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Tuning the Co/Fe ratio in BaCoxFeg s.xZro.1Y0.103.5, a promising
triple ionic and electronic conducting oxide, to boost electrolysis
and fuel cell performance

Yewon Shin,*? You-dong Kim,® Michael Sanders,* Steven P. Harvey,® Michael Walker,? and Ryan
O’Hayre?

The triple conducting oxide BaCoo.4Feo.4Zro.1Y0.103.5 (BCFZY4411), which accommodates simultaneous transport of protons,
oxygen ions, and p-type electronic carriers, has been intensively investigated in recent years as a high-performance positive
electrode material for fuel cell and electrolysis applications. The heavy Co and Fe-based transition metal doping in
BCFZY4411 ensures adequate electrical conductivity while the multiple oxidation states of Co and Fe assist the
electrocatalytic and redox ability. Despite the considerable role of Co and Fe transition metal doping in controlling
electrochemical activity, however, the study of alternative BCFZY compositions with varying Co/Fe ratios has not yet been
pursued. Here, we evaluate the electrochemical performance of a series of BaCoxFeo.s-xZro.1Y0.103.s compositions with varying
Co/Fe ratio (x = 0.1, 0.2, 0.4, 0.6, 0.7) and use oxygen ion tracer diffusion and in-situ high-temperature X-ray diffraction to
investigate the effect of Co/Fe ratio on electrocatalytic activity, electronic conductivity, oxygen ion incorporation and
transport kinetics, and thermomechanical behavior. We find that Co-rich BCFZY7111 yields the highest performance due to
exceptionally high oxygen vacancy diffusion and shows a lower and more linear thermal expansion behavior compared to
Fe-rich compositions. A protonic ceramic button cell incorporating a BCFZY7111 positive electrode yields a peak power
density of 695 mW - cm2 under fuel cell mode and an electrolysis current density of 1976 mA-cm™ at 1.4 V at 600 °C,

underscoring the promise of this new BCFZY electrode composition.

1. Introduction

Triple conducting oxides (TCOs), which accommodate the
simultaneous transport of protons, oxygen ions, and electronic
charge carriers, are emerging as particularly attractive
candidates for a variety of low temperature (e.g., alkaline) and
high temperature (e.g., ceramic) fuel cell and electrolysis
applications.3 TCOs have been introduced in recent years to
overcome the barriers presented by previous single-ion
conducting mixed ionic-electronic conducting (MIEC) electrode
materials. TCOs have garnered particular attention for use as
protonic ceramic fuel cell (PCFC) cathodes, although they have
also shown exceptional performance when used in more
conventional oxygen-ion conducting solid oxide fuel cells
(SOFCs)*-8 and even low-temperature alkaline fuel cells.® The
simultaneous accommodation of three charge carriers
(generally H*/h*/0%) in a TCO expands the electrochemically
active region to the entire surface area of the cathode, thereby
eliminating reaction restrictions associated with triple-phase

a Department of Metallurgical and Materials Engineering, Colorado
School of Mines, 1500 lllinois St., Golden, CO, 80401, USA
b. National Renewable Energy Laboratory, 15013 Denver West Parkway,
Golden, CO, 80401, USA
tElectronic Supplementary Information (ESI) available: Additional experimental
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and tables for obtained unit cell parameter by in-situ HT XRD and oxygen ion tracer
diffusion parameters of BCFZY compositions at 400 — 700 °C. See
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boundary sites. Widely investigated TCO materials include
BaC00_4FEO_4Zro_1Yo_103,5 (BCFZY4411), PrBa0_55F0_5C01_5FEQ_505+5
(PBSCF), and BaGdo_sLao_zCOZO&s (BGLC).IO_:l2

BCFZY4411 is particularly well studied due to its high
activity, stable
structure, good compatibility with many electrolyte materials,
earth-abundant composition, and facile synthesis. The low-
activation energy for proton migration in BCFZY4411 enables a
the operating
electrochemical devices while heavy transition metal doping

electrochemical cubic perovskite crystal

decrease in temperature of ceramic
ensures adequate electrical conductivity and electrochemical
reactivity. Moreover, the multiple oxidation states of Co and Fe
assist the electrocatalytic and redox ability of BCFZY4411 while
Zr and Y provide structural and chemical stability. Recent
investigations have aimed to slightly modify the composition of
BCFZY4411 to obtain optimal oxygen reduction reaction (ORR)
activity. Wang et al. and Ren et al. both reported that
BCFZY4411 with 10% A-site deficiency (i.e.,
Bap.9C0oo.4F€0.4Zr0.1Y0.103-5, or B0O.9CFZY), showed enhanced ORR
activity with lower cathode area specific resistance (ASR) than
stochiometric BCFZY4411.1314 Similarly, B-site deficient
BCFZY4411, Ba(Coo.4Feo0.4Zro.1Yo.1)o.9s03-5 (BCFZY-0.95),
shown decreased ASR and increased ORR performance
compared to stochiometric BCFZY4411.1516 These studies
demonstrate that the BCFZY system shows
compositional versatility and tolerance to non-stoichiometry,
and that slight A or B-site deficiency can even boost
performance. Researchers have also explored changes to the B-
site cation composition. Duffy et al. modified the Zr/Y ratio and

has
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assessed the surface exchange rates using the electrical
conductivity relaxation (ECR) method.1” Papac et al. also studied
compositional pulse-laser deposited (PLD)
combinatorial thin-film BCFZY libraries by electrochemical
impedance spectroscopy (EIS) and identified some promising
candidates to be characterized further, although direct
electrochemical validation of alternative compositions via
symmetric or full-cell testing was not pursued.1®

The heavy transition metal Co and Fe doping in BCFZY is
central to determining its electronic conductivity, oxygen
vacancy content, and electrochemical activity. However, a
detailed study of alternative BCFZY compositions by varying the
Co/Fe ratio has not yet been pursued. Prior studies from other
mixed-conducting perovskite electrodes such as LaySri.xCo,Fe1.
yO3.5 (LSCF) and Ba,Sr1.«CoyFe1.,03.5 (BSCF) indicate that Co and
Fe can have differing effects on redox activity, oxygen vacancy
content/mobility, and electronic conductivity,®1%20 thus it is
likely that the electrochemical performance of BCFZY can be
further optimized by tailoring the Co/Fe ratio. Given this
motivation, here we investigate a series of BaCoyFegs-
xZr0.1Y0.103.5s compositions (0.1 < x < 0.7) via oxygen tracer
diffusion, DC conductivity, and in-situ high-temperature X-ray
diffraction (HT-XRD) experiments coupled to symmetric and full
cell performance studies to elucidate how the Co/Fe ratio
affects electronic conductivity, oxygen ion incorporation and
transport kinetics, thermomechanical behavior, and overall
electrochemical performance. Our results show that increasing
the Co/Fe ratio may provide the opportunity to simultaneously
electrochemical performance and electronic
conductivity as well as thermomechanical compatibility with

variations in

increase

common ceramic electrolyte materials.

