit significantly higher proton content compared to 
BCFZY4411, with higher intensities of the resonances. The most intense 
peak in BZY82 at ~5.6 ppm is assigned to bulk protons. Its position 
agrees with previous studies of BZY82 [23] and its intensity is largely 
retained after mild dehydration at 150 ◦C. The lower-shift resonances in 
BZY82, which are significantly diminished after the dehydration, are 
assigned to surface species based on dedicated literature NMR studies of 
oxide surfaces [47–49]. In particular, the resonance observed at ~4.0 
ppm is assigned to surface-adsorbed water, denoted “surface H2O”, 
whereas the resonance at 1.3 ppm is assigned to covalently bonded OH- 
species at the surface. Loss of intensity from these species upon mild 
dehydration is consistent with their assignment as surface groups. In the 
case of BCFZY4411, resonances are evident at similar, though not 
identical, positions. Significantly, in addition to being much lower in 
overall intensity, the relative intensities of the surface and bulk reso
nances are inverted such that the bulk signal is extremely low, reflecting 
the low extent of bulk hydration detected by TGA (Fig. 5).

In comparison to BZY82, the bulk proton resonance in BCFZY4411 
displays a downfield shift (appearing at 7.2 ppm as opposed to 5.8 ppm, 
Fig. 6) and significant broadening (> 1 kHz). Both effects can be 
explained by the proximity of bulk protons in BCFZY4411 to para
magnetic transition metals, Co3+ and Fe3+ [50]. The presence of 

Fig. 5. Hydration results for BCFZY4411 under various pH2O levels with the 
resulting thermodynamic fit curves. Open symbols were not used for the fit.
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paramagnetic centers often induces an additional shift (δp
K) of the 1H 

resonance, which is the sum of two terms, δpc
K , the pseudocontact 

(dipolar) contribution, and δc
K, the Fermi contact contribution. Fermi 

contact interaction, δc
K, is short-range, within 1–3 bonds, and arises due 

to the delocalization of the unpaired electron spin density onto the nu
clear site via through-bond effect [50,51]. When observed, δc

K typically 
results in isotropic paramagnetic shifts that exceed thousands of ppm 
[52]. In contrast, pseudo-contact interaction, δpc

K , arises from long-range 
dipolar coupling between the nuclear magnetic moment and the aniso
tropic magnetic susceptibility tensor of the paramagnetic centers, 
leading to relatively small anisotropic paramagnetic shifts. The rela
tively small downfield shift of the bulk proton in BCFZY4411 indicates 
that δpc

K is the dominant contributor with “through-space” dipolar in
teractions in BCFZY4411.

As shown in Fig. 7, with increasing dehydration temperature from 
150 to 650 ◦C, the integrated NMR intensity of all resonances in 
BCFZY4411 decreases. The complete set of peak assignments are indi
cated in Fig. 7b. Notably, the sample represented in Fig. 7 has somewhat 
different features in the low shift region (3–6 ppm) vs. the sample rep
resented in Fig. 6, in this case revealing two resonances, at 5.0 and 3.8 
ppm, for the surface H2O. The intensities of these resonances further
more show the greatest decline in response to dehydration treatment. 
Such behavior provides additional indications that this region reflects 
the presence of surface H2O species [53] with variable geometry and 

broad distribution of hydrogen bonding environments [47,48] and 
which can be easily removed under mild heating. The resonances at 7.2 
and 1.3 ppm (protons in the bulk and surface-OH groups, respectively), 
in contrast, do not begin to decrease until dehydration is carried out at 
>350 ◦C. These resonances are due to chemically bonded species in 
BCFZY4411. In particular, the remaining surface-OH resonance is rela
tively sharp, implying well-defined, uniform chemical environments. It 
is taken to reflect tightly bound-OH groups that reside at internal sur
faces, i.e., grain boundaries, in addition to exterior surfaces.

