Toward Zero-Strain Mixed Conductors:
Anomalously Low Redox Coefficients of
Chemical Expansion in Praseodymium-Oxide

Perovskites

Lawrence O. Anderson'?, Adrian Xiao Bin Yong'?, Elif Ertekin®3, and Nicola H. Perry’?*
1. Department of Materials Science & Engineering, University of Illinois at Urbana-Champaign
2. Materials Research Laboratory, University of Illinois at Urbana-Champaign

3. Department of Mechanical Science & Engineering, University of Illinois at Urbana-

Champaign
104 S. Goodwin Ave, Urbana IL. 61801, U.S.A.

* Corresponding author: nhperry@illinois.edu

Keywords: Chemical expansion, zero-strain, band structure, redox, perovskite

ABSTRACT

Zero-strain materials are desired for high chemo-mechanical stability in energy
conversion/storage devices, where operational stoichiometry changes can cause large chemical
stresses. Here, we demonstrate near-zero redox coefficients of chemical expansion (CCEs) for
mixed- and triple-conducting Pr-oxide perovskites. PrGap.oMgo.103-5 (PGM) and BaPrp.9Y0.10s-

5 (BPY), having Pr on the A- and B-site respectively, were synthesized and characterized with
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in situ high temperature, variable atmosphere X-ray diffraction, dilatometry, and
thermogravimetric analysis, to obtain isothermal stoichiometry changes, chemical strains, and
CCEs. Despite empirical model predictions of smaller CCEs for Pr on the A-site, both
compositions yielded unprecedented low average CCEs (0.004-0.011), 2-5x lower than the
lowest reported perovskite redox CCEs. Simple empirical models assume pseudo-cubic
structures and full charge localization on multivalent cations, like Pr. To evaluate actual charge
distribution, in situ impedance spectroscopy and density functional theory calculations were
performed. Results indicate the anomalously low CCEs in these compositions likely derive
from a combination of decreased crystal symmetry (vs. cubic), partial charge delocalization
through hybridization of Pr-4f and O-2p orbitals, and redox/multivalence on O rather than just
Pr (with or without hybridization). On this basis, we suggest band structure design principles
for near-zero redox-strain perovskites, highlighting the benefit of locating holes partially or

fully on oxygen.
1. INTRODUCTION

Changes in composition are almost always associated with a strain. This chemically-
induced strain is known as a prominent mode of mechanical degradation in solid-state
electrochemical devices including fuel cells'? electrolysis cells'?, gas separation
membranes®*, electrochemical generators, and batteries>’. Where local materials’
compositions may change during fabrication, start/stop cycles, and/or operation, and where
multilayer or constrained device designs give rise to enhanced stresses, failure including
cracking and delamination can result. In this context, materials with low chemical expansion
are desirable, and the search for “zero-strain” electrodes is a research thrust attracting broader
attention, having initiated in the batteries field®. On the other hand, a lesser-known emerging
application is that of chemically-driven actuators’, e.g., for use in extreme conditions. In this

case the chemical strain is a beneficial property, where larger strains enable more significant
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displacement. Similarly, recently developed characterization techniques'®!? leverage the
stoichiometry-strain coupling of this class of materials in order to study ion/defect
concentrations and kinetics; again, here a large chemically-induced lattice dilation or

contraction is desirable for accurate detection of stoichiometry and stoichiometry changes.

In ionically bonded materials, the chemical strain cannot simply be interpreted in terms
of the difference in effective radii of the host and replacement ions (if known). Rather, ion loss,
insertion, or aliovalent substitution cause changes in charged point defect concentrations, in
order to maintain overall charge neutrality. Even isovalent substitution can alter the formation
energies of point defects and therefore their concentrations under equilibrium conditions. Ionic

1315 and shapes!® and

point defects, including vacancies, have associated effective volumes
therefore play a critical role in the magnitude of macroscopic chemical strains. Furthermore,
electronic point defects, including electrons and holes, can exhibit a range of degrees of
localization, with varying resulting lattice distortions!”. Taken together, these point defect
chemical effects result in chemical strains that may elude intuition and description with simple
models. Nonetheless, if it could be achieved, identification of underlying design principles
linking multiscale structural features (electronic structure, crystal structure, microstructure,
etc.) with macroscopic chemical expansion behavior would have enormous technological

consequences, given the ubiquity of chemo-mechanical coupling across solid state ionics

applications.

This paper focuses on perovskite-structured mixed ionic and electronic conductors
(MIECs) that undergo strain relating to changes in their oxygen stoichiometry. The relationship
between stoichiometry changes and strain is often described quantitatively by the tensor

quantity of “chemical expansivity”

or its linearized scalar version, coefficient of chemical
expansion (CCE), analogous to a coefficient of thermal expansion. The CCE typically refers to

“stoichiometric” chemical expansion, rather than “phase-change” expansion, 1.e., composition



changes giving rise to monotonic and continuous lattice parameter shifts in a single-phase
material’>. A CCE value is beneficial for enabling comparison between materials because it
normalizes the chemical strain to the stoichiometry change. In this work, the coefficient of
chemical expansion (o) due to oxygen loss is expressed in terms of isothermal chemical strain

(ec) and isothermal change in oxygen non-stoichiometry (Ad) by Equation 1.

AL/L _ &

Ue = A[vb]/[ABO ] =25 (1)
3

Note that this unitless form of the CCE is widely used but best only applied for comparison
among perovskites (or compositions with the same nominal formula units). For more
generalizable comparisons among materials with different formula units, a CCE (with units of
cm®) defined as strain per change in volumetric defect concentration may be used instead'®.
Experimentally, changes in oxygen non-stoichiometry can be introduced through changes in
the partial pressure of oxygen (pO2) in the local gas environment. As the local pO> decreases,
e.g. by increasing the Ar: O ratio, oxygen evolves from the solid phase into the gas if the
temperature is high enough or the time is long enough to overcome the energetic and kinetic
barriers of diffusion and surface exchange. A typical example of the oxygen evolution reaction
for a metal oxide (MxOy) is shown in Equation 2a, where 07 is lattice oxygen, v, is a lattice

oxygen vacancy, and e’ is an electron.
0F = vy +50, + 2 (2a)

In prior work on chemical expansion, the electrons released from the oxygen site were assumed
to be localized on the neighboring multivalent cations'>. This reduction of two cations to a lower
valence state results in an overall expansion of the crystal lattice and bulk material, even though
the generated oxygen vacancy may be slightly smaller or of a similar size to the previously
occupied oxygen site!*!3. Although this assumption of charge localization at the cations holds

for some strongly ionic systems, the electrons can in principle also be delocalized to different
4



degrees. Further, many of the perovskites are p-type in mildly oxidizing conditions, as in the
present study. It is thus illustrative to represent the oxygen evolution reaction in terms of filling

holes rather than generating electrons:
0F +2h' - v; +20, (2b)

Analogous to Equation 2a, Equation 2b presents the holes as free carriers; however, holes may

also be located on anions or on cations, or covalently shared between oxygen and metal.

Previous research by our group and others has begun to investigate structural and
chemical factors that play a key role in determining the magnitude of the CCE:s in this class. To

17,19,20

date, crystal chemical factors including charge localization , anisotropic lattice

21723 "spin state of magnetic cations®*, and defect ordering?*-*>%¢ have been suggested

expansion
as important variables for tailoring the CCE, but the generalizability of these findings to various
compositions has not yet been tested. In the present work, we continue to pursue design
principles for tailored chemo-mechanical coupling by examining the CCEs of two previously

chemo-mechanically unstudied perovskite compositions, PrGaooMgo 1035 (PGM) and

BaPr0.9Y0.103.5 (BPY) by systematic experimental and computational approaches.