2. Experimental Section

2.1 Synthesis of BaCoyFeg sxZro.1Y0.103-5 (x= 0.1, 0.2, 0.4, 0.6 and
0.7)

BCFZY powder was synthesized via the EDTA-citric acid
complexing sol-gel route.1? Stoichiometric amounts of Ba(NO3),
(Alfa Aesar, 99 %), Co(NOs),*6H,0 (Alfa Aesar, 98-102 %),
Fe(NOs),29H,0 (Alfa Aesar, 98 %), ZrO(NO3s), 35 wt.% in dilute
nitric acid (Sigma Aldrich) and Y(NOs)3#6H,0 (Alfa Aesar, 99.9
%) were deionized with
ethylenediaminetetraacetic acid (EDTA) and citric acid. The

stirred in water,
molar ratio of EDTA: citric acid: total metal ions was 1.5: 1.5: 1.
Subsequently, ammonium hydroxide (NH3;*H,0) was added to
adjust the pH value to around 9 while heating the hot plate at
280 °C. Once a dark purple gel was formed, it was put into a
drying oven at 150 °C for 24 h to dry completely. The resulting
black charcoal was crushed with mortar and pestle, then pre-
calcined at 600 °C for 5 h, followed by ball milling with
isopropanol (IPA) and 3mm yttria-stabilized zirconia (YSZ) balls
for 24 h. The powder was then dried in a heating oven at 90 °C.

2.2 Isotope exchange

For isotope exchange, sintered BCFZY pellets were prepared as
explained in the supplementary information. Fig S17 shows that

2| J. Name., 2012, 00, 1-3

pure single-phase pellets were obtained for all BCFzZY
compositions after sintering. The oxygen isotope exchange was
performed in a custom-built apparatus using a quartz tube
mounted in a tube furnace. Pellets were first pre-annealed in a
normal isotope %0, atmosphere (21% 160, + 79% N,) at the
same temperature with the annealing step. The isotope
exchange was then carried out by annealing in an atmosphere
of 99% enriched 180, balanced with N, to maintain the same
partial pressure of oxygen as in the pre-annealing step. A series
of isotope exchange experiments were conducted for each
BCFZY composition at temperatures ranging from 700 — 400 °C
in 100° increments. The annealing time was an hour at 700 —
500 °C, and 24 h at 400 °C. The pre-annealing time was adjusted
for each experiment to be long enough to ensure an equilibrium
baseline defect concentration (tpre-anneal > 10tanneal).?! In-line
mass spectrometry was used to maintain an accurate
concentration of isotope gas in the reactor. A rapid thermal
quench was performed at the end of every pre-anneal and
annealing processes by manual tilting of the reactor to remove
the sample from the hot zone. After the isotope exchange
process, the annealed samples were cross-sectioned and the
two halves were mounted facing each other to minimize any
sample distortions induced by the polishing step or the time-of-
flight secondary ion mass spectrometry (ToF-SIMS)
measurement. Lastly, the mounted samples were polished with
successive grades of diamond spray down to a final polish of
0.05 pm.

2.3 ToF-SIMS measurement and data analysis

Before ToF-SIMS measurement, each sample was placed in
vacuum overnight to remove water from the surface. Line-
scanning was performed to determine the depth profile of the
160- (m/z=16) and 180~ (m/z=18) using an ION-TOF instrument
(TOF.SIMS 5, Germany). The profile of Y* and °4Zr* were also
obtained to confirm that segregation of the B-site cations did
not happen. Before each measurement, the surface of the
sample was sputter-cleaned by using a 10 keV acceleration
voltage, 10 nA total current Ar12%0 cluster ion source in non-
interlaced mode. The ToF-SIMS was operated using a liquid
metal ion gun with a Bi+ ion source at 30 keV acceleration
voltage and 2 pA total current in static mode. The sputter crater
size was 700X 700 um?, and the 500500 um? region at the
center of the crater was analyzed. Charge compensation was
achieved by an electron flood gun, and the extended dynamic
range feature was applied for the case of 160- saturation. The
line-scanning data for oxygen ions was calculated in terms of
isotope fraction C(x), which was further corrected for the
isotope fraction of the natural background Cyg (0.2 %) and the
annealing gas C; (99 %). The normalized isotope fraction C'(x)
was fitted with the diffusion solution in the semi-infinite
medium, as shown in Equation 1.22 Here, D* is the tracer
diffusion coefficient, k* is the surface exchange of the tracer, x
is the depth from the surface, t is the annealing time, and h is
the k*/D* ratio, respectively. D* and k* were obtained by non-
linear least-squares fitting of the solution equation (Equation 1).

This journal is © The Royal Society of Chemistry 20xx
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with the MATLAB® curve fitting toolbox. The precision of fitting
results was quantified with a 95% prediction interval.

