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conducting perovskites†
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Triple ionic-electronic conducting oxides (TIECs) show great promise in high-temperature electrochemical

applications, including ceramic fuel cells and electrolyzers. The transport properties and electrochemical

activity of TIECs strongly depend on chemical composition and environmental conditions, such as

operating temperature and gas environment. Here, this dependency is investigated in a large family of

TIEC oxide perovskite materials via combinatorial experimental methods and multidimensional Bayesian

analysis. In total, more than 2500 impedance spectra are collected at three temperatures under dry air

and humid N2 atmospheres from 432 distinct Ba(Co,Fe,Zr,Y)O3−d (BCFZY) compositions that were

synthesized by pulsed laser deposition. This study provides insight on the trends governing

electrochemical performance. Combinatorial experiments demonstrate that Co-rich compositions

achieve the lowest overall polarization resistance under both dry air and humid N2, while Fe substitution

may increase polarization resistance. Hierarchical Bayesian analysis indicates that the performance-

limiting process depends on the chemical composition, measurement temperature, and atmospheric

humidity. This work provides a map of electronic properties of materials in the BCFZY perovskite family

under conditions that are relevant to their application as air electrodes for protonic ceramic fuel cells

and electrolyzers, and demonstrates a unique approach to studying TIECs that combines combinatorial

experiments and Bayesian analysis.
Introduction

Triple ionic-electronic conducting oxides (TIECs) have recently
generated interest because of their unique ability to simulta-
neously transport electronic charge carriers and two ionic
species. Within this class of materials, Ba(Co0.4Fe0.4Zr0.1Y0.1)
O3−d (BCFZY4411) stands out for demonstrating high catalytic
activity for the oxygen reduction reaction (ORR), for achieving
high performance when employed as a cathode in protonic
ceramic fuel cells (PCFCs),1 and for its ability to perform as an
anode when a PCFC is operated in reverse as an electrolysis
cell.2 While BCFZY4411 has been studied by several research
groups,3–7 to our knowledge there has been no comprehensive
study investigating the manipulation of cation composition to
tune or optimize the transport properties of this material.

Prior studies on mixed ionic-electronic conductors (MIECs),
which transport two types of charge carriers, provide a baseline
ble Energy Laboratory, Golden, CO, USA.

Department, Colorado School of Mines,

du

tion (ESI) available. See DOI:

f Chemistry 2023
understanding of conduction mechanisms in these triple-
conducting materials.8 In materials that contain substantial
concentrations of multi-valent transition metals (TMs), elec-
tronic conduction is achieved through a small-polaron hopping
mechanism and charge is transferred through the TM–O–TM
bond network. Protons are transferred among oxygen sites by
a Grotthuss-type mechanism,9 while oxygen ions are trans-
ported by a vacancy-diffusion mechanism. These mechanisms
can be enhanced or inhibited by changes in cation
concentrations.

Most knownMIECs have perovskite (ABO3) or perovskite-like
structures that readily accommodate A- and/or B-site substitu-
tion. However, substituting a cation to enhance transport of one
carrier may inhibit transport of another carrier. Due to these
various and oen conicting effects of each element on trans-
port, a comprehensive study with high resolution in chemical
composition is required to better understand how changes in
cation concentrations affect transport properties in the
Ba(Co,Fe,Zr,Y)O3−d (BCFZY) materials system.

In similar materials, Zr provides stability and a large unit cell
volume, which promotes oxygen ion mobility.1 Yttrium provides
proton conduction and increases oxygen vacancy formation, but
limits oxygen mobility.2,3 Here, the Y concentration is limited to
20% of the B-site (B) because higher concentrations may form
J. Mater. Chem. A, 2023, 11, 5267–5278 | 5267
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secondary phases.4,5 The multi-valent transition metals, Co and
Fe, provide electronic conduction via small polaron hopping.2,6

Iron may also improve structural stability, while the low B–O–B
bond energy of Co can increase proton and oxygen ion transport
and the surface oxygen exchange reaction.2,6,7

Conducting a comprehensive study of this materials family
via serial experimental methods would be prohibitively time
consuming. Additionally, variation in microstructure among
samples from different studies or different synthesis batches
can affect materials properties and convolute results. Also,
manual analysis of large amounts of impedance spectroscopy
data as a function of temperature and atmospheric measure-
ment conditions is nearly intractable.

Here, we apply combinatorial experimental methods to
systematically screen this composition space, and use hierar-
chical Bayesian models to analyse the impedance spectroscopy
measurement results. We synthesize BCFZY thin lms across
a wide range in chemical composition by pulsed laser deposi-
tion to achieve nominally uniform microstructures, and report
their electronic properties as a function of B-site cation
concentrations. We demonstrate that B-site substitution with
Co enhances the necessary reactions and transport, while
substantial substitution with Fe may be detrimental to perfor-
mance of these materials for application as fuel cell cathodes at
low to intermediate temperatures. Cobalt reduces polarization
resistance by enabling electronic charge transfer in both
atmospheres, and by promoting oxygen vacancy formation
under humid conditions. These results provide a composition-
dependent property map of the BCFZY perovskite family of TIEC
materials, which will enable engineering of air electrodes with
improved performance for protonic ceramic fuel cell and elec-
trolysis applications.
Combinatorial experimental methods

For this study, we employ combinatorial experimental methods
to examine BCFZY thin lms. First, we establish parameters for
synthesizing BCFZY thin lms across the required range.
Second, we explore the impedance of the BCFZY materials
Fig. 1 Combinatorial pulsed laser deposition for high-throughput synth
a target, creating a plume that is deposited on the inverted substrate. Rot
result in composition gradients in the film. (b) Cation ratios across a single
characterized by AC electrical measurements. (c) 3D representation of co
full occupation of the B-site by that species. The Y apex represents 20%