From a fundamental scientific standpoint, we chose these compositions for two reasons:
1) We wished to examine for the first time the impact of placing the multivalent cation
(expected to be Pr in this case) on the A- vs. B-site of the perovskite. Various models have been
presented to predict the lattice parameters of perovskite oxides based on their composition and
15,27-29

ionic radii , primarily with the goal of describing lattice parameters as a function of

doping. The empirical model by Marrocchelli et al.'? is:
a=0.577(ry+1y) +1.437(rg + ry) — 0.609 3)

where a is the pseudocubic lattice parameter (in A) and 7,4, 15, and ry are the A-site, B-site, and

anion site ionic radii (in A), respectively. The numerical coefficients in this equation indicate
5



that a change in radius at the B-site would have a significantly larger effect on the lattice
parameter than an equal change at the A-site. 2) We wished to examine the CCEs of
compositions with an f-electron multivalent cation, in contrast to the d-electron transition metal
oxide perovskites that have been experimentally measured to-date in the literature. One prior
computational study found that in a different f-electron system, CeO, the degree of charge
localization, as manipulated via the U parameter in density functional theory (DFT) simulations,
had a significant effect on the CCE — modifying it by up to 70%. While we have tested the role
of charge localization experimentally in other perovskite systems, we have observed relatively

modest effects (~10-40% change in CCE) for d-electron multivalent cations'*2°,

From an applied standpoint, the BPY and PGM compositions in the present work fit
into the first class of applications noted in the first paragraph; PGM is expected to be a mixed
ionic/electronic conductor>’ that might be chemically compatible as a Sr-free electrode with the
fast oxygen-ion-conducting electrolyte LaixSrxGaiyMgyOss (LSGM) in solid oxide
fuel/electrolysis cells, and BPY is a triple (protonic, oxide ionic, and electronic) conductor®! 3
of potential interest for electrodes of protonic ceramic fuel/electrolysis cells in COz-poor

conditions, although we study it under dry conditions in this work. As noted above, in these

uses, low CCEs are desirable to mitigate mechanical degradation.

Through application of complex oxide synthesis, in situ dilatometry, thermogravimetric
analysis (TGA), and high temperature X-ray diffraction, combined with DFT simulations, we
find that both compositions exhibit unusually low CCEs for oxygen stoichiometry changes. The
CCEs are significantly lower than any previously reported experimentally for MIEC
perovskites. We find that the effect of A- vs. B-site placement of the multivalent cation is
insufficient to explain the low CCEs of both compositions. The simple empirical model
predictions regarding Pr placement do not agree with experimental CCEs, although the

empirically predicted trend agrees with DFT when the parameter U is selected so that the holes
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formed by acceptor doping localize on Pr. More importantly, reduced crystal symmetry, redox
on oxygen (multivalent O), and partial delocalization of holes, further examined through in situ
impedance spectroscopy, appear to be more pronounced factors in lowering the CCEs.
Specifically, we propose that two cases can lead to ultra-low CCEs: the filling of holes located
on oxygen rather than on (Pr) cations, and the filling of somewhat delocalized holes achieved
by hybridization of the metal (Pr) fand oxygen p orbitals, given the ability of B-site Pr to form
covalent bonds. This work therefore demonstrates that 1) simple empirical models based on
ionic radii and a limited database of compositions do not yet predict CCEs or their trends with
sufficient precision, and 2) extremely low CCEs can be achieved in perovskites. Use of these
Pr-bearing compositions in devices or other compositions derived from the design principles

highlighted in this work can dramatically mitigate chemo-mechanical failure.

2. METHODS

2.1. Experimental Methods: A modified Pechini synthesis route was used to fabricate both BPY
and PGM. First, stoichiometric amounts of metal nitrates Pr(NO3)s (99.9%, Alfa Aesar),
Mg(NO3)2 (99.999%, Acros Organics), Ga(NO3)3 (99.9998%, Acros Organics), Ba(NO3)»
(99.999%, Alfa Aesar), and/or Y(NO3)3 (99.99%, Alfa Aesar) were added to deionized water.
Most nitrates readily dissolved, but barium nitrate required raising the pH to 6 to form a clear
solution. The quantity of citric acid (CA) and ethylene glycol (EG) needed to form a stable
polymer network is based on the molar quantity of total transition metals (TM) in solution.
Citric acid (Fisher chemical) was added to the solution in the molar ratio 4:1 CA:TM and was
stirred continuously at 60° C for at least 30 minutes to allow sufficient time for the chelation
reactions. After balancing the pH with ammonia to nearly 6, ethylene glycol (Fisher chemical)
was added in the molar ratio 3:1 EG:CA and the solution was heated to 90° C. The solution was
stirred under heat until a very viscous gel was formed, and the gel was placed in a furnace at

200° C to evaporate the excess water. The resulting dry gel was calcined at 800° C for 6 hours
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to remove the organics, leaving a fine powder behind. The powder was ground in a zirconia
mortar and pestle, uniaxially pressed at 125 MPa, sintered at 1400° C (PGM) or 1500° C (BPY)
for 10 hours to give highly dense pellets, and finally cut into a bar (dilatometry) using a low-

speed saw (ALLIED TechCut 4) with diamond blade or ground into a coarse powder (TGA).

Phase purity was determined by X-ray diffraction with the Bruker D8 Advance (Model
# D8 Advance A25) using Cu ka radiation with line focus, 60 mm Gobbel mirror and 0.2 mm
divergence slit primary optics, and Dectris Eiger2R 500K detector. Scans were taken using
0.01° 20 step size, 0.10 seconds/step, in the 10-100° 26 range. The microstructure was viewed
with the JEOL 7000 SEM, seen in Figure 1. Samples were prepared for SEM using ALLIED
Diamond Lapping Film by dry polishing with gradually increasing fineness from 35 micron to
0.1 micron films, followed by thermal etching at 1200-1300° C for one hour to better visualize
grain boundaries. Images were then taken using the secondary electron detector with a working

distance of 10.0 mm and 10.0 kV accelerating voltage.

iy "
Figure 1. SEM images of polished and thermally-etched surfaces of dense pellets of BPY (a)
and PGM (b).



In situ, high temperature X-ray diffraction (HTXRD) was conducted using the Anton
Paar HTK 1200N Non-ambient stage in the Bruker D8 described above. To set up the HTXRD
experiment, the stage was centered, and the Z height was corrected with the 1/2 intensity cutoff
calculation using the 0.1 mm frame reduction Soller slit. A thermocouple in contact with the
bottom of the sample stage monitored the sample temperature. The scan parameters were the
same as those listed above, but the scan time was increased to 0.15 seconds/step, and the scan
range was changed to 20-100° 20. The gases used for the sample environment were either UHP
argon or UHP oxygen, and the flow rate was 40 sccm for all runs. Each sample was ground to
a fine powder with mortar and pestle to give a good distribution of grain orientations while
avoiding small crystal sizes that would cause peak broadening. Particle size reduction using
high energy ball mills can give crystal sizes that are too small***. The samples were mounted,
and the gas environment was introduced. The samples were then heated at 30° C min™! to 900°
C and held for 3 hours before taking a scan from 20-100° 26. The sample was then ramped
down to 700° C, held for 3 hours, and scanned again. At each isothermal hold, repeated scans
were also taken over peaks at 81.5° 20 (BPY hkl: 321) and 58° 20 (PGM hkl: 132, 024, 204,

312) every 30 minutes to determine the degree of equilibration before the final scan.

Rietveld refinements were performed in TOPAS (Bruker AXS, Version 6), initiated
from previously determined structure files (PGM Pbnm: ICSD# 153163%¢, BPY R3c: ICSD#
163758%!, BPY Pm3m: ICSD# 163759°"). After fitting the background using 5" order
Chebychev polynomials, Lattice parameters were refined first, and additional parameters were
included into the refinement in following order: sample displacement correction, microstrain,

and Pitschke surface roughness correction.

Dilatometry (Linseis dual push-rod dilatometer L75SHD 1600 C) and TGA (in-house
assembled’”) measurements were taken in precise gas mixtures of Ar/N»/Oa, determined by

mass-flow controllers, to give the desired pO» under isothermal holds at 700, 800, and 900° C.
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Reversibility in the measured strain and mass change was checked by returning to previous pO»
values at each isothermal hold. Both PGM and BPY exhibited unprecedented low strain
(compared to other mixed conducting perovskites studied by our group), so the accuracy of the
dilatometer was verified using a SrTio.s5Feo3503 (STF35) reference that has been characterized
thoroughly for both thermal and chemical expansion in previous work?’3%%. There was
excellent agreement in STF35 strain between our instrument and literature values, indicating
high accuracy for our dilatometric instrument and the supplied pO.. We further calibrated the
dilatometer response in different gas atmospheres and temperatures with reference runs on
standard compositions. To obtain the most accurate pO2 measurements, the pO> was measured

close to the samples in the TGA using a home-built zirconia Nernst sensor.

