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Non-stoichiometric oxides are key functional materials within technologies such as solid oxide fuel cells
(SOFCs) and gas sensors that often exhibit interdependent electrochemical and mechanical properties
affecting operando mechanical stability. Here, we explore this electrochemomechanical coupling
experimentally and computationally for (Pr, Ce)O2�d (PCO), a model SOFC cathode material. We
quantified Young's elastic modulus E of PCO thin films in situ, at temperatures up to 600 +C and oxygen
partial pressures pO2 down to 10�3 atm via environmentally controlled nanoindentation. The observed
significant reduction (up to 40%) in E with increased temperature or decreased pO2 correlated with
changes in oxygen vacancy concentration d and lattice parameter a expected due to chemical expan-
sion. We confirmed the trend of decreased E with increased d and a via first principles calculations for
bulk PCO. The experimentally observed decrease in E vs. pO2 and temperature was more extreme than
predicted by bulk computations, and is anticipated from the higher concentration of vacancies in thin
films relative to bulk. These results demonstrate that accurate models of deformation in thin-film
devices comprising these chemomechanically coupled oxides may differ markedly from bulk counter-
parts, and must reflect significant, reversible decreases in elastic moduli resulting from increased
temperature and decreased pO2.

© 2015 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Non-stoichiometric oxides are an important class of functional
materials for energy related technologies including solid oxide fuel
cells (SOFCs), permeation membranes, and automotive emission
gas sensors. Their prevalence in these applications is attributable to
the capacity for both electronic and ionic conductivity enabled by
their defect chemistry, and high-temperature stability, to serve as
device electrodes and to support mixed ionic-electronic conduction
(MIEC). SOFC devices often operate in extreme temperature and
oxygen partial pressure (pO2) conditions, exposing, for example,
the oxides comprising the cathode to 300e1000 +C and pO2 varying
from 0.2 (oxidizing in air) to <10�3 (reducing) atm, the latter under
polarized conditions. New oxides and device designs are under
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consideration for SOFCs, aimed to reduce operation temperatures
and start-up times and to increase mechanical durability, including
use of thin film non-stoichiometric oxides as electrodes. Given that
such materials have been shown to exhibit strong correlation be-
tween the electrochemical and mechanical states (electro-
chemomechanical coupling [1e3]), and that such coupling may
provide means to tailor electrochemical properties such as con-
ductivity as a function of mechanical strain [4e8], the in situ me-
chanical properties of such oxides are of interest. In particular,
accurate predictions of both material and device performance
depend on whether and how the elastic moduli of such films
depend on temperature and pO2, or can be predicted from analysis
of bulk non-stoichiometric oxides.

Many non-stoichiometric electrode materials undergo signifi-
cant dilation upon release of oxygen, termed chemical expansion,
during exposure to reducing conditions typical for SOFCs. Empirical
and first principles calculations have demonstrated that chemical
expansion arises from two competing factors: expansion from the
increased diameter of reduced cations, and contraction around

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:krystyn@mit.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2015.12.007&domain=pdf
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2015.12.007
http://dx.doi.org/10.1016/j.actamat.2015.12.007
http://dx.doi.org/10.1016/j.actamat.2015.12.007


J.G. Swallow et al. / Acta Materialia 105 (2016) 16e24 17
oxygen vacancies [9e13]. Several researchers have also found evi-
dence for mechanical failure originating from fracture in SOFC
electrodes due to thermochemical expansion mismatch of mate-
rials. For example, Sato et al. attributed this failure to tensile
stresses that arise in the SOFC cathode initiated from chemical
expansion of the ceria-based anode cell support, based on their
analysis of bulk oxides that included acoustic emission analysis,
post-mortem inspection, and finite element modeling [14,15].
When mechanical properties vary with electrochemical state, this
coupling is termed electrochemomechanics. Knowledge of oper-
ando electrode and electrolytemechanical properties, including the
Young's elastic modulus E, can facilitate predictions of how such
stresses will develop in the functional materials and within mul-
timaterial devices to improve mechanical durability of functional
oxide layers.

(Pr, Ce)O2�d (PCO) is a model functional oxide for such appli-
cations. This fluorite structured oxide undergoes large changes in
non-stoichiometry d and corresponding oxygen vacancy concen-
tration in both cathodic and anodic SOFC conditions, along with
significant chemical expansion [2,16,17]. Large changes of d in
cathodic conditions are facilitated by the ease of Pr reduction, and
thus larger volume fractions of Pr within the oxide generally in-
crease electrochemical reducibility in these conditions [18]. Due to
the mixed-valent nature of Pr, PCO is a mixed ionic-electronic
conductor under relatively oxidizing conditions [3,19]. It is known
that Pr reduction within PCO is accompanied by both an increased
oxygen vacancy concentration, as described in Kr€oger-Vink nota-
tion in Eq. (1), and an increased lattice parameter a in PCO [18,19]:

2Pr�Ce þ O�
O42Pr0Ce þ V��

O þ 1
2
O2 gð Þ (1)

Here, Pr�Ce and Pr
0
Ce denote Pr4þ and Pr3þ, respectively, on Ce sites,

O�
O denotes O2� on an oxygen site, and V��

O denotes a vacancy on an
oxygen site. The elastic constants of vacancy-free ceria have been
computed by density functional theory [20]. For Pr-doped CeO2,
vacancy formation and migration energies have been estimated via
density functional theory (DFT) and kinetic Monte Carlo simula-
tions [21e23]. However, it is not yet established whether Pr
reduction results in detectable and significant changes in the elastic
modulus of (Pr, Ce)O2�d.

