
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
2:

26
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Tuning proton ki
aDepartment of Materials Science and Engin

Drive, Clemson, SC 29634, USA. E-mail: ksb
bNational Energy Technology Laboratory, U

Collins Ferry Road, Morgantown, WV 26507

† Electronic supplementary information
pristine BCFZYX samples, total conduct
hydrogen ux vs. time for 50 h measurem
aer hydrogen permeation, XRD compa
and BCFZY0.1 samples, palladium
characterization of Pd-coated membrane
BCFZYX membranes from hydrogen pe
parameters kchem and Dchem for dry, o
comparison of Dchem, complete comparis
ECR for BCFZY0.1 and BC
https://doi.org/10.1039/d3ta00654a

Cite this: J. Mater. Chem. A, 2023, 11,
8929

Received 5th February 2023
Accepted 27th March 2023

DOI: 10.1039/d3ta00654a

rsc.li/materials-a

This journal is © The Royal Society o
netics in BaCo0.4Fe0.4Zr0.2–XYXO3–

d triple ionic-electronic conductors via aliovalent
substitution†

Jack H. Duffy, ab Harry W. Abernathyb and Kyle S. Brinkman *ab

The BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY0.1) triple ionic-electronic conductor (TIEC) has received thorough

investigation as a potential cathode in protonic ceramic fuel cells (PCFCs) due to its excellent oxygen

reduction reaction and concurrent conduction of electrons, oxygen ions, and protons. Proton

conductivity and surface reactivity are paramount in PCFC cathodes to improve the active reaction area.

However, few instances of direct proton kinetic measurements have been reported. In this work, a suite

of BaCo0.4Fe0.4Zr0.2−XYXO3−d (X = 0, 0.1, 0.2) materials is synthesized and evaluated through hydrogen

permeation and electrical conductivity relaxation measurements to investigate the effect of aliovalent

substitution of Y3+ for Zr4+ on bulk proton conductivity and surface kinetics. The permeation results

suggest that aliovalent substitution significantly improves the proton conductivity upon a 10% B-site

doping of Y, while further incorporation of Y slightly decreases conductivity from the 10% optimum.

Through three separate conductivity relaxation measurements, oxidation, hydration, and isotopic

switching, an improvement in the proton kinetics with Y-doping is observed in humidified oxidizing

conditions, emulating conditions in intermediate-temperature electrochemical devices. These

observations suggest that aliovalient doping plays an important role in the incorporation and mobility of

protons in TIEC materials.
1. Introduction

Triple ionic-electronic conductors (TIECs) are an emerging class
of materials for low to intermediate temperature electro-
chemical applications such as protonic ceramic fuel cells
(PCFCs), catalysis, and membrane reactors.1–4 TIECs as
currently dened in the literature are predominantly electron
hole conductors, but also concurrently transport oxygen ions
and protons under certain atmospheric conditions. The
conduction of all three species makes TIECs excellent candi-
dates as cathodes in PCFCs due to their high activity, good
stability, and facile synthesis routes.5–8 Unlike in cathodes for
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oxide-ion-conducting solid oxide fuel cells (SOFCs), proton
mobility is essential in cathodes for the operation of PCFCs;
expanding the active area for water formation at the cathode
improves overall reaction rate and reduces the potential for
delamination at the electrolyte–cathode interface.9,10

Numerous methods have been employed to study bulk
proton mobility in materials with protonic, oxygen ionic, and
electronic conductivity.11 Indirect methods such as proton
uptake measurements via thermogravimetric analysis12–14 and
proton exchange measurements via electrical conductivity
relaxation (ECR)15–17 have been used to estimate proton
mobility. In predominantly ionic-conducting materials, such as
BaCeO3–BaZrO3-based solid solutions, total conductivity
through electrochemical impedance spectroscopy (EIS) and
electromotive force measurements (EMF) across varying atmo-
spheres can directly probe the conductivities of protons, oxygen
ions, and electrons.18–20 However, in TIECs, these methods
prove difficult to deconvolute the ionic conductivities from the
electronic conductivity, which typically accounts for nearly all
the total conductivity.