5268 | J. Mater. Chem. A, 2023, 11, 5267–5278
system to uncover composition-property relationships under
dry oxidizing and humid reducing gas environments.
Thin lm synthesis

We synthesized electrolyte and electrode thin lm layers in
a combinatorial pulsed laser deposition (combi-PLD) chamber.
Substrates were pre-heated in the vacuum chamber for 30
minutes by a radiative heater. The combi-PLD system has
a rotatable carousel on which as many as six targets can be
loaded simultaneously. The targets are sequentially brought
into the path of a 248 nm KrF excimer laser (Fig. 1a) and are
ablated 7.5 cm from the substrate. The system is equipped with
a rotatable substrate holder that centres different locations on
the substrate over different targets during ablation and achieves
compositional gradients that span a range of 6% to 60% B-site
occupation for any single element across a 2′′ × 2′′ substrate.
These compositionally graded samples are called libraries.
Information regarding PLD target synthesis and characteriza-
tion can be found in Section S1†.

Pulsed laser deposition gives access to a wide range in
synthesis parameters, including substrate heater setpoint, gas
partial pressures, laser energy, and laser pulse frequency. Each
of these parameters was explored to establish a combination of
parameters that most consistently produced crystalline lms
across a broad range in chemical composition. To determine
the effects of substrate temperature, we loaded the substrate
onto a purpose-built substrate holder that applied a tempera-
ture gradient across the substrate during deposition. We
investigated pressure effects by depositing lms at 1, 5, 10, 50,
and 100 mT. We tested laser pulse frequencies between 5 and
40 Hz and laser energies of 200 and 300 mJ. We discuss the
results of these experiments in a later section.

We deposited compositionally graded BCFZY thin lms with
thicknesses ranging between 450 and 600 nm as part of two
distinct lm stacks (Table 1), each for a different characteriza-
tion method. Stack 1 comprised continuous lm libraries
deposited directly on bare, fused silica substrates (SiO2, GM
Quartz, USA). These libraries served as reference samples for
structure and chemical composition measurements and
esis. (a) Configuration of the combi-PLD chamber. The laser ablates
ation of the target carousel and of the substrate throughout deposition
library. Ratios are extrapolated from 44-point XRF data to all 144 points
mposition space for this study. The basal plane cation apexes represent
B-site occupancy by Y.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Distinct thin film stacks for each characterization method

Stack 1 2

Layers SiO2/BCFZY Glass/ITO/BZY/BCFZY/Ti/Au
Substrate Fused silica ITO-coated glass
Electrolyte None BZY
Electrode BCFZY BCFZY
Electrical contacts None 50 nm Ti + 100 nm Au
Characterization method/s XRD, XRF Impedance spectroscopy
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avoided the elemental and diffraction peak overlap that arises
with additional layers. Stack 2 comprised two PLD-deposited
layers on an ITO-coated glass substrate (ITO, Delta Technolo-
gies, USA) to form a library of electrochemical half cells. A
compositionally uniform, continuous BaZr0.8Y0.2O3−d (BZY20)
layer, with a thickness of ∼1500 nm, served as the electrolyte.
We deposited a compositionally graded BCFZY lm through
a shadow mask to produce a 12 × 12 point array of spatially
separated and compositionally unique 1.75 mm diameter
microelectrodes for characterization by electrochemical
impedance spectroscopy. To improve electrical contact between
the sample and probe during electrical measurements, we
deposited 1 mm diameter circular contacts onto the BCFZY
microelectrodes by electron beam evaporation (FC-2000,
Temescal, USA). The metal contacts comprised a 50 nm layer
of Ti for adhesion and 100 nm of Au. The metal contact must be
larger than the probe tip for electrical measurements, while the
TIEC microelectrode diameter must be small enough that the
chemical composition does not substantially vary across its
width.

Thin-lm characterization

We analysed thin lm structure and composition on a 4 × 11
point grid via X-ray diffraction (XRD) and X-ray uorescence
(XRF), respectively. We collected X-ray diffraction patterns by
a 2D detector in a Bragg–Brentano conguration in a Bruker D8
Discover diffractometer with Cu-Ka radiation. The diffraction
angle ranged from 19° to 52° with a step size of 0.05°. We
indexed the peaks according to cubic barium zirconate and
calculated the cubic lattice constants from the position of the
most intense diffraction peak, the {110} peak. We measured
energy dispersive X-ray uorescence by a Fischerscope® X-Ray
XDV®-SDD to determine lm thickness and composition. A
spectrum from a blank SiO2 substrate provided a base spectrum
for this analysis. We processed the data from XRD, XRF, and
other characterization methods with custom routines within
the COMBIgor soware package.10 We interpolated XRF data
between measured points to obtain cation concentrations for
each spatial location at which we measured impedance.

Prior to electrical characterization, we annealed the as-
deposited lms in laboratory ambient air in a box furnace
(Thermo Scientic™) for 4 hours at 500 °C, equally exposing all
lms to an equivalent oxygen environment at a temperature
above the measurement surface temperature. We measured
electrochemical impedance on the half-cell samples (Stack 2) by
an Interface 1000 potentiostat (Gamry, USA) in potentiostatic
This journal is © The Royal Society of Chemistry 2023
mode with a 30 mV perturbation voltage. We collected spectra
across a frequency range from 0.1 Hz to 1 × 106 Hz at elevated
temperatures by a lab-built instrument that is described in
detail elsewhere.11 Automated data collection routines
measured the libraries in a through-lm conguration at
elevated temperature on a hot stage. Aer each temperature
ramp, a 4 minutes dwell equilibrated the surface temperature.