Although to our knowledge there have been no previous reports
on in situ elastic properties of (Pr, Ce)O2�d thin films, there have
been prior in situ and ex situ studies on bulk forms of related
functional oxides. For example, others have shown that bulk oxides
such as (Gd, Ce)O2�d (Gd-doped ceria, or GDC), (La, Sr) (Co, Fe)O3�d

(LSCF), and Y0.15Zr0.85O2�d (YSZ) exhibit lattice expansion that is
correlative with elastic properties [24e27]. Amezawa et al. found
by acoustic emission that an increase in lattice parameter, due to
either chemical or thermal expansion, led to a decrease in the
elastic modulus E in bulk GDC [24]. This trend has been replicated
with molecular dynamics simulations using interatomic potentials
[28,29]. Together, these studies suggest that Pr reduction could lead
to a decrease in E of PCO, directly influencing how stress will
develop in oxide components subjected to elevated temperatures
or oxygen partial pressure gradients [25,30]. However, few studies
have explored how such expansion may impact mechanical prop-
erties of thin films, particularly in situ and in contrast to bulk
counterparts [31]. Thin films may differ from bulk oxides in the
extent of such coupling between electrochemical reduction and
mechanical properties, due to the influence of strain at the
filmesubstrate interface, the potential for vacancy concentrations
higher than in bulk due to space charge effects at surfaces and grain
boundaries, and the possibility of anisotropic expansion resulting
from a clamped geometry [32e34].
Here we quantified the elastic modulus of Pr0.2Ce0.8O2�d (PCO)
thin films via in situ nanoindentation under controlled temperature
(24e600 +C) and oxygen partial pressure (pO2 of 0.2e7.6 � 10�4

atm), to approximate operando conditions of SOFCs. High temper-
ature nanoindentation has been demonstrated as a technique for
measuring mechanical properties of bulk and thin film samples at
temperatures up to 700 �C for diverse material classes including
oxides and alloys [35e37]. We correlated these results with oxygen
vacancy concentration via a point defect and chemical expansion
model developed previously for bulk PCO [2,3,18], and compared
these experimental findings with our predictions based on DFT
calculations of elastic constants for bulk compositions. Due to the
challenges associated with nanoscale mechanical measurements at
such elevated temperatures, we included statistical analysis to
identify significant changes in E as a function of composition,
temperature, or pO2 [38]. Together, these results demonstrated that
E decreased significantly with increasing lattice parameter a. This
increase in a was concurrent with increased oxygen vacancy con-
centrations quantified by the non-stoichiometry parameter d,
which was modulated by increased temperature and decreased
pO2. The magnitude of E for PCO thin films was lower than that
predicted for bulk PCO counterparts, and the lattice expansion-
associated reduction in E of these Pr-doped CeO2 thin films also
significantly exceeded that reported for bulk Gd-doped CeO2 [24].

2. Methods

2.1. Sample preparation

Films of undoped CeO2 and Pr0.2Ce0.8O2�d were deposited by
pulsed laser deposition (PLD) onto (001) oriented single crystal YSZ
(8mol% Y2O3 stabilized zirconia) substrates (10� 5� 0.5 mm3;MTI
Corporation, Richmond, CA) using dense targets prepared by sin-
tering the corresponding powders above 1400 �C under N2 atmo-
sphere [39]. After reaching the base pressure (8.5 � 10�6 Torr),
substrates were heated to ~ 250 �C. A Coherent (Santa Clara, CA)
COMPex Pro 205 KrF eximer laser, emitting at a wavelength of
248 nm, was used for ablating the target materials with a config-
uration of 400 mJ/pulse and 10 Hz laser repetition rate. The oxygen
pressure was maintained at 10.0 mTorr during both the deposition
and the cooling steps. Post-deposition annealing at higher oxygen
pressure and deposition temperature, typically performed to
ensure complete oxidation, was not conducted in order to avoid
rapid changes in the volume of the films that promote cracking. As-
prepared films were annealed at 750 �C in air for 1 h. Heating and
cooling rates were 2 �C/min.

Film thickness was determined via surface profilometry (KLA-
Tencor P-16 þ stylus profiler) as 1.09 ± 0.03 mm for the CeO2 film
and 1.11 ± 0.06 mm for the Pr0.2Ce0.8O2�d film. X-ray diffraction
patterns (XRD; X'Pert PRO MPD, PANalytical) obtained from 2q�u

coupled scans of the films exhibited highly (001)-oriented texture.
Surface topographic analysis by atomic force microscopy (AFM;
Digital Instruments Nanoscope IV) demonstrated dense and
smooth films with root-mean-square surface roughness of
approximately 0.4 nm, sufficiently smooth for instrumented
indentation.

2.2. Elastic modulus measurement via in situ nanoindentation

Elastic moduli for each sample and condition were measured in
situ, at temperatures ranging from 25 to 600 �C and under oxygen
partial pressures ranging from 0.21 e 7.6 � 10�4 atm at 600 �C,
using an instrumented nanoindenter (MicroMaterials NanoTest
Vantage; Wrexham, UK) capable of elevated temperatures and
controlled gas environments. Both the sample and the cubic
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boron-nitride indenter of Berkovich pyramidal geometry were
heated to the same temperature to minimize thermal drift. See
Ref. [40] for additional information on high-temperature mea-
surements with this specific indentation instrument. The loading
rate was between 0.1 and 0.5 mN/s, with a maximum depth of
100 nm. Depth-dependent trends in elastic moduli were not
detectable for indentations below this depth, and thus no finite-
thickness correction was applied to account for mechanical con-
tributions from the substrate.