Direct methods for dening proton conductivity in TIECs are
available but have only been used to a limited extent. Hydrogen
separation via gas permeation is well-studied in many perov-
skite ceramics and cermet materials.21 Utilizing a combination
of gas permeation studies for protonic and oxygen-ionic carriers
with DC four-point conductivity for electronic carriers has fully
J. Mater. Chem. A, 2023, 11, 8929–8938 | 8929
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Fig. 1 Schematic diagram formeasuring hydrogen permeation flux for
BCFZYX membranes.
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compared transport across varying atmospheric conditions in
Sr2Sc0.1Nb0.1Co1.5Fe0.3O6−d (SSNCF) and nanocomposite mate-
rials BaCe0.16Y0.04Fe0.8O3−d (BCYF) and BaCo0.7Ce0.24Y0.06O3−d

(BCCY).22–24 Zhong, et al. recently utilized Hebb-Wagner polari-
zation with blocking electrodes for estimation of proton
conductivity of La2NiO4-based Ruddlesden–Popper oxides,
though only at temperatures below 300 °C where protonic
blocking electrodes could be realized.25

The BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY0.1) class of materials
is widely studied as a model single-phase cubic perovskite and
air-electrode for ceramic fuel cells and electrolysis applications.
Beginning from BaCo0.4Fe0.4Zr0.2O3−d (BCFZ), the substitution
of Y3+ for Zr4+ was expected to impart greater protonic
conductivity and improve oxygen kinetics.6,26,27 Our recent work
probed this Y substitution and revealed the tradeoff between
increasing surface kinetics and decreasing bulk oxygen ion
conductivity with Y substitution.28 Numerous recent studies
have probed protonic conductivity using gas permeation on
BCFZY0.1 and its modied derivatives.29–33 However, systematic
studies on the bulk protonic conductivity by varying aliovalent
doping, like those performed in ionic conductors such as
BaZr1−XYXO3−d (BZY),34 are lacking in this system.

In this work, the substitution of Y3+ for Zr4+ in BaCo0.4-
Fe0.4Zr0.2−XYXO3−d (BCFZYX, X= 0, 0.1, 0.2) is investigated for its
effect on proton surface kinetics and bulk conductivity through
electrical conductivity relaxation (ECR) and hydrogen perme-
ation measurements. Maxima in protonic conductivity and
surface kinetics are observed for the Zr and Y co-doped
BCFZY0.1, while further Zr4+ or Y3+ substitution hinders the
proton kinetics and bulk conductivity. Furthermore, the incor-
poration of water, and therefore protonic defects, decreases the
activation energy of conductivity and surface exchange experi-
ments. These results quantify and reveal the optimal concen-
tration of aliovalent doping for proton mobility in the BCFZYX

system while furthering understanding of high-performance
TIEC materials.

2. Experimental
2.1 Synthesis of BCFZYX membranes

BCFZYX materials were synthesized using a wet chemistry sol–
gel method.6 Stoichiometric amounts of precursor nitrates were
dissolved in distilled water. Citric acid and EDTA were then
added to the solution in a ratio of citric acid : EDTA :metal of
1.5 : 1.5 : 1 as chelating agents. While stirring, ammonium
hydroxide was added to the solution until the solution achieved
a pH of 9. The solution was heated at 80 °C until a gel formed
and was subsequently placed in an oven at 150 °C for 36 h. The
resultant complex was red at 1000 °C for 10 h to remove
organic residues and calcine the perovskite phase.

Membranes for further experiments were fabricated by dry-
pressing calcined powder. The BCFZYX powder was pressed at
160 MPa for two minutes into 15 mm pellets for permeation
measurements and 20 mm pellets for ECR measurements. The
pellets were then covered with calcined mother powder to
reduce potential Ba-loss in sintering conditions. All pellets were
sintered at 1275 °C for 8 h to form the dense membranes. All
8930 | J. Mater. Chem. A, 2023, 11, 8929–8938
sintered samples had relative densities greater than 95%. The
sintered pellets were then polished to 0.6 mm thickness for
permeation and 1.1 mm thickness for ECR measurements,
using progressively higher sanding paper grits up to 2000 grit to
achieve a shiny surface and reduce surface effects during
characterization.
2.2 Hydrogen permeation

Hydrogen permeation was measured using a homemade
double-volume permeation cell. Each BCFZYX membrane was
sealed to an alumina ceramic tube (O.D. = 0.5 in., I.D. = 0.375
in.) using ceramic bond paste (Ceramabond 552-VFG), covering
the sides of the pellet to reduce potential side-wall permeation.
The tube with the sealed pellet was then partially inserted into
a larger tube (O.D. = 0.75 in., I.D. = 0.563 in.) and the interface
between the two tubes was sealed with the same ceramic bond
to create the fully sealed permeation cell. The 5% H2/95% N2

feed gas (fed through a room temperature water bubbler for
some measurements) was fed through the large tube at 50
mL min−1. Ultra-high purity Argon (Ar, 99.999%) sweep gas was
fed at 50 mL min−1 through the small tube. The sweep gas is
then fed to an online gas chromatograph (GC, Incon Micro
GC) with a thermal conductivity detector. A schematic of the
setup is displayed in Fig. 1.