Two-point AC impedance spectroscopy measurements (Ametek/Solartron ModulabXM
ECS impedance analyzer with femtoammeter and potentiostat attachments) were performed on
dense bars of both compositions using a custom-built, high-temperature sample holder in a tube
furnace (Thermo Scientific Lindberg/Blue M). The custom sample holder incorporated shielded
electrical leads, and measurements were taken under controlled gas atmosphere and temperature
to evaluate the electrical behavior and, indirectly, the localization of charge carriers. The
impedance measurements were taken with 300 mV voltage amplitude from 1 MHz to 1 Hz.
Sample areas were 0.09 cm? (BPY) and 0.20 cm? (PGM), and sample lengths were 0.70 cm
(BPY) and 0.38 cm (PGM). Porous silver current collectors covered opposing sides of each
sample by adhering silver paint in a thin layer, and platinum wires were adhered to the current
collecting layer with silver paste. The samples were first heated in dry gas (21% Oz, 79% N>)
to 300° C and held for over 4 hours to allow time for any water to be purged from the tube and
the sample, and any oxygen vacancy concentration equilibration, that could influence the
impedance results. The samples were then taken to 400° C for the first impedance measurement.

The subsequent measurements were taken at successively cooler temperature points after an
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isothermal hold of at least 30 minutes. The impedance spectra were analyzed by equivalent
circuit fitting with a R(RQ) circuit (Boukamp notation). A geometric correction according to
the dimensions of the pellets was performed to calculate measured conductivity from the

measured resistance.

2.2. Computational Methods: DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)**, with the projector augmented-wave (PAW) method**>. The
Pr (552 5p° 5d' 4F 65%), Ga (3d'° 4s? 4p"), Mg (3s?), Ba (55° 5p° 6s%), Y (4s* 4p° 4d” 5s"), and O
(2s? 2p%) electrons were treated as valence electrons in the pseudopotentials. The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation

functional*®

was used, and the orbitals were expanded using a plane wave basis with cutoff
energy of 520 eV. Calculations for PrGaOs (space group Pbnm) and BaPrOs (space group
Pm3m) were performed using 2x2x1 and 2x2x4 unit cells respectively, where each supercell
has a total of 80 atoms for both materials. Although BaPrOs undergoes a transition®! from
trigonal R3c to cubic Pm3m in the experimental temperature range of 700-900 °C, the cubic
crystal structure was chosen for simplicity. The Brillouin zone was sampled using a (2x2x2)
Monkhorst-Pack k-point grid for both materials. As BaPrOs is antiferromagnetic at T = 0 K,
those calculations were performed with spin-polarization included, and initialized with the G-

type antiferromagnetic ordering presented by Rosov et al.*’

The DFT+U method*®*, based on Dudarev’s approach®, was used to account for the
electron localization of the Pr-4f states. Standard DFT functionals typically do not properly
describe localized states such as d and f orbitals®!, but the description is often improved by
including a Hubbard U term to the Hamiltonian®*>*. Since the optimal value of the parameter
U for Pr-4f states is not known, calculations were performed scanning between U =0 and U =
10 eV, and the results were found to be highly sensitive to the value of U (discussed below).
Below, for PrGaOs; we show results for U =4 and U = 10 eV, whereas for BaPrOs we show
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results for U= 0 and U = 6 eV to highlight a range of possible behaviors. For each supercell,
two B-site atoms were replaced with acceptor dopants, giving the compositions
PrGap.s7sMgo.12503 and BaPro.s875Y 0.12503. Structural relaxation was performed, allowing the cell
shape, cell volume, and atom positions to relax, until the force on each atom was below 0.01
eV A’l. Then, one O vacancy was introduced to each supercell such that the acceptor dopants
were ionically compensated, followed by the same structural relaxation. Pseudo-cubic lattice
parameters were calculated from the equilibrium volumes, and subsequently used to determine
the strain (relative to the doped structures containing no O vacancies, i.e. =0). Note that the
DFT-calculated strains correspond to strains at 7 = 0 K and use a different reference
stoichiometry compared to the experimental strains. In all cases the total energies and
equilibrium volumes were well converged (within 2 meV/atom and 0.1% respectively) with the

k-point grid density and relaxation forces.

Given the large number of possible configurations for distributing the dopant atoms and O
vacancy, only two extreme cases were considered: (1) dopant atoms and O vacancy close
together forming a dopant-vacancy-dopant chain, and (2) dopant atoms and O vacancy
distributed far apart arbitrarily. For PGM, it was found that having the dopants and O vacancy
far apart is energetically favorable by at least 0.17 eV; hence, the chemical expansion results
will be presented with respect to this arrangement only. For BPY, the opposite was found where
it is energetically favorable by at least 0.14 eV for the dopants and O vacancy to be close
together, so the results for BPY will be presented for this arrangement only. The VESTA

program> was used to visualize the structures and generate charge density plots.

The degree of hybridization between the metal cations and oxygen orbitals was studied by

)56,57

performing projected crystal orbital Hamilton populations (pCOHP calculations using the

LOBSTER program’®®®!; further details are provided in the supporting information.
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2. RESULTS

Phase purity determined by XRD was performed by comparing the scan data to ICSD
standards (PGO: ICSD 15316336, BPY: ICSD 163756%"). BaPro9Y0.1035 (BPY) had good
agreement with all peak positions of the corresponding ICSD file (See Supporting Information,
Figure S1), and the PrGapoMgo.103.5 (PGM) peaks were shifted slightly to the left relative to
undoped PrGaOs (Figure S2). Solid solution Mg doping at the concentration used does not
result in additional peaks, but a slight shift to lower 20 values is observed. Lower 20 corresponds
to larger d-spacing, and an increase in the lattice parameters is expected due to the larger size

of Mg?* relative to Ga**.

2.1. Experimental CCE: Isothermal chemical strains were calculated from dilatometry as
e=AL/Lo, and an example of data from dilatometry relating the chemical strains to changes in
pO2 over time can be seen in Figure S3. Average values along each plateau are taken as the
chemical strain at a given pO2. Forward (Ar to O2) and reverse (O2 to Ar) strain values are
shown in Figure S4a-c, and the difference between forward and reverse measurements is used
for error bars in Figure 2, as this was the largest source of error for this measurement. Additional
error 1s included for the more oxidizing conditions due to longer equilibration times. The
chemical strains at each pO; value are shown in Figure 2 for each temperature measured; here,
1 atm O; at each temperature is set to be the 0% strain reference state (L=Lo) for both samples
(note the reference length Lo is therefore different for each temperature and composition). As
pO2 decreases, the strains monotonically increase for each condition as oxygen vacancies begin
to form, and unsurprisingly the maximum strains relative to 1 atm O occur at the lowest pO2
tested: Ar near pO2= 10 atm. For PGM, the maximum percent chemical strain (%¢) over this
pOz range is 0.015, 0.007, and 0.005 at 700° C, 800° C, and 900° C, respectively. For BPY, the
maximum percent chemical strain over this pO> range is 0.016, 0.024, and 0.037 at 700° C, 800°

C, and 900° C, respectively. At a given pO2, BPY shows an increase in the magnitude of the
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chemical strain with increasing temperature, while PGM shows a decrease in overall strain with
increasing temperature. Thermochemical strains (Figure S5) and the coefficients of

thermochemical expansion in O (Table S1) have also been recorded.
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Figure 2. Comparison of the overall chemical expansion measured via dilatometry and HTXRD.
Dashed lines represent BPY, and solid lines represent PGM. Temperatures 900°, 800°, and 700°
C are shown with triangle, square, and circle symbols, respectively, for both compositions.
Open symbols show the HTXRD comparison for the corresponding symbol in the dilatometry
data (filled symbols). Strain error bars for HTXRD are calculated from the lattice parameter
refinement error, and the error bars for dilatometry represent the deviation from reversibility
measurements. Error bars smaller than the symbols are not shown. Reference length is pure O>
at each temperature.
*this data point has large refinement errors due to a lack of equilibration at this measurement
step.

As with the dilatometry data, time-dependent TGA data are shown in Figure S6. Figure
3 shows the change in stoichiometry calculated from averaging the plateaus of TGA data for
each material; the Ad values are given relative to the stoichiometry at 700° C in pure Ox.
Instrument noise was found to be the largest source of error for these measurements, and the
standard deviation of the noise at each temperature is shown as error bars for all stoichiometry
data. The change in oxygen non-stoichiometry for BPY shows a similar trend as the strain,
where higher values of Ad occur with increasing temperature and correlate to the larger strain

values in Figure 2. For BPY, the maximum Ad (in Ar) is 0.020, 0.025, and 0.034 at 700° C,

800° C, and 900° C, respectively. PGM does not show a significant temperature dependent
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stoichiometry change, and the values plateau at Ad ~ 0.013-0.015 under reducing conditions for

all temperatures, relative to the reference state at 700° C in Oa.

