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Triple ionic–electronic conductors, capable of concurrent conduction of protons, oxygen ions, and electrons,

are promising cathodes in ceramic fuel cells. Though thoroughly studied, extensive evaluation and explanation

of their transport phenomena are crucial for guiding future research. In this work, the structure, composition,

and formation enthalpies of BaCo0.4Fe0.4Zr0.2−XYXO3−d (BCFZYX, X = 0, 0.05, 0.1, 0.15, 0.2) are correlated with

its trends in defectmobility. Three compositions of BCFZYX, X=0, 0.1, 0.2, aremeasured under X-ray diffraction

and neutron powder diffraction to reveal a common cubic perovskite structure with increasing oxygen vacancy

concentration upon increasing yttrium concentration. Formation enthalpies obtained by high-temperature

calorimetry reveal a general destabilization of this perovskite structure with yttrium substitution, with

deviations at the endmember compositions. Further analysis suggests that high yttrium substitution causes

yttrium–vacancy pairs to be more energetically favorable than randomized oxygen vacancies. This

phenomenon, along with changes in oxygen vacancy concentration, helps explain observed trends in

oxygen-ion and proton mobility in the compositional suite as well as criteria for the selection of high

performing, durable protonic ceramic fuel cell materials.
1. Introduction

The design of efficient materials for energy conversion and
storage applications is a critical challenge facing modern
materials science.1–3 Perovskite ceramic materials, including
mixed ionic–electronic conductors, have shown great potential
for use in gas separation membranes, fuel cells, and catalysis.4–8

Among these, triple ionic–electronic conductors (TIECs), known
to concurrently transport protons, oxide ions, and electrons
under humid oxidizing conditions, are especially interesting
due to their high ionic transport at low-to-intermediate
temperatures.

Among relevant TIECs, BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY0.1)
and its closely related derivatives are among the most widely
ineering, Clemson University, Clemson,

@clemson.edu

eering, University of Wisconsin–Madison,

University, Alfred, New York 14802, USA

logy, Del University of Technology, 2629

United States Department of Energy,

tion (ESI) available. See DOI:

is work.

f Chemistry 2025
studied in the eld.9 It is known that BCFZY0.1 can incorporate
a wide range of metal ion dopants10,11 and substitutions,12–16 as
well as withstand broad changes in metal-ion and oxygen non-
stoichiometry.17,18 Our recent work has focused on changing the
dopant levels of Zr and Y in the BaCo0.4Fe0.4Zr0.2−XYXO3−d

(BCFZYX) compositional series to understand the dopant effects
on ionic and electronic mobility and surface kinetics of these
materials.19,20 Shin, et al. have performed a similar study
focusing on varying the levels of multivalent dopants Co and Fe
to understand similar phenomena.21 Focusing on incremental
changes in dopant levels helps reveal the properties which
produce high-performance cathode materials in oxide-based
fuel cells.

The properties of TIEC materials, including defect mobility
and surface exchange reactions, can be signicantly affected by
oxygen vacancies22–28 and structural changes.29–32 Under-
standing these effects is crucial for the design and optimization
of new materials with improved properties. Neutron powder
diffraction (NPD) is a powerful tool to understand the structure
of thesematerials. NPD has an additional benet of probing low
atomic weight elements, like lithium and oxygen, unlike tradi-
tional X-ray diffraction (XRD). Because of this resolution, the
absolute oxygen vacancy concentration can be measured, which
is important for TIECmaterials withmultivalent cations such as
Co and Fe, as the vacancy concentration cannot be calculated
without knowing the valence state.33,34 Combined with relative
J. Mater. Chem. A, 2025, 13, 10147–10159 | 10147
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probing of vacancy concentration using methods like ther-
mogravimetric analysis (TGA), the nominal composition of
these materials can be elucidated throughout its working
temperature ranges.

Amethod used to correlate the structure, defect chemistry, and
mobility properties of solid oxidematerials is themeasurement of
enthalpy of formation from the oxides by high temperature oxide
melt solution calorimetry.35 Previous efforts have correlated
interesting property changes with respect to composition in
perovskites,36 uorites,37 and other-structured oxide ceramics.38,39

A general trend is emerging which suggests defect mobility and
thermodynamic stability are negatively correlated up to a certain
level of substitution, aer which structural changes inhibit the
further improvement of mobility throughout these complex
systems. Indeed, this work supports this trend.

In this study, we present the trends in structure, oxygen
vacancy concentration, and enthalpy of formation from the
oxides with respect to yttrium concentration. NPD revealed the
increase in oxygen vacancy concentration with increases in
aliovalent doping. Enthalpy of formation from the oxides was
measured using high temperature oxide melt solution calo-
rimetry. These thermodynamic data give new insights to the
defect chemistry of BCFZYX; changes in trends in the enthalpy
of formation from the oxides in this BCFZYX perovskite series
suggest causes for the optimum concentration for surface and
bulk-level defect mobility, which, among the compositions
studied, occurs at 10% B-site doping Y3+ for Zr4+.
2. Methods
2.1 Material synthesis

BaCo0.4Fe0.4Zr0.2−XYXO3−d (BCFZYX) materials with 0 # X # 0.2
were synthesized using a wet chemistry sol–gel method.40 Stoi-
chiometric amounts of precursor nitrates were dissolved in
distilled water. Citric acid and EDTA were then added to the
solution in a ratio of citric acid : EDTA :metal of 1.5 : 1.5 : 1 as
chelating agents. While stirring, ammonium hydroxide was
added to the solution until the solution achieved a pH of 9. The
solution was heated at 80 °C until a gel formed and was
subsequently placed in an oven at 150 °C for 36 h. The resultant
complex was red at 1000 °C for 10 h to remove organic residues
and calcine the perovskite phase.