, _ C(x) - Cbg _ X 2
C'(x) = G —Cog erfc(zm) — exp(hx + h2D*t) x
erfc {(%m) + (hm)} (1)

2.4 The structure and microstructure characterization

The thermal expansion coefficient (TEC) of various BCFZY
compositions was obtained by XRD analysis under air (step size:
0.0290 °, angular range: 20 — 120 °). The in-situ HT-XRD was
carried out in the temperature range 35 to 800 °C with a heating
rate of 5 °C-min! using an Empyrean XRD (Malvern Panalytical
Ltd, UK) equipped with DHS1100 dome hot stage heating
attachment (Anton Paar GmbH, Austria). An Anton Paar
polyether ether ketone (PEEK) dome was used to maintain
stable and accurate temperature and atmosphere. The X-ray
patterns were acquired every 100 °C from 35 to 600 °C and
every 50 °C from 600 to 800 °C. For each temperature step, the
sample was held until equilibrium was reached prior to final
measurement acquisition. Lastly, an X-ray pattern was obtained
at 35 °C after cooling to confirm the lack of structural
alteration/phase change. XRD (PANalytical, Netherlands) was
measured mixture of Ni and BaCeaZro.4Y0.1Ybo.1035
(BCZYYb4411) at room temperature after sintering 1475 °C for
5 h to identify phase purity with Cu-Ka radiation tube voltage
45 kV, and tube current 40 mA. The data was collected in the 2
O range from 20 to 80 ° with a step size of 0.008 ° and 5 sec at
each step. The microstructure was investigated using Field
Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM-
7000F).

2.5 Measurements of DC electrical conductivity

A DC 4-probe method was used to obtain the electrical
conductivity of various BCFZY compositions in dry air (40 sccm)
in a tube furnace. Dense sample pellets were prepared with the
same method used for the tracer diffusion ToF-SIMS samples.
Due to the relatively low electrical conductivity of BCFZY, silver
paste electrodes were applied on the pellets to collect the
current. The paste was cured at 700 °C for 5 h before the
measurements.
reaching equilibrium at each temperature using a potentiostat
in a 4-electrode configuration (Gamry interface 1010E, USA).

The conductivities were measured after

2.6 Full assembly cell testing

The full assembly cell was placed on an alumina tube and sealed
using Cerambond (552-VFG). High purity hydrogen was used as
fuel, with synthetic air (21% O, + 79% N>) as oxidant gas. Water
vapor was added to the synthetic air stream through a bubbler
with 3 vol.% H,0 at room temperature. The cell was reduced at
600 °C under 5 vol.% H; and 95 vol.% N,, before gradually
increasing to 100 vol.% H; with a flow rate of 50 mL- min-! at the
anode. 300 mL-min! air was fed to the cathode during the
reducing process of the cell, and all electrochemical testing,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Normalized 80" diffusion profile (C'(x)) and fitted curve of BCFZY1711
exchanged at 700 °C for 2 h

including |-V polarization and EIS was performed using a Gamry
Reference 3000. The EIS measurements were performed at
open circuit voltage using a signal amplitude of 10 mV in the
frequency range of 10-101 Hz.

2.7 Symmetric cell testing

Pt and Ag paste with silver wire were placed on the symmetric
cell electrodes using the same method used for full button cell
assembly. EIS measurement of the symmetric cells was
conducted under 100 mL-min™? of humidified synthetic air (3
vol.% H,0) in the temperature range of 400 — 450 °C.

2.8 Faradaic efficiency measurement

Electrochemically produced hydrogen was measured at exhaust
gas line of the fuel electrode under electrolysis operation. The
gas chromatograph (GC, Agilent 3000 A) was used to detect
electrochemically produced hydrogen and the exhaust
volumetric flow rate was measured using a flow meter (DryCal
Defender 530 Plus, Mesa Labs). The faradaic efficiency of the
cell was calculated as the ratio of measured H, production to
theoretical H, production.

3. Results and discussion
3.1 Oxygen tracer diffusion and surface exchange rate

In this work, we apply the isotope exchange technique to
quantify oxygen ion incorporation and transport in the BCFZY
system as a function of the Co/Fe ratio. Fig.1 shows an example
of a typical normalized 180 diffusion profile obtained by ToF-
SIMS measurement from a dense BCFZY1711 sample. To ensure
accuracy, six spots on each sample were investigated during
each measurement and each sample was measured two times
(for a total of 12 measurements per composition and
condition); measurement variance was found to be extremely
small (e.g., typically less than *1%), suggesting excellent
reproducibility for the SIMS measurement and subsequent
fitting procedure. The resulting complete data set for the
oxygen ion tracer diffusivity (Dgz—) and surface exchange

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 a) Oxygen ion tracer diffusivities and b) surface exchange coefficients for various BCFZY compositions as a function of inverse
temperature. Co/Fe ratio dependence of c) the oxygen ion tracer diffusivity and d) surface exchange rate. The solid lines in a and b are
Arrhenius fits for activation energy estimation while the dashed lines in c and d are for visual guidance only. Each data point represents an

average of at least 6 measured spots for each sample; in all cases, the error was smaller than the size of the symbols for both Déz— and kz)z—.

coefficient ( kgz-) as a function of temperature and BCFZY
composition is provided in Fig. 2. In all both Dg.- and kg2-, thus
error cases, the uncertainty (95% confidence interval) was
smaller than the size of the symbols for bars are not included in
Fig. 2.

As shown in Fig. 2a,b, both D.- and kg.- show clear
Arrhenius temperature-activated behavior. While the oxygen
tracer diffusion activation energy is essentially invariant with
Co/Fe ratio (69 — 79 kJ-mol?), the oxygen surface exchange
activation energy generally decreases with increasing Co/Fe
ratio and varies more widely (from ~113 kJ - mol-1to ~87 kJ - mol
1)—see Table 1 and Fig. S271 (a) for details. Meanwhile, as shown
in Fig. S27 (b), the pre-exponential factor for D{z- (D;z—) does
not show a distinct trend with Co composition and varies only
modestly with composition. In contrast, the pre- surface
exchange rates, especially at low temperatures. We can also
observe in Fig. $3t that the values of DJ.- and kg:- increase
consistently as temperature increase, and that higher bulk
diffusion generally correlates with faster surface kinetics, which
is a commonly observed phenomenon across many mixed
conducting oxide systems.?* As shown in Fig. 2c,d, both Dj2-
and kgz— increasing Co/Fe ratio. The
compositional effect is strongest at lower temperatures (e.g.,
400 °C), especially for k62—. In other words, higher Co content
appears to be particularly beneficial for low temperature
performance. The higher Fe-O bond energy relative to Co-O is

increase with

4| J. Name., 2012, 00, 1-3

generally observed to result in higher energy barriers for both
surface exchange and oxygen ion diffusion, which is consistent
with our findings.2#25 While the trends are generally quite
consistent across compositions and temperatures, we note
occasional variations. For example, the BCFZY6211 k(*)z_ values
at 500 and 600 °C (Fig. 2d) trend slightly below the analogous
values for BCFZY4411. These slight discrepancies likely reflect
sample-to-sample variations in the surface roughness. Although
diamond polishing was performed for all samples, we have
noted that the surface roughness can vary based on the initial
sample condition; it is believed that this discrepancy does not
affect the data significantly; it does not impact the overall
conclusion that D* and k* generally increase with increasing Co
content, although this trend becomes less significant at higher

Table 1 Activation energies of oxygen ion tracer diffusivity and surface exchange
coefficient for various BCFZY compositions.