A custom-built probe directed owing gas toward each
microelectrode during measurement. Aer the probe moved to
each microelectrode, an additional 20 second dwell equili-
brated the sample to the dry air ow (pH2O y 7.4 × 10−5 atm).
We collected impedance spectra at hot-stage setpoints of 400 °
C, 450 °C and 500 °C, which correspond to lm surface
temperatures of 238 °C, 272 °C, and 303 °C. The surface
temperature was determined from separate measurements of
a blank substrate by a K-type thermocouple that was attached to
the surface of the substrate by silver paste. Aer the entire
library was mapped under dry air, the same procedure was
repeated under humidied N2 (pH2O y 0.028 atm) except that
the probe dwelled at each electrode for 100 seconds before
collecting each spectrum.
Results of combinatorial synthesis
Optimized PLD parameters synthesize crystalline lms

We evaluated the deposition parameters by the crystallinity of
the resulting lms—as determined by the FWHM of the most
intense diffraction peak (the {110} peak)—and by required
deposition time to achieve the desired thickness. Films depos-
ited along a thermal gradient at a heater setpoint of 700 °C
showed that crystallinity decreased with decreasing substrate
temperature (Fig. 2a). Therefore, we chose 700 °C for depositing
the BCFZY lms. Of the pressures studied, 1 mT produced the
most crystalline lms (Fig. 2b). XRD analysis of single-target,
end-member lms conrmed that a 1 mT deposition pressure
produced crystalline lms across the entire composition space
of interest. Both 10 Hz and 20 Hz produced more crystalline
lms than either 5 or 40 Hz (Fig. 2c). Both 200 mJ and 300 mJ
laser energies produced lms with diffraction patterns whose
peaks had similar FWHM values. Thus, we chose the laser
energy of 300 mJ and pulse frequency of 20 Hz to produce
crystalline lms at higher deposition rates. Although high
deposition rates may result in rough lm surfaces and low-
quality interfaces, we did not observe these effects in SEM
micrographs (Fig. 3a). In a similar process, we established ideal
parameters for the uniform BZY layer, and found that BZY,
which contains no smaller, lighter transition metals, was opti-
mized at a heater setpoint of 800 °C with a total pressure of 50
mT and the same laser parameters that we chose for the BCFZY
layer.
Materials demonstrate cubic perovskite structure across
chemical composition range

Crystalline lms formed across the entire composition range
under study (Fig. S2†). Each lm displayed a cubic perovskite
structure; no secondary phases were detected in as-deposited
J. Mater. Chem. A, 2023, 11, 5267–5278 | 5269
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Fig. 2 Effect of deposition variables on thin film XRD patterns. (a) A thin film deposited on a thermal gradient showed higher crystallinity at higher
temperature. Although the heater was set to 700 °C, even the highest surface temperature is lower than the setpoint due to thermal inefficiency
across the interface between the heater and the substrate. At the 700 °C heater setpoint, themost crystalline films were achieved by (b) 1 mT total
pressure and (c) 20 Hz laser pulse frequency.
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lms within the resolution of the laboratory-scale diffractom-
eter. The position of the XRD peaks moved to higher diffraction
angles with decreasing B-site cation radius (Fig. 3b). This trend
indicates that substitution of smaller cations (Fe and Co) for
larger cations (Zr and Y) on the B-site has a measurable effect on
the lattice parameter (Fig. 3c). Combined with the single-phase
XRD patterns, the synchronous change of the lattice constant
with the average B-site cation radius indicates that the cations
Fig. 3 Results of SEM, XRF and XRD analysis. (a) Cross-sectional SEM m
humid N2 at all measurement temperatures. This image shows columnar
layer. (b) SEM micrograph of a sample surface. No significant changes w
Grain diameter ranged from 41.4 to 44.6 nm, as approximated by a lin
different samples. (c) Selected diffraction patterns that correspond to fou
exhibit the same peaks as the cubic perovskite structure of BZY20 (ICS
cation ratios. (c) Cubic lattice constant across the composition range co
average B-site cation size.

5270 | J. Mater. Chem. A, 2023, 11, 5267–5278
form a solid solution. Chemical composition across each library
varied as expected based on the deposited PLD target
compositions.

SEM images show a consistent, columnar microstructure in
the BZY electrolyte layer (Fig. 3a). These images show neither
obvious variation in surface roughness nor delamination aer
electrical measurements under both gas atmospheres. The
icrograph of a Stack 2 film after measurement under both dry air and
grains in the BZY layer and elongated or columnar grains in the BCFZY
ere observed in surface microstructure across the composition range.
ear intercept method and averaged across 3 intercept counts from 5
r points marked on the ternary plot in part d show that the BCFZY films
D no. 187802), with peak shifts occurring alongside changes in B-site
vered by the three libraries. Lattice constant increases with increasing

This journal is © The Royal Society of Chemistry 2023
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BCFZY lms exhibit either columnar grains or grains that are
elongated parallel to the growth direction.
Multidimensional, Hierarchical
Bayesian model for impedance data
analysis