The GC was calibrated for hydrogen and nitrogen gases,
using 500 ppm, 0.1%, 0.25%, 0.5% and 1% H2, and 0.75%, 1%,
2%, and 3% N2 gases. Calibration curves were formulated from
these gas measurements, and the GC concentrations were
calculated from the calibration curves. The hydrogen perme-
ation ux was corrected by taking the total measured hydrogen
ux and subtracting the calculated physical leakage from
nitrogen concentration in the sweep gas. Measured leakage for
all samples was less than 3% as measured by the GC.

A palladium layer was deposited on selected 0.9 mm thick
BCFZYX membranes as a protective layer, emulating recent
experiments.24,29,31 Extensive testing, including comparison of
This journal is © The Royal Society of Chemistry 2023
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Pd-coated and bare membranes, suggested that dense, bare
membranes were sufficiently stable during the measurement
period to report their permeation and conductivity values. The
detailed palladium deposition procedure is presented in the
ESI.†

2.3 Structure and microstructure characterization

The crystalline structure of the materials was characterized by
X-ray Diffraction (XRD, Hitachi SmartLab Powder Diffractom-
eter) using Cu/ka radiation. The diffraction patterns were
measured on crushed, pristine samples and crushed
membranes previously exposed to 5% H2 in permeation
conditions for 24 h and 50 h. The morphologies of the
membranes were characterized pre- and post-exposure to 5%H2

using scanning electron microscopy (SEM, Hitachi SU5000).
The composition of the membranes was also characterized pre-
and post-exposure to 5% H2 via energy dispersive X-ray spec-
troscopy (EDX).

2.4 DC conductivity and conductivity relaxation

Electrical conductivity for all BCFZYX samples was measured via
a DC four-point probe method using a digital multimeter
(Keithley 2001 Series). Bar samples for the DC measurement
were fabricated from 1.1 mm thick pellets, polished to create 16
× 5.25 × 1.1 mm bars. The measurement was wired using
0.25 mm diameter silver wire attached via silver conductive
paste (99%). The DC conductivity measurement was carried out
in 5% H2/95% N2 atmosphere at a owrate of 50 mL min−1 to
correspond with permeation measurement conditions. The
ECR method was used to determine surface exchange coeffi-
cients, kchem, and diffusion coefficients, Dchem. To measure
kO,chem and DO,chem, gas composition was rapidly changed in
less than two seconds from pO2 of 0.1 to 0.21 at a ow rate of 150
mL min−1. To measure kOH,chem, 1000 ppm O2 base gas was
switched between dry and wet (pH2O = 0.023) conditions. The
kOH-OD,chem measurements were performed by switching
1000 ppm O2 base gas between bubbled H2O and bubbled D2O
to probe the isotopic effect. In all experiments, the measured
conductivity is normalized according to eqn (1) and tted to
a three-dimensional diffusion equation, eqn (2), derived from
Fick's second law:34

sn ¼ sðtÞ � sð0Þ
sðNÞ � sð0Þ (1)

sn ¼ 1�
XN
m¼1

XN
n¼1

XN
p¼1

8>><
>>:
2Lx

2 exp

�
� am

2Dchemt

x2

�

am
2
�
am

2 þ Lx
2 þ Lx

�

�
2Ly

2 exp

�
� bn

2Dchemt

y2

�

bn
2
�
bn

2 þ Ly
2 þ Ly

� �
2Lz

2 exp

�
� gp

2Dchemt

z2

�

gp
2
�
gp

2 þ Lz
2 þ Lz

�
9>>=
>>;
(2)

where sn is the normalized conductivity, s(t) is the conductivity
at time t, s(0) is the initial conductivity, and s(t) is the nal
This journal is © The Royal Society of Chemistry 2023
conductivity. The symbols x, y, and z represent the dimensions
of the sample. Lx, Ly, and Lz can also be described as the Biot
number in each dimension, and are dened as:

Lx ¼ x
kchem

Dchem

; Ly ¼ y
kchem

Dchem

; Lz ¼ z
kchem

Dchem

(3)

Finally, am, bn, gp are the non-zero roots of the following
equations:

am tan(am) = Lx, bn tan(bn) = Ly, gp tan(gp) = Lz (4)

Non-linear, least square tting using the NETL GUI tool35 is
used to solve the diffusion equation and t kchem and Dchem

according to the experimental relaxation curves.
3. Results & discussion
3.1 Hydrogen permeation performance and stability

All pristine BCFZYX compositions were characterized prior to
hydrogen permeation measurements. From XRD, both
BCFZY0.1 and BaCo0.4Fe0.4Y0.2O3−d (BCFY) exhibit the cubic
perovskite structure in the Pm�3m space group. BCFZ appears to
exhibit the cubic perovskite structure, but also shows small
shoulder peaks associated with an orthorhombic phase which
has been indexed in the Pnma space group. There is no obvious
atomic segregation in the BCFZ material system, and therefore
BCFZ is observed as a mixture of both a dominant cubic phase
and minor orthorhombic phase. The XRD spectra are shown in
Fig. S1.† Consistent with our previous work, the addition of
yttrium in the system increases the lattice parameter and the
overall sinterability of the material, showing increased grain
size with increasing yttrium content.28

Fig. 2 displays the hydrogen permeation ux as a function of
membrane temperature for all BCFZYX compositions, normal-
ized to 0.6 mm thickness. Error bars are calculated from
measurement propagation error and the standard deviation of
the nal ve representative measurement points. These error
bars are generally large relative to the step-size between data
points due to the low concentration of H2 relative to N2 in the
feed stream, allowing the standard deviation of the N2 sweep
composition to dominate the error calculation. It is observed
that H2 ux increases from BCFZ to BCFZY0.1, followed by
a small decrease in ux from BCFZY0.1 to BCFY. In addition,
a signicant increase in activation energy is observed from the
Y-doped samples (EA z 0.2 eV) to BCFZ (EA = 0.708 eV). This
increase indicates that a greater energy barrier is required for
H+ to move through BCFZ than the Y-doped compositions. A
comparison of this work with other ceramic-based membranes
is included in Table 1.

Hydrogen permeation was also performed using the 5% H2/
95% N2 feed gas bubbled through room temperature water for
BCFZ and BCFZY0.1. The activation energy signicantly
decreases in both samples, from 0.71 to 0.48 eV for BCFZ and
from 0.224 to 0.09 eV for BCFZY0.1. In conjunction with the
decreased activation energy, the permeation ux slightly
increased at temperatures below 600 °C. The introduction of
J. Mater. Chem. A, 2023, 11, 8929–8938 | 8931
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Fig. 2 Hydrogen permeation flux across BCFZYX membranes, normalized to 0.6 mm thickness. (a) Measurement across a dry 5% hydro-
genjargon gradient for the BCFZYX compositions between 550 and 750 °C. (b) Measurement across a wet 5% hydrogenjargon gradient between
550 and 700 °C, with comparison to the dry gradient measurements.
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water likely causes some incorporation and transport of oxygen
in the membrane, which, at elevated temperatures, may
compete with proton incorporation and transport due to
increasing oxygen vacancy mobility, concentration, and surface
kinetics.41,42 The introduction of water in the system increases
the proton concentration via hydration, which is favored at
lower temperatures.9,43,44 At these lower temperatures, the
increase in oxygen content in the system therefore aids the
transport of protons by increasing available hopping sites.43 Any
co-permeation of oxygen is not observed because of the low
sensitivity of oxygen and the inability to observe water in the GC
measurement conditions.