Page 4 of 15

Composition Eap* [kJ-mol?] Eai+ [kJ=mol?]
BCFzY4411 76.03+11.0 87.71+2.5
BCFzY7111 69.37+9.3 99.96+6.9
BCFZY6211 73.62+9.9 91.76+9.4
BCFZY2611 79.41+£10.4 110.96+10.3
BCFzY1711 75.84+8.3 112.89+7.3

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Arrhenius plots of a) oxygen ion tracer diffusivity and b) surface exchange rate of various TCO and MIEC cathode materials: W PrBagsSrosCo1sFeqs0s.5 (PBSCF)®,
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ALan&Sra 4C0n sFen 2025 (LSCF)?5, and <>LanaSrn 1Gan2Mgn-05 2= (LSGM)’S. The solid lines are visual guidance.

temperatures. For example, at 700 °C, the Co-rich compositions
show only slightly higher Dgz_ and kaz— values compared to the
Fe-rich compositions. Interestingly, the D(*)z_ values for
BCFZY4411 (Fig. 2c) deviate notably from the general trend, as
this composition exhibits the lowest bulk diffusion at all
temperatures. It has been reported that a compositionally
uniform arrangement of B-site cations facilitates enhanced
migration pathways for mobile ionic charge carriers with fewer
trap sites.26 Gazda et al. and Chroneos et al. also found that the
cation distribution in oxygen ion-conducting oxides influences
the energy barriers for migration entropy, bonding length,
elastic strain, and in consequence, oxygen transport.27.28 We
speculate that BCFZY4411 presents the greatest B-site cation
disorder as it has an equimolar Co/Fe content ratio of 1:1,
thereby causing a maximally frustrated energy landscape for
oxygen migration in the bulk. We note that in contrast to D{-,

200
JAN
LSCF
S I0F G
£
=
=
o BSCF
= ¥*
% 100 | EBCFZY7111
BCFZY  pBC
GRCo 2411 ]
* ssC Lsc
BGLC *
50 1 ']
50 100 150 200

Ep.or [kJ-mol ™)

Fig. 4 Comparison plot of activation energies for oxygen ion tracer diffusivity and
surface exchange coefficient of various TCO and MIEC cathode materials:
#BagsGdoslag7C0,065 (BGLC)?, APrBaCo,0s.s (PBC)”!, %*BagsSrosCopsFep 2035
(BSCF)7?, #GdBaC0,0s.s5 (GBCO)”3, mLag 6Sro.4C00;.5 (LSC)72, ¥ Smg.4Sro6C005.5 (SSC)74,
ALageSro4Coo Feps0ss (LSCF)?®, and <LaggSro1GapsMgo20285 (LSGM)6. Yellow
shade indicates the area of high-performance low temperature cathode materials.

This journal is © The Royal Society of Chemistry 20xx

the kgz_ is not impacted significantly by the cation
arrangement (Fig. 2d) and tends to increase with increasing
cobalt content without a deviation for the BCFZY4411
composition. This is consistent with the fact that the surface
exchange rate depends primarily on overall electronic structure
factors such as o*-orbital (eg) occupation and average B-O bond
covalency, as well as oxygen vacancy concentration, rather than
the specific local arrangement or ordering of B-site cations29:30,

In summary, the isotope exchange tracer diffusion studies
demonstrate that the Co-rich BCFZY compositions possess the
highest bulk diffusion and surface exchange kinetics, while the
Fe-rich compositions generally show the lowest bulk diffusion
and surface exchange kinetics; furthermore, the differences are
most pronounced at lower temperatures. A complete archive
of the isotope tracer diffusion data sets and fitted Daz— and
kaz— values for the various BCFZY compositions under all
conditions is provided for reference in the supplementary
information.

Fig. 3 compares the kinetic parameters (DSz— and kaz—) for
the BCFZY7111 and BCFZY4411 compositions obtained in this
work against other TCO and MIEC cathode materials.
BCFZY7111 demonstrates the highest oxygen bulk diffusion
performance amongst all reported cathode materials (Fig. 3a).
It is notable that BCFZY4411 and BCFZY7111 both exhibit
outstanding bulk diffusion even at low temperatures (< 500 °C).
This result is consistent with the excellent fuel cell and
electrolysis performance reported for BCFZY4411 in a variety of
low-temperature protonic ceramic electrochemical devices,
and suggests that BCFZY7111 may provide even higher
performance.1031.32 |t also suggests that BCFZY7111 may hold
promise as an oxygen transport membrane. On the other hand,
BCFZY4411 and BCFZY7111 exhibit relatively low surface
exchange kinetics in comparison to other MIEC and TCO
cathode materials (Fig. 3b). Thus, while bulk/surface diffusion is
often the rate determining step (RDS) for many cathode
materials, it is more likely that the surface exchange process can
be rate-determining in BCFZY cathodes. This puts an emphasis
on high-surface area nano structuring in BCFZY cathode design
to overcome surface kinetic limitations. These findings also

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 Evolution of the lattice parameter for the various BCFZY compositions as a
function of temperature. The dotted lines, solid lines, dashed lines, and dashed-
dot lines are the fittings for regime 1, 2, 3, and 4 respectively.

suggest that a composite electrode strategy, where a BCFZY
backbone is functionalized with nanoparticles of a second TCO
or MIEC oxide possessing higher surface exchange kinetics may
be a powerful method to further enhance electrochemical
performance. Finally, it should be noted that the surface
exchange process is not a direct measure of electrochemical
activity as it reflects a purely chemical incorporation process in
contrast to the voltage-activated charge transfer process
associated with ORR or oxygen evolution reaction (OER) in an
electrochemical cell; thus, caution should be exercised when
evaluating potential electrode materials solely on the basis of
their chemical surface exchange kinetics.