Electrochemical impedance spectroscopy (EIS) spectra collected
from the combinatorial thin lms vary both qualitatively and
quantitatively: the apparent size, location, and number of
impedance arcs in the complex plane varies across each library,
and total polarization resistances span multiple orders of
magnitude. Since there is not a well-established model for the
impedance of TIEC thin lms, we employed the distribution of
relaxation times (DRT) for initial investigation of the EIS data.
Although the DRT does not require an a priori model, the DRT
must be tuned by the selection of one or more control param-
eters, which is typically an imprecise process.12–16 In this work,
we instead obtained estimates of the DRT via the calibrated
hierarchical Bayesian DRT,15 which employs hierarchical
Bayesian priors and error structure estimation to systematically
tune the DRT. To enable separation and quantication of
discrete relaxations, we used the DRT results to construct and
inform an equivalent circuit model (ECM) capable of describing
all measured spectra. We determined the ECM parameters by
a multidimensional, hierarchical Bayesian model, which over-
comes the strong peak overlap that frequently arises for certain
conditions and compositions. We describe these EIS analysis
methods in more detail below.
Fig. 4 Distribution of HN peak time constants identified in the DRTS
for the dry air atmosphere as a function of measurement temperature.
Darker colours indicate greater density of identified peaks.
Establishing the equivalent circuit model

First, we tted all spectra with the calibrated hierarchical
Bayesian DRT, which yields a continuous distribution repre-
senting a series of resistive-capacitive relaxations with varying
characteristic time constants. Peaks in the DRT are analogous
to common equivalent circuit elements such as ideal RC
elements, dispersed ZARC elements, and asymmetric Gerischer
elements.15,17–19 Thus, analysis of peaks in the DRT provides
a means for empirical construction of an ECM. However, care
must be taken in the identication of peaks, as pseudo-peaks
may arise due to noise in the data, while peak overlap may
obscure the presence of multiple peaks. In addition, an appro-
priate peak shape must be selected for meaningful peak
deconvolution.

To robustly identify peaks in the obtained DRTs, we chose
the Havriliak–Negami (HN) element as a versatile basis function
for peak tting. The HN element is an empirical equivalent
circuit element that can describe behaviour ranging from ideal,
symmetric relaxations (RC element) to dispersed and/or asym-
metric relaxations (ZARC and Gerischer elements). The
impedance of an HN element at excitation frequency u is given
by

ZHNðuÞ ¼ R�
1þ ðjus0Þb

�a (1)
This journal is © The Royal Society of Chemistry 2023
and its DRT is given by

gHNðsÞ ¼
R

p

�
s
s0

�ab
sin ðaqÞ�

1þ 2ðs=s0Þbcos ðpbÞ þ ðs=s0Þ2b
�a=2 (2)

where

q ¼ tan�1
 

sin ðpbÞ
ðs=s0Þb þ cos ðpbÞ

!
(3)

R is the magnitude (resistance) of the relaxation, s0 is the
characteristic relaxation time, and a and b are shape parame-
ters that range from 0 to 1. The rst shape parameter, a,
describes the symmetry of the relaxation: when a = 1, the
relaxation is symmetric and the HN element reduces to the
ZARC or Cole–Cole element. The second shape parameter, b,
describes the degree of frequency dispersion: when b = 1, the
relaxation exhibits no dispersion and the HN element reduces
to the Cole–Davidson relaxation. When a = 0.5 and b = 1, the
HN element reduces to the Gerischer element.17 Thus, the HN
element captures a wide variety of behaviours while remaining
grounded in theory, making it a reasonable choice for approx-
imating an arbitrary DRT.We used a peak-tting algorithm to t
from 1 to N HN elements to each obtained DRT; peaks with
magnitudes less than 0.5% of the largest peak in each DRT were
treated as pseudo-peaks and were discarded.

The DRT peak ts reveal that four peaks are present for all
compositions and conditions and indicate that an ECM
comprising four HN elements in series is appropriate to
describe all spectra. A series resistor and inductor are included
in the ECM to capture the ohmic resistance and cable induc-
tance. However, peak positions (time constants) and magni-
tudes vary signicantly with composition and conditions.
Importantly, this oen results in very strong peak overlap in
individual spectra. Fig. 4 shows the distribution of DRT peak
locations as a function of temperature for the spectra measured
under dry air. At the lowest measurement temperature, four
distinct peak positions are visible, but as the temperature
J. Mater. Chem. A, 2023, 11, 5267–5278 | 5271
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increases, the distributions of the two intermediate peaks
merge and become difficult to distinguish. This highlights
a critical challenge in the analysis of the EIS data: it is oen very
difficult, if not impossible, to separate overlapping peaks in
a single spectrum.

Multidimensional Bayesian model. To overcome the ambi-
guity inherent to individual impedance spectra, we developed
a multidimensional, hierarchical Bayesian impedance model.
The model considers data collected at multiple temperatures
simultaneously to resolve peak overlap that may exist at a single
temperature, resulting in far greater certainty in the model
parameters than is possible via conventional ECM ts, as
illustrated in Fig. 5. The multidimensional nature of the model
also enables direct estimation of activation energies and iden-
tication of peak shis with temperature, providing more
comprehensive insight into the behaviour of each peak. We
employed Bayesian prior distributions, or priors, to tune the
optimization of the model and obtain meaningful results.
Below, we dene the impedance model and conceptually
describe the priors; we mathematically describe the priors in
Section S5†.