The temperature evolution of the peak intensities is presented in 
Fig. 8. Here, both the relative integral intensities of all peaks (obtained 
from the spectra shown in Fig. 7, with deconvolution fitting presented in 
Table S2 and Fig. S6) and the absolute bulk concentration (obtained 
using internally referenced spectra, Fig. S7) are displayed. The results 

Fig. 6. Proton local structures with peak assignments in BCFZY4411 and 
BZY82 after (a) mild dehydration under dry air at 150 ◦C for ~3 h (following 
maximal hydration) and (b) hydration under 3 % pH2O at 400 ◦C for 4 days. 
Shifts are relative to tetramethyl silane.

Fig. 7. (a) 1H solid-state MAS NMR of BCFZY4411 dehydrated from 150 to 650 
◦C at 100 ◦C intervals. (b) 1H solid-state MAS NMR peak assignments. The slight 
difference of the hydrated spectrum shown here from that shown in Fig. 6b 
reflects differences in surface properties, which are highly sample dependent. 
Shifts are relative to tetramethyl silane.
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show an apparent increase in proton content upon dehydration at 100 
◦C, but this is likely an artifact due the challenges of avoiding rehy
dration upon removing the sample from the dehydration environment. 
The absolute proton content in the maximally hydrated state (exposed to 
3 % pH2O at 400 ◦C for 4 days then quenched) was determined to be 4.4 

± 0.7 × 10− 3 protons per formula unit. This is in reasonable quantitative 
agreement with the TGA measurements, which indicated 2.49 × 10− 3 

protons per formula unit for a fully equilibrated sample held at 400 ◦C 
under 31.8 mbar pH2O. For illustrative purposes, the NMR and TGA bulk 
concentrations are compared in Fig. S8. Due to the non-equilibrium 
conditions of the dehydration procedure for the former, we refrain 
from drawing conclusions beyond confirming that the bulk proton 
concentrations in BCFZY4411 are extremely low, yet detectable, and 
that the dehydration kinetics are relatively sluggish.

The quantification of the proton concentrations provides further 
evidence that the resonance at 1.3 ppm is primarily due to -OH groups at 
grain boundaries. As detailed in the SI, with a particle diameter of ~250 
μm, the concentration of surface oxygen atoms is far lower than required 
to support the number of protons implied by the intensity of the peak at 
1.3 ppm. In contrast, the grain size is ~20–50 μm which provides an 
order of magnitude higher concentration of surface oxygen atoms and 
sufficient capacity at grain boundaries to achieve the measured OH 
concentration. The high grain boundary hydration observed in NMR is 
unlikely to be reflected in the TGA measurements because the former 

were carried out following maximal hydration and partial, step-wise 
dehydration treatments without ensuring equilibration, as already 
noted above.

Turning to the proton dynamics, the T1 relaxation times for bulk 
protons in BZY82 and BCFZY4411 are found to be 0.21 and 0.20 s, 
respectively. The value for surface OH is 3.6 s, whereas the ones for 
surface H2O peaks were undetermined due to low resolution. With a spin 
number of ½ (I = ½), the relaxation process of 1H solid-state NMR is 
dominated by strong dipole-dipole interactions [54], and the spin-lattice 
relaxation times are therefore related to the correlation time of ionic 
motion of protons via the Bloembergen, Purcell, and Pound (BPP) the
ory. Specifically, the given relationship is as follows [54,55]: 

1
T1

= C

[
τc

1 + ω2
Lτ2

c
+

4τc(
1 + 4ω2

Lτ2
c
)

]

(3) 

where C is a constant related to the magnitude of the dipole-dipole in
teractions, τc is the molecular motional correlation time describing the 
timescale of molecular motions, and ωL is the Larmor frequency (ωL 

1H 
= 600.130 MHz). When paramagnetic centers directly couple with the 
element probed by NMR via Fermi contact interactions, T1 relaxation 
times are often on the order of μs ~ ns [46].