T T T T T
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Figure 3. Change in stoichiometry (Ad) vs experimental pO». Dashed lines represent BPY, and
solid lines represent PGM. Temperatures 900°, 800°, and 700° C are shown with triangle, square,
and circle symbols, respectively, for both compositions. Error bars smaller than data symbols
are not shown. Reference stoichiometry is at 1 atm O> at 700° C.

Figure 4 and 5 show the relationship between the measured strain and change in
stoichiometry for PGM and BPY, respectively. The reference point is 700° C in O, for both
strain and nonstoichiometry (thermochemical strain at 800° and 900° C is included, but
isothermal data represent pure chemical strain). Figure S7 and S8 show the data in Figure 4 and
5 using alternative reference points of 1 atm O, at each temperature, which elucidates the
nonlinear chemical expansion for both compositions. Perovskite materials often exhibit a linear
relationship between these properties over limited experimentally reported ranges of Ad, and
the slope is taken as the coefficient of chemical expansion (CCE); see Eq. 1. In contrast, both
PGM and BPY exhibit nonlinear behavior that may be the result of two superimposed linear
regions that each become dominant within different pO2 ranges. Following this interpretation,

limiting slopes (CCE values) were determined in the high and low Ad regions that individually
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Figure 4. Chemical strain (%g) vs. change in stoichiometry (Ad) for PGM. Temperatures 900°,
800°, and 700° C are shown with triangle, square, and circle symbols, respectively. The strain
error bars are smaller than the data points for all data shown. Stoichiometry error bars represent
instrument noise and slow equilibration errors at each temperature. Error bars smaller than the
symbols are not shown. Reference condition for strain and stoichiometry is 1 atm O at 700° C.
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Figure 5. Chemical strain (%¢) vs. change in stoichiometry (Ad) for BPY. Temperatures 900°,
800°, and 700° C are shown with triangle, square, and circle symbols, respectively. The strain
error bars are smaller than the data points for all data shown. Stoichiometry error bars represent
instrument noise and slow equilibration errors at each temperature. Error bars smaller than the
symbols are not shown. Reference condition for length and stoichiometry is 1 atm O, at 700°
C.

appear nearly linear. A comparison between this work and representative perovskite data from
literature is shown in Figure 6, where all previously reported materials (to the authors’

knowledge) fall within the shaded region. Among the selected perovskites shown in Figure 6,

compositions exhibiting the highest and the lowest CCEs (for perovskites) reported in literature,
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Lao3Sro7Fe0cGao40s and Lag3Sro7FeOs, respectively, are included?®®>%3, When scaled to
typical perovskite expansion values, the data from the present work appear more linear, so

average values of CCE are also calculated, and the CCE summary is presented in Table 1.
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015} PGM 800°C
‘g —&— PGM 900°C
>~
0.10 |
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0.00 | 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04
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Figure 6. Comparison of data from this work with selected previously measured perovskites.
The shaded region indicates the full range of redox CCEs previously measured and reported for
perovskite materials’>®>%. The lowest strain values are set to zero for each sample and
condition to better compare slopes.

Table 1. Summary of measured CCEs

PGM Oc BPY Oc

700°C, low 0.005 700°C, low 0.0015

700° C, high 0.095 700° C, high 0.029
700°C,

700° C, average 0.0086 average 0.011

800°C, low 0.003 800°C, low 0.0023

800°C, high 0.18 800°C, high 0.024
800°C,

800° C, average 0.0056 average 0.009

900°C, low 0.003 900°C, low 0.007

900° C, high 0.18 900° C, high 0.020
9200°C,

900° C, average 0.0044 average 0.0058

Redox CCEs for previously studied perovskite compositions fall in the range of 0.02-0.06,
while average CCEs in this work are 0.004-0.009 for PGM and 0.006-0.011 for BPY. For the

temperature and pO2 conditions reported here, PGM and BPY have redox CCEs that are as
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much as 5 and 3 times lower, respectively, than those of any reported mixed conducting

perovskite oxide redox CCEs, regardless of conditions.

Due to the anomalously low values of strain recorded for both BPY and PGM by
dilatometry, the strains were further quantified using high temperature, in situ XRD in Ar and
O>. The two methods probe different length scales and thus provide slightly different
information; dilatometry is a macroscopic measurement, while XRD monitors changes in all
the unit cell lattice parameters. Rietveld refinements using TOPAS resulted in high quality fits
with Ry values less than 7.5% for all sample conditions. Figure 7 shows the quality of fits for
selected data, and Figure 8a-b shows the lattice parameters from refinement. The results from

structure refinement and the corresponding Ry, values are also listed in Table 2. For PGM at

[+ PeM experimental
—— Rietveld refinement
Difference

1 ‘ li. " l - L

« BPY experimental
—— Rietveld refinement
Difference

l 1 N ;-

20 40 60 80 100

20

Intensity (counts)

Figure 7. Visualization of the quality of Rietveld refinement for HTXRD scans at 700° C in O2
for PGM (top) and BPY (bottom). The refinement model is the red line overlapping the
experimental data (black dots), and the difference between these two is the grey line below each
scan.

700° C, a and c lattice parameters increase upon oxygen loss while b decreases. At 900°C, a

and b lattice parameters increase slightly with oxygen loss while ¢ remains constant. BPY
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shows an increase in lattice parameter upon oxygen loss for both the rhombohedral and cubic
phases.

Scans were taken every 30 minutes during the isothermal holds to determine the degree of
equilibration for each sample condition; Figure 9 shows the shift in a high angle peak for BPY
at 900° C in Ar after the initial heating step from room temperature in Ar. The shift toward
lower 20 corresponds to the increase in lattice parameter upon reduction, and the peak positions
converge within the last 60 minutes indicating that equilibrium had been reached. Time-

dependent data indicated that the samples reached equilibrium in all conditions except the scan

7.82 x e
—_ (a)
< 7.81
o 700C a
Q@ 700C b
) 700C ¢
g 780 A 900Ca |
® 7 A 900Cb T
T 553 a A 900Cc| A
Q A A
3
£ 552
®©
-
551

526 (p) -
<{ 6235} * 3
-

“ 6234} E
(0]

© 6233 E
€ 6232} _
o P2 700C a (r3c¢)

A 900C a (pm3m)
©
N 4421t

r

© i E
§ 4420

e

E 4419t ]
— 4418t ]

1E4 :

pO, (atm)
Figure 8. Lattice parameters for the Rietveld refinement of a) PGM: the phase is Pbnm for each
temperature and pO; value, and b) BPY: the phase is R3¢ at 700° C and Pm3m at 900° C. Strain
error bars for HTXRD are calculated from the lattice parameter refinement error. Error bars
smaller than the symbols are not shown.
*this data point has large refinement errors due to a lack of equilibration at this measurement
step.
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Table 2. Refinement lattice parameters and fit value, Rwp. Numbers in parentheses indicate the
applicable digit of uncertainty from refinement.

Condition (T,

Sample gas) Phase a (A) b (A) c(A) Cell Angle Rwp
PGM 900°C, Ar  Pbnm 5.527(7) 5.531(8) 7.818(9) 90 7.45
900°C,0,  Pbnm 5.527(3) 5.531(6) 7.818(9) 90 6.13

700°C, Ar  Pbnm 5.511(2) 5.520(6) 7.801(8) 90 7.21

700°C,0,  Pbnm  5.508(5) 5.522(3) 7.801(1) 90 5.68

BPY 900°C, Ar Pmim  4.420(3) - - 90 6.66
900°C, O3 Pmsm 4.418(7) - - 90 542

700°C, Ar Ric  623(49) - i 59.9097)  6.70

700°C, O Ri¢  62331) - i 60.0001)  5.83

taken at 700° C in Ar for BPY. As described in the Methods section, the previous step was the

isothermal hold at 900° C in Ar; because larger concentrations of oxygen vacancies tend to form

at higher temperatures, the sample was in the process of oxidizing during the hold at 700° C.