The multidimensional model uses the ECM derived from the
DRT analysis, comprising four HN elements in series with an
inductance and an ohmic resistance, as the core impedance
model for a single temperature, and extends the model to
multiple temperatures by incorporating activated behaviour for
each HN element. Consider a single contact for which we
collected impedance spectra at P distinct temperatures. The
impedance is dened as a function of frequency and
Fig. 5 Comparison of the multidimensional model to a conventional EC
multidimensional model fit of spectra measured at three different tem
temperatures, the conventional ECM treats each temperature independe
the lowest temperature, where peak separation is the greatest. Meanwh
atures and is thus able to distinguish the two intermediate peaks even wh
air condition identified by (c) the conventional ECM and (d) the multidim
peak, the five contour lines (from outer to inner) indicate the regions out
The conventional ECM shows an extremely high degree of uncertainty i
identifies much tighter peak location distributions that are consistent wi

5272 | J. Mater. Chem. A, 2023, 11, 5267–5278
temperature. We select one of the measurement temperatures
as the base temperature, Tbase. We may then describe the
impedance by a combination of activation energies and the
ECM parameters at the base temperature. The impedance of the
kth HN element at any temperature T is thus given by

Zkðu;TÞ ¼ RkðTÞ�
1þ ðjus0;kðTÞÞb

�a ; (4)

where

RkðTÞ ¼ Rbase;kexp

��
DGk

kB

��
1

T
� 1

Tbase

��
(5)

and

s0;kðTÞ ¼ s0;base;kexp

��
DGkfk

kB

��
1

T
� 1

Tbase

��
(6)

Here, Rbase,k and s0,base,k are the resistance and time constant of
the kth element at the base temperature, DGk is the activation
energy of the kth element, kB is Boltzmann's constant, and fk is
a shi parameter that accounts for the fact that s0,k is not
directly proportional to Rk when a s 1, b s 1, and/or the
effective capacitance varies with temperature. The shape
parameters, a and b, are xed, but Rk and s0,k vary with
temperature. We assume that the ohmic resistance, RN, is
activated in the same way as the individual peak resistances,
while the inductance, L, is xed because it is expected to be an
artifact of the test xture and not of the sample. Thus, the full
impedance of the contact at a measured temperature Tp is given
by
M. (a and b) Equivalent DRTS of the (a) conventional ECM fit and (b) the
peratures for a single contact. While four peaks are present at all

ntly and fails to resolve the two intermediate peaks (P1 and P2) at all but
ile, the multidimensional model extends each peak across all temper-
en they overlap. (c and d) The distributions of peak locations for the dry
ensional model as functions of measurement temperature. For each
side of which 10%, 25%, 50%, 75%, and 90% of the probability mass lie.
n the locations of Peaks 2 and 3, whereas the multidimensional model
th the DRT results shown in Fig. 4.

This journal is © The Royal Society of Chemistry 2023
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Z
�
u;Tp

� ¼ uLþ RN;baseexp

��
DGN

kB

��
1

Tp

� 1

Tbase

��

þ
X4
k¼1

Zk

�
u;Tp

�
(7)

Because the lm surface temperature may vary slightly with
position and was not directly measured at the electrical probe
location, we assume that temperature errors are the primary
source of deviation from the Arrhenius relationship. Thus, the
model allows a small temperature offset from the surface
temperature at heater setpoint p:

Tp = Tp,cal + DTp (8)

where Tp,cal and DTp are the surface temperature from calibra-
tion and the temperature offset, respectively. We obtained Tp,cal
from a surface temperature calibration while, as described in
the next section, DTp is optimized as a model parameter that is
minimized while being tightly controlled by a Bayesian prior
such that variations from the calibrated temperature are also
minimized.

Due to the time constraints of the high-throughput
measurement, it was not feasible to fully equilibrate each
sample to the humid N2 atmosphere, which requires
a substantially longer equilibration time than the dry air
atmosphere. Thus, the humid N2 spectra represent a partially
equilibrated sample state and are not compliant with Kramers–
Kronig relations at low frequencies. To address this issue, we
included an empirical equilibration impedance contribution in
the model for the humid N2 atmosphere. The equilibration
contribution cannot be assigned to a particular element of the
model; it simply accounts for a contribution to the impedance
that is not Kramers–Kronig compliant so that the standard ECM
elements can address the Kramers–Kronig-compliant portion of
the spectrum without perturbation. The effect of partial equil-
ibration on the model parameters is further reduced by the
multidimensional nature of the model because the model
parameters must be in concordance across all temperatures.
Still, the effect of the equilibration process on the impedance
measurement cannot be ignored; the humid N2 data does not
represent the equilibrium sample state, and should instead be
interpreted as a qualitative indicator of how the sample state
changes when exposed to lower pO2

and higher pH2O. The full
denition of the equilibration contribution is given in Section
S5†.
Impedance model regression

The parameters of the impedance model dened above can be
regressed to the data by inputting the spectra for all P temper-
atures simultaneously. However, the parameter space is high-
dimensional and requires careful initialization and control for
meaningful results. For each contact, we used the DRT t of the
base temperature spectrum to initialize the inductance, ohmic
resistance, and parameters of the HN elements. We obtained
a rough initial estimate of the activation energy for each peak
This journal is © The Royal Society of Chemistry 2023
from manual ts of several spectra with clearly resolved peaks.
Meanwhile, we used a hierarchical Bayesian prior structure to
tune the parameter values determined by the model. Each prior
denes a distribution of expected values for a parameter; this
distribution inuences the result of the optimization via
a statistically derived addition to the objective function. The
strength of each prior can be adjusted via the width of the
distribution (broad prior distributions tend to be weaker and
tight prior distributions tend to be stronger). We placed weak
priors on the parameters Rk, fk, L, and RN,base to prevent
extreme values, and a stronger prior on DTp to minimize devi-
ation from the calibrated temperatures. In addition, we applied
the error model used in ref. 15 to estimate the error structure of
the impedance spectra such that concordance of parameter
values and priors is balanced with t quality. The full prior
structure is dened in Section S5.† For more background on the
use of hierarchical Bayesian priors in analysis of EIS data, we
refer the reader to ref. 15, 18, and 19. We constructed and
optimized the Bayesian model using Stan, a soware package
for statistical modeling.20 Although it is possible to use Monte
Carlo sampling to obtain credible intervals for model parame-
ters, the computational cost is very high for a dataset of this
size. Instead, the parameters are optimized via the L-BFGS-B
algorithm.