The substantially longer T1 relaxation time measured here implies 
spatial separation >2 nm between the paramagnetic centers and the 1H 
atoms and is consistent with the moderate value of the paramagnetic 
shift via pseudo-contact coupling. With a high concentration of transi
tion metals in BCFZY4411 (80 % of the B-site atoms), the concentration 
of oxygen sites (at which protons effectively reside) that are >2 nm in 
distance from paramagnetic elements is small, but large enough to 
support the measured proton concentration. The similarity of the 1H T1 
relaxation times for BCFZY4411 and BZY82 suggests that the local 1H 
ion dynamics are similar. This is perhaps unsurprising given the 
remoteness of the redox active elements from the protons, but also 
suggests the dynamics are not affected by the differences in proton 
concentrations. However, as shown below, the macroscopic protonic 
diffusivity is lower in BCFZY4411 than in BZY82, indicating that Co/Fe 
can significantly impede long-range proton transport.

3.5. Proton kinetics

The TOF-SIMS tracer exchange measurements yielded the bulk pro
ton tracer diffusivity (D*

H+ ) and the surface exchange coefficient (k*
H+ ) at 

all conditions examined. A representative 16OD− diffusion profile 

Fig. 8. Examining proton loss in BCFZY4411 using 1H solid-state MAS NMR 
when dehydrated at 150 to 650 ◦C under dry air. (a) Bulk proton concentrations 
are determined via an internal standard, adamantane. (b) Relative NMR reso
nance areal integrals of separate species in BCFZY4411 to determine hydrogen 
rate loss for each species.

Fig. 9. Normalized 16OD− fraction (C′(x)) in BCFZY4411 annealed at 400 ◦C. 
Red circles refer to experimental data and black line is the fit to Eq. S26. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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obtained at 400 ◦C is presented in Fig. 9, along with the corresponding 
fit used to extract the values of the kinetic properties. In all cases, the 
shape of the diffusion profile was free of any indication of fast grain- 
boundary diffusion such as a partially elongated region or/and an 
extended tail [56]. Thus, while the NMR results suggested a high con
centration of grain boundary OH groups (Fig. 8b), such species evidently 
do not contribute to the macroscopic diffusivity. This is consistent with 
the slow proton dynamics of these grain boundary surface OH groups, 
indicated by their significantly larger NMR T1 relaxation time compared 
to that of the bulk proton. As shown in Fig. S11, the mass resolution 
effectively separated 16OD− from 18O− (m/z = 17.999) unlike H2

− (m/z 
= 2.015) and D− . The intensity ratio of 18O− matched its natural 
abundance (0.2 %). Data fitting and diffusion parameter extraction 
using the semi-infinite medium solution are detailed in the SI. For each 
temperature, measurements were made at multiple spots (at least 6) and 
the reported D*

H+ and k*
H+values are averaged across these multiple fits, 

excluding outliers caused by poor sample conditions (e.g., irregular 
geometry and surface roughness). All profile fits were achieved with a 
95 % confidence interval (max. error of ±5 %). The resulting obtained 
D*

H+ and k*
H+ values are listed in Table S5.

The D*
H+ and k*

H+ values for BCFZY4411 obtained in this study are 
compared in Fig. 10 to our previous measurements of the oxygen tracer 
diffusion properties of BCFZY4411 (D*

O2− and k*
O2− ) [12]. Notably, the 

D*
H+ and k*

H+values are approximately 1.5 to 3 orders of magnitude 
higher than the corresponding D*

O2− and k*
O2− values, with the difference 

increasing at lower temperatures. This difference is attributed to the 
faster migration of protons due to their smaller size and lower mass and 
is corroborated by similar trends reported in prior studies of proton- 
conducting oxides and other TCOs [57–60]. The activation energies 
(Ea) for D*

H+ and k*
H+ were determined to be 31.9 ± 2.8 and 19.2 ± 2.6 

kJ/mol, respectively, which are significantly lower than those for 
D*

O2− and k*
O2− (76 ± 11 and 87.7 ± 2.5 kJ/mol) [12].