The excess metastable oxygen vacancies during the measurement at 700° C in Ar, relative to

the equilibrium state, resulted in artificially larger lattice parameters for this step, and this

resulted in excess calculated strain for BPY at 700° C. Figure 2 shows the comparison between

the linear strains calculated from HTXRD and from dilatometry. Despite the overestimation of

strain for BPY at 700° C due to a lack of equilibration, there is very good agreement between

Intensity (counts)

F BPY,Ar
RT— 900°C

1 1
81.4 815

1
81.6

Figure 9. Time lapse of a selected, high angle peak of BPY after reaching 900° C from room
temperature in Ar. The peak positions shift to lower angles, indicating larger d-spacing, as
oxygen vacancies are introduced under high temperature and relatively low pO> conditions.

Overlap of the 3 lowest angle peaks indicates convergence of the d-spacing by 120 min.
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the dilatometry and HTXRD data; these results confirm the extremely low strains observed by
dilatometry and indicate that the CCEs for BPY and PGM are the lowest ever recorded for

perovskite materials, to our knowledge.

2.2. Computational CCE: Next, we present the computational results and a proposed
contribution to the low CCEs of PGM and BPY on the basis of electronic structure. As
explained in the Computational Methods section, an appropriate Hubbard U value is required
to more accurately describe the Pr-4f states in DFT. The optimal value is not known, so we
tested across a range of U values. The PDOS for each U considered is given in the SI for both
materials (see Figure S9). For each material, we illustrate the effect of the parameter U on the
electronic structure of the material which spans a range of behaviors, which in turn gives
insights into how the chemical expansion is affected. Although a range of possible behaviors is
obtained, we infer the appropriate atomistic chemical expansion mechanism from the
experimentally found ultra-low CCEs. A more detailed study of the effect of the parameter U

on these Pr oxide materials will be presented in a forthcoming publication’.

Figure 10(a) shows a simplified depiction of the projected density of states (PDOS) of
PGM when Mg dopant atoms are introduced to the system without any O vacancies (see Figure
S10 for the actual calculated PDOS) For selected values of U =4 eV and U = 10 eV. The
principal difference arising from the choice of U lies in the relative positions of the filled Pr-4f
states and the O-2p bands (see Figure S9 in SI). As the U value is increased the Pr-4f states
become more localized and the separation between the lower and upper Pr-4f'states widens. As
the separation widens, the lower set of Pr-4f'states eventually drop below the O-2p band. For U

=4 eV, the valence band maximum (VBM) consists of Pr-4fstates, and Mg*" is electronically
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Figure 10. (a) Simplified depiction of the PDOS of PGM when Mg dopants are introduced
without any O vacancies, the black dashed line represents the Fermi level. Pr-4f holes are
formed at U =4 eV, and O-2p holes are formed at U = 10 eV. (b) Partial charge density of the
holes formed due to Mg doping, the charge density isosurface is shown in blue. (c) Plot of
percent strain against  for the two values of U =4 and 10 eV, with their respective CCEs shown.
All results are shown for the arrangement where the Mg atoms and O vacancy are far apart.

compensated by the formation of holes in the Pr-4f'states. For U = 10 eV, the filled Pr-4f states
drop below the O-2p band edge and, as a result, Mg*" is now electronically compensated by O-
2p holes instead of Pr-4f holes. The O-2p hole states are significantly more delocalized
compared to the Pr-4fhole states, as shown by the partial charge density plots in Figure 10(b).
Subsequently, when an O vacancy is introduced to the system, these hole states become filled
by the two electrons left behind by the removed oxide ion (see Figure S10). Marrocchelli et
al.'” found that the filling of more delocalized Ce-4f states leads to a smaller increase in the
ionic radius of Ce, resulting in a smaller chemical expansion in ceria. Likewise, a smaller
chemical expansion is observed here when O-2p holes rather than Pr-4f holes are filled, as
shown by the plot of strain versus O off-stoichiometry in Figure 10(c). Estimates of the CCEs
are given by the slopes of the plots, and it is important to note that these are rough estimates
due to the lack of additional data points and the large & value (0.0625) compared to experiments,

arising from supercell size limitations. Nonetheless, when O-2p holes are filled (U= 10 eV) the

CCE is an order of magnitude smaller than when Pr-4f holes are filled (U = 4 eV). While the
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exact positions of the Pr-4fand O-2p states are not known from experiment, we were able to
find PES data for the related compound PrInO3%, which shares the same Pbnm space group as
PrGaOs, and the data indicates that the Pr-4f states are located slightly above the O states (see
Figure S11a). This suggests that a U value roughly in the range of 6-8 eV may reasonably
describe PGM in our simulations. Considering the unusually small CCEs found for PGM in the
low Ad region (refer to Table 1), we propose that doping PrGaO3z with Mg forms a combination
of Pr-4f'and O-2p holes, or entirely O-2p holes. Subsequently, the filling of these less localized
holes when O vacancies are formed leads to very small CCEs. On the other hand, the apparent
large experimental CCEs in the high Ad region (refer to Table 1) are an order of magnitude
larger than the CCE for U =4 eV when Pr-4f holes are filled, suggesting that they are caused
by some other factor. The large CCE values for the high A6 region listed in Table 1 may be

artificially high due to the very small changes in Ad and thus higher uncertainty.
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Figure 11. (a) Simplified depiction of the PDOS of BPY when Y dopants are introduced
without any O vacancies, the black dashed line represents the Fermi level. Pr-4f holes are
formed at U = 0 eV, and O-2p holes are formed at U = 6 eV. (b) Partial charge density of the
holes formed due to Y doping, the charge density isosurface is shown in blue. (¢) Plot of percent
strain against 6 for the two values of U = 0 and 6 eV, with their respective CCEs shown. All
results are shown for the arrangement where the Y atoms and O vacancy are close together.
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For BPY, the simplified PDOS when Y dopant atoms are introduced without any O
vacancies is shown in Figure 11(a) (see Figure S12 for the actual calculated PDOS). Again, the
electronic structure of BPY shows a similar behavior to PGM. Y*" is electronically
compensated by Pr-4fholes for U= 0 eV, and by O-2p holes for U = 6 ¢V due to the occupied
Pr-4f states shifting lower in energy. Measurements from resonant PES (RPES) measurements
of BaPrOs.s thin films performed by Higuchi et al. (see Figure S11) find the Pr states to be in
close proximity to the O states, possibly slightly above or below depending on the synthesis

conditions®>%°

, and corresponding roughly to U = 2-4 eV in our simulations. As shown by the
partial charge density plots in Figure 11(b), the Pr-4f hole states are localized to Pr atoms
neighboring the Y atoms, whereas the O-2p hole states are delocalized throughout the cell. The
plot of simulated strain against O sub-stoichiometry is given by Figure 11(c), and again a larger
chemical expansion occurs when Pr-4fholes are filled (U = 0 eV). When O-2p holes are filled
(U= 6¢V), the expansion of the lattice is not only smaller, but it in fact becomes negative (i.e.,
the lattice slightly contracts). This contraction arises from the arrangement of the Y dopant
atoms and the O vacancy close together, and a similar behavior was found for PGM when the
Mg atoms and the O vacancy were arranged close together. It is believed that chemical
expansion arises mainly from the competition between (1) lattice expansion due to increases in
ionic radius of reduced ions and (2) lattice contraction around the O vacancies due to
electrostatic interactions'>!>7_ If the latter effect is larger in magnitude, the introduction of a
vacancy can result in a net contraction as observed here. Assuming that the lattice expansion
due to reduction of ions is similar across different arrangements of dopant atoms and O
vacancies, then the lattice contraction around O vacancies is larger when the dopants and
vacancies are clustered together compared to when they are far apart. Note that the actual
arrangement of Y atoms and O vacancies would most likely be different such that a small

expansion is achieved as measured in the experiments. Nonetheless, as with PGM, we see that

the filling of Pr-4f holes alone would give a much larger CCE than the experimental CCEs in
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the low Ao region (refer to Table 1), so the filling of O-2p holes to some extent is possible as
well for BPY. In the high Ad region, the increase in the experimental CCEs may be due to

increased filling of Pr-4fholes, or some other undetermined factor.