For all conditions, at least four indentation arrays, each of which
comprised of at least 25 indentations, were acquired; each array
was located at a distinct location on the sample surface spaced at
least 60 mm from the nearest adjacent array. Indentations with
sufficiently low signal-to-noise ratio, poor indenter contact,
excessive (> 100 nm) plastic depth, or pop-ins during loading were
excluded from further analysis, resulting in at least four arrays of at
least ten indentations for each condition (i.e., four distinct locations
with ten replicate experiments at that location, for a total of
approximately 40 indentations per sample per condition defined by
temperature and pO2). One condition had fewer total indentations:
CeO2 at 600 +C in 7.6 � 10�3 atm oxygen comprised three arrays of
at least 10 indentations each. Indentation center-to-center spacing
within each array of 25 was 30 mm to minimize mechanical in-
teractions among indentations.

Gas concentration was controlled by flowing nitrogen and ox-
ygen at a fixed ratio through the indenter chamber, and oxygen
partial pressures of the exhaust gas weremeasured using a custom-
built Nernst-type YSZ-based oxygen sensor operated at 620 �C.
Heating and cooling rates were 1.6 �C/min to prevent thermal
shocking of samples, and a minimum of 12 h were provided for
samples and the measurement apparatus to equilibrate at the
target temperature and oxygen partial pressure.

Young's elastic modulus E was calculated according to the
method of Oliver and Pharr via Eq. (2), where A is the projected
contact area of the probe at a given plastic depth hc that we
calculated according to an area function calibrated based on a
standard sample of inconel or fused silica A(hc), and S is the
measured unloading stiffness [41].

E ¼ 1� n2

2
ffiffiffi
A

p
S
ffiffiffi
p

p � 1�n2i
Ei

(2)

The elastic modulus Ei and Poisson's ratio ni of the indenter were
assumed as 800 GPa and 0.12, respectively; the Poisson's ratio n of
the CeO2 and Pr-doped CeO2 samples was assumed as 0.33, within
the range reported previously for acoustic emission measurements
of Gd-doped CeO2 at elevated temperatures [24].
2.3. Statistical analysis of indentation data

One-way analysis of variance (ANOVA) based on Sokal and Rohlf
was conducted on themultiple indentation arrays acquired on each
sample at each condition, to determine whether these data ac-
quired at four different sample locations could be considered to
come from the same population of data, or if there was detectable
variance among the arrays acquired under ostensibly identical
conditions [42]. Detailed discussion of the statistical method used
to analyze nanoindentation results has been published previously
[38], and is summarized briefly as follows. Three metrics of statis-
tical comparison were computed (p-value < 0.05, TukeyeKramer
minimum significant difference, and Gabriel's comparison inter-
val); if at least two of these three showed that there was significant
variance among indentation arrays for a given sample and condi-
tion, then the grandmean of the arrays was reported with standard
error for n representing the number of arrays. Otherwise, the
arithmetic mean of all indentations for a given sample condition
was reported, with standard error reported for n as the number of
indentations. Such array-to-array variance could be attributable to
variations in sample topography or composition at different loca-
tions on the sample surface, variations in temperature of the con-
tacting probe and sample at different sample locations, or
variations in indenter geometry acquired during indentation
among multiple arrays. The function describing probe geometry
A(hc) was calibrated immediately prior to and following data
acquisition for each condition, to minimize contributions from this
latter source of variance.

2.4. Calculation of non-stoichiometry parameter and lattice
parameter

Oxygen non-stoichiometry parameters d for (Pr, Ce)O2�d were
calculated based on the defect model for bulk PCO outlined by
Bishop et al. [18] Lattice parameters a were estimated according to
Eq. (3) based on the value of the lattice parameter ao of undoped
CeO2 and Pr0.2Ce0.8O2�d reported at room temperature (5.41 Å
[43,44]), the thermal expansion coefficient of ceria aT (1.2 � 10�5

K�1 [45]), and the chemical expansion coefficient of PCO aC (0.087
[2]). The chemical expansion coefficient ac, analogous to aT, relates
Dd to chemical strain εc. This approach assumes that in the oxidized
case the PCO lattice parameter can be approximated by that of
CeO2, since Prþ4 and Ceþ4 are nearly the same size (0.96 and 0.97 Å
radii, respectively) [46]. Our own density functional theory calcu-
lations described below support this assumption. The reference
vacancy concentrations dref were values calculated by the defect
model at room temperature (10�16 for CeO2 and 10�7 for
Pr0.2Ce0.8O2�d).

a ¼ ao
�
1þ aTðT � 298KÞ þ aC

�
d� dref

��
(3)