Fig. 11 and Table S6 summarize the Ea values for proton tracer and 
chemical transport properties in various TCOs and proton conductors. 
Fig. 11 also illustrates Ea values for proton diffusion (hopping and 
rotation) obtained via bond valence sum (BVS) analysis of BCFZY4411 
[67], alongside the Ea extracted from BCFZY4411 electrode polarization 
resistance (Rp) measured in actual PCFC button-cell tests [6,12,61–66]. 
The results show good correspondence between the Ea for D*

H+ obtained 
here with the values obtained by BVS analysis. Notably, the Ea values for 

D*
O2− and k*

O2− in the present work fall within the range observed for the 
Rp of BCFZY positrodes and complete BCFZY-based PCFC devices. This 
close correspondence suggests that the oxygen ion kinetics may be rate 
limiting for ORR/OER, especially at lower temperatures (≤ 500 ◦C), 
when using BCFZY4411 and possibly other TCOs as positrodes.

It is also important to note the significant differences in the Ea values 
of kδ

H+ obtained from ECR and our kδ
H+ (see Table S6). This difference is 

attributed to the higher ECR measurement temperature (500–800 ◦C) 
compared to isotope exchange experiments (210–600 ◦C). Elevated 
temperatures inhibit the hydration process and may lead to discrep
ancies in Ea values for kδ

H+ [68]. Moreover, as discussed below, experi
mental conditions such as variations in pH2O during ECR measurement 
can also influence the chemical potential gradient (∇μi), thereby 
affecting kδ

H+ .

While k* and D* values reflect the rate at which mobile species 
overcome kinetic barriers, the macroscopic reaction and transport pro
cesses depend additionally on the concentrations of mobile species, that 
is, on the product terms Xik*

i and XiD*
i , respectively, where Xi represents 

the fractional (or molar) concentration of species (i), and XiD*
i , through 

the Nernst-Einstein relation (see SI), is a surrogate for conductivity. In 
the case of oxygen transport, Xi is the oxygen vacancy concentration, 
whereas k*

i and D*
i refer to the properties of the oxygen ion. In the case of 

protons, all terms Xi, k*
i , and D*

i refer simply to protons, because the 
proton is an interstitial species. The Xi and conductivity values are 
provided in Tables S7 and S8 and Fig. S12. In Fig. 12, Xik*

i and XiD*
i for 

both protons (this work) and oxygen vacancies (based on our earlier 
measurements [12]) are presented as functions of temperature. While 
surface concentrations of carriers may be different than in the bulk, and 
that is certainly evident for proton concentrations from the 1H NMR 
studies (Fig. 7), approximating them as equal suffices for the purpose of 
revealing overall trends.

As shown in Fig. 12, both Xik*
i and XiD*

i display a cross-over (at Tc) 
from a low temperature condition in which the proton product terms are 
greater than the oxygen product terms to a high temperature condition 
in which the reverse is observed. Formally, this occurs because the 
product quantities are more temperature-sensitive for oxygen vacancies 
than protons. Below Tc, XV••

O
k*

O2− and XV••
O

D*
O2− in BCFZY4411 fall below 

the corresponding proton quantities primarily because of limitations in 
k*

O2− and D*
O2− ; the oxygen vacancy concentration remains about 2 orders 

of magnitude higher than the bulk proton concentration. Conversely, 
above Tc, XH+k*

H+ and XH+D*
H+ fall below the corresponding oxygen 

quantities because of the low proton concentration. Recognizing that 
both oxygen ions and protons must be involved in the overall reaction, 
the occurrence of a cross-over suggests a transition in the ORR/OER 

Fig. 10. Arrhenius plot of oxygen [12] and proton tracer diffusion properties of 
BCFZY4411. i represents either a proton (H+) or an oxygen ion (O2− ). The 
dashed lines are for visual guidance. In all cases, the uncertainty was smaller 
than the size of the symbols.

Fig. 11. Comparison of Ea values obtained by BCFZY4411 proton and oxygen- 
ion kinetic studies through various characterization methods 
[6,12–15,17,18,61–66] and a theory study [67]. BVS: Bond valance sum 
analysis, and ECR: Electrical conductivity relaxation.
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kinetics from oxygen-limited to proton-limited regime as temperature 
increases. Below Tc, the oxygen properties, specifically, the sluggish 
oxygen kinetics, limit the process and above Tc, the proton properties, 
specifically the scarcity of protonic species as a result of dehydration at 
higher temperatures, limit the process.