Additionally, BPY demonstrates significant hybridization between Pr-4fand O-2p
states, indicated by the considerable overlapping of these two states in the PDOS (see Figure
S12). The presence of hybridized Pr-4f/O-2p states in BaPrOj3 has also been reported in

literature®%-°

, indicating appreciable covalent character in its Pr-O bond. This hybridization of
Pr-4f/0O-2p states would likely contribute to the charge delocalization in BPY, making it one
of the possible reasons for the low CCEs observed. In contrast, PGM shows less overlapping
of Pr-4f'and O-2p states (see Figure S10). pPCOHP analysis also show significantly larger
magnitudes of pCOHP for Pr-O interactions in BaPrO3 compared to PrGaOs (see Figure S13),
confirming the higher Pr-O hybridization in the former. The higher covalency of the Pr-O
bond in BPY compared to PGM is potentially due to the placement of Pr on the B-site instead
of the A-site, since B-O bonds tend to be shorter than A-O bonds in perovskites, which may
assist Pr-4f'and O-2p orbital overlap. In PGM, on the other hand, even though Ga is located
on the B-site, the degree of Ga-O hybridization is low near the top of the O states in the

valence band, as evidenced by low magnitudes of pCOHP for Ga-O interactions in PrGaOs3,

compared to, e.g., LaGaO3 (see Figure S13).

2.3. Conductivity: As suggested by the computational results and previous studies, the degree
of charge localization can play a large role in chemical expansion'”!”. To investigate this
quantity experimentally, temperature-dependent electrical conductivity experiments, via
impedance spectroscopy, were carried out for both compositions in 21% O. Conductivity
values are also important for the practical application of these mixed conductors. Nyquist plots
of the impedance data for selected temperatures are shown in Figure 12a (PGM) and 12b (BPY).

At each temperature point, R1(R2Q) equivalent circuits were fit to the impedance data, given

25



the offset of the visible arc, and resistances were converted to conductivities using sample
geometries. Arrhenius plots in Figure 13 show the temperature dependence of conductivity
associated with R (the high frequency offset resistance), and the slopes are related to the
activation energies for PGM (a) and BPY (b), evaluated according to eq. 4 where the exponent,

n, is -1; this choice of exponent is commonly used for adiabatic small polarons’®"2. While the
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Figure 12. Nyquist plot for the impedance data of a) PGM at 150° and 200° C and b) BPY at
60° and 100° C. The relaxation frequency is shown for each data set, and the inset of each plot
highlights the R offset of each data set.

precise choice of exponent, and the corresponding model, is not fully known for these materials,
the impact of the preexponential term on the calculated activation energies is very small and

does not impact our analysis.

o=o0,T"exp (;j;f) “4)

Based on the activation energies calculated for R; and R, the frequency range in which they
appear, and the high capacitance of the intermediate frequency arc, R (at high frequency) is
expected to be the grain resistance, and Ry is expected to be grain boundary resistance. For the

high frequency impedance feature, the activation energies are found to be 0.37 eV for PGM and
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0.16 eV for BPY. These values are lower than what is observed for oxygen ion diffusion in
perovskites’® and are thus attributed to electronic carriers. Additionally, the magnitudes of the
conductivity are consistent with electronic conduction, and predominant p-type conductivity
for dry BPY was indicated previously’!. Prior work on PGM with a lower acceptor (Mg)

concentration suggested it was a mixed oxide ion and hole conductor in high temperature, non-
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Figure 13. Arrhenius plots for grain conductivity of BPY and PGM. Conductivity calculated
from R in the equivalent circuit R1(R2Q). Activation energies, E., are calculated from the linear
fits shown by dashed lines.

reducing conditions®, but the higher Mg concentration in the present work seems responsible
for significant electronic compensation in these more oxidizing, low-temperature measurement

conditions.

In general, activation energies may include a contribution from a migration energy and
a contribution from a charge carrier (defect) formation energy. For electronic charge-carriers,
the migration energy is influenced by charge trapping (e.g., polaron self-trapping energy)’*, and
so this term is a direct indicator of charge localization and our term of interest. The second
contribution, the charge-carrier formation energy, reflects changes in carrier concentration with

temperature, which can be caused by a) redox reactions, b) generation of intrinsic electron-hole
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pairs, or ¢) ionization processes, in which the carrier is promoted from a band to a mid-gap
energy level (or vice versa). In order to try to isolate the migration energy term, contributions
from carrier generation by redox reactions, intrinsic across-gap carrier generation, and mid-gap

ionization were ruled out or deemed unlikely, as described next.

First, the effect of temperature-dependent redox reactions was evaluated by analyzing
mass changes in the TGA across the temperature range of the impedance scans. Charge carrier
concentration changes were calculated from the changes in mass, and corresponding percent
changes in conductivity were determined using Equation 4. The calculated changes in
conductivity from redox reactions were applied to the respective Arrhenius plots, and this
adjustment resulted in less than 4% change in the calculated activation energies for both
samples; this change is within error of experimental measurements and is considered negligible.
Second, intrinsic carrier generation was ruled out, because the observed activation energies
were significantly lower than half the expected band gaps: for undoped BPO, the gap has been
reported to be about 2 eV’> and undoped PGO is predicted to have a band gap >3 eV by first
principles DFT calculations’®, in agreement with calculations made in this work. Further,
considering the simulations in the present work, since O-2p holes are expected to form in both
materials, PGM and BPY would be more appropriately described by using high U values. As
such, intrinsic carrier generation would have to occur over wide band gaps (refer to Figure 10(a)
for U =10 eV and Figure 11(a) for U = 6 eV), so it is considered to be unlikely. Lastly, the
possibility of mid-gap ionization is considered unlikely for these measurements, on the basis of
the DFT-calculated densities of states, in which the required mid-gap states are not observed;
however, it cannot be eliminated by these calculations alone. Nonetheless, after ruling out any
significant contributions from changes in redox- or intrinsic-derived charge carrier
concentration, the relatively low activation energies of 0.37 eV for PGM and 0.16 ¢V for BPY

are most likely indicative of lower charge migration barriers in the BPY composition. These
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activation energies would be consistent with small and large polaron self-trapping energies in

PGM and BPY, respectively.

The conductivity measurement results match the expectation from our DFT simulations
of a significant presence of O-2p hole states that are less localized than Pr-4f'states in PGM and
BPY. Although the proportion of O-2p holes compared to Pr-4fholes is not precisely known a
priori, the lower activation energy for BPY compared to PGM suggests that the holes are more
delocalized in BPY than in PGM. Hybridized Pr-4f/O-2p states should also be present in BPY
as mentioned previously, contributing to the charge delocalization in BPY. In other words, we
speculate that the apparent large polaron behavior of BPY may be attributed to greater
hybridization of Pr-4f/O-2p states at the Fermi level, while the apparent small polaron behavior
of PGM may indicate more charge localization on O-2p states at the top of its valence band

with deeper Pr-4flevels (or vice versa).
3. DISCUSSION

The average macroscopic coefficients of chemical expansion for reduction of both BPY
and PGM are lower than any previously reported perovskite oxide CCE. The low value of strain
is confirmed by in situ HTXRD, and the chemical expansion mechanism is probed by DFT. In
what follows, we provide some possible explanations for the low CCEs, identify the most likely
contributing factor(s), and propose some guidelines for future design of low-CCE perovskites

that undergo redox.

3.1. Indeterminate Contributor to Low CCE: A- vs. B-Site Placement of Multivalent Cation:
Returning to one motivation for this study, we consider the impact on CCE of the placement of
the potentially multivalent cation, Pr. As noted in the introduction, application of an empirical
model of perovskite lattice parameters by Marrocchelli et al.!> suggests that equal increases in

cation radius result in a larger increase in lattice parameter when the cation expands at the B-
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site rather than at the A-site. This model was summarized by Equation 3 in the introduction.
Using a relatively small effective oxygen vacancy radius of 1.3 A and Shannon ionic radii,
estimates for CCEs of BPY and PGM were made by determining lattice parameters with
varying concentrations of oxygen vacancies and the corresponding Pr**/Pr** concentrations.
This estimation results in a CCE of ~0.08 for BPY and ~0.04 for PGM if the oxygen loss is
accommodated by the reduction of Pr ions only. The experimentally measured CCEs are much
smaller than these predictions. We suggest one major reason for the discrepancy is that it is
more likely that the reduction of O ions is taking place instead of, or in addition to, Pr ions.
Unfortunately, CCE predictions for O ion reduction cannot be made with the empirical model,

since the Shannon ionic radius for O is not available.