For TIEC systems, the hydrogen permeation ux is estimated
using the following:11,45

JH2
¼ RT

8F 2L

ðP00
O2

P
0
O2

stottHtOd ln PO2

þ RT

4F 2L

ðP00
H2

P
0
H2

stottHðte þ tOÞd ln PH2
; (5)

where tH, tO, and te are the transport numbers of protons,
oxygen ions, and electrons, respectively, stot is the total
Table 1 Comparison of hydrogen permeation in dense, ceramic-based

Composition T (°C)
Thickness
(mm) Feed g

BCFZ 600 0.62 5% H2

BCFZY0.1 600 0.61 5% H2

BCFY 600 0.59 5% H2

BCFZY0.1 650 0.65 10% H
BaCe0.9Y0.1O3−d − BCFZY/BCFZY 650 0.65 10% H
PdjBCFZY0.1jPd 600 0.6 10% H
PdjSSNCFjPd 600 0.6 10% H
Ba(Ce0.7Zr0.1Y0.1Yb0.1)0.95Ni0.05O3−d 600 0.6 10% H
Composite SrCe0.9Y0.1O3–Ce0.8Gd0.2O2 800 1 20% H
La5.5WO11.25−d 800 0.9 50% H
50% La5.5WO11.25−d/50% La0.87Sr0.13CrO3−d 700 0.37 Wet 5
BaCe0.85Fe0.15O3−d − BaFe0.85Ce0.15O3−d 850 1 50% H

8932 | J. Mater. Chem. A, 2023, 11, 8929–8938
conductivity, R is the universal gas constant, T is temperature, F
is the Faraday constant, and L is the thickness of themembrane.
Given the conditions of the experiment, the O2 gradient can be
assumed to be negligible, and the equation is reduced to:

JH2
¼ RT

4F 2L

ðP00
H2

P
0
H2

stottHðte þ tOÞd ln PH2
: (6)

Assuming that tO = 0 under the measurement conditions,
and that te [ tH which is conrmed via measurement and
shown in Fig. 3a, the equation reduces further to:24

JH2
¼ RT

4F 2L

ðP00
H2

P
0
H2

sHd ln PH2
: (7)

Using the GC to estimate the sweep-side hydrogen gas
concentration, eqn (7) was then utilized to estimate the proton
conductivity, sH, of each material, which is displayed in Fig. 3b.
In agreement with permeation measurements, BCFZY0.1
exhibits the highest proton conductivity, estimated at 3.2 ×

10−3 S cm−1 at 600 °C, which is four times greater than the
hydrogen separation membranes

as Sweep gas
JH2

(mL min−1$cm−2) Reference

/95% N2 Ar 0.015 This work
/95% N2 Ar 0.051 This work
/95% N2 Ar 0.045 This work
2/90% N2 Ar 0.05 30
2/90% N2 Ar 0.1 30
2/90% N2 Ar 0.125 29
2/90% N2 Ar 0.15 24
2/90% N2 Ar 0.09 36
2/80% He N2 0.04 37
2/50% He Wet Ar (2.5% H2O) 0.025 38
0% H2/50% He Wet Ar (2.5% H2O) 0.15 39
2/50% He Ar 0.42 40

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Total conductivity of BCFZYX measured in 5% H2/95% N2 atmospheric conditions. (b) The protonic conductivity in the given reducing
atmospheric gradient, estimated using the hydrogen permeation flux and eqn (7), normalized to 0.6 mm thickness.

Fig. 4 (a) BSE-EDX image of BCFY cross-section after 50 h of expo-
sure to 5% H2/95% N2jBCFYjAr gradient, (b) EDX mapping of 50 h-
exposed BCFY for Co, showing cobalt-rich phase segregation. (c) XRD
of pristine BCFY against 24 h- and 50 h-exposed BCFY, showing no
significant secondary-phase peaks.
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estimated proton conductivity for BCFZ at 8.5 × 10−4 S cm−1 at
600 °C. The estimated conductivity of BCFZYX is lower than
predominantly ionic conductors in similar atmospheric condi-
tions, such as BaZr0.8Y0.2O3−d

46,47 and BaCe0.7Zr0.1Y0.1Sm0.1-
O3−d.

48 However, it should be noted that the ionic conductors'
conductivity is measured via EIS, which has a much smaller
chemical gradient and different measurement conditions and
therefore is not a wholly direct comparison. BCFZYX does,
however, exhibit protonic conductivity on the same order of
magnitude of other TIECs such as BaCo0.4Fe0.4Zn0.1Y0.1O3−d in
similar measurement conditions using gas permeation.32

It was hypothesized that increasing Y concentration would
increase oxygen vacancies in the material and increase the
basicity of the oxygen site, thus increasing the proton uptake
(carrier concentration) and mobility.1,13 The increase in oxygen
vacancies is estimated in the equation written in Kröger–Vink
notation:

Y2O3 þOX
O þ 2ZrXZr42Y

0
Zr þ V**

O þ 2ZrO2: (8)

The increase in conductivity through increases in carrier
concentration and mobility appears to hold true for the BCFZ
and BCFZY0.1 concentrations. However, Y-substitution up to
BCFY further increases oxygen vacancy concentration and may
introduce potential trapping sites of protons in the system,
analogous to electrolyte systems such as BZY.46,49–51 The trap-
ping effect would decrease proton mobility, which decreases
overall proton conductivity even when coupled with the
increasing carrier concentration. Greater Y concentration also
expands the lattice parameter through the increased size of Y3+

against Zr4+, increasing the protonic hopping distance between
oxygen sites.52 These results suggest that an optimum concen-
tration exists when applying aliovalent doping to change bulk
protonic conductivity in TIEC materials.

Following extended exposure to reducing conditions,
BCFZYX compositions exhibited signicant changes from its
pristine structure. Fig. 4a displays a cross-sectional SEM
micrograph of BCFY aer 50 h of exposure to reducing condi-
tions during permeation experiments. It is evident from the
This journal is © The Royal Society of Chemistry 2023
EDX analysis in Fig. 4b that Co segregates from the bulk of the
material and forms small Co-rich nanoparticles across the
grain. This Co segregation is also evident in the other compo-
sitions, though the occurrence of nanoparticle formation
appears to increase with the introduction of yttrium from
a visual analysis with EDX. The nanoparticles also appear to
remain at the grain boundary interfaces in BCFZY0.1 as shown
in Fig. S4.† From a purely thermodynamic perspective, Co has
the least stable oxide form of the constituent oxides of the solid
solution, and therefore would be expected to be the rst
element to exsolve.53,54 Despite the formation of a Co-containing
J. Mater. Chem. A, 2023, 11, 8929–8938 | 8933
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phase, secondary phase formation is not obvious through XRD
analysis, shown for BCFY in Fig. 4c, suggesting that the amount
of secondary phase is nominal compared to the dominant
perovskite phase. The main evidence of secondary phase
formation comes from the peak shi to higher angles aer 24 h
of H2 exposure, indicating the exsolution of Co from the lattice,
followed by shi to lower angles following reduction of multi-
valent ions.

In addition, exposure to reducing gas does not cause
destruction of the perovskite structure. Increasing reduction
times appears to cause peak broadening in the diffraction
pattern, which is especially evident in BCFZ and BCFZY0.1. This
peak broadening may indicate reduced crystallinity in the
perovskite structure. BCFZ appears to show more pronounced
peak-splitting aer 24 h exposure as well, which is associated
with decreased symmetry to the orthorhombic Pnma space
group. The peak broadening may also be associated with
a reduction in symmetry to the orthorhombic Pnma phase based
on additional reections present in the XRD spectrum aer 50 h
exposure. BCFY maintains a much more crystalline structure in
comparison aer extended reduction with no obvious structural
symmetry changes, which is notable due to its greater incidence
of Co-segregated nanoparticle formation. In all samples, long-
term reduction causes a lattice expansion with a shi toward
lower angles, likely due to the reduction of multivalent metal
ions Co and Fe.29,30

In tandem with the XRD and EDX studies, the permeation
ux was measured against exposure time. Although tempera-
ture changes were taken in between measurement times, the
ux at the same temperature over the course of 50 h remained
relatively constant, and within the range of error of each
sampling period. The peak broadening and peak splitting
observed in XRD aer long-term exposures does not coincide
with a signicant change in the permeation ux, suggesting
that despite a potential reduction in crystallinity and symmetry
in the material, the permeation measurements accurately
describe the bulk material properties. These correlations help
to conrm the validity of themeasurements over the 50 h period
despite the exsolution of a Co-rich phase and apparent changes
in symmetry. These results are further detailed in ESI with
Fig. S2–S8.†

Hydrogen permeation was also measured for BCFZYX coated
with thin layers of palladium as a protective barrier layer.24,29,31

While these membranes were signicantly thicker than the
uncoated membranes, the estimated conductivity between the
coated and uncoated membranes was within the range of error
of the measurement for BCFZY0.1 and BCFY. For BCFZ, the
estimated conductivity was signicantly higher in Pd-coated
samples than uncoated samples. This difference suggests that
surface exchange may be enhanced in the coated BCFZ
membranes leading to an apparent higher proton conductivity
in contrast to BCFZY0.1 and BCFY membranes, as Pd would
catalyze the surface dissociation and oxidation of hydrogen.55,56