2.5. Density functional theory calculations of lattice parameter and
elastic constants

The generalized gradient approximation (GGA) to density
functional theory (DFT) with incorporation of the Hubbard U term
was used to calculate the lattice parameters and elastic constants of
CeO2 and Pr-doped CeO2 with varying vacancy concentrations,
using the Vienna ab-initio simulation package (VASP) [47e49]. In-
clusion of the Hubbard U term accounted for the on-site Coulomb
repulsion of the localized 4f electrons in Ce [50,51]. A magnitude of
U ¼ 5.0 eV was used for Ce, which has been shown previously to
reproduce the chemical expansion coefficient of CeO2�d [21,52].
This U overestimates the lattice constant a and Young's modulus of
CeO2 by ~ 1% and ~ 14%, respectively. However, because the
chemical expansion coefficient is accurately reproduced by this U, it
is expected that trends in DE vs. Da and Dd will be accurately
reproduced for bulk PCO, while the magnitudes of E and a will be
systematically overestimated. No U term was included for Pr. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
was used with a basis set composed of projected augmented wave
(PAW) pseudopotentials, with an energy cutoff of 500 eV [53e55].
A 2 � 2 � 2 (96 atoms) supercell was constructed from conven-
tional unit cells of CeO2, and Pr and oxygen vacancies were
substituted in as needed. Before calculating elastic constants, the
lattice parameter and atomic positions of the supercell at each
composition were permitted to relax with a 2 � 2 � 2 Monkhorst-
Pack k-point grid applied to CeO2. Elastic constants Cij were then
calculated on the relaxed structure. Oxygen vacancy positions were



Fig. 1. Schematic of the 2 � 2 � 2 supercell of PrxCe1�xO2�d used for elastic constant
calculation by density functional theory. Cerium atoms (Ce) are large spheres shown in
yellow, praseodymium atoms (Pr) are large spheres in green, oxygen atoms (O) are
small spheres in red, and oxygen vacancies (Vo) are small spheres in blue. For
d¼0.03125 calculations, only one of the vacancies was present, while for the d¼0.0625
calculation, the supercell contained two vacancies. The Pr configuration shown is for
the x ¼ 0.09325 calculations; for other values of x these sites were occupied by Ce and
Pr was substituted for Ce in other locations in the supercell. Species radii are not to
scale.
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chosen, as shown in Fig. 1, to be maximally distant because such
systems were of minimum system energy at that vacancy concen-
tration. Pr positioning was varied depending on target Pr concen-
tration, and variation of the relative spacing between Pr atoms did
not significantly affect lattice parameter or elastic constants.
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Fig. 2. (a) Young's elastic moduli E of (Pr, Ce)O2�d thin films measured via nano-
indentation at 600 �C. E decreases with decreased oxygen partial pressure at 600 �C.
The decrease in E observed for Pr0.2Ce0.8O2�d at 7.6 � 10�4 atm pO2 with respect to air
(0.21 atm) is statistically significant with a < 0.05 (denoted by bracket marked (*)),
while no significant change in E is observed with decreased pO2 for undoped ceria.
Non-bracketed points for the same sample are statistically indistinguishable. (b) The %
decrease in E for (Pr, Ce)O2�d thin films relative to the value measured for the same
composition at 600 �C in air is larger for Pr-doped ceria when the oxygen partial
pressure decreases from 0.2 atm to 7.6 � 10�4 atm. For both (a) and (b), error bars are
standard error of the mean.
3. Results

CeO2�d and Pr0.2Ce0.8O2�d thin films, deposited to ~ 1 mm
thickness on (001) YSZ substrates as described in Section 2.1, were
highly (001) textured as evidenced by X-ray diffraction and
exhibited a root-mean-square surface roughness of < 0.5 nm as
measured via atomic force microscopy. This notation for PCO in-
dicates Pr content of x ¼ 0.2, and non-stoichiometry parameter
d that varies with the physical environment and resulting oxygen
vacancy content.

At room temperature, we previously reported measurement of
the Young's elastic modulus E of CeO2�d and Pr0.2Ce0.8O2�d thin
films as 264.6 ± 2.2 GPa and 276.5 ± 7.7 GPa, respectively [38].
These magnitudes are in excellent agreement with other reported
values of E for bulk samples measured by nanoindentation in the
same conditions for bulk Pr0.2Ce0.8O2�d (274 ± 25 GPa [56]) and
undoped ceria (264.1 ± 2.2 GPa [25]). At room temperature,
therefore, E of these as-deposited thin films matched previously
reported bulk values, validating this measurement technique for
evaluating the elastic modulus of thin films.
3.1. Elastic moduli under operando temperature and oxygen
environments

When the oxygen partial pressure was decreased from 0.2 to
7.6 � 10�4 atm at a constant temperature of 600 �C, E of
Pr0.2Ce0.8O2�d decreased significantly from ~ 250 GPae150 GPa
(Fig. 2(a)). In fact, this Pr-doped ceria also exhibited statistically
significant decreases in E at 600 �C and an intermediate pO2 of
7.5 � 10�3 atm as compared to room temperature in air. No sig-
nificant change was identified for CeO2�d over this change in at-
mospheric conditions at 600 �C. According to the defect model of
bulk PrxCe1�xO2�d described by Bishop et al., the above decrease in
oxygen partial pressure at 600 �C corresponds to a change in
oxygen vacancy content Dd of 0.04 for Pr0.2Ce0.8O2�d, and 4 � 10�7

for CeO2�d [18].
To facilitate comparison between the undoped and Pr-doped

ceria, Fig. 2(b) shows the percentage change in E at 600 �C rela-
tive to that measured for the sample of the same composition at
that temperature in air. The 38 ± 11% decrease in E observed with
reduced oxygen partial pressure for Pr-doped ceria was statistically
significant, while the apparent decrease in E observed for ceria
upon this pO2 excursion was not.
3.2. Relation of elastic properties to oxygen vacancy concentration
and lattice parameter