To ensure full calcination of the perovskite phase,
membranes of each composition were synthesized by pressing
the powder at 160 MPa for two minutes into 15 mm diameter
pellets. Pellets were covered with their own calcined powder to
reduce the potential for Ba loss during sintering. All samples
were sintered at 1275 °C for 8 h in air to form dense
membranes. These membranes were subsequently crushed for
future measurements.
2.2 Structural characterization

The phase assemblages of all the samples were measured using
powder XRD (Hitachi SmartLab Powder Diffractometer) equip-
ped with Cu Ka radiation. NPD was also used to characterize
BaCo0.4Fe0.4Zr0.2O3−d (BCFZ), BaCo0.4Fe0.4Zr0.1Y0.1O3−d
10148 | J. Mater. Chem. A, 2025, 13, 10147–10159
(BCFZY0.1), and BaCo0.4Fe0.4Y0.2O3−d (BCFY) at ambient and
high temperature using the PEARL diffractometer available at
Del University of Technology.41 The constant-wavelength
diffractometer employs a Ge monochromator and wavelength
of l = 1.667 Å was used. Samples were measured at RT and at
800 K. Samples consisted of sintered pellets that were crushed
and ground, loaded in a cylindrical vanadium sample can
(50 mm length, 6 mm inner diameter) and sealed under air. The
NPD patterns were recorded over a 2q range from 11° to 158°.
Each diffraction pattern was collected for about 3 hours. Riet-
veld renements of XRD and NPD data were performed using
the soware JANA 2006.42

2.3 Thermogravimetry

Thermogravimetric analysis (TGA) was performed using a Per-
kinElmer TGA8000. Samples were measured to determine the
oxygen loss characteristics of each sample at high temperatures.
Approximately 20 mg of powdered, sintered pellets were utilized
for the measurement. Samples were loaded and the tempera-
ture was increased to 200 °C at a heating rate of 50 °Cmin−1 and
held for 30 minutes to remove adsorbed water from the surface
of thematerial. Next, the temperature was increased to 950 °C at
a heating rate of 10 °C min−1. This measurement was per-
formed in both air and nitrogen as the purge gas to quantify the
weight loss in oxidizing and reducing conditions.

2.4 Quantication of chemical composition

The metals content of each sample was measured using ICP-MS
(Thermo X Series II). Approximately 10 mg of each BCFZYX

powder was dissolved in 10 mL of 2% HNO3 to give solutions
containing 10–500 ng mL−1 of each element. Calibration stan-
dards were prepared in 2% HNO3 by diluting single-element
plasma standards. The ICP-MS analysis yielded a limit of
detection (LOD) of 0.066, 0.027, 0.376, 0.064, and 0.012 ngmL−1

for 137Ba, 59Co, 56Fe, 90Zr, and 89Y, respectively. Measured
concentrations of each ion in the BCFZYX solutions were always
one to three orders of magnitude larger than the LODs. Each
dissolution and each analysis was repeated in triplicate, except
for BCFZ which was repeated in duplicate, which yielded stan-
dard deviations of the calculated molar ratios of less than 1%.
Oxygen content in the samples is estimated from thermogravi-
metric analysis and Rietveld analysis of the BCFZYX powders
measured via NPD.

2.5 High-temperature oxide melt solution calorimetry

Formation enthalpy is a fundamental thermodynamic property
which may be used as a gauge of phase stability. Calorimetry is
the only direct means to access the formation enthalpy from the
oxides and the standard heats of formation from the elements,
which it does through the application of appropriate thermo-
chemical cycles. In this method, the total heat effect of drop
solution (DHds) includes the heat of solution (DHsln) and heat
content (DHT) of the sample. The drop solution enthalpy for
each sample was measured using an AlexSys 1000 (Setaram®)
superbill twin Tian-Calvet high temperature solution calorim-
eter at 700 °C. Hand-pressed sample pellets (nominally 4–6 mg)
This journal is © The Royal Society of Chemistry 2025
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were dropped from room temperature into molten sodium
molybdate (3Na2O–4MoO3) (20 g) solvent. Oxygen was ushed
through the glassware assembly at 40 mL min−1 and bubbled
through the solvent at 4–5 mL min−1. Flushing ensures
constant vapor pressure above the solvent, while bubbling aids
dissolution. Experiments were replicated for each sample to
achieve statistical relevance (typically not less than 8 measure-
ments) which produced the mean enthalpy of drop solution
(DHds). The reported mean measurement uncertainties were
computed as two standard deviations. Calibration was done
against the known heat content of trace metal grade alpha-
alumina (Sigma Aldrich, 99.999%). The calorimetry and cali-
bration methods have been described previously.43–46
Fig. 1 Rietveld refined powder X-ray diffraction patterns of (a)
BaCo0.4Fe0.4Zr0.2O3−d (BCFZ), (b) BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY),
and (c) BaCo0.4Fe0.4Y0.2O3−d (BCFY).
2.6 Computational methods

To calculate the enthalpy of formation from oxides of BCFZYX

materials, spin-polarized DFT calculations were conducted
using the Vienna Ab Initio Simulation Package (VASP).47 The
calculations employed the generalized gradient approxima-
tion (GGA) for the exchange–correlation functional, incorpo-
rating a Hubbard U correction within the PBE framework.48–50

The U values in PBE + U method were consistent as those from
the Materials Project:51 U = 5.3 eV for Fe and 3.32 eV for Co.
Core electrons were described using projector augmented
wave (PAW) pseudopotentials.52 The calculations were per-
formed with an energy cutoff of 500 eV. A 4 × 4 × 1 Mon-
khorst–Pack53 k-point mesh in the Brillouin zone was used for
a 2 × 2 × 10 supercell of the primitive perovskite unit, con-
taining a total of 200 atoms with 4 different cation congu-
rations in order to cancel out the cation arrangement effects.
This somewhat unusual supercell was used so that we could
exactly match the desired oxygen stoichiometries. For the
binary oxides, Monkhorst–Pack k-point mesh of 8 × 8 × 8, 8 ×

8 × 8, 5 × 5 × 5, 5 × 5 × 5 and 3 × 3 × 3 were used for BaO
(space group Fm�3m), CoO (space group F�43m), Fe2O3 (space
group R�3c), ZrO2 (space group P21/c) and Y2O3 (space group
Ia�3) respectively.