To examine the impact of cation site placement in another way, we can compare the
predictions of the empirical model to our DFT results for the case where the filling of Pr-4f
holes occurs (PGM for U =4 eV and BPY for U= 0 eV). In the arrangement where the dopants
(Mg or Y) and vacancy are close together, the computational CCEs for BPY and PGM are
approximately 0.032 and 0.018 respectively. Although the CCE is dependent on the dopant and
vacancy arrangement, the ratio of BPY to PGM CCE values calculated by DFT (with hole
localization on Pr) is consistent with that of the empirical model; this result suggests that the
discrepancy in CCE magnitude may be largely due to dopant and vacancy relative arrangement.
Regardless, the DFT-simulated CCE is lower when the multivalent cation is located on the A-
site rather than the B-site, as predicted by the empirical model. This result suggests that the
effect of A- vs. B-site cation placement may become important for highly ionic perovskites
where charge does localize on the multivalent cation, in which case A-site placement is
preferable, when possible. The quantitative discrepancy between the (low U) DFT and
empirical models may also be accounted for by assumptions in the empirical model that are not

valid for BPY and PGM, the most critical assumptions being a cubic structure, full charge
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localization, and no subtle symmetry changes upon reduction. Particularly, BPY demonstrates
prominent covalent character in its bonding, resulting in hybridized states, whereas the
empirical model assumes predominantly ionic character in the bonding. The covalent character
of BPY is also supported by the measured high conductivity and low activation energy. As we
noted above, it seems plausible from the BPY vs. PGM activation energy comparison and A-O
vs. B-O bond length considerations that B- vs. A-site Pr site placement may play a role in
favoring covalency through Pr-4f/ O-2p orbital overlap, thus countering the prediction of the
fully ionic empirical model. Breaking from the abovementioned assumptions as well as the
involvement of charge located on oxygen are the most likely reasons for the low observed CCEs

regardless of Pr site occupancy, as discussed below.

3.2. Possible Contributor to Low CCE: Low Unit Cell Symmetry: Unit cell symmetry has been
suggested to play a role in the degree of chemical expansion exhibited by mixed conducting
perovskites, where lower symmetry phases can expand anisotropically, and macroscopically
less than their symmetric counterparts, during oxygen loss™»!*7’. Here, we consider the effect of
crystallographic symmetry on CCEs of PGM and BPY in the present study. Orthorhombic PGM
(700-900° C) may be considered the lowest symmetry phase of those studied, as there are three
different unit cell axis lengths, and the octahedral rotation pattern, aac’, has a unique
magnitude and rotation sense along the z-axis vs. the other axes. Rhombohedral BPY (700° C)
is the next lowest symmetry phase with uniform unit cell lengths and rotation pattern aaa’, and
cubic BPY (900° C) is the undistorted perovskite with uniform unit cell lengths and no
octahedral rotations — therefore highest symmetry. Comparing average CCEs, cubic BPY has a
larger value at 0.011 than rhombohedral BPY at 0.0058, consistent with the expectation from
symmetry. For comparison, chemical expansion in rhombohedral, Sr-doped LaFeOs has been
discussed elsewhere’® and the authors show that more reducing atmospheres induce a decrease

in both the rhombohedral angle (between axes) and the octahedral rotation angle. A decrease in
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the rhombohedral angle, a, decreases the volume of the cell for a given lattice parameter, so the
decrease in o upon reduction may decrease the net chemical expansion in rhombohedral phases.
Rhombohedral phases may also be more likely to accommodate defect-induced strain through
distortions of their octahedra, rather than the uniform or isotropic cell expansion observed in

cubic phases.

Although compounding factors make it difficult to draw conclusions from a comparison
of phase and CCE between PGM and BPY, we can analyze the expansion in orthorhombic
PGM to gain insights into how its axis-resolved strain may contribute to the very low observed
CCEs. Differences in unit cell lengths and octahedral rotation angles along the three
crystallographic axes correspond to variations in chemical expansion values along these axes,
which can be determined from the HTXRD refinements. At 700° C with pO2 changing from 1
to 10* atm, the a-axis had the smallest lattice parameter, yet it expanded the most upon
reduction with a 0.05% strain. The b-axis contracted with a -0.03% strain, and the c-axis had
very little expansion with 0.009% strain. The anisotropic expansion is validated by DFT in
Figure S15, and it can be seen qualitatively in Figure 14 by the change in peak shape and shifting
of the hkl indices. As the material reduces, hkl indices weighted more on the b-axis (132, 024)
can be seen to move to lower d-spacing (higher angle), and hkl indices with little or no b-axis
contribution can be seen to move to larger d-spacing (204, 312). As lattice parameters diverge,
there is less overlap of the hkl indices, and distinct peaks become more visible for the oxidized
case. For comparison, orthorhombic Sr(Sn,Fe)Osx was shown to exhibit only slightly
anisotropic reduction-induced strains and significantly lower CCE than its isotropically
straining, cubic counterpart Sr(Ti,Fe)Os’’. In the present work, the orthorhombic PGM phase
demonstrates considerably more anisotropic chemical strain, with contraction and expansion
both present. This effect could contribute to lowering macroscopic CCEs. However, we note

that among the literature reports of various mixed conducting perovskites, no CCEs as low as

32



those in the present work have so far been demonstrated for low symmetry systems. Therefore
we expect that other factors beyond symmetry also are needed to accomplish the very low

CCEs.

Intensity (counts)

Figure 14. Selection of hkl indices exhibiting anisotropic expansion upon reduction at 700° C.
Black hkl ticks (top) correspond to the reducing condition, Ar, and blue ticks (bottom)
correspond to the oxidizing condition, Ox.

3.3. Possible Contributor to Low CCE: Charge Delocalization: In previous works!”!%2,

a
higher degree of charge localization was associated with a higher CCE. As noted in the results
section, we assessed the degree of charge localization from the conductivity activation energies,
by ruling out all contributions to the thermal activation except mobility (and separating out the
apparent grain boundary contribution). Higher activation energies thus corresponded to larger
barriers for charge migration or greater charge trapping, i.e., greater localization. The
experimental activation energies for grain conductivity from the results in Figure 13 suggest
that PGM may have a higher degree of charge localization than BPY. However, PGM also has
lower CCEs than BPY for most conditions, which is not explained by this result. Further, neither
composition exhibits full charge delocalization, i.e., metallic behavior, but rather some degree
of localization as small (PGM) vs. large (BPY) polarons is still suggested electrically. Thus the

partial charge delocalization in this work does not appear to explain fully the anomalously low

CCEs. On the other hand, the temperature dependence of mobility could still contribute to the
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temperature dependence of CCEs in the present work to some extent. For example, the larger
increase in charge mobility with temperature for PGM (higher activation energy) may
contribute to the lower CCEs at higher temperatures. Although the charge mobility also
increases with temperature in BPY, this smaller increase in charge mobility appears to be

overshadowed by the changes in unit cell symmetry described above.

It should be noted that prior work highlighting the potential impact of localization
focused on cation charge localization specifically. For example, in simulations of CeO2
reduction, artificial delocalization of Ce-4felectrons gave rise to ~70% lower CCEs!”. Similarly
in experimental measurements of LagoSro1GaixNixOs5!” and SrTiixFexO3s?°, the charge
localization was decreased by raising the potentially multivalent cation concentration x, with
the idea that the Ni-3d and Fe-3d states, respectively, would broaden around the Fermi level
and increase mobility; such changes gave rise to 10-40% CCE decreases. None of the prior
work indicating a role of localization has explicitly considered the role of anion charge
localization. Thus in our next point, we consider charge location on anions vs. cations, which

may be a key factor in the present study.