Fig. 4 compares the Ep+, and Ekgz_values of various TCO
and MIEC cathode materials, including BCFZY7111 and
BCFZY44111. For low-temperature electrochemical
applications, it is important to have low values for both EDgz—
and Ekgz_(i.e., the lower left-hand corner yellow-shaded region
of the plot). Thus, GdBaCo0,0s.5 (GBCO), Bao.sGdo.sLao.7C020 6.5
(BGLC), BCFZY, and BagsSrosCoogFep203.5s (BSCF) appear
particularly attractive in this respect. Notably, all four of these
cathode systems incorporate high concentrations of A-site Ba
and B-site Co.

3.2 Structural characterization, thermal expansion, and DC
electrical conductivity

In-situ HT-XRD analysis was performed to obtain the structure
parameters and quantify the thermal expansion behaviour for
all studied BCFZY compositions from 35 to 800 °C under dry air.
The temperature-resolved diffraction patterns are summarized
in Fig. S41 along with a pure SiC XRD pattern that was acquired
for in-situ 20 calibration. All BCFZY compositions were
determined to be purely crystalline with the cubic perovskite
structure (space group Pm-3m) and without detectable phase
impurity. As shown in Fig. S4t, the characteristic reflections
clearly shift towards lower angles during heating, consistent
with an increase in unit cell constant. The unit cell parameters
as a function of composition and temperature were calculated
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Fig. 6 Total expansion curves for various BCFZY compositions in the temperature range

35-2800 °C. Dotted lines separate the low-T dehydration regime from the high-T thermal
+ chemical expansion regime.

from the XRD data as shown in Fig. 5. First, we note that there
is an increase in the room-temperature unit-cell constant with
increasing Co-content up to BCFZY4411. However, at still higher
Co content, the room-temperature unit cell constant decreases
slightly. At room-temperature, the possible valence states for
Co and Fe are +3 and +4, assuming that the Ba valence state is
maintained as +2. Although Co and Fe are most stable as Co*3
and Fe*3in perovskite structure, it is likely that a fraction of the
Fe and/or Co exist in the +4 valence state to maintain
electroneutrality when the oxygen lattice sites are not fully
filled at room-temperature.3334 It is our hypothesis that at
room-temperature, the valence state of Fe is +4, while the Co
cations distribute between +3/+4 valance states, with the
amount of Co in the +3 valance state (higher ionic radius)
increasing with increasing Co content. Thus, the high Co content
BCFZY compositions have higher unit cell parameters. The +4
oxidation state for Fe at room-temperature likely contributes to
the high TEC behaviour of high Fe content BCFZY compositions.
This will be discussed further later in this section.

We observe distinctly different thermal expansion behaviour
for the Fe-rich and equimolar compositions (BCFZY1711, 2611,
and 4411) as compared to the Co-rich compositions
(BCFZY6211, 7111). For the Fe-rich and
compositions, we observe three distinct thermal expansion
regimes (Regimes 1, 2, and 3). After an initial linear thermal
expansion response at low temperature (Regime 1), the thermal
expansion response plateaus between ~100 °C and ~400 — 500
°C (Regime 2). Finally, linear thermal expansion resumes up to
the terminal measurement temperature of 800 °C (Regime 3).
The Co-rich BCFZY compositions, in contrast, exhibit a more
conventional and nearly constant linear thermal expansion

equimolar

response across the entire measured temperature range
(Regime 4), although their expansion response is slightly
reduced in the ~100 — 300 °C temperature range.

The acute increase of unit cell parameter at Regime 1 may
be due to a spin state transition. The spin state transition in Co
is more flexible than Fe, thus it is possible that Co spin state

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Thermal expansion coefficients (TECs) of various BCFZY compositions at different temperature ranges determined by in-situ high temperature XRD analysis.

Thermal expansion coefficient

Temperature [106 K1)
range
BCFzZY7111 BCFZY6211 BCFZY4411 BCFZY2611 BCFzY1711

Regime 1 - - 23.78 19.68 37.51
Regime 2 - - -1.57 -0.30 0.66
Regime 3 - - 9.24 14.69 15.07
35-500°C 9.17 12.15 4.69 5.37 5.82
500 -800 °C 7.44 13.54 8.64 15.31 15.07

change affects the Regime 1 behaviour. Radovic et al. reported
similar behaviour in LaCoO3s where the Co changed from low to
intermediate spin state at 25 — 230 °C.3>

We attribute the thermal expansion plateau behaviour in
the intermediate-temperature region to dehydration as
described by Equation 2:

20H, © H,0 (g) + V{ + 0§ (2)

Dehydration causes a chemical contraction in proton-
conducting oxides, which can offset thermal expansion and lead
to plateau-like expansion behavior.36-3° BaFeC00.3Nbo103-5
and BaCoo.7Ybo.2Bi0.103-5, which are very similar Ba-containing

Co and/or Fe-doped perovskite TCO materials, have been
reported to show negative thermal expansion below 300 °C
after intentional exposure to wet atmosphere and also upon
exposure to ambient air at room temperature overnight due to
water adsorption/desorption.4? This finding demonstrates that
water incorporation in Ba-containing perovskites can occur
even at low temperatures and ambient humidity, which is in
accordance with our hypothesis that the BCFZY samples were
already hydrated under ambient air at room temperature
before HT-XRD measurement, and therefore underwent
dehydration during heating, leading to the TEC plateau
behaviour. Depending on the basicity of dopant ions, the water

Table 3 Thermal expansion coefficients (TECs) of various electrolyte and cathode materials applied for PCFC.