The 200-atom supercell was also used to calculate the
binding energy of an oxygen vacancy and a Y atom by calcu-
lating the difference between two cells, one with Y–vacancy
close (nearest neighbors), Y–vacancy intermediate and one with
Y–vacancy far (separated as widely as possible in the cell, here
4.63 Å). The coordinates for the three calculations have been
included in the ESI† as POSCAR_Y_Vac_Close, POSCAR_-
Y_Vac_Intermediate and POSCAR_Y_Vac_Far and the location
of the vacancy (removed oxygen) being studied are included
with the label “Vac” (this line must be removed to run these les
in VASP). The binding energy of a 40-atom unit cell and a 320-
atom supercell, with the same Y–vacancy close and Y–vacancy
far distances as in DFT calculations, was additionally calculated
using molecular dynamics (MD) simulations with Interatomic
Potentials (M3Gnet).54 The cohesive energy of metal oxide
compositions under air conditions (Co3O4 with space group
R�3m, Fe2O3 with space group R�3c, and Y2O3 with space group
Ia�3) was calculated using data extracted from the Materials
Project.51
This journal is © The Royal Society of Chemistry 2025
3. Results
3.1 Structural analysis

Fig. 1 shows the Rietveld renement of the room temperature
XRD patterns, where all the peaks in each pattern are indexed
using the cubic Pm�3m space group, which is consistent with
previous reports.12,40,55,56 The rened lattice parameters are
shown in the respective gures, demonstrating that the Y3+

substitution for Zr4+ caused a lattice expansion of ∼0.003 nm
(about 2.4% expansion by volume) as the yttrium content is
increased to X = 0.2. This increase is expected due to the larger
ionic radius of Y3+ compared to Zr4+, and the magnitude of
expansion is reasonably consistent with our and others'
previous syntheses of BCFZYX.12,19,20,40,57 The goodness of t
parameters for BCFZ, BCFZY and BCFY are 1.2, 1.1 and 1.1,
respectively, which shows the high quality of t for all the
samples.

Powder neutron diffraction measurements were performed
on all three compositions at 27 °C and 500 °C. Fig. 2a–c shows
the NPD patterns for BCFZ, BCFZY and BCFY. As conrmed
from the room temperature XRD, the crystal system for all
compositions is cubic with only slight variation in lattice
parameters. Therefore, one can expect to see similar peak
patterns at all compositions in the absence of additional
structural or magnetic ordering.
J. Mater. Chem. A, 2025, 13, 10147–10159 | 10149
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Fig. 2 Neutron powder diffraction patterns for (a) BaCo0.4Fe0.4Zr0.2-
O3−d (BCFZ), (b) BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY) and (c) BaCo0.4-
Fe0.4Y0.2O3−d (BCFY) recorded at 27 and 500 °C.

Fig. 3 Rietveld refinements of high temperature (500 °C) NPD
patterns for (a) BaCo0.4Fe0.4Zr0.2O3−d (BCFZ), (b) BaCo0.4Fe0.4Zr0.1-
Y0.1O3−d (BCFZY) and (c) BaCo0.4Fe0.4Y0.2O3−d (BCFY) using cubic
symmetry. The hatched regions show the excluded regions from the
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However, while comparing the NPD for different samples as
a function of temperature, several interesting features emerge.
First, for BCFZ, as shown in Fig. 2a, two extra peaks at lower 2q
values of ∼20° and ∼40° can be seen, unlike the other two
samples at room temperature. Since these additional peaks
appear only at lower 2q angle, and because the XRD data do not
demonstrate peaks at the same d-spacings, they are associated
with long range magnetic ordering of Co/Fe spins. Further,
magnetic ordering is conrmed when these peaks disappear at
high temperatures. Simple observation suggests that the high
temperature data belongs to the paramagnetic phase of BCFZ
where Co/Fe spins are randomly orientated. The dashed line at
2q values at ∼20° and ∼40° in Fig. 2a highlights the absence of
magnetic peaks in the high temperature data. The presence of
magnetic eld was conrmed in BCFZ using Mössbauer spec-
troscopy. As shown in ESI Fig. S1,† BCFZ was the only observed
composition with magnetic hyperne splitting, while the other
BCFZYX compositions exhibited only quadrupole splitting. On
close observation of the NPD patterns, it is clear that the same
magnetic ordering peaks are present, though just above back-
ground, in BCFZY0.1 but are absent in BCFY. This phenomenon
is not observed in the Mössbauer spectroscopy, although it is
possible that iron does not play a role in the material's
magnetism as yttrium is doped into the structure, and that Co is
the primary magnetic ion. The presence of magnetic peaks in
10150 | J. Mater. Chem. A, 2025, 13, 10147–10159
the Zr containing samples, unlike in BCFY, indicates that the
onset of magnetic ordering is linked to Zr doping in the studied
compounds and the ordering becomes stronger with increasing
Zr content.

Another prominent feature of the NPD data is the presence
of 3 additional peaks with increased intensity at elevated
temperature (500 °C) for the BCFY sample. The FWHM of the
peaks is quite broad and the peaks cannot be indexed using any
high temperature phase reported for this family of structures.
Therefore, we attribute these to interference due to the beam
clipping some component of the furnace, creating additional
diffraction peaks.

The high temperature NPD of each composition was sub-
jected to Rietveld tting using cubic symmetry to extract the
structural parameters in the paramagnetic region. For rening
the NPD data of BCFY, we have excluded several broad peaks
that appeared at this temperature at higher 2q angle. Fig. 3
shows the tted NPD patterns measured at 500 °C. In the crystal
structure, the Ba ions reside at the 1a (0, 0, 0) position while the
Co/Fe/Zr/Y ions are located at the 1b (0.5, 0.5, 0.5). The oxygen
ion is situated at the 3c (0.5, 0.5, 0) position. In addition to
rening the peak shapes, background, lattice parameters and
other global parameters, the data enabled renement of the
oxygen site occupancy as well as the displacement parameters
refinement.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Refined values of oxygen occupancy, and thermal parameters at 500 °C for different compounds using cubic symmetry Pm�3m using
NPD data

Composition
BaCo0.4Fe0.4Zr0.2O3−d

Rwp = 5.04 and Rp = 3.96
BaCo0.4Fe0.4Zr0.1Y0.1O3−d

Rwp = 5.17 and Rp = 3.94
BaCo0.4Fe0.4Y0.2O3−d

Rwp = 5.72 and Rp = 4.46

Atom Occupancy Uiso Occupancy Uiso Occupancy Uiso

Ba 1 0.0355(13) 1 0.0313(12) 1 0.0386(13)
Co/Fe/Zr/Y 0.4/0.4/0.2/0 0.0467(13) 0.4/0.4/0.1/0.1 0.0452(12) 0.4/0.4/0/0.2 0.0539(13)
O 0.773(7) 0.0437(11) 0.760(7) 0.0479(11) 0.756(7) 0.0580(13)