This reduction in E of Pr0.2Ce0.8O2�d with decreasing pO2 at
constant temperature of 600 �C can be expressed in terms of
increasing non-stoichiometry or oxygen vacancy content d, where
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Fig. 3. (a) In situ nanoindentation measurements of Young's elastic modulus E vs. non-
stoichiometry d of (Pr, Ce)O2�d thin films at 600 �C, where d is increased by decreasing
oxygen partial pressure pO2. Open symbols indicate for reference room temperature
measurements from Ref. [38]. Increases in d associated with decreased pO2 are more
apparent on this scale for Pr0.2Ce0.8O2�d and correlate with decreasing E because d is
orders of magnitude larger in Pr0.2Ce0.8O2�d than in CeO2�d. (b) E decreases with
increasing lattice parameter a. For CeO2�d, the change in E observed is attributed to
thermal expansion as temperature increases. d is estimated according to the defect
model in Ref. [18] and a is calculated as described in Section 2.4. For both (a) and (b),
error bars are standard error of the mean, and may appear smaller than data points.
Shown for comparison are the values of E (± standard deviation) reported in Ref. [25]
for bulk CeO2�d and Gd0.1Ce0.9O2�d measured at room temperature in air (ex situ
conditions) for samples with oxygen vacancy concentration varied by quenching from
high temperature.

Table 1
Structural and elastic constants for PrxCe1�xO2�d calculated by density functional
theory.

Pr content
x

Nonstoichiometry
d

Lattice constant
a (Å)

C11
(GPa)

C12
(GPa)

C44
(GPa)

E
(GPa)

0 0 5.48 343 93 54 303
0 0.03125 5.49 332 97 52 288
0 0.0625 5.51 326 100 55 279
0.03125 0 5.48 343 94 51 302
0.0625 0 5.48 341 92 52 301
0.09375 0 5.48 372 122 35 312
0.09375 0.03125 5.49 336 97 55 292

J.G. Swallow et al. / Acta Materialia 105 (2016) 16e2420
d is derived from an established defect model for PCO [18]. Fig. 3a
illustrates this reduction in mechanical stiffness with increasing
vacancy concentration in Pr0.2Ce0.8O2�d. Here, open symbols indi-
cate Emeasured at room temperature in air, for reference. Note that
d is several orders of magnitude lower in undoped CeO2�d than in
Pr0.2Ce0.8O2�d; thus, increases in d associated with decreased pO2
are more apparent on this scale for Pr0.2Ce0.8O2�d. In contrast to the
marked reduction in E as a function of pO2 at 600 �C, undoped ceria
did not exhibit statistically distinguishable changes in E upon
reduced pO2. In other words, a significant decrease in the magni-
tude of E was found only when the oxygen vacancy content d was
also altered significantly via the environmental conditions, as
afforded by the greater reducibility of Pr. This relatively stronger
response of PCO to elevated temperature and reduced oxygen
partial pressure is not wholly unexpected, in that Pr reduction fa-
cilitates a greater increase in vacancy concentration relative to
undoped ceria.

This decrease in E can also be considered in terms of the lattice
parameter a, which can increase due to thermal and/or chemical
expansion and is determined as a function of coefficients of thermal
and chemical expansion and d (see Section 2.4). Lattice parameter
changes with respect to room temperature in air were estimated
from a combination of the vacancy content change Dd coupled to
the chemical expansion coefficient of (Pr, Ce)O2�d reported in
Ref. [2] and the thermal expansion coefficient of CeO2�d reported in
Ref. [45]. Fig. 3(b) shows that, over the range of lattice parameters
resulting from change in temperature and/or oxygen partial pres-
sure, E generally decreased with increasing a for both ceria and Pr-
doped ceria thin films. The effective slope of this E(a) correlation, in
terms of percentage decrease in E per 1% increase in lattice
parameter, was 42± 10% for undoped ceria and 36± 8% for Pr-doped
ceria. Fig. 3(b) also includes, for comparison, the relatively weaker
trend of decreased Ewith increased a that was reported previously
for bulk samples of CeO2�d and Gd0.1Ce0.9O2�d [25]. Note that those
prior measurements of bulk samples were ex situ, in that samples
were quenched to retain vacancy concentrations and then tested
via nanoindentation at room temperature in air [25]. As discussed
below, the greater apparent uncertainty in E at larger lattice pa-
rameters for results in the present study as compared to Ref. [25]
arises in part from experimental design differences and from the
practical challenges of conducting in situ nanoindentation at
elevated temperature, though the same trend of decreasing E with
increasing a is apparent.