Thermal expansion coefficient

Composition (10 K] Atmosphere Temperature range [°C] References
Cathode
BCFzY7111 8.51 Dry air 35-800 This work
BCFZY6211 12.73 Dry air 35-800 This work
BCFzY4411 23.78 Dry air 35-100 This work
-1.57 Dry air 100 - 400 This work
9.24 Dry air 400 - 800 This work
BCFzZY2611 19.68 Dry air 35-100 This work
-0.30 Dry air 100 - 400 This work
14.69 Dry air 400 - 800 This work
BCFZY1711 37.51 Dry air 35-100 This work
0.66 Dry air 100 - 500 This work
15.07 Dry air 500 - 800 This work
LSGM 12.17 Dry air 30- 1000 43
LSCF 17.5 Dry air 30 - 1000 44
Electrolyte
BaZrosYo.,03.5 (BZY20) 8.2 Dry air 100 - 900 37
BaZrosYo.103.5 (BZY10) 13 Dry air 30 - 1000 4
6.45 Moist air 27-375 46
4.56 Moist air 375-500 46
BaZo.1Ce0.7Y0.203-6 10.2 Dry air 50 - 900 47
BaCeo.7Zro.1Y0.1Ybo.103.5 95 Dry air RT - 1000 .
(BCZYYb7111)
BCZYYb4411 9.8 Dry N2 500 - 900 49

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 DC electrical conductivities of various BCFZY compositions under dry air
using a DC 4-probe method.

incorporation can vary; Waidha et al. found that the Co/Fe ratio
significantly affects the water incorporation level, when Co and
Fe are co-doped in similar perovskites.*%42 Here, we observe
that the plateau caused by dehydration decreases in extent and
shifts to lower temperatures with increasing Co content. This is
consistent with the studies cited above demonstrating that both
the proton content and dehydration temperature in mixed
Co/Fe-containing proton conducting oxides decreases with
increasing Co content.*2 Moreover, the room-temperature unit
cell parameters of the compositions measured after completing
the entire HT-XRD heating cycle in dry air and cooling back to
room temperature show a reduction of 0.1~0.5% compared to
the initial values prior to heating (see details in Table S2t), with
the equimolar and Fe-rich samples showing a larger degree of
reduction. This shrinkage in the unit cell parameters is
consistent with the dehydration that occurred during the
heating process. While we strongly believe that chemical
contraction due to dehydration is responsible for the plateau
behaviour observed in these materials, further studies are
warranted. Collecting temperature-resolved data during cool
down to check for hysteresis or conducting additional in-situ
XRD studies under wet air could provide additional insight.
Furthermore, it is possible that other effects may also be
influencing the intermediate-temperature expansion behaviour
of these materials, such as orbital ordering change and second
order phase transitions, as examined by Uhlenbruck et al.
and/or interplay between competing Fe3*/4* vs. Co3+/4* valance
and spin-state transitions coupled to changes in the oxygen
vacancy concentration. 50-52
Above the dehydration plateau, the expansion resumes. We
attribute the high temperature expansion behaviour to a
combination of thermal expansion and chemical expansion,
where the chemical expansion component arises due to the
creation of additional oxygen vacancies (Equation 2) coupled to
reduction of the Fe and Co cations (denoted M in the Equation
3) as described by:
05 +2h" & 0,(2) + Vo (2)

or
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Fig. 8 (a) I-V-P curve of full cells using various BCFZY compositions as cathodes at 600 °C,

(b) temperature dependence I-V-P curve of BCFZY7111 cathode on anode supported cell
from 550 to 650 °C, and (c) stability test of BCFZY7111 under £200 mA-cm at 600 °C.
The data were obtained under dry H, and humidified Air (3 vol.% H,0 and 20 % steam
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OF + 2My © 20,(2) + Vo + 2M3 (3)

The reduction process can be interpreted in terms of a
consumption of localized p-type small polaron charge carriers
(denoted in Equation 2 as h’) or a change in the redox state of
the transition metal (TM) cations (Equation 3). The loss of lattice
oxygen leads to a decrease in the average B-site cation (Co and
Fe) valence states to maintain electroneutrality, resulting in an

This journal is © The Royal Society of Chemistry 20xx
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varying Co content at 600 °C and b) temperature dependence of BCFZY symmetric cell ASR with varying Co content.

increase in the average B-site cation ionic radius and increase in
coulombic repulsion near oxygen vacancies.>3 These two effects
lead to chemical expansion, which acts in concert with thermal
expansion in the high-temperature regime. Similar behaviour is
observed in other Co and Fe- containing mixed conducting
oxides including BSCF, PBSCF, and GBCO.%%%57 The thermal
expansion behaviour observed here, combined with the oxygen
tracer diffusion analyses, suggest that the mixed OZ/H*
transport behaviour in the BCFZY TCO system can be tuned by
tuning the Co/Fe ratio. We postulate that Fe-rich compositions
favour enhanced hydration and protonic conduction at the
expense of oxygen vacancy content and oxygen ion
conductivity, while Co-rich compositions favour enhanced
oxygen vacancy content and oxygen ion conductivity at the
expense of protonic conduction. Total expansion curves (Fig. 6)
were calculated from the unit cell constant vs. temperature
data, from which TECs were estimated for each BCFZY
composition in each distinct expansion regime (Table 2). As
shown in the table, Fe-richBCFZY1711 exhibits the highest
overall average TEC value (when averaged across the entire
temperature range) while Co-rich BCFZY7111 shows the lowest
overall TEC value when averaged across the entire temperature
range. Considering just the high-temperature regime, where
chemical and thermal expansion combine to dictate the overall
expansion response (and dehydration should not influence
behaviour), we again observe that the TEC roughly decreases
with increasing Co content.

BCFZY4411 exhibits the lowest TEC at 35-500 °C and 500—
800 °C. As mentioned earlier, the understanding of thermal
expansion (Regime 2) is still not definitive; however, we assume
that different Fe content leads the combinative effect on the
oxygen vacancy concentration and Co-O bond length based on
the suggested hypotheses in Fig. 5. At 500-800 °C, where the
chemical and thermal expansions occur simultaneously, partial
reduction of the Co oxidation state may ocurr.3358 Depending
on the ratio of the Co oxidation state (+3 vs. +2), the radius
change can vary. Increasing partial reduction can lead to an
increase in average ionic radius. The Co*3 ions also can undergo
a spin state transition in this temperature range. There are two
possible spin-state for octahedrally-coordinated Co*3 at 500-
800 °C, intermediate and high spin-state (IS and HS). If the spin-