Fig. 4 Room temperature NPD patterns for (a) BaCo0.4Fe0.4Zr0.2O3−d

(BCFZ) (b) BaCo0.4Fe0.4Zr0.1Y0.1O3−d (BCFZY) and (c) BaCo0.4Fe0.4-
Y0.2O3−d (BCFY). The NPD pattern of BCFZ is fitted using triclinic
setting (P-1) to include magnetic reflections whereas the data of
BCFZY and BCFY was fitted using cubic symmetry. The hatched
regions show the excluded regions from the refinement.
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for the transition metal ions and oxygen. Table 1 presents the
occupancies and displacement parameter values for each ion
for the data measured at 500 °C. Since Co, Fe, Zr and Y are all
Table 2 Thermal parameters and occupancies for different cations at ro

Composition
BaCo0.4Fe0.4Zr0.2O3−d

Rwp = 5.05 and Rp = 4.06
BaCo0
Rwp =

Atom Occupancy Uiso Occup

Ba 1 0.0279(14) 1
Co/Fe/Zr/Y 0.4/0.4/0.2/0 0.0412(14) 0.4/0.4
O 0.792(9) 0.0361(12) 0.782(

This journal is © The Royal Society of Chemistry 2025
randomly distributed on the 1b site, the renement included
a restraint keeping the displacement parameters for Co, Fe and
Zr/Y the same. The rened compositions are BaCo0.4Fe0.4Zr0.2-
O2.32, BaCo0.4Fe0.4Zr0.1Y0.1O2.28 and BaCo0.4Fe0.4Y0.2O2.27.

The NPD data collected at room temperature has also been
tted to extract the temperature variation of the lattice param-
eters, shown in Fig. 4. The NPD pattern of BCFZ was tted in the
triclinic setting (P-1) to include the satellite reections coming
from magnetic ordering using the incommensurate propaga-
tion vector k= (0.295, 0.5, 0). With the available data quality, the
complete renement of the magnetic structure was not
possible, and future studies would benet from neutron
diffraction studies of single crystals to enable determination of
the spin structure for the given incommensurate propagation
vector. Table 2 shows the values of the displacement parameters
at room temperature.

The oxygen occupancies were also rened. While comparing
the values of oxygen occupancies, one can see a clear increase in
oxygen vacancy content with increasing temperature. Table 3
compares the room temperature values of d with high temper-
ature values. A small increase in d values at elevated tempera-
ture is consistent with the TGA results as discussed later.

Temperature dependence of the lattice parameters and
oxygen vacancies as a function of temperature along with the
thermal expansion coefficient values for each sample is shown
in Fig. 5a–c. The lattice expands on heating as evident from
signicant increase in lattice parameters values. As mentioned
above, the oxygen vacancies increase slightly in each sample at
500 °C as compared to room temperature data. The thermal
expansion coefficient shows a maximum for the equally co-
doped sample BCFZY0.1.

Using the oxygen vacancy concentration rened from room
temperature NPD as an initial starting value, the vacancy
concentration at the operating temperature (500 °C) is esti-
mated using thermogravimetric analysis. The values from TGA
are then compared to the rened vacancy concentration from
om temperature using the Rietveld fit NPD data with cubic symmetry

.4Fe0.4Zr0.1Y0.1O3−d

5.40 and Rp = 4.20
BaCo0.4Fe0.4Y0.2O3−d

Rwp = 5.72 and Rp = 4.46

ancy Uiso Occupancy Uiso

1.5459(11) 1 0.0210(12)
/0.1/0.1 2.5556(12) 0.4/0.4 0.0342(13)
7) 2.713(2) 0.766(8) 0.0379(13)
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Table 3 Oxygen vacancy (d) as a function of temperature

Sample d (27 °C) d (500 °C)

BaCo0.4Fe0.4Zr0.2O3−d 0.624(9) 0.681(7)
BaCo0.4Fe0.4Zr0.1Y0.1O3−d 0.654(7) 0.720(7)
BaCo0.4Fe0.4Y0.2O3−d 0.702(8) 0.732(7)

Fig. 5 Temperature dependence of (a) lattice parameters, (b) oxygen
vacancies and (c) thermal expansion coefficient as a function of X for
BaCo0.4Fe0.4Zr0.2−XYXO3−d.

Fig. 6 Thermogravimetric analysis of three BCFZYX materials, showing
concentration calculated from weight loss, with initial vacancy concentr

10152 | J. Mater. Chem. A, 2025, 13, 10147–10159
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NPD at 500 °C. Fig. 6a displays mass as a function of temper-
ature for BCFZ, BCFZY, and BCFY. A small mass loss occurred
during the drying process, followed by mass increase from 300
to 450 °C (approx.), and then continuous mass loss above 450 °
C. Mass gain over the intermediate temperature range suggests
oxidation of themultivalent metal cations due to oxygen uptake,
as observed in other ferrite and cobaltite materials.58–60 On
comparison with TGA in inert conditions (pure N2) as shown in
ESI Fig. S2,† mass gain is not observed, supporting this
hypothesis of oxidation. Subsequent mass loss indicates
thermal reduction as a result of metal cations releasing their
bound oxygen from the structure. In terms of mass loss, little
difference is evident in the TGA proles for these samples,
however oxygen vacancy formation appears greater in the
presence of Y-substitution, particularly in BCFZY0.1. The mass
loss is used to estimate oxygen vacancy concentration (dTGA)
using eqn (1).12,61

d ¼ di;NPD þ
MFW

�
1� mT

mi

�

MO

(1)

Here, MFW is the molar mass of the BCFZYX composition, MO is
the molar mass of oxygen,mT is the mass at temperature T,mi is
the initial mass aer drying, and di,NPD is the initial oxygen
vacancy concentration calculated from NPD at room tempera-
ture. Using these initial vacancy concentration calculations, the
plot of oxygen vacancy concentration against sample tempera-
ture is plotted in Fig. 6b. These values are compared between
NPD (dNPD) and TGA (dTGA) in Table 4. Notably, the TGA vacancy
estimation showed relatively similar differences in d between
the room temperature and elevated temperature measurements
across the threematerials, all about 0.02 atoms per formula unit
at 500 °C. In BCFY, the difference between TGA and NPD
vacancy concentration values is within 0.01 atoms per formula
unit, indicating good agreement between the two measurement
methods. However, the difference in NPD and TGA vacancy
(a) weight loss as a function of temperature, and (b) oxygen vacancy
ation calculated from neutron powder diffraction.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Calculated oxygen vacancy concentrations from TGA and NPD

di,NPD 27 °C dNPD 500 °C dTGA 500 °C
DNPD
(dNPD,500 − dNPD,27)