Analysis of impedance model results
Multidimensional model validation

In Fig. 6, we validate the multidimensional model results by
summarizing the goodness-of-t values (c2) and peak parame-
ters (Rk, s0,k) from this model compared to those obtained from
conventional ECM ts. In the dry air atmosphere, the multidi-
mensional model identies a small peak at high frequency
(Peak 0), two overlapping peaks at intermediate frequencies
(Peaks 1 and 2), and a peak at low frequency (Peak 3). The
conventional ECM shows similar distributions for Peaks 0 and
1, but much wider distributions of the time constants and
resistances for Peaks 2 and 3. This reects the much higher
uncertainty associated with the conventional ECM due to peak
overlap: a single HN element may adequately t the impedance
arising from two overlapping peaks, allowing the remaining
element to be placed arbitrarily to t noise in the data. In
contrast, the elements of the multidimensional model are
constrained by the Arrhenius relationship and informed by data
from all temperatures, and thus cannot be placed arbitrarily.
This constraint prevents overtting of the data and results in
slightly larger goodness-of-t (c2) values from the multidi-
mensional model than from the conventional ECM, even
though the conventional ECM has higher uncertainty.

The humid N2 results (Fig. 6b and d) show similar trends: the
multidimensional model identies tighter distributions for all
peaks with slightly larger c2 values. However, Peaks 1–3 exhibit
greater separation in the humid N2 atmosphere than in the dry
air atmosphere, and thus the conventional ECM more consis-
tently identies their locations and magnitudes in the humid
N2 data. In both dry air and humid N2, there is a noticeable
correlation between Rk and s0,k. This may be attributed to the
J. Mater. Chem. A, 2023, 11, 5267–5278 | 5273
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Fig. 6 Visualization of the multidimensional model results and comparison to conventional ECM results. (a and b) Conventional ECM results for
dry air and humid nitrogen atmospheres. (c and d) Multidimensional model results for dry air and humid nitrogen atmospheres. Each plot shows
the distribution of HN peak time constants and resistances obtained by the corresponding model for the atmosphere indicated at 272 °C. For
each peak, the five contour lines (from outer to inner) indicate the regions outside of which 10%, 25%, 50%, 75%, and 90% of the probability mass
lie. The inset shows the distribution of c2 values aggregated across all temperatures. The multidimensional model results show tighter distri-
butions of Rk, but the c2 values are larger, due to the inability of this model to overfit the data.
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direct relationship between the time constant and the product
of resistance and capacitance (s0 = RC). Since c2 alone is not
a robust indicator of t suitability, Fig. S5† includes represen-
tative multidimensional ts corresponding to the 1st, 50th, and
99th percentile of c2 for each atmosphere as a point of further
validation. These results demonstrate that the multidimen-
sional model dramatically reduces uncertainty in the ECM
parameters while obtaining appropriate t quality.
Trends in impedance peaks

Films synthesized by PLD have inherent thickness variation and
may exhibit spatially varying oxygen concentration due to
plume dynamics during deposition. Although we minimized
each of these variables, by centring the plume off the edge of the
substrate and by annealing the lms in air prior to measure-
ment, they should not be ignored. To separate the inuence of
lm composition from the inuence of composition-
independent variables, we rst performed a multivariate
elastic net analysis of the resistances of the individual DRT
peaks. This analysis revealed that Peaks 1 and 2 are slightly
correlated to lm thickness, while all peaks exhibit a correlation
with radial distance from the centre of the library. These non-
compositional effects are largely responsible for the apparent
discontinuities in peak resistance trends at the boundaries
between sample libraries, but are small enough in magnitude
5274 | J. Mater. Chem. A, 2023, 11, 5267–5278
that the compositional effects dominate when considering the
results for the full composition space. Next, we examined trends
in the resistances (Ri) and capacitances (Ci) of individual DRT
peaks with changes in chemical composition, temperature, and
gas atmosphere, to determine which peaks limit performance
and to identify optimal compositions.

Peak 0 is a small, high-frequency peak that is observed in all
spectra. The resistance of this peak (R0) is insensitive to BCFZY
composition across the sample libraries (Fig. S4†). The magni-
tude of R0 is consistent with the estimated conductivity and
thickness of the PLD-deposited BZY thin lm under the
conditions of measurement; the activation energy of the R0

process (∼0.4 eV) is consistent with proton transport; and R0

decreases in humid N2 relative to dry air, a behaviour that is
consistent with proton conduction. Thus, we attribute this
resistance to the proton-conducting BZY thin-lm electrolyte
layer and not to the cathode.21,22