This journal is © The Royal Society of Chemistry 20xx

state changes from IS to HS, this can increase the ionic radius of
CO+3-59_61

Because the Co-rich BCFZY compositions likely already have
a higher low-temperature oxygen vacancy content, they may
experience less subsequent oxygen loss at high temperatures
and hence less chemical expansion compared to the Fe-rich
compositions. This would explain the greater expansion
behaviour of the Fe-rich compositions in the high-temperature
region. Plots combining the total expansion and TEC behaviour
of each composition as a function of temperature are shown in
Fig. S5t. Because Co-rich BCFZY7111 shows the lowest and most
uniform TEC behaviour over the full 35-800 °C temperature
range, we suggest that it should be particularly well suited for
electrochemical cell application. The TEC properties of the
various BCFZY compositions studied here are compared to
other reported cathode materials as well as to common proton-
conducting electrolyte materials in Table 3. As shown in the
table, of all reported cathode materials, BCFZY7111 (TEC
=8.5x10® K1) shows the closest TEC match to important
common electrolyte materials such as BZY20 (TEC = 8.2x10¢ K-
1) and BCZYYb7111 (TEC = 9.5x10%¢ K-1). Intriguingly, BCFZY7111
shows an exceptionally low TEC for a Co-containing oxide, as
most such oxides demonstrate high TECs in the range of 15 —
25x106 K-1446263 Fig. 7 shows the DC electrical conductivity of
the various BCFZY compositions measured in dry air. With the
exception of Co-rich BCFZY7111, electrical conductivity tends to
peak/plateau at or above 500 °C at 1.25+0.5 S-cm™. This
behaviour is consistent with other known MIEC cathode
materials such as BSCF and LSCF, although the absolute
magnitude of the electrical conductivity observed in those other
systems is generally higher.19.204464 Chen et al. reported that
the loss of lattice oxygen with temperature (and the consequent
increase in oxygen vacancies) consumes electron- holes and
thus the electrical conductivity decreases after reaching a
maximum.1® Electrical conduction in these oxide systems is
believed to occur via a temperature-activated small-polaron
hopping process along the TM-O bond network. Thus, the
competition between charge-carrier (polaron) mobility, which
increases with temperature, and the charge-carrier
concentration (which decreases with temperature) leads to this
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d) Faradic efficiency and hydrogen production rate as a function of the current density at 500 °C for a single button cell with BCFZY7111 cathode.

peak/plateau behaviour in the DC electrical conductivity
response.

In contrast to the other compositions, however, the
conductivity of Co-rich BCFZY7111 continues to increase with
increasing temperature. We hypothesize that the greater
covalency of the highly-percolated Co-O bond network in
BCFZY7111 sufficiently increases the polaron mobility so as to
overcome the loss of charge carriers at high temperatures,
leading to a continued monotonic increase in electronic
conductivity. Alternatively, the high Co content in BCFZY7111
may enable further partial reduction of the Co valence state
above 500 °C from Co*3 to Co*?, thereby facilitating an increase
in the small-polaron charge carriers, and hence a continued
increase in electrical conductivity with temperature. In simple
oxides, the reduction Co valence state from trivalent to divalent
is known to occur above 800 °C, while for Fe it occurs above
1560 °C, suggesting this theory is plausible.3358

3.3 Symmetric and single cell tests

Based on the isotope tracer diffusion and thermomechanical
studies discussed above, we hypothesize that Co-rich
BCFZY7111 should be particularly promising for electrochemical
cell application. To validate this hypothesis, we conducted full
cell study using various BCFZY compositions as cathodes using
an anode-supported cell architecture based on proton-

10 | J. Name., 2012, 00, 1-3

conducting BCZYYb7111 electrolyte. As shown in Fig. 8a, the Co-
rich BCFZY-based full cells (BCFZY7111 and 6211) performed the
best while the Fe-rich BCFZY-based full cells showed the lowest
performance at 600 °C, consistent with the results from the
previous kinetic and thermomechanical studies. To study the
temperature dependence of the electrochemical performance,
a second BCFZY7111-based cell was fabricated and tested from
550-650 °C, the results of which are shown in Fig. 8b. As this cell
had a somewhat thicker electrolyte, it produced slightly lower
performance (see Fig. S8bt for direct comparison). However,
this new BCFZY7111-based cell still exceeded the performance
of the Fe-rich BCFZY-based cells and BCFZY4411, indicating that
Co-rich BCFZY compositions produce higher PCFC performance.
Finally, the durability of this cell was also tested for 377 hrs at a
current density of 200 mA - cm?2 at 600 °C, showing a
degradation rate of 2.5 %/100 hrs (Fig. 8c). The electrolysis
mode was measured after fuel cell mode for 30 hrs at 200 mA-
cm2 at 600 °C with 0.3 %/100 hrs degradation rate.

For additional insight, we selected the highest Fe and Co
content BCFZY (BCFZY1711 and BCFZY7111) and the equimolar
BCFZY4411 compositions for further symmetric cell and full cell
studies. First, EIS measurements were acquired from the three
BaCoxFep.8xZro.1Y0.103-s ” BCZYYb7111 " BaCoxFep.8xZro.1Y0.103-s
symmetric cells to quantify the temperature dependence of the
electrode ASR as a function of BCFZY composition under open

This journal is © The Royal Society of Chemistry 20xx
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circuit voltage (OCV) conditions in air. Characteristic EIS spectra
for the three BCFZY compositions at 600 °C are shown in Nyquist
plot format in Fig. 9a. To facilitate direct comparison of the
electrode polarization resistances, the high frequency ohmic
electrolyte resistance has been subtracted from the spectra.
Consistent with the isotope tracer diffusion studies, Co-rich
BCFZY7111 shows the lowest electrode ASR, reaching 0.22 Q-
cm? at 600 °C, while Fe-rich BCFZY1711 shows the highest
electrode ASR, 3.1 Q - cm? at 600 °C. The temperature
dependences of the electrode ASR for BCFZY7111, 4411, and
1711 are summarized in Arrhenius plot format in Fig. 9b.
Electrode ASR decreases with increasing Co content at all
temperatures. Furthermore, the activation energy associated
with the electrode ASR also gradually decreases with increasing
cobalt concentration from 1.2 eV for BCFZY1711 to 1 eV for
BCFZY7111. This leads to greater outperformance for Co-rich
BCFZY7111 vs. Fe-rich BCFZY1711 as the temperature is lowered
(e.g., from ~14X at 600 °C to ~32X at 400 °C).