DTGA
(dTGA,500 − dNPD,27)

(DNPD
− DTGA)/DNPD

BCFZ 0.624(9) 0.681(7) 0.647(5) 0.056(8) 0.022(8) 60%
BCFZY0.1 0.654(7) 0.720(7) 0.669(3) 0.066(0) 0.014(6) 78%
BCFY 0.702(8) 0.732(7) 0.727(2) 0.029(9) 0.024(4) 18%

Table 5 Thermochemical cycles used to compute the enthalpy of formation from the oxides and elements at 25 °C for the
BaCo0.4Fe0.4Zr0.2−XYXO3−d (X = 0, 0.05, 0.10, 0.15, 0.20) samplesa

Reactions DH (kJ mol−1)

(1) BaCo0.4Fe0.4Zr(0.2−X)YXO(3−d)(s,25°C) / BaO(sln,700°C) + aCoO(sln,700°C) +
(13)bCo3O4(sln,700°C) + nFeO(sln,700°C) + (12)mFe2O3(sln,700°C) + (0.2 − X)
ZrO2(sln,700°C) + (12)XY2O3(sln,700°C) + 0.25O2(g,700°C)

DH1 = DHds (BCFZYX)

(2) BaO(s,25°C) / BaO(sln,700°C) DH2 = DHds (BaO) = −185.30 � 3.12 (ref. 62)
(3) CoO(s,25°C) / CoO(sln,700°C) DH3 = DHds (CoO) = 15.66 � 0.59 (ref. 63)
(4) Co3O4(s,25°C) / Co3O4(sln,700°C) DH4 = DHds (Co3O4) = 271.05 � 3.72 (ref. 64)
(5) FeO(s,25°C) / FeO(sln,700°C) DH5 = DHds (FeO) = −85.21 � 0.92 (ref. 65)
(6) Fe2O3(s,25°C) / Fe2O3(sln,700°C) DH6 = DHds (Fe2O3) = 95.63 � 0.50 (ref. 65)
(7) ZrO2(s,25°C) / ZrO2(sln,700°C) DH7 = DHds (ZrO2) = 19.5 � 0.9 (ref. 66)
(8) Y2O3(s,25°C) / Y2O3(sln,700°C) DH8 = DHds (Y2O3) = −120.07 � 2.5 (ref. 67)

Calculated DHf,ox(25 °C) of BCFZYXfrom binary oxides:
BaO(s) + aCoO(s) + (13)bCo3O4(s) + nFeO(s) + (12)mFe2O3(s) + (0.2 − X)ZrO2(s) + (12)XY2O3(s) + 0.25O2(g) / BaCo0.4Fe0.4Zr(0.2−X)YXO(3−d)(s)

DH9 = DHf,ox = DH2 + aDH3 + (13)bDH4 + nDH5 + (12)mDH6 + (0.2 − X)DH7 + (12)XDH8 − DH1

Calculated DHf,el(25 °C) from the elements and the DHf,oxof BCFZYX
Ba(s) + aCo(II)(s) + (13)bCo(II,III) + nFe(II)(s) + (12)mFe(III)(s) + (0.2 − X)Zr(s) + XY(s) + 1.5O2(g) / BaCo0.4Fe0.4Zr(0.2−X)YXO(3−d)(s)

DHf,el = DH9 + DHf,el(BaO) + aDHf,el(CoO) + (13)bDHf,el(Co3O4) + nDHf,el(FeO) + (12)mDHf,el(Fe2O3) + (0.2 − X)DHf,el(ZrO2) + (12)XDHf,el(Y2O3)

a Notations: s = solid and sln = solution. Measurement mean uncertainty was calculated as a two-standard deviation. The content of Co and Fe in
BaCo0.4Fe0.4Zr0.2−XYXO3−d are merely representative of the BCFZYX target.
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concentration is noticeably greater for BCFZY0.1 and BCFZ, as
shown in the percent difference in the nal column of Table 4.
The fast temperature ramp on the TGA may not allow for full
equilibration of the oxygen concentration, potentially leading to
this difference. A future study would use a slower ramp rate to
again compare the TGA and NPD methods.
3.2 Calorimetry

Five BCFZYX compositions were measured with high tempera-
ture oxide melt solution calorimetry in molten sodium
Table 6 The enthalpy of drop solution, the formation enthalpy from the
measured solid solution samples that correspond to the general formula

Target stoichiometry DHds (kJ mol−1)a

BaCo0.4Fe0.4Zr0.2O3−d −50.57 � 2.08 (7)
BaCo0.4Fe0.4Zr0.15Y0.05O3−d −60.27 � 1.08 (6)
BaCo0.4Fe0.4Zr0.1Y0.1O3−d −70.19 � 1.66 (6)
BaCo0.4Fe0.4Zr0.05Y0.15O3−d −82.43 � 1.47 (8)
BaCo0.4Fe0.4Y0.2O3−d −90.05 � 1.64 (8)
BaZr0.80Y0.20O2.90 (Navrotsky 2014) −85.53 � 3.95 (8)

a The measurement mean of multiple experiments, as shown in parenthes
is the two-standard deviation of the measurement average. For the ent
propagated errors computed as the square root of the sum of the squar
enthalpy of formation from the elements. Ancillary data used in the th
from Robie and Hemingway.68 Thermochemical values for a comparative

This journal is © The Royal Society of Chemistry 2025
molybdate at 700 °C under continuous oxygen ow. The
samples fully dissolved in the sodiummolybdate melt within 35
to 40 minutes as evidenced by the heat ow peaks returning to
baseline without baseline shis, tailing, or other anomalies.
Table 5 presents two thermochemical cycles, which compute
the formation enthalpy from the oxides (DHf,ox) as well as the
standard formation enthalpy from the elements (DHel) for each
sample. The former uses the measured mean drop solution
enthalpies of the samples and the binary oxides (BaO, CoO,
Co3O4, FeO, Fe2O3, ZrO2, and Y2O3) and the latter from the
oxides, and the standard formation enthalpy from the elements of the
BaCo0.4Fe0.4Zr0.2−XYXO3−d with X = 0, 0.05, 0.10, 0.15, 0.20