First principles calculations of elastic constants Cij for bulk ceria
and Pr-doped ceria with finite vacancy content also demonstrated a
significant reduction in stiffness with increasing lattice parameter
associated with increasing d. Table 1 summarizes computed C11 and
E for three compositions of CeO2�d with either zero or finite oxygen
vacancy concentration denoted by d. Generally, a larger d correlated
with increased lattice parameter and decreased E and C11. (See
Supplementary Fig. S1 and S2 for graphical rendering.) While the
magnitudes of E calculated via density functional theory (DFT þ U)
exceeded those determined experimentally, the calculated chemi-
cal expansion coefficient of 0.088 (unitless) matched well with the
reported experimental value (0.087 [2]); this correlation is ex-
pected because the magnitude of the Hubbard U term (see Section
2.5) was optimized for this parameter. The magnitudes of elastic
stiffness constants C11, C12, and C44 for undoped, vacancy-free
CeO2�d agreed well with those reported previously by Kanchana
et al. for the same system within the generalized gradient
approximation (354, 99, and 51 GPa, respectively) [20]. Addition of
Pr to the supercell minimally altered the lattice parameter or elastic
constants as compared to undoped CeO2�d in this vacancy-free
case. This is expected given that the Shannon ionic radii of Pr
with þ3 and þ 4 charge (1.126 and 0.96 Å, respectively) are
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comparable to those of Ce (1.143 and 0.97 Å, respectively) [46].
Therefore, it is expected that the effect of chemical expansion on
the elastic constants of Pr-doped and undoped ceria should be
comparable.

Further, the trend of this E(a) dependence predicted by these
simulations (20% decrease in E per 1% increase in lattice parameter
as compared to undoped ceria without vacancies) was similar to
that found experimentally for PCO films with appreciable Pr con-
tent and d (36% decrease in E per 1% increase in lattice parameter),
but the trend was less pronounced. In fact, the trend predicted by
simulation agrees well with that reported in Ref. [25] for experi-
mental measurements on bulk CeO2�d (~ 23% decrease in E per 1%
increase in a). There are several reasons why the magnitude of E is
greater for the simulated bulk oxides as compared to the experi-
mentally measured thin films, as we discuss below. However, the
underlying trend and importance of the operando conditions to the
mechanical stiffness of this functional oxide is clear: E decreased
with increasing a, whether the lattice parameter increased by
increased temperature and/or increased vacancy content denoted
by d.

4. Discussion

We sought to determine whether and to what extent the elastic
properties of PCO thin films may be altered under operando con-
ditions known to promote chemical expansion, and found that
indeed the elastic moduli of Pr-doped ceria decreased significantly
at the high temperatures and low oxygen partial pressures typical
of solid oxide fuel cell conditions. In fact, these in situ nano-
indentation measurements demonstrated that E of undoped ceria
and PCO thin films decreased with increasing lattice parameter,
driven by both thermal and chemical expansive effects. E was also
confirmed to decrease with increasing lattice parameter using DFT
computational simulations of bulk counterparts for the same ma-
terials and similar non-stoichiometry d. The decrease in E has been
observed previously in bulk samples of ceria-based materials and
has been attributed to the weakening of resistance to bond
stretching, as bond length increases upon thermochemical expan-
sion [30,57]. The reduction in E per unit increase in lattice param-
eter was larger for our in situ experiments as compared to previous
measurements of E for other functional oxides in bulk form, and as
compared to our own DFT predictions. These differences may be
attributable to several possible factors, relating to both technical
aspects of the measurement and unique characteristics of these
chemomechanically coupled oxides in thin-film form.

First, we note that in situ nanoindentationmeasurements of thin
films at such elevated temperatures and controlled atmospheres
include certain technical challenges [35e37]. The uncertainty in
measured E was greater at elevated temperatures than at room
temperature, as indicated by the standard error of the mean
denoted in Fig. 3(a). For this reason, statistical analysis of calculated
elastic moduli for each set of samples and conditions was employed
to identify significant changes in E as a function of elevated tem-
perature, reduced oxygen partial pressure, and initial composition.
The relatively higher variance at extreme temperatures is attrib-
uted chiefly to uncertainty in the accuracy of the probe geometric
area function (contact area calibrated as a function of contact depth,
as discussed below), and to slight differences in absolute temper-
ature at the probe-sample interface for each replicate indentation
site acquired over a span of 16e24 h on a given sample surface
[35,37]. Results presented herein include only thermally well-
matched experiments, meaning that temperature stability was
achieved for both the probe and sample in contact, as described in
Ref. [58]. Over the extended durations at elevated temperatures
required of such experiments that systematically varied pO2 for a
given sample, the boron nitride probe geometry was not invariant.
This probe material was selected for its stability at high tempera-
tures, but repeated experiments on standard samples (fused silica
after cooling to room temperature, or inconel at elevated temper-
atures) indicated detectable variations in the contact area relation
A(hc) employed in Eq. (2). Accurate measurement of E does not
require that A(hc) is constant among all sample sets, only that it is
known. We determined this function experimentally before and
after acquiring each set of indentations at each condition, to
minimize contributions to variance in E from changes in probe
geometry. However, this variance in measured Emotivated detailed
statistical analysis to objectively identify significant changes in film
stiffness with either temperature or pO2 (see Section 2.3 and
Ref. [38]). Further, although there is potential for degradation of the
sample (via cracking or surface contamination upon heating) to
affect measured E in such films, these factors did not measurably
contribute to the recorded changes in E. Films were deliberately
heated and cooled at the slow rate of 1.6 +C/minute to avoid
thermochemical expansion induced shock, and no evidence of
significant crack concentrations or delamination was observed on
post-tested samples by optical microscopy. Additionally, we iden-
tified no correlation between changes in elastic moduli and the
duration that a sample was exposed to high temperature and/or
specific pO2, as would be consistent with surface contamination.
We also did not detect changes in loading curvature or pop-in
events that would be indicative of cracking, delamination, or con-
tributions from a surface contaminant in the load-depth hystereses
analyzed herein. Thus, such possible contributions to marked
reduction in E of PCO at high temperature and low pO2 appeared
minimal. In summary, notwithstanding the technical challenges
associated with heating and indenting these ceria-based films that
could lead to appreciable variance in mean elastic modulus, the
above calibration and control experiments support the primary
finding: operando elastic modulus of PCO films decreased signifi-
cantly with increasing non-stoichiometry d, from ~ 250 GPa in air at
room temperature to ~ 150 GPa in ~ 10�3 pO2 at 600 �C.

