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Strong coupling between the chemical composition and crystal lattice dimensions resulting in the
contraction or expansion of a material upon change of its chemical composition is known as chemical
expansion or chemical strain. This phenomenon significantly influences the performance of oxide
materials in different energy conversion and storage devices. In many such applications, e.g., in oxygen-
permeating membranes or solid oxide fuel cells (SOFCs), the materials are subject to significant in situ
variation of their chemical composition, which is accompanied by large volume changes. This may often
be detrimental to the operation of the electrochemical device. Not only is chemo-mechanical coupling
crucial for various practical applications, but also, when measured accurately and discussed
appropriately, the chemical strain of an oxide material allows better understanding of its local electronic
and defect structure. Chemical strain is also strongly correlated with diffusion phenomena in high-
temperature electrochemical devices — the subject that for many years has been of particular scientific
interest for John Kilner and where he holds a lot of pioneering achievements. This article reviews the
state of the art in the field of chemical strain of various oxide materials, primarily those intended to
operate at elevated temperatures, and aims at summarizing the available experimental, theoretical and
computational insights into its origins, factors impacting its magnitude, and the available means for its
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1. Introduction

Oxides with fluorite- and perovskite-type structures are the
state-of-the-art materials for various electrochemical devices,
such as solid oxide fuel cells (SOFCs),"* dense oxygen-
conducting membranes® and catalysts for various processes
including those important from the ecological viewpoint, for
example, oxidation of CO.* These oxides possess unique
combinations of electrical, magnetic and catalytic properties,
which can be substantially altered by engineering the chemical
composition and morphology. While enhancing electro-
chemical performance (e.g. reaction rates in SOFCs) has
largely been the focus in developing such energy related mate-
rials, the challenges provided by mechano-chemical and
mechano-electrical coupling are becoming increasingly impor-
tant for further progress in developing devices for energy
conversion and storage.® As a result, a recently emerging field of
Mechano-Electro-Chemical (MEC) coupling examining the
relationships between a material's physico-electro-chemical
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state and its processing, structure and properties has received
great attention in the last decade.® Mechano-chemical coupling
as an important part of MEC coupling plays a crucial role, since
energy-related oxide materials are commonly operated at
elevated temperatures in both oxidizing and reducing environ-
ments and, upon heating, undergo not only thermal expansion,
but also the one caused by a change in their oxygen content or
hydration degree® (in case of proton-conducting oxides) or, in
other words, in the concentration of point defects in them. Even
the materials designed to work at low temperatures, for
example, LiMO, (M = Ni, Co, Mn) based cathodes for lithium
ion batteries, when subject to relatively mild thermal stresses
develop inter- and intragranular cracks due to oxygen release
and oxygen vacancy formation.””® Therefore, understanding the
origin and the microscopic mechanisms of chemical lattice
strain is crucial for identifying the ways to avoid its detrimental
effect on the mechanical integrity of a particular device. More-
over, chemical expansion itself, provided that its nature is well
understood, may be an important source of information on the
processes in solids since it is influenced by the particularities of
crystal structure,'® point defect interactions,**** diffusion,***¢
magnetic properties, etc. For example, chemical expansion
relaxation has been established as one of the methods for
measuring diffusion and surface exchange coefficients*'® in
oxides - topics that John Kilner has been involved in for years
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and where he holds a lot of pioneering achievements. It is also
gratifying that he was among those pioneers who showed the
importance of the relationship between the host cation radius
and oxygen vacancy formation for understanding the nature of
chemical strain in oxides.”® Thanks to these efforts not only
chemical expansion but also oxide ion conductivity became
more understandable too.

Thus, this work is aimed at giving an overview of a very
important field of mechano-chemical coupling in oxide mate-
rials for energy conversion and storage taking into account
various historical aspects, the state-of-the-art achievements and
existing trends, inconsistencies and challenges. The review is
organized as follows. First, some definitions and a selection of
units for chemical expansion will be discussed. Then the
current level of understanding of chemical expansion in oxides
and available modeling approaches will be summarized, and
some features and trends in chemical expansion of oxides of
various structural types will be identified. Finally, the negative
consequences and recently reported possible practical applica-
tions of chemical strain will be outlined.