The electrochemical performance of BCFZY7111, 4411, and
1711 were assessed through single cell testing under both fuel
cell and electrolysis mode operation. Further details on cell
fabrication and testing are provided in the experimental
methods section. A post-mortem scanning electron microscope
(SEM) cross-sectional image of the BCFZY7111-based cell is
shown in Fig. 10a. The porous anode substrate (Ni-BCZYYb4411)
supports a thin dense electrolyte layer of BCZYYb4411 (7 — 8
um) capped by a porous BCFZY7111 cathode layer (~5 — 6 um
thick). BCFZY1711 and BCFZY4411 cells were also prepared in
the same manner and produced similar microstructures as
shown in Fig. S6t. XRD (Fig. S71) confirms the expected anode
substrate and electrolyte phases, which were synthesized by
solid state reactive sintering. The current-voltage (I-V) curves of
all three cells under both fuel cell and electrolysis operation are
shown in Fig. 10b. The cell based on the Co-rich BCFZY7111
cathode yields the highest fuel cell performance with a peak
power density of 695 mW -cm-2 at 600 °C compared to 459 mW
-cm2 for BCFZY4411 and 115 mW - cm™? for BCFZY1711. The
performance of the BCFZY7111-based cell exceeds the value
obtained for other modified BCFZY compositions measured
under comparable conditions at 600 °C, including B0.9CFZY (668
mW - cm?) and BCFZY-0.95 (611 mW - cm2).2416 The
performance of the BCFZY7111-based cell also compares
favourably against several other reported MIEC cathodes
including BSCF (622 mW - cm=2 @ 650 °C) and GBCO (146 mW -
cm2 @ 600 °C ).6566

Electrolysis mode performance was evaluated under 20%
steam in air at 600 °C (fuel side sweep gas of H, 50 sccm). At 1.4
V, the BCFZY7111, 4411, and 1711-based cells produced
electrolysis-mode current densities of 1976, 1483, and 1783 mA
-cm2, Interestingly, the performance of the Fe-rich BCFZY1711-
based cell overtakes that of the Co-rich BCFZY7111-based cell at
higher electrolysis voltages. This finding is consistent with
recent reports that mixed Co/Fe oxides with high Fe content
may offer enhanced OER performance compared to Co-rich
compositions, although their fuel cell performance (ORR) is
poorer.6” High Fe content is hypothesized to reduce the
oxidation state of Co and expand the potential range of

This journal is © The Royal Society of Chemistry 20xx
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thermodynamic metastability under electrolysis operating
conditions.

In agreement with the I-V performance results, EIS spectra
of the BCFZY7111, 4411, and 1711-based cells measured under
OCV condition at 600 °C show a similar trend (Fig. 10c). Fig. S8at
shows the excellent reproducibility of the symmetric-cell EIS
results using a second BCFZY7111-based symmetric cell, which
produced results nearly identical to those provided in Fig. 10c
after removing the electrolyte resistance. BCFZY7111 shows the
lowest ohmic and polarization resistances of 0.217 and 0.15
Q-cm? respectively, vs. 0.29 and 0.38 Q-cm? for BCFZY4411, and
0.25 and 1.102 Q-cm?2 for BCFZY1711. The hydrogen production
rate was measured for the BCFZY7111 cell, from which faradaic
efficiency (FE) was calculated as a function of current density at
500 °C as shown in Fig. 10d. The cell attains a peak FE of ~77 %
at 400 mA-cm2, decreasing to ~59 % at 700 mA-cm2. These
measured data are consistent with the well-known electronic
leakage phenomenon in BCZYYb4411 which leads to relatively
low FE, especially at low steam concentrations.®8

4. Conclusions

In this work, we applied oxygen tracer diffusion and in-situ HT-
XRD to study the oxygen ion incorporation/transport kinetics

and thermomechanical behaviour of various BCFzZY
compositions to gain insight into the factors dictating
electrochemical performance. We find that Co-rich

compositions (e.g., BCFZY7111 and 6211) exhibit significantly
higher bulk oxygen ion diffusion and surface exchange kinetics
compared to Fe-rich compositions (e.g., BCFZY1711 and 2611).
Furthermore, we identify anomalously low oxygen ion diffusion
behaviour in the equimolar Co/Fe BCFZY4411 composition,
which we attribute to the maximal B-site cation disorder
presented by this composition. Co-rich BCFZY7111
demonstrates the highest oxygen ion bulk diffusivity so far
reported among studied MIEC and TCO cathode materials,
although its surface exchange kinetics are lower than many
other reported materials. In-situ HT-XRD analysis reveals highly
non-linear expansion behaviour in the Fe-rich BCFzZY
compositions which we ascribe to intermediate-temperature
dehydration associated with a significant low-T proton
concentration in these materials. The proton content of the Co-
rich compositions is posited to be significantly lower, leading to
a more uniform linear expansion behaviour. This finding,
combined with the oxygen tracer diffusion experiments,
suggest that the mixed 02 /H* defect equilibria and transport
behaviour in the BCFZY TCO system can be tuned by tuning the
Co/Fe ratio. Finally, Co-rich BCFZY7111 shows the lowest and
most uniform TEC behaviour over the full 35-800 °C
temperature range (TEC = 8.5x10% K-1), providing a good match
to a number of common electrolyte materials including BZY20
and BCZYYb7111 and therefore reinforcing its potential for
electrochemical cell application. This potential was verified by
button cell testing, with the peak power density of a
BCFZY7111-based cell reaching 695 mW -cm-2 at 600 °C in fuel
cell mode (vs. 459 mW -cm2 for BCFZY4411 and 115 mW -cm2
for BCFZY1711), while the current density of the BCFZY7111-
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based cell reaches 1976 mA-cm2 @ 1.4 V (vs. 1483 mA-cm2for
BCFZY4411 and 1783 mA-cm2 for BCFZY1711) in electrolysis
mode (also at 600 °C). Those results underscore the potential of
Co-rich BCFZY as an ORR/OER electrode for intermediate-
temperature fuel cell and electrolysis applications.
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