Second, we can compare these results for PCO thin films to those
of related functional oxides in bulk form. As highlighted in Fig. 3(b),
via nanoindentation Wang et al. reported decreasing E for
increasing lattice parameter, for bulk CeO2�d and Gd0.1Ce0.9O1.95�d

(Gd-doped ceria, often termed GDC rather than GCO) at room
temperature; in those studies, vacancy concentrations within the
room temperature samples were varied by quenching from higher
temperatures with correspondingly varying oxidation states [25].
The reported magnitude of E is comparable for the most oxidized of
these bulk samples (smallest a) to our own measured E for thin
films at room temperature; however, the rate of decrease in E per
increase in a (~ 23% decrease in E per 1% increase in a) was weaker
than that observed for our thin film samples. This weaker depen-
dence of DE as a function of Da in bulk samples was also reported
for GDC under operando conditions by Amezawa et al. Those au-
thors quantified E for bulk GDC via acoustic measurements, over a
range of temperature and pO2 that correlated with changes in lat-
tice parameter a [24]. For that bulk oxide, they found that E
decreased from 190 GPa to 150 GPa as a increased from ~
5.42e5.48 Å. In that sense, undoped (bulk and thin film), Gd-doped
(bulk) and Pr-doped ceria (thin films analyzed herein) showed
decreased stiffness with increased lattice parameter brought on by
changes in external physical environment. However, we note that
the severity of this change was less pronounced in the bulk GDC
over this change in a, with only ~ 10% reduction in E for a 1% in-
crease in lattice parameter. This comparison simply shows that it is
reasonable that E decreases with increasing lattice parameter in
such functional oxides by 10s of GPa in operando conditions, and
does not resolvewhether the extent of this reduction is attributable
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chiefly to differences in composition (dopant species) or sample
geometry (bulk or thin film). In principle, both factors can affect the
vacancy concentration as a function of physical variables, which in
turn affect a and E.

Indeed, the vacancy concentration of PCO thin films typically
exceeds bulk counterparts, as we have demonstrated previously
[32]. Figure 4 illustrates this in terms of the non-stoichiometry
parameter d for Pr-doped ceria (Pr0.1Ce0.9O2�d, a different compo-
sition than measured here) as a function of oxygen partial pressure
at 600 �C. The vacancy content was consistently greater in thin
films of < 1 mm thickness as compared to bulk PCO with the same
average Pr-content [2,32,59]. Although the full quantification of
why such differences in point defect concentrations in non-
stoichiometric oxide films and bulk exist is beyond the scope of
the current study, it is attributed plausibly to relatively greater
contributions of vacancy-rich regions such as the film surface and
filmesubstrate interface regions. More importantly, this estab-
lished higher concentration of vacancies in thin films is consistent
with our finding that E measured for our PCO thin films was lower
than that predicted via DFT for bulk PCO counterparts, as discussed
further below. Trends with increasing lattice parameter and
d would be expected to hold for predictions and measurements in
bulk, though themagnitude of E and the rate of changewith respect
to d may appear more pronounced in thin films because the va-
cancy content predicted by the bulk model underestimates the
actual vacancy content of thin films and thus also underestimates
the % change in a under a given set of conditions.While the origin of
these variations is not fully understood, studies suggest that film/
substrate lattice mismatch strain effects and space charge deple-
tion/accumulation of defects near interfaces (e.g., grain boundaries)
could play a dominant role in the relatively higher concentration of
vacancies in thin films [33,34,60]. Additionally, as PCO is cubic and
elastically anisotropic, in these (100) textured films, together the
elastic anisotropy and strong texturing of this material may serve as
additional sources of variation between indentation-extracted
elastic moduli of the bulk and thin film forms.

Finally, we note that thin films may also exhibit lower E relative
to bulk counterparts of similar composition due to constrained
chemical expansion of the film upon increasing oxygen vacancy
content. As in-plane expansion of the adherent thin film is con-
strained, theoretically the chemical expansion coefficient ac is
Fig. 4. Vacancy content d varies in Pr-doped ceria as a function of decreased partial
pressure at 600 �C. The vacancy content of thin films is consistently higher than in bulk
counterparts of the same volume-averaged composition. Optical data are from
Ref. [59], thin film chemical capacitance (Cchem) and thin film model data are from
Ref. [32], and bulk thermogravimetric analysis (TGA) data and model are from Ref. [2].
amplified out-of-plane (normal to the filmesubstrate interface) by
a factor of (nþ1)/(n�1), where n is the Poisson's ratio of the film
[34]. A typical estimate of n from bulk measurements of other ox-
ides is ~ 0.33 [24], providing an estimated amplification of out-of-
plane chemical expansion in PCO that could range up to twofold.
Although this anisotropic expansion cannot be related directly to
changes in a and Emeasured via indentation, we note the tendency
for effective a to increase upon such constrained expansion and
that E(a) did increase approximately twice as much in experiments
on thin films as was reported from previous experiments or pre-
dicted via our present DFT calculations for bulk counterparts. This
suggests an alternative and perhaps additional mechanism by
which E of thin films increases to a greater extent than predicted or
measured for bulk counterparts.