DHf,ox
b (kJ mol−1) DHf,el

c (kJ mol−1)

−95.60 � 5.57 −1072.90 � 10.95
−99.63 � 5.28 −1069.68 � 10.81
−96.94 � 5.43 −1033.27 � 10.88
−92.92 � 5.37 −1011.43 � 10.85
−96.96 � 5.42 −1002.25 � 10.88
−92.89 � 5.7 −1634.94 � 10.63

es, yields the enthalpy of drop solution (DHds). The reported uncertainty
halpies of formation from oxides and elements, uncertainties are the
es. b DHf,ox = enthalpy of formation from the binary oxides. c DHf,el =
ermochemical cycles to compute the standard heats of formation are
BZY sample are from the research group of Alexandra Navrotsky.62
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Fig. 7 (a) Enthalpies of drop solution (left axis, left-facing arrow) as measured in sodiummolybdate at 700 °C and formation enthalpies from the
oxides at 25 °C (right axis, right-facing solid arrow) and (b) comparison of empirical enthalpies of formation from the oxides with DFT calculations,
as a function of X yttrium content in BCFZY solid solutions. Reported uncertainty values were calculated as two standard deviations from the
mean for both experimental and DFT plotted data.
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elements. Table 6 summarizes the mean drop solution
enthalpies (DHds) of the ve BCFZYX compositions.

Using the oxygen nonstoichiometry, the average valence
state for Co and Fe can be elucidated in each measured sample.
Extra steps are taken to decouple each valence for Co and Fe.
Mössbauer spectroscopy (Table S1†) was used to calculate the
ratio of binary oxides in Fe. The ratio of binary oxides in Co was
estimated using a charge balance based on the valence states of
all other metal cations with the oxygen concentration elucidated
from neutron powder diffraction. In intermediate compositions
BCFZY0.05 and BCFZY0.15, the oxygen vacancy concentration is
estimated using a linear interpolation. To characterize and
correlate thermodynamic and transport phenomena for these
complex oxides, accurate elemental composition is paramount.
Using the above methods, the reported compositions are the
best estimates possible for the actual composition of each
sample. Compositions used for these thermodynamic analyses
are given in Table S2.† For the following analyses, only binary
oxides of Co and Fe with valence (II) and (III) are considered, as
the binary oxides with valence (IV) are not stable and have not
been characterized by thermochemical methods.

As presented in Table 6 and Fig. 7a, the enthalpy of forma-
tion from oxides and elements are both strongly exothermic and
are thus favorable with respect to their binary oxides. The
standard formation enthalpy from the elements decreases in
stability tracking inversely with the Y content increase and
directly with the decrease in Zr. The stability of these compo-
sitions is less favorable with simple mixing of the elements.
They are all signicantly less thermodynamically stable in their
standard formation from the elements that the BZY (DHf,el =

−1634.94 ± 10.63 kJ mol−1) that is not substituted with the
transition metals, Co and Fe. The increasingly negative drop
solution enthalpies indicate dissolution tendency and track
directly with the increasing Y content. Although not a hard and
fast rule, typically increased favorability of sample dissolution
10154 | J. Mater. Chem. A, 2025, 13, 10147–10159
corresponds to decreased stability of the phase, and in this case
would produce an increasingly endothermic trend in the
enthalpy of formation from the oxides for perovskite samples
with increasing Y-substitution. The expected trend holds for the
three intermediate phases, BCFZY0.05, BCFZY0.1, and BCFZY0.15.
However, the endpoint compositions BCFZ (DHds = −50.57 ±

2.08 kJ mol−1 and DHf,ox = −95.60 ± 5.57 kJ mol−1) and BCFY
(DHds = −90.05 ± 1.64 kJ mol−1 and DHf,ox = −96.96 ±

5.42 kJ mol−1) break the expected trend for the mixing of binary
oxides to form these two samples and, in spite of the large
40 kJ mol−1 difference in drop solution enthalpy, the DHf,ox

remains relatively constant.
Comparison between the empirical and the DFT-calculated

enthalpy of formation from the oxides is shown in Fig. 7b. All
DFT-calculated values are within 15% of the experimentally
determined values, indicating good agreement between the
model and experimental data. The DFT data show many simi-
larities to the experiments in the rst four compositions.
Specically, DFT also predicts a slight decrease in DHf,ox from
BCFZ (DHf,ox,DFT = −112.14 ± 4.46 kJ mol−1) to BCFZY0.05

(DHf,ox,DFT = −113.69 ± 1.46 kJ mol−1), followed by a general
increase to BCFZY0.15 (DHf,ox,DFT = −105.53 ± 1.02 kJ mol−1).
This signicant increase in DHf,ox from BCFZY0.05 to BCFZY0.15

closely matches between the empirical data and predicted DFT
calculations. However, DFT calculations appear to underesti-
mate the DHf,ox in the nal BCFY composition. Overall, the
BCFZYX compositions are relatively close to previously reported
values for yttrium-doped barium zirconate in both drop solu-
tion enthalpy and enthalpy of formation from the oxides.52
4. Discussion

Neutron diffraction revealed that this compositional suite of
materials has high oxygen vacancy concentration, especially
compared to other ionic conductors such as BaZr1−XYXO3−d and
This journal is © The Royal Society of Chemistry 2025
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Ce1−XGdXO2−d.62,69,70 Previous neutron diffraction studies on
a similar mixed ionic–electronic material Ba0.5Sr0.5Co0.8Fe0.2-
O3−d showed similar levels of initial oxygen non-stoichiometry
of d z 0.6.34 From a structural symmetry standpoint, Ba2+ is
a large cation, meaning that larger B-site cations are necessary
for structural stability/symmetry of the cubic perovskite system.
As redox state in Fe/Co is reduced, the ionic radius is increased
given the same spin state.57 It is therefore structurally favorable
for the lattice to contain reduced redox states of Fe/Co, which
are closer to the ionic radius of Zr4+, as suggested in this work.
In recent studies in this system, specically on BCFZY0.1, iod-
ometry has suggested a wide range of oxygen vacancy concen-
trations from d = 0.23 to d = 0.5,12,17,18 lower than the value
reported here, leaving wide uncertainty of the actual vacancy
concentration of this composition. Other work on BaCoO3−d

and BaCo0.5Fe0.5O3−d have shown that high vacancy concen-
trations (d = 0.78 and d = 0.84, respectively) are necessary for
cubic perovskite symmetry, supporting this work;71–73 at lower
vacancy concentrations with more oxidized metal cation redox
states, the structural symmetry is reduced to hexagonal.
Contrary to this work, these compounds were synthesized in
reducing conditions, though the compositions were shown to
be stable in air until 220 °C through TGA measurements.71 It is
possible that the larger and univalent Zr4+ and Y3+ cations in the
BCFZYX system help stabilize the lattice across a wide range of
temperatures. These works also present an interesting question
on the upper-bound of vacancy concentration for compositions
synthesized in air.