From the k*
i and D*

i values, it is possible to obtain the critical thick
ness (Lc) defined as, D*

i /k*
i , beyond which bulk diffusion dominates, and 

below which surface exchange reaction dominates as the rate-limiting 
step. For both protons and oxygen ions in BCFZY4411, the Lc ranges 
from several mm to cm. Because the positrode is typically no more than 
50 μm in thickness and the particles in positrodes are typically far 
smaller than this size, we can conclude that the surface reaction step is 
rate-limiting, and specifically the surface exchange reaction associated 
with oxygen. Given that Lc provides a practical guideline for optimizing 
positrode thickness, this observation suggests that the positrode thick
ness (< 50 μm) has a minimal impact on the positrode performance. 
Instead, enhancing the oxygen surface exchange reaction becomes more 
critical for practical applications and increasing positrode thickness 
could be advantageous for enlarging surface reaction area.

In light of the large Lc, the cross-over in the Xik*
i properties is of 

particular relevance. In this case, the precise value of the transition 
temperature is unknown due to the uncertainty in the surface Xi values. 
Indeed, the NMR analysis suggests that surface OH concentrations are 
greater than in the bulk (Fig. 8b), which may shift the transition to 
higher than the 470 ◦C obtained using the bulk concentrations. This 
could explain the similarity in Ea in Rp values with the Ea values for k*

O2−

noted above. Overall, the analysis suggests that increasing k*
O2− may be 

the critical requirement for enhancing ORR/OER kinetics in BCFZY4411 
and other TCOs with high oxygen and proton diffusivity. In the effort to 

design materials with improved k*
O2− , it is essential that the proton ki

netics not be sacrificed because high proton diffusivity and surface re
action rates remain essential to the electrochemical processes.

The current results explain why several recent studies enhanced 
oxygen ion surface exchange kinetics in BCFZY4411 and improved 
PCFC/PCEC performance. The efforts have been made mainly by 
modifying the surface of BCFZY4411 using metal oxide nano-catalysts. 
For instance, Park et al. developed K0.05Ba0.95Co0.4Fe0.4Zr0.1Y0.1O3-δ 
(KBCFZY), promoting water-mediated BaOx exsolution on the surface to 
increase the active sites for oxygen reactions [41]. This modification 
significantly improved the oxygen ion chemical surface exchange co
efficients compared to non-exsolved BCFZY4411. The enhanced cata
lytic activity from BaOx nano-catalyst produced to superior PCFC/PCEC 
performance compared to using unmodified BCFZY4411 as a positrode, 
with higher peak power and current densities achieved in PCFC and 
PCEC modes, respectively. Infiltration techniques have been also 
employed to modify the BCFZY4411 surface and accelerate the ORR 
activity, using metal oxide nano-catalyst. Lee et al. infiltrated NiO, 
known for its high oxygen dissociation and adsorption capabilities, to 
enhance oxygen surface exchange kinetics on BCFZY4411 and to 
improve ORR activity in BCFZY4411-BaCe0.7Zr0.1Y0.1Yb0.1O3-δ com
posites [65]. They reported that infiltrated nanoparticle NiO not only 
extended the ORR active sites on BCFZY4411 but also contributed to a 
lower Rp and higher power density compared to the non-infiltrated 
positrode composite.

Arrhenius plots of proton tracer and chemical diffusion properties for 
various proton-conducting oxides and TCOs, including our present work 
on BCFZY4411, are compared in Fig. 13. Recognizing that the tracer 
exchange process (H/D) is driven solely by a concentration gradient in 
the tracer species, whereas chemical exchange in a relaxation experi
ment involves the combined transport of coupled carriers (such as V••

O 
and protonic defects (OH•

O) for hydration, as indicated in Eq. 1), the 
tracer (*) and chemical (δ) terms are related according to equations 5 
[56,74] and 6 [75,76] : 

D*
i ≈ Dδ

i
/

γi (5) 

k*
i ≈ kδ

i
/

γi (6) 

where γi is the thermodynamic factor of species, defined as (γi =

1
RT

∂μi
∂lnXi

). Here, R is the gas constant, T is temperature, and μi is the 
chemical potential of species i.