3.4. Likely Contributor to Low CCE: Charge Location on Oxygen: For both PGM and BPY,
the DFT+U results suggest that the location of the hole (or redox process or multivalency) on
anions vs. cations has a significant impact on CCE. Depending on the value of the Hubbard U,
the lower energy Pr-4f states may lie at the top of the valence band (Pr-4fholes), overlap with
O-2p states near the Fermi level (holes shared by O and Pr), or lie below the O-2p states and
Fermi level (O-2p holes). The simulations showed that when O-2p holes rather than Pr-4fholes
become the primary electronic defect compensating for the acceptors, the values for redox-
induced chemical expansion decrease significantly. As noted in the computational results
section, the O-2p states are more delocalized than the Pr-4f states, which may partially explain

the trend. The oxygen evolution (redox) reaction involving O-site polarons (filling of holes
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located on oxygen) is shown in Equation 5, and reduction involving the multivalent cation

(filling of holes located on Pr) is shown in Equation 6.
205 = vy + 05 +50; (5)
03 + 2Pry, 2 v + 2Prj. + 20, (6)

The role of anion vs. cation charge location on CCEs has not been widely explored, but we note
one supportive result in our prior work with S. Ricote, where BaZro9Y0.103-5 with holes on
oxygen (oxygen polarons) exhibited negligible redox strain compared to BaZro 9Dyo.103-5, with
charge at least somewhat on Dy with significant redox strain®’. Further, we note the very low
CCEs of Pr-bearing perovskites in the present work contrast with the high measured CCE
(0.087) of mixed-conducting fluorite Pro.1Ceo.902.5 where charge is thought to localize on Pr

under oxidizing conditions”’.

3.5. Toward Generalized Design Rules for Low CCE: The discussion above relating to trends
in CCE with composition and temperature leads to potentially generalized design rules that can
be used to tailor chemical expansion. Factors that influence chemical expansion, such as the
degree of charge localization, unit cell symmetry, symmetry changes upon reduction, and
multivalent cation placement, have been discussed here and elsewhere!>!7-1%8981 The general
expected and observed trends are that a higher degree of symmetry, higher degree of charge
localization (on cations), and multivalent cations on the B-site in ionically bonded systems all
lead to higher CCE. In the present work we further highlight the role of charge /ocation (i.e.,
the nature of orbitals involved in redox). While it is true that localizing charge on multivalent
cations results in an increase in chemical expansion, filling of holes that are preferentially
located on oxygen can yield a smaller CCE. The location of charge may also be a reason for the
nonlinearity seen in both materials. As a material oxidizes, the hole concentration increases,
and the Fermi level decreases down to deeper states in the valence band. This change may affect

35



the character of the holes. For example, if Pr levels lie below O levels, as the Fermi level drops
the holes are no longer located only on the O-2p orbitals, and the CCE may increase as charge
is shared with Pr. The possible existence of some “Pr** (hole located on Pr) in PGM has been
suggested by Liu et al*°. Other potential reasons for the nonlinearity in the present work are
increasing defect association with increasing hole concentration®? and slight changes in crystal

symmetry upon reduction.

3.6. Band structure design for low CCE materials: Designing perovskite materials that will fill
O-2p holes upon reduction typically involves selecting compositions with O-2p derived states
at the top of the valence band. Determining the composition that will give rise to a desired band
structure (“inverse design”) is often a difficult task requiring high-throughput computational
simulations that may compromise on accuracy. As seen in the present work, from a DFT+U
standpoint, one of the challenges in determining the character of the valence band maximum is
setting an appropriate U value, since this term impacts the energy splitting of the metal states.
However, some first-order strategies can be implemented to start. For example, one may pursue
computationally inexpensive estimates of band structures, using combinations and
interpolations of known compound data. Thimsen et al.3* developed a Mixed Metal Oxide Band
Structure (MMOBS) procedure to predict the electronic structures of mixed transition metal
oxides using catalogued band position data of the basis oxides, weighted by fraction. Results of
their procedure agreed with first-principles DFT calculations and experimental measurements
for the mixed Ti-Fe-O compounds, and the authors claim that it has also been effective for Ti-
V-0 and Ti-Ni-O systems. Significant differences in crystal structure can cause challenges for
this approach, however. An alternative strategy is to focus on stoichiometric tailoring of a given
composition. One may shift the Fermi level in the valence band through modifying the ratios
of cations of different valences and/or the oxygen stoichiometry. By this strategy, it may be

possible to move the Fermi level into O-2p-dominated states; nonetheless, the band structure
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would need to be known at the outset. Deml et al.®* investigated the effect of cation mole
fractions on the oxygen vacancy formation energies and position of the Fermi level relative to
the O-2p band center in SrxLai;xMnyAli.yOs. Adjusting the mole fraction of Sr (ysr) and Mn
(xmn) changed the hole concentration and the character of the corresponding unoccupied states.
For example, when ys=> ymn, the Fermi level moved into the O-2p states, because more holes
were generated from Sr-substitution than the density of states in the mixed Mn-3d / O-2p band.
Similarly, strain may be used to modulate point defect concentrations and electronic structure.

For small modifications to the band structure, Hwang et al.*®

discussed how strain may be
applied to upshift (tensile) or downshift (compressive) the O-2p states, and DFT calculations

showed that compressive strain increases the width of the d-band for Sr and La-based A-site

perovskites with a range of Period 4 transition metals®.

While filling of O-2p holes may give rise to low CCEs, the DFT results from our work
have also indicated that a reason for the low experimental CCE in BPY is the sharing of charge
between Pr and O. Valence band metal-oxygen hybridization may therefore be a second
potential design principle for perovskite selection for low CCE applications. For d-electron
perovskites, Zimmerman et al.” demonstrated that the degree of covalency increases as the
number of empty d-states increases. Suntivich et al.’® suggest, however, that an eg-filling
descriptor is more accurate than a 3d-filling descriptor (consisting of both t2; and e, electrons)
because the o-bonding eg orbital has a stronger overlap with oxygen than the m-bonding
tog orbital. Kaindl et al.*” observed a similar trend for f-electron elements with their theoretical
analysis. They found that covalency is stronger for light Ln element Pr than heavier element
Tb. B site cation-oxygen covalency in perovskites is also influenced by the octahedral tilting
angles, which affects orbital overlap®®, and may be tailored by the size of the A-site cation. We
further hypothesize that B-site placement of the potentially multivalent cation may favor

covalency with oxygen compared to A-site placement based on bond length considerations and
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the results for electrical hole behavior in BPY (more delocalized) vs. PGM (more localized).
Whether or not this last idea is correct, it is clear from the present work that Pr may be an
excellent choice for compositions requiring low CCEs due to the high covalency on the B-site,
O states near the Fermi level under oxidizing conditions, and the potential for either A- or B-

site occupancy.

4. CONCLUSIONS

The near-zero average strains during redox observed in this work for PrGag.oMgo.10;3
(PGM) and BaPro9Y0.103 (BPY), provide insights into the rational design of materials that are
vulnerable to chemo-mechanical failure or performance degradation due to spatial/temporal
oxygen activity gradients. In general, perovskite-structured materials allow for a high degree of
tunability in composition and symmetry variants that have direct effects on their observed
properties; however, structure-property relationships can be difficult to predict due to the
complexity and inter-dependencies of point defect chemistry, crystal structure, electronic
structure, and properties affected by elemental substitution in perovskites. Stoichiometric
chemical expansion is one such property, where as we have demonstrated, simple empirical
models using ionic radii are insufficient to predict quantitatively the complex ionic and
electronic point-defect-mediated lattice distortions that ultimately give rise to mechanical
degradation. Instead, crystal-chemical design rules informed by quantum mechanical
simulations and in sifu characterization are needed to mitigate this strain in devices including
fuel cells, electrolysis cells, gas separation membranes, electrochemical generators, and
batteries. Here, we have shown how a combination of anisotropic expansion in distorted
structures, charge delocalization, and particularly charge location on oxygen lead to
anomalously low redox coefficients of chemical expansion for PGM and BPY, much lower than
any previously reported value for perovskites, with significant promise for chemo-mechanical

durability. While A- vs. B-site placement of the multivalent cation may be beneficial in
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perovskites with charge location on that cation and highly ionic bonding, this effect is not
dominant in partially covalent systems and/or systems with charge location on oxygen. We
emphasize the benefit of O-2p orbitals at the top of the valence band (at the Fermi level in these
p-type systems), with or without hybridization to the potentially multivalent cations, to
minimize redox chemical strains. This observed relationship between band structure and
chemical strain for the perovskite structure has potential as a broader design principle to lead
to discovery of chemo-mechanically stable materials with earth-abundant elements to reduce

environmental and societal impact while also reducing cost.
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Optimizing the stability and lifetime of mixed ionic and electronic conductors (MIECs) and
devices requires addressing their redox-induced strain. We provide insight into this chemo-
mechanical coupling by demonstrating that redox on oxygen, rather than on a multivalent
cation, results in the lowest coefficients of chemical expansion measured for perovskite
oxides, providing a novel method for reducing chemical strain in MIECs.
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