Although it is known that small changes in dopant concen-
tration have notable effects on transport properties in BCFZYX,
the underlying reasons for the trends in transport phenomena
have not been clearly dened in literature. Neutron diffraction
revealed that the three compositions are structurally quite
similar; all compositions exhibit cubic perovskite symmetry
with only small changes in lattice parameter across the
compositional range. The substitution of yttrium for zirconium
increases the lattice parameter, which increases ionic hopping
distance and therefore can decrease ionic conductivity. This
phenomenon is observed in oxide ion conductivity (sO2−) given
in Table 7. The same trend is not observed in proton conduc-
tivity (sH+); it is more likely that localized atomic changes caused
by Y for Zr doping are the main cause for the optimal proton
conductivity observed in BCFZY0.1, as discussed later. Addi-
tionally, neutron diffraction showed increasing oxygen vacancy
concentration with increasing yttrium doping. Increased
vacancy content likely increases the available sites for surface
Table 7 Values of selected conductivity and electrochemical kinetic pa
from total conductivity measured via four-point probewith ionic compon
permeation measurements.19 Oxide ion conductivity (sO2−) is estimated
exchange coefficient (kO,chem) and hydroxyl surface exchange coeffi
relaxation19,20

Composition se− (S cm−1) sH+ (S cm−1)

BCFZ 2.63 8.48 × 10−4

BCFZY0.1 1.71 3.23 × 10−3

BCFY 1.23 2.7 × 10−3

This journal is © The Royal Society of Chemistry 2025
exchange, increasing oxygen surface exchange (kO,chem)and
hydroxyl surface exchange (kOH,chem)as noted in Table 7. The
increased vacancy concentration also decreases the available
B–O bonds in the system, thus decreasing the electronic
conductivity (se−).

Thermodynamic destabilization of the perovskite phase was
expected with aliovalent substitution of Y3+ for Zr4+ in this
series. This trend was expected in part due to the endothermic
effects of increasing number of oxygen vacancies as well as local
lattice strain caused by the larger size of Y3+ compared to Zr4+

and Co/Fe multivalent ions. In Fig. 7, the experimental enthalpy
of formation from the oxides exhibits this trend in the three
intermediate compositions. However, the endpoint composi-
tions BCFZ and BCFY show interesting deviations from the ex-
pected trend. Some of the deviations can be explained by the
larger changes in barium concentration at the endmembers.
However, when only accounting for the barium concentration
change, the roughly linear trend still cannot be resolved
compared to the three intermediate concentrations. BCFZ
shows greater endothermicity than expected. Observations from
literature suggest difficulties for this composition to achieve
cubic symmetry, including lower symmetry structures and
secondary phases.19,74,75 This difficulty may provide some
explanation for why BCFZ is more endothermic than expected.

In BCFY, the greater exothermicity from expected may be the
result of vacancy-dopant association, where the yttrium atom
becomes associated with the vacancy it forms, and therefore
yttrium–vacancy pairs become more energetically stable than
randomized vacancies. This phenomenon has also been
hypothesized by high temperature oxide melt solution calo-
rimetry in other uorite and perovskite structures.76–79 Vacancy
association is typically correlated with decreases in conductivity
of mobile ions due to the trapping of vacancies, reducing the
number of available mobile defects for kinetic transport.80,81

Vacancy association can especially be supported by the previ-
ously measured proton conductivity of the BCFZYX series, where
BCFZY0.1 (X = 0.1) exhibited the highest proton conductivity
followed by a decrease with increased yttrium doping as shown
in Table 7 and Fig. S3.19† Yttrium–vacancy association is also
noted in BZY, where proton conductivity reaches a relative
maximum at X = 0.2 and decreases once vacancy association
(suggested from high temperature solution calorimetry) is
present at X = 0.3 and greater.62,70 Like in BZY,82 the vacancy-
dopant association in BCFY outweighs the increased propen-
sity for proton uptake from yttrium incorporation19 and leads to
its decreased proton conductivity. A similar explanation may
rameters at 600 °C, previously measured. Electronic conductivity (se−)
ents subtracted.20 Proton conductivity (sH+) is estimated from hydrogen
from oxygen permeation measurements.20 Chemical oxygen surface
cient (kOH,chem) are measured using electrochemical conductivity

sO2− (S cm−1) kO,chem (cm s−1) kOH,chem (cm s−1)

7.56 × 10−2 7.3 × 10−4 8.62 × 10−5

3.56 × 10−2 2.8 × 10−3 2.26 × 10−4

1.41 × 10−2 4.6 × 10−3 3.91 × 10−4

J. Mater. Chem. A, 2025, 13, 10147–10159 | 10155
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also apply to the increased exothermicity of BCFZY0.05 against
BCFZ, where some local vacancy-dopant association is occur-
ring with the introduction of Y3+. However, in this case, the
propensity for proton uptake from Y3+ incorporation outweighs
the local association effect, so proton conductivity increases.