The thermodynamic factor for protons (γH+ ) can be calculated using 
knowledge of the proton concentration as a function of conditions, a 
result given by the TGA measurements (derivation detailed in the SI). In 
Fig. 13b, three kδ

H+ datasets for BCFZY4411 from ECR studies [15,17,18] 
are presented. In one case (represented with the ▽ symbols [17] in 
Fig. 13b), the measurements were performed in a manner suitable for 
evaluation of γH+ in that both initial and final states in the relaxation 
process included finite concentrations of steam. (Dry conditions lead to 
near-zero initial absolute proton concentrations and hence an undeter
mined ∂lnXH+ ). We employed this dataset to estimate k*

H+ using ther
modynamic properties of BCFZY4411 obtained from this work, Table 2. 
It was assumed that pO2 was controlled to be constant after changing 
pH2O during ECR.

The results in Table 2 reveal that ECR measurement conditions lead 
to γH+ values around 2. After accounting for this term, the proton 
diffusivity of BCFZY4411 is within an order of magnitude of the best 
proton conductors such as BaCe0.9Y0.1O3-δ (BCY10) [71]. In contrast, 
γO2− values in transport studies of MIECs are typically 2 orders of 
magnitude higher (≈100–400) [77,78]. This difference is mainly due to 
the minimal relative change in the lattice oxygen concentration with the 
change in pO2 , as reported in previous studies [68,76,77,79–83]. In 
comparison, XH+ values more than double with the change in pH2O from 
10 to 50 mbar as shown in Table 2. This results in a large value of ∂lnXH+ , 

Fig. 12. Temperature dependency of (a) Xik*
i and XiD*

i . Solid lines indicate 
trendlines, while black solid and dashed vertical lines mark transition tem
peratures (Tc) and reference Tc values, respectively. The Tc for each plot was 
determined by the crossover of the trendlines. The ORR/OER are oxygen ion- 
and proton-limited when T < Tc and T > Tc, respectively.
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which because it appears in the denominator of γH+ , makes the ther
modynamic factor relatively small. The inferred k*

H+ values are therefore 
smaller than reported values obtained by ECR measurements by a factor 
of about 2. This constitutes relatively good agreement given the myriad 
ways in which surfaces can vary. Following Eq. 5, Dδ

H+ values for 
BCFZY4411 are also estimated to be about twice the D*

H+ values reported 
here. No literature values of directly measured Dδ

H+ values are available 
for comparison.

Overall, the behavior of BCFZY4411 relative to other materials, 
Fig. 13, appears to be embodied in the local dynamics as measured by 
NMR. BCFZY4411 displays D*

H+ that is higher but k*
H+ that is lower than 

that of other TCOs (e.g., SCFN and PBSCF). In parallel, the T1 relaxation 
time measured for the bulk process in BCFZY4411 is relatively short 
(0.21 s), whereas the T1 relaxation time of surface OH is relatively long 
(3.6 s). While the local dynamics of the other TCOs have not been re
ported, this large difference in bulk and surface relaxation times is 
consistent with the behavior BCFZY4411 in comparison to the other 
materials.