Pd-coated membranes showed no notable differences in phase
stability from the uncoated membranes. These results are
further elucidated in Fig. S9–S11.†
8934 | J. Mater. Chem. A, 2023, 11, 8929–8938
3.2 Protonic kinetics through surface exchange experiments

To access the effect of protons and hydroxyl groups on surface
exchange in BCFZYX, electronic conductivity of each composi-
tion was measured under rapid gas switching. At elevated
temperatures in humid conditions, TIEC materials exchange
protons in two hypothesized mechanisms:13,57

H2Oþ V**
O þOX

O42OH*; (9)

H2Oþ 2OX
O þ 2h*42OH* þ 1

2
O2: (10)

Eqn (9) represents the hydration reaction, which utilizes
oxygen vacancies for proton uptake, typically in reducing
conditions, though some evidence suggests that it may occur in
oxidizing conditions as well.57 Eqn (10) represents the hydro-
genation reaction, which utilizes lattice oxygen and holes for
proton uptake in oxidizing conditions. In oxidizing conditions,
oxygen exchange via the oxygen reduction reaction (ORR) also
occurs according to the following:

1

2
O2 þ V**

O 4OX
O þ 2h*: (11)

In MIEC and TIEC materials, the addition of eqn (9) and (11)
yield eqn (10). Therefore, eqn 9–11 are dependent on each other
and describe the signicant interplay between atmospheric
conditions, surface reactivity, and bulk conductivity of TIEC
materials. The consumption of vacancy sites in hydration and
ORR suggests that surface adsorption competition between
oxygen and water vapor may occur in humidied, oxidizing
atmosphere.

To probe the protonic surface kinetics, a conductivity relax-
ation experiment was performed by switching atmospheric
conditions under constant 1000 ppm O2 through a room-
temperature-bubbler from H2O to D2O. Low oxygen partial
pressure increases the proton concentration through the
increase in oxygen vacancies, allowing simulation of eqn (9) by
exchanging all protons with deuterons.58 The incorporation of
deuterons decreases the total conductivity of the material due to
the increased mass of the deuteron, as shown in the inset of
Fig. 5a for BCFZ. BCFZY0.1 exhibited the fastest relaxation upon
switching, and, when t, exhibited the highest kOH-OD,chem of
2.52 × 10−4 cm s−1 at 600 °C, as shown in Fig. 5b. This surface
exchange is markedly similar to proton-conducting-electrolyte
material BaCe0.7Zr0.1Y0.1Yb0.1O3−d (kOH-OD = 2.06 × 10−4 s−1 at
600 °C) measured via in situ Raman spectroscopy.59 The surface
exchange from OH and OD groups closely follows the trend
exhibited in the hydrogen permeation experiments, with
maximum protonic surface kinetics in the co-doped BCFZY0.1
sample, decreasing with further Y- or Zr-doping. This result
further suggests that Y-doping beyond the BCFZY0.1 composi-
tion decreases the mobility of protons in the system despite the
increase in carrier concentration.

To better emulate conditions in protonic ceramic fuel cells,
another conductivity relaxation experiment was conducted to
probe the effect of water incorporation on oxygen surface
exchange. In dry, oxidizing conditions, rapid switching of
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Conductivity relaxation switching from room-temperature
bubbled H2O to D2O under 1000 ppm O2 atmosphere, with inset
showing decreasing total conductivity of BCFZ by switching from
proton to heavier deuteron, and (b) fitting of kOH-OD for BCFZYX from
500–700 °C.

Fig. 6 (a) Plot of kchem and Dchem under switching from 10% to 21% O2

for BCFZ with comparison of each under dry and wet conditions, (b)
comparison of kchem under dry and wet conditions for all BCFZYX
compositions, (c) activation energy of kchem from 500–700 °C for
BCFZYX under dry and wet conditions.
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oxygen partial pressure changes the total conductivity according
to eqn (11). Increasing Y concentration generally increases
kO,chem and decreases DO,chem, consistent with our previous
study.28 Exceptions occur in the low-temperature regime, where
BCFZY0.1 exhibits the highest kO,chem and DO,chem in part due to
its low activation energy compared to BCFZ and BCFY. The
reduced ORR kinetics for BCFZ compared to Y-doped compo-
sitions are consistent with previous studies on functional
devices.6 The full ORR kinetics in dry conditions are included in
Fig. S13.†