The ITO/BZY interface is also expected to contribute to the
impedance. Like the BZY impedance, the ITO/BZY interfacial
impedance should be insensitive to BCFZY chemical composi-
tion and nominally consistent across all samples. We do not
observe an additional, composition-independent impedance
arc. Therefore, we conclude that the impedance of this interface
is obscured within one of the other impedance arcs and is small
enough that it does not dominate the impedance at any given
frequency.
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 shows the resistances of the cathode-related peaks
(Peaks 1–3) across all compositions under each gas condition.
The corresponding capacitances of these peaks are available in
Fig. S7.† Under each condition, all three of the cathode-related
resistances (R1, R2, and R3) have low values when the Co
concentration is high. Consequently, Co-rich compositions
have the lowest total polarization resistances. The resistance
(R1) and capacitance (C1) of the medium-frequency peak show
only slight changes under humid N2 compared to dry air. In
contrast, the medium-low-frequency peak (Peak 2) shows
a much stronger response to the gas environment with a char-
acteristic frequency that varies by up to two orders of magnitude
between the two gas conditions for a single contact. Both the
resistance (R2) and the capacitance (C2) corresponding to this
peak increase under humid N2 compared to dry air. Finally, the
resistance (R3) of the low frequency peak (Peak 3) increases
signicantly in humid N2 compared to dry air while the capac-
itance of this peak (C3) decreases signicantly in humid N2

compared to dry air. Furthermore, the capacitance (C3) of the
low-frequency peak is the highest among all peaks and its value
is consistent with a chemical capacitance.23 The characteristics
and trends of each cathode-related peak are summarized in
Table 2.
Impedance peaks represent electrochemical processes

The peaks in the DRT represent different electrochemical
processes. Without a full mechanistic study, the DRT peaks
cannot be denitively assigned to particular processes.
However, based on the trends mentioned above and previous
studies on similar materials, we propose tentative assignments
for each of these peaks.

We attribute Peak 1 to charge transfer at the electrode/
electrolyte interface.22–25 This attribution is supported by the
fact that the capacitance values are consistent with a double-
layer capacitance.21,22 The trends in this peak may be moder-
ated by the interplay between proton and electron–hole
Fig. 7 Resistances 1–3 and total polarization resistance for each cathode
row) at 303 °C. Each colour scale spans two orders of magnitude.

This journal is © The Royal Society of Chemistry 2023
concentrations as they change with chemical composition and
atmospheric conditions, specically at the interface. In BZY,
a space charge region in the grain boundaries blocks proton
transport.26,27 The barrier height is reduced by hydration26 and
the space charge region width is reduced by increased concen-
trations of Y and of mobile charge carriers.28 A similar effect at
the electrode/electrolyte interface may explain the observed
changes in R1. However, because our counter electrode is
a buried electron-conducting layer of ITO, it is unclear whether
there is a mechanism for proton exchange in the absence of
a gas phase at the BZY/ITO interface. A proton-exchange process
at this interface would explain why the impedance spectra
approach the real axis at low frequencies, rather than exhibiting
the capacitor-like shape that is expected when one electrode
blocks ionic carriers. Alternatively, electronic short-circuiting
through the BZY electrolyte (which is known to have some p-
type electronic conductivity at high pO2

) would cause the
impedance spectrum to meet the real axis at the DC limit.
However, the strong dependence of the impedance on the
presence and composition of the BCFZY layer indicates that
electronic conduction is not the primary factor that explains
this phenomenon.

We attribute Peak 2 to a surface reaction process due to
a drastic change in its characteristic time constant with the
change in atmosphere, which may be explained by different
surface reactions lling oxygen vacancies under different
conditions. Under dry air, the surface reaction may comprise
incorporation of adsorbed oxygen into the lattice,29 while in
humid N2, the surface reaction may comprise the dissolution/
formation of water.30

We attribute Peak 3 to oxygen dissociation/adsorption at the
surface of the BCFZY electrode due to its exceptionally high
capacitance.31 Additionally, the resistance of this peak increases
substantially in humid N2 compared to dry air, whichmay result
from water blocking the reaction sites for oxygen dissociation/
adsorption.
composition measured under dry air (top row) and humid N2 (bottom

J. Mater. Chem. A, 2023, 11, 5267–5278 | 5275
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Table 2 Characteristics and trends for each DRT peak. Interquartile range reports the values from the 25th to 75th percentile

Interquartile range

Peak 1 Peak 2 Peak 3

Dry Log10 frequency (Hz) 2.32 to 3.28 2.01 to 2.38 −0.66 to −0.21
Log10 capacitance (F) −7.92 to −7.67 −7.71 to −7.25 −5.02 to −4.35
Log10 resistance (Ohms) 3.78 to 4.66 4.14 to 4.73 4.17 to 4.53
Activation energy (eV) 0.52 to 0.69 1.04 to 1.19 0.98 to 1.11

Humid Log10 frequency (Hz) 2.45 to 3.29 0.67 to 1.28 −0.67 to −0.21
Log10 capacitance (F) −7.92 to −7.80 −7.02 to −6.78 −5.86 to −5.61
Log10 resistance (Ohms) 3.81 to 4.57 4.92 to 5.36 5.22 to 5.48
Activation energy (eV) 0.51 to 1.06 0.92 to 1.18 0.93 to 1.15

Trend with composition Both R1 and C1 decrease with
increasing Co

R2 decreases with Co and
increases with Fe

C3 increases and R3

decreases with increasing Co
concentration

Trend with change from dry air to
humid N2

R1 slightly decreases, C1

slightly increases
R2 and C2 increase R3 substantially increases, C3

substantially decreases
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These assignments are consistent with the observed trends
and with previous literature on similar compositions. Still,
a detailed, mechanistic study is urgently required to verify these
claims and to conclusively dene correlations between imped-
ance peaks and electrochemical processes.
Limiting processes and optimal
composition
Performance-limiting processes

By determining which resistance is the highest for a given
composition, we can identify which resistance most strongly
limits performance across the composition space for the
different gas conditions. However, these results are also affected
by temperature, as conrmed in the literature.32