Vacancy association was investigated using computational
approaches. Density functional theory (DFT) calculations of an
O vacancy next to and farther from Y in a 200-atom unit cell of
BaCo0.4Fe0.4Y0.2O3 show a binding energy of −2.22 eV, a very
strong repulsion. This result contradicts expectations from
electrostatics, where Y and oxygen vacancies in the perovskite
lattice should attract due to the negative charge of Y and the
positive charge of the oxygen vacancies. The result is also
inconsistent with the size effects expected from the larger Y
atoms. The ionic radii for B-site cations in the perovskite system
are Y3+ (0.90 Å), Co4+ (0.53 Å) and Fe4+ (0.58 Å). The comparably
larger ionic radii of Y3+ compared to Co4+ and Fe4+ would be
expected to attract oxygen vacancies to reduce the strain in the
system, effectively helping the larger Y3+

t by creating space
nearby. However, the binding energy is consistent with the
stronger metal–oxygen bond of Y compared to Co or Fe.
Specically, we can estimate the bond strengths by dividing the
cohesive energy of each phase by the number of metal–oxygen
bonds, which gives: Y2O3 cohesive energy/bond = −19.53 eV/12
bonds = −1.68 eV/bond; Co3O4 cohesive energy/bond = −9.03
eV/18 bonds = −0.50 eV/bond, and Fe2O3 cohesive energy/bond
=−8.54 eV/12 bonds =−0.71 eV/bond, as calculated using DFT
(seeMethods). We therefore believe that it is the strong yttrium–

oxygen bond compared to the other metals that attracts the
oxygen, or equivalently, repels the vacancy in this estimation.

To ensure a robust calculation of the binding energy of
yttrium–vacancy pair, an additional binding energy calculation
was performed for a conguration where the distance of Y and
the oxygen vacancy was intermediate between the near and far
case. This calculation yielded a binding energy of −1.91 eV,
consistent with the repulsion decreasing as the vacancy moves
farther away from nearby yttrium. Additionally, the M3Gnet
universal machine learning potential was used to evaluate the
binding energy of the yttrium–vacancy pair. Oxygen vacancies
adjacent to and farther from yttrium in a 40-atom and 320-atom
unit cell of BaCo0.4Fe0.4Y0.2O3 showed the same binding energy
of −0.89 eV. This result is potentially quite approximate as the
potential was not t to vacancy binding data but is qualitatively
consistent with the DFT in that it shows strong repulsion
between the yttrium and the oxygen vacancy and no strong
dependence on the size of the cell used in the study. These DFT
and M3Gnet calculations are not consistent with the attractive
yttrium–vacancy binding that has been posited in the explana-
tions above. It is possible that some other effect underlies the
above thermodynamic and kinetic observations, or that the
complex magnetic, electron localization, redox, and correlated
electron effects that may be occurring in the BaCo0.4Fe0.4Y0.2O3

are poorly enough captured by the PBE DFT and M3Gnet that
they get the wrong sign for the yttrium–vacancy binding. Over-
all, although opposite in potential, a strong association is sug-
gested with yttrium in both the computational work (Y–O bond)
and the experimental work (Y–Vac bond), each of which could
10156 | J. Mater. Chem. A, 2025, 13, 10147–10159
decrease mobile species in the lattice. More work is needed in
this area to develop a robust and consistent understanding.

In terms of oxygen transport, BCFZYX shows a clear tradeoff
between bulk oxygen conductivity and surface exchange19,20 as
shown in Table 7 and Fig. S4.† The increase in oxygen surface
exchange can be explained by the increased vacancy concen-
tration with increasing yttrium concentration, allowing for
more sites for oxygen incorporation. For bulk transport, we can
see the reduced oxygen diffusion kinetics with increasing
yttrium concentration by considering the oxygen ionic diffusion
coefficient, DO2−. Using the previously determined oxygen ionic
conductivity,20 sO2−, and the Nernst–Einstein equation,83,84 DO2−

can be calculated:

DO2� ¼ sO2�KBT

NO2�ZO2� 2e2
(2)

where KB is the Boltzmann constant, T is the specied
temperature, NO2− is the number of carrier ions per unit volume,
ZO2− is the valence of the oxygen ion, and e is the elementary
electron charge. The number of carrier ions per unit volume can
be calculated using the equation

NO2� ¼ rAð3� dÞ
M

(3)

where r is the material density, A is Avogadro's number, d is the
vacancy concentration, and M is the material's molecular
weight. Given that these materials are cubic perovskite, which is
a primitive cubic cell, the equation can be further reduced to

NO2� ¼ 3� d

a3
(4)

where a is the material lattice parameter. Increasing yttrium
results in an overall decrease in diffusivity, as shown in Fig. 8.
Here, the carrier ion concentration is estimated using TGA
nonstoichiometry values, while the lattice parameter is esti-
mated using the thermal expansion coefficient from Fig. 5c.
Although the oxygen ion conductivity was previously measured
using a chemical gradient, it is reasonable to estimate the
diffusion coefficient using this value, as shown previously.85

Indeed, at 600 °C, the estimated diffusion values for BCFZY0.1

(1.07 × 10−7 cm2 s−1) reasonably agree with tracer diffusion
measurements of BCFZY0.1 from a previous study (5.4 × 10−8

cm2 s−1).21 Additionally, the estimated value is on par with other
known oxide-ion conductors.86,87 These comparisons further
suggest the rationality for this estimation of oxygen ion diffu-
sivity in these materials.

Based on both the observed thermodynamic and structural
phenomena, the observed trends in oxygen mobility are sup-
ported by the increased hopping distance due to the increases
in lattice parameter from BCFZ to BCFY and the hypothesis of
dopant vacancy association, leading to increased vacancy
immobilization around the Y ion.62,80,81,88 This estimation is also
supported by the assertion that increased vacancy content
decreases the ionic mobility.89 The trend observed with the ionic
diffusion coefficient aligns reasonably well with the previously
measured chemical diffusion coefficient, DO,chem, except at low
temperatures, as shown in Fig. S4.† The low temperature
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Estimated oxygen ionic self-diffusivity as a function of
temperature from 550–700 °C, using structural data and previously
determined oxygen ion conductivity measurements.
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measurements of the chemical diffusion for BCFZ may be
hindered by the low surface exchange coefficient at low
temperatures. If BCFZ was surface limited in this measurement,
this could potentially skew the bulk diffusivity to be lower than
expected.20
5. Conclusions

This work analyzed trends in the enthalpy of formation from the
oxides as a function of oxygen vacancy and structure effects
through the application of high temperature solution calorimetry,
XRD, TGA, and neutron powder diffraction. The results were then
correlated with previously measured proton and oxygen kinetics
in the BCFZYX perovskite ceramic compositional suite. All
compositions exhibit a cubic perovskite structure which shows
increasing oxygen vacancy concentration with increasing yttrium
substitution. It is hypothesized through the thermochemical data
that the increase in yttrium for zirconium substitution induces
dopant-vacancy association, correlating with a decrease in defect
mobility in the fully yttrium-doped BCFY.
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