Our ab initio calculations indicated that differences between
bulk and thin film stiffness can be expected for appreciable Pr-
content x in such oxides, as a function of vacancy content defined
by d (Table 1 and Supplementary Fig. S1 and S2). Specifically, these
DFT results demonstrated that E decreased in these functional ox-
ides with increasing oxygen vacancy content quantified by d, which
in turn increased a. For undoped ceria (x ¼ 0), the lattice parameter
increased by 0.5% as d increased from zero (perfect crystal) to 0.06
(comparable to our experimental d at the lowest pO2). The effective
elastic modulus E decreased by nearly 10% as a result of this
vacancy-mediated increase in lattice parameter. In the absence of
vacancies and at lower Pr-doping of x ¼ 0.03 or 0.06, E was
approximately the same as for vacancy-free, undoped ceria. For a
fixed Pr-content (x ¼ 0.09) but increased vacancy content d (from
0 to 0.03), however, E decreased from 312 to 292 GPa. If we
approximate this dependence E(a) as a negative linear correlation
(with least-squares regression R2 ¼ 0.95), overall the dependence
E(a) was predicted as ~ 20% reduction in E per 1% increase in lattice
parameter as compared to undoped ceria without vacancies. For
the Pr-containing compositions, the predicted correlation was
slightly more pronounced at 30% reduction in stiffness per 1% in-
crease in a. These dependences were less than the relative decrease
in Emeasured for our thin films (~ 40%), but agreed well with the ~
23% decrease in E for ~ 1% increase in a reported by Wang et al. for
bulk undoped ceria via ex situ indentation measurements [25].
Therefore, the trends reported here for DFT computations on PCO
are consistent with experimental results on bulk counterparts, and
deviations from the present experimental results may be attribut-
able to microstructural differences between bulk and thin film
counterparts discussed above. As these ab initio simulations pre-
dicted the structural and elastic properties of the bulkmaterial (and
are not currently feasible via DFT for substrate-adhered thin films
of this material at ~ 1 mm thickness), this similar but relatively
lower dependence of mechanical stiffness on non-stoichiometry in
such predictions may be attributed reasonably to a higher average
vacancy content in thin films as compared to bulk oxides with
appreciable Pr-content x, in addition to the other thin film factors
described above. That expectation is supported by the calculations
in which we varied d for an otherwise constant average composi-
tion: even for constant x, an increase in vacancy content defined by
d resulted in an increase in a and corresponding decrease in E. Thus,
our DFT results predict trends for E vs. a for doped ceria that
compare well with previously reported experimental results for
bulk samples, and highlight the role of chemical expansion due to
increased d in modulating E that become even more pronounced in
thin films under operando conditions.

Taken together, these experiments and calculations demon-
strate that thin films of functional oxides such as Pr-doped ceria
exhibit significant reduction inmechanical stiffness with increasing
oxygen vacancy content, mediated by changes in the lattice
parameter a under operando conditions. This change is more
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pronounced in Pr-doped ceria thin films than in a previous report
for bulk Gd-doped ceria under similar conditions, and we attribute
this chiefly to the relatively greater vacancy content and effective
lattice parameter of thin films as compared with bulk functional
oxides of similar dopant content x.
5. Conclusions

The Young's elastic modulus E of thin films of (Pr, Ce)O2�d was
measured by nanoindentation at temperatures up to 600 �C, and at
600 �C at oxygen partial pressures between 0.2 and 7.6 � 10�4 atm.
Per 1% increased lattice parameter, caused by a combination of
thermal and chemical expansion, a decrease in E of 36%± 8% was
observed for PCO. Density functional theory (DFT þ U) calculations
of bulk counterparts also predicted decreased E with increased
vacancy concentration and lattice parameter for undoped and Pr-
doped CeO2�d at several vacancy concentrations; however, DFT
predicted this change in E at about 20% per 1% change in lattice
parameter. The more pronounced decrease in E observed for PCO
thin filmsmay be attributable to differences between thin films and
bulk samples, including increased vacancy concentrations in films
due to elevated values of d at grain boundaries or in space charge
regions, or increased lattice parameter in the out-of-plane direction
due to constrained expansion. An understanding of how mechan-
ical properties such as elastic modulus of non-stoichiometric oxides
are affected by changes in non-stoichiometry caused by tempera-
ture or oxygen partial pressure change is highly relevant to pre-
dicting where stresses or strains will arise in actual devices
comprised of such chemomechanically coupled materials, and
thereby facilitate mechanically robust designs. Especially for de-
vices involving thin film components, predicting strain arising due
to such coupling enables use of strain to enhance gas reactivity,
ionic conductivity, or other functional properties. These findings
suggest that elastic properties of thin films change markedly
operando, and may deviate significantly from bulk counterparts
even under the same environmental conditions. Together, these
results motivate further in situ experimentation and computational
modeling for this and other material classes (e.g., perovskites), to
refine these predictions for design of non-stoichiometric materials
and devices for SOFCs, gas sensors, permeation membranes, and
other oxide-enabled applications.
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