Fig. 8 shows the dominant resistance at each setpoint under
dry air. At 238 °C, Rp is dominated by R2 across most of the
composition space. As the measurement temperature increases,
R3 begins to dominate at increasingly lower Co concentrations.
This indicates that R3 has a lower activation energy (lower
temperature dependence) compared to R2 and overtakes it at
higher temperatures. Compositions with high concentrations of
Zr and Y are dominated by R2 at lower temperatures, but R1
Fig. 8 Dominant resistance for each chemical composition under dry air
resistances of Zr/Y-rich compositions are dominated by R1 while those
dominated by R2. R0 was included in this analysis, but was smaller than

5276 | J. Mater. Chem. A, 2023, 11, 5267–5278
begins to dominate as temperature increases. At 303 °C, R1

dominates for materials rich in Zr and Y, while Co-rich
compositions are dominated by R3, and the overall polariza-
tion resistances of the remaining compositions are dominated
by R2. Under humid N2, R3 dominates across all compositions at
303 °C, although R2 dominates in some Fe-rich and Zr-rich
compositions at lower temperatures.
Optimal composition depends on temperature

We identied the optimal BCFZY composition under a given set
of conditions as the composition with the lowest total polari-
zation resistance, which provides an overall performance metric
of a given material applied as a cathode in a half fuel cell. To
represent broad trends in the data rather than peculiarities of
individual contacts, we determined optimal compositions
through local compositionally weighted averages of resistances
and activation energies. We found the optimal composition
across a range in temperature by combining these activation
energies and resistance values to interpolate between measured
temperatures and extrapolate beyond measured temperatures.

Fig. 9a illustrates the variation in optimal composition with
temperature between 200 °C and 350 °C in dry air. At all
temperatures, high transitionmetal content is favoured (Co + Fe
at (from left to right) 238 °C, 272 °C, and 303 °C. The overall polarization
of Co-rich compositions are dominated by R3, and the remainder are
all other resistances for all compositions.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a) Optimal composition as determined by lowest total polarization resistance, excluding R0. Note that the plotted area is limited to the
Co-rich region of the basal ternary. The different optimal compositions were determined at two different temperatures. Between these
temperatures, the optimal composition was interpolated between the measured compositions. (b) Activation energies of Peaks 1–3 as a function
of Fe content interpolated between four Co-rich compositions. For all compositions, Zr and Y content are nearly constant (Zr ∼ 12.9–13.8%; Y ∼
1.1–2.1%).
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> 80% of the B-site), reecting the benecial effect of Co and Fe
on charge transfer and surface activity. Optimal concentrations
of Zr and Y are nearly constant. At lower temperatures, Co is
distinctly favoured over Fe. However, Fe becomes increasingly
favourable with increasing temperature. We attribute this to the
inuence of Fe on the activation energy of Peak 1 (Ea,1) as shown
in Fig. 9b. While the activation energies of Peak 2 and Peak 3 are
nearly independent of the Fe/(Co + Fe) ratio, Ea,1 increases with
increasing Fe/(Co + Fe) ratio. Consequently, as Fe concentration
increases, R1 decreases more rapidly with increasing tempera-
ture, although the optimal Fe/(Co + Fe) ratio remains well below
1.

The activation energies calculated from our experimental
results allow us to investigate predicted optimal compositions
at higher temperatures. The results of this analysis indicate that
BaCo0.4Fe0.4Zr0.1Y0.1O3−d, which has been broadly studied for
protonic ceramic electrochemical cells, may be nearly opti-
mized for operating temperatures well above 500 °C, but that
electrodes for lower-temperature applications may benet from
a substantially lower Fe/(Co + Fe) ratio.

The lowest area-specic resistance (ASR) achieved from the
samples measured at 303 °C under dry air was 162.7 U × cm2
for the electrode composition BaCo0.77Fe0.07Zr0.14Y0.02O3−d.
However, this value is difficult to compare to literature values,
given the low operating temperature. By the activation energies
of Peaks 1, 2, and 3, our model predicts that at an operating
temperature of 500 °C, we could achieve an ASR of 9.4 U × cm2

with a cathode composition of BaCo0.64Fe0.20Zr0.14Y0.02O3−d.
This is comparable to literature values, especially when we
consider the reduced surface area of these dense lms
compared to porous, bulk electrodes.8,9
Summary and conclusions

Here, we presented a systematic study of the BCFZY family of
TIEC materials by combinatorial experimental methods. We
synthesized thin-lm microelectrodes across a wide range of B-
site cation ratios and established appropriate pulsed laser
This journal is © The Royal Society of Chemistry 2023
deposition parameters to achieve crystalline lms across the
entire range. By using the same deposition parameters for all
compositions, we ensured that the microstructure varied
minimally among compositions, as evidenced by cross-
sectional SEM images. We showed that the lattice constant
changes predictably with the cation composition, suggesting
formation of a solid solution.

We measured the impedance of the lms under humidied
N2 and dry air at 238 °C, 272 °C, and 303 °C and observed the
condition-dependent changes in the impedance spectra and in
the corresponding DRT. We employed a calibrated hierarchical
Bayesian DRT method to identify consistent impedance
features and constructed an equivalent circuit model to
describe all spectra. The ECM parameters were robustly deter-
mined using a multidimensional Bayesian model that assimi-
lates data from multiple temperatures to resolve ambiguity in
individual spectra. The ECM results provide resistances,
capacitances, time constants, and activation energies of
discrete impedance features.

These results identify a set of optimal BCFZY cathode
compositions for PCFCs that can be selected according to
desired operating temperature. The investigative methods
described here can be extended to other electrolyte chemistries
or other cathode materials families to provide similar insight
for materials discovery in additional chemical spaces.
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