When probing the same samples under constant humidied
conditions of pH2O = 0.023, evidence of the competition
between hydration and ORR is observed. In BCFZY0.1 and
BCFY, the addition of water vapor decreased kO,chem across all
temperatures, while DO,chem remains approximately the same,
consistent with a previous study of BCFZY0.1,60 and suggesting
decreased ORR in humidied conditions, also observed in other
materials.61–63 In contrast, for BCFZ at temperatures #600 °C,
the relaxation time decreased and kO,chem increased in humid-
ied conditions, suggesting that water vapor improved the ORR
at lower temperatures. Fig. 6a shows these changes in kO,chem
for BCFZ from 500–700 °C. Comparisons for BCFZY0.1 and
BCFY are included in Fig. S15.† Fig. 6b displays the difference in
kO, chem in dry and wet conditions across the compositional
range at 600 °C. In wet conditions, kO,chem follows a similar
trend to the bulk protonic conductivity and the H2O-D2O
exchange and suggests that the co-doped BCFZY0.1 exhibits the
best oxygen exchange in PCFC conditions. The greater
This journal is © The Royal Society of Chemistry 2023
incorporation of protonic carriers likely lowers the available
oxygen reduction sites as more Y is substituted in the system.
The activation energy of kO,chem also decreases with the intro-
duction of humidity, as presented in Fig. 5c, with BCFZY0.1
exhibiting the lowest activation energy in both dry and
humidied environments. This low activation energy suggests
that BCFZY0.1 will have the best surface kinetics at lower
temperatures for electrochemical functional devices.

In a separate experiment, the exchange of hydroxyl groups is
also observed via an ECR measurement. Oxygen concentration
is held constant at 1000 ppm and the atmosphere is switched
from dry to 2.3% H2O. In this experiment, the conductivity
follows a non-monotonic, two-fold relaxation, as shown in the
inset in Fig. 7a, similar to recently observed measure-
ments.57,64,65 Upon switching from dry to humidied atmo-
sphere, the conductivity of these samples increases
signicantly, followed by a slow decrease back to equilibrium.
This phenomenon is likely ascribed to eqn (1) and (2) in some
J. Mater. Chem. A, 2023, 11, 8929–8938 | 8935
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Fig. 7 (a) Fitted curves from conductivity relaxation switching from 0%
to 2.3% H2O under 1000 ppm O2 atmosphere, with inset displaying
BCFY conductivity spike upon switching from the fast proton uptake
kinetics, followed by the relaxation resulting in decrease in total
conductivity. (b) Fitting of kOH,chem for BCFZYX from 500–700 °C.
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combination. The fast proton surface kinetics are expected to
account for the initial conductivity spike,66 while the slower
proton-lattice oxygen incorporation accounts for the slow
kinetic shi back to equilibrium.67 From the slow kinetic shi,
the relaxation curves are tted across the temperature range, as
shown for the three compositions in Fig. 7a. Following curve
tting, it was observed that the substitution of Y increases the
kOH,chem across the temperature range, with a maximum
difference in surface exchange at 600 °C, as shown in Fig. 7b.
This increase continues the trend of improved proton kinetics
with the introduction of Y in the BCFZYX system.
4. Conclusions

By varying the ratio of Zr : Y, compositions of BCFZYX were
probed for direct comparison of bulk proton conductivity and
proton surface kinetics. The substitution of Y3+ for Zr4+

improved the bulk proton conductivity, likely due to improved
carrier concentration and proton uptake capability. However,
full Y3+ substitution in BCFY reduced the proton conductivity,
potentially due to trapping effects from the high vacancy
concentration. In reducing conditions, BCFZYX exhibited Co
segregation to the grain boundaries, which increased in
magnitude with the increase in Y3+ substitution. However, the
main perovskite structure was maintained across the compo-
sitional suite. Three distinct conductivity relaxation
8936 | J. Mater. Chem. A, 2023, 11, 8929–8938
experiments in oxidizing conditions, via isotope exchange,
hydration, and oxidation under humidied conditions, revealed
improved proton and water surface kinetics with Y3+ substitu-
tion. These results underscore the importance of aliovalent
doping in a model, single perovskite system, and help to further
understand the superior performance of BCFZY0.1 in
intermediate-temperature functional devices.
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