4. Conclusion

Numerous studies have utilized BCFZY4411 as a baseline material to 
develop modified compositions for promising positrode materials for 
PCCs and SOCs [3,15,41,62,84,85]. However, most of the fundamental 
research on BCFZY4411 has focused on oxygen ion kinetics, leaving a 
gap in understanding proton behavior. This study addresses this gap by 

investigating the nature of protons in BCFZY4411.
XANES revealed the oxidation states of B-site cations at RT, identi

fying Co2.9+, Fe3+, Zr4+, and Y3+. TGA provided a similar Co oxidation 
state (2.85), aligning well with XANES results. Additionally, oxygen 
non-stoichiometry obtained from TGA at 700 ◦C matched ND data. It 
was also confirmed that the hydration reaction is the primary mecha
nism for the proton uptake, and proton uptake was quantified under 
different pH2O levels. Both TGA and NMR analyses determined proton 
uptake to be ≈ 2.0 × 10− 3 per formula unit at 450 ◦C under 3 % wet air, 
significantly lower than that of higher proton-conducting materials like 
BZY82.

1H solid-state MAS NMR further provided insights into local struc
ture and proton kinetics. Similar T1 relaxation times between 
BCFZY4411 and BZY82 indicate comparable local proton motion. 
Spectral analysis reveals contributions from bulk protons, covalently 
bonded OH groups, and surface residual water, with changes in con
centration at varied dehydration temperatures.

Tracer proton transport properties (D*
H+ and k*

H+ ) were obtained 
through the isotope exchange technique and ToF-SIMS measurement. 
The results demonstrated proton kinetic values 1–3 orders of magnitude 
higher than those of oxygen ion transport (D*

O2− and k*
O2− ). The lower Ea 

for proton transport underscores the need to enhance oxygen ion ki
netics to boost ORR and OER activity, especially at lower operating 
temperatures. The analysis of Xik*

i and XiD*
i terms revealed oxygen ion- 

and proton-kinetic dominated regimes. Notably, oxygen surface ex
change was identified as a main limiting factor for ORR/OER at targeted 

Fig. 13. Arrhenius plots of proton tracer (X*
H+ , solid symbol) and chemical (Xδ

H+ , open symbol) (a) diffusivities and (b) surface exchange coefficients of various proton 
conductors and TCOs: La28-xW4-xO54+3x/2v2-3x/2 (LWO56, La/W = 5.6) [58], SrCe0.95Yb0.05O3-δ (SCY) [69], La0.91Sr0.09ScO3 (LSS) [70], (Ba0.965Gd0.035) 
(Ce0.935Gd0.065)O2.985 (Gd-BCO) [60], BaCe0.9Y0.1O3-δ (BCY10) [71], BCFZY4411 [15,17,18], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) [57], Sr0.9Ce0.1Fe0.8Ni0.2O3-δ 

(SCFN) [72], Sr2Fe1.5Mo0.4Zr0.1O6-δ (SFMZ) [73], BaCo0.4Fe0.4Y0.2O3-δ (BCFY) [15], and BaCo0.4Fe0.4Zr0.2O3-δ (BCFZ) [15]. The solid lines are trendlines.

Table 2 
Predicted proton concentration (XH+ ) per formula unit for BCFZY4411 from TGA at reported temperatures under pO2= 209 mbar, with pH2O varying from 10 to 50 
mbar, and the estimated thermodynamic factor (γH+ ) and proton surface exchange coefficient (k*

H+ ).

T (◦C) 500 550 600 650

pH2O (mbar) 10 50 10 50 10 50 10 50

XH+×10− 4 3.32 7.42 2.93 6.55 2.62 5.85 2.37 5.30
γH+ 2.0027 2.0023 2.0021 2.0018
Reported kδ

H+ [17] (cm/s) 3.85E-06 8.5E-06 1.08E-05 1.5E-05

Inferred k*
H+

≈ kδ
H+ /γH+ (cm/s)

1.92E-06 4.25E-06 5.39E-06 7.49E-06

k*
H+ of this work (cm/s) (1.30 ± 0.10)E-06 – (1.66 ± 0.05)E-06 –
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operating temperatures (<500 ◦C) when BCFZY4411 is utilized in 
electrochemical applications. Although BCFZY4411 exhibits relatively 
fast proton kinetics for ORR/OER, its electrochemical performance can 
be limited by low proton concentration at high temperatures. Thus, 
increasing proton concentration may also be important for enhancing 
the performance of BCFZY4411 and further other TCOs as positrode 
materials.
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