The scope of any review, and this one is no exception, of
course, is somehow restricted. First of all, the review is more
focused on the results obtained by various experimental or
computational techniques rather than on these techniques
themselves. The measurement and calculation techniques will
be only briefly mentioned without their thorough discussion.
That is because the range of experimental and computational
methods used to measure and evaluate chemical lattice strain
comprises essentially all the modern techniques for investi-
gating the composition of oxides and their dimensions on the
macro-, micro- and nanoscale. The latter is not an exaggeration:
in the studies of chemical expansivity, detectable changes in
linear dimensions of as small as 5 pm were reported.”> However
fascinating the ever-increasing magnification of modern
analytical methods, more “conventional” ones, such as ther-
mogravimetric analysis, dilatometry, and X-ray and neutron
diffraction, despite having been with us for many decades, are
still indispensable when it comes to the properties of bulk
materials.” Imaging techniques such as scanning electron
microscopy**** or even X-ray tomography’ are useful for
assessment of the consequences of chemical expansion, e.g., the
damage caused to electrochemical devices. In turn, the more
complex, in terms of the experimental setups and the inter-
pretation of the results, and more recently developed
methods—transmission electron microscopy,*® scanning probe
microscopy,>”*® X-ray absorption fine structure (EXAFS),* etc.—
are well-suited for studying thin films and interfaces.'® Various
original combinations of methods, e.g., Raman spectroscopy
coupled with electrochemical titration®*® and time-resolved XRD
coupled with potential step chronoamperometry,® regularly
emerge, allowing previously inaccessible insights into chemical
strain to be obtained. State-of-the-art computational
approaches commonly employed in chemical expansion calcu-
lations are based on molecular dynamics**** and ab initio
density functional theory.**>* As seen, the great multitude of
experimental and computational methods does not allow them
to be reviewed in this work in detail.
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Some more applied aspects of chemical expansion, such as the
modeling of chemically induced stresses in membranes®*** and
SOFCs,*** were thought to be beyond the scope of this rather
more fundamentally oriented review. However, our leaving them
out does not mean that they are somehow unrelated - on the
contrary, high quality experimental data on defect equilibria and
chemical expansion of materials figure among the necessary
parameters of these models.******* We would also like to draw
the attention of interested readers to other existing reviews'®>**>¢
which may provide additional information on the topic.

As our review was intended for publication in the special
issue in honour of Prof. John Kilner's 75th birthday, we focused
it to a large extent on materials that are closer to his scientific
interests - the oxides for higher-temperature applications, and
there were quite a lot of those to cover. Fortunately, those
important aspects of chemical strain in lithium ion conductors
for low-temperature electrochemical devices that are left out of
the scope of this review can be found in other recent reports.*’>>

2. Definitions, historical aspects and
choice of units

Chemical expansion is introduced by analogy with, perhaps, the
most familiar type of solid body expansion - thermal expan-
sion,” and these two phenomena quite often occur simulta-
neously. Therefore, the definitions and origins of thermal
expansion should be discussed first. Indeed, it is well known
that thermal expansion is a fundamental property of materials
originating from asymmetry of the resulting interaction
potential of site species in the crystal lattice, which leads to
anharmonicity of atomic vibrations and, consequently, to an
increase in the average interatomic distances with temperature.
This phenomenon can be quantified using the volumetric («vy)
or linear («;) thermal expansion coefficients (TECs)

_LG_V . _LO_L [1)
“v=y\er), T L, \or),

where V, and L, are the values of volume and length in
a selected initial (reference) state, and P is the total pressure.
The so-called uniaxial strain is defined from dilatometric or X-
ray diffraction (XRD) measurements as

Etherm = AL_f = 2—: = q AT, (2)
where AL and Aa are the length and the unit cell parameter
increments, respectively, corresponding to the temperature
change AT. Strictly speaking, TEC is temperature dependent as
follows from the thermodynamic definition of the Griineisen
parameter:

7 XT» (3)

where Vy,, Cy, v, and xr are the molar volume, heat capacity at
constant volume, Griineisen parameter, and isothermal
compressibility, respectively.

However, the Griineisen parameter, in the first approximation,
can be treated as a temperature-independent constant for a given

This journal is © The Royal Society of Chemistry 2022
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substance, especially at T > Oy, where Oy, is the Debye temper-
ature.”* The values of xr and V,, for solids are also known to
depend on temperature only weakly. Thus, the change in TEC with
temperature is governed mainly by the temperature dependence of
the specific heat. The latter is rather flat at high temperatures and
therefore, ov(T) tends to be a constant.”® Therefore, if thermal
expansion mostly contributes to strain then the latter can be
treated as a linear function of temperature with a constant TEC.

Nevertheless, Strelkow®® was the first who reported a signifi-
cant positive deviation from the linear trend of ¢ with temper-
ature for several solid halides such as NaCl, AgCl, and AgBr in
the vicinity of their melting points. He called this phenomenon
“abnormal expansion”. Later Mott and Gurney*® as well as
Seitz>” proposed that this anomaly in expansion should be
attributed to point defects arising in the crystal lattice at
elevated temperatures. Indeed, Lawson®® compared the activa-
tion heat for abnormal expansion to that determined earlier for
ionic conductivity of silver halides, found good agreement
between both values, and concluded that the “abnormal
expansion” is caused by the increasing concentration of lattice
defects responsible for the ionic conductivity. Using ionic radii
Lawson®® also first calculated the volume expansion caused by
Schottky defect formation and found the calculated values to be
completely consistent with those reported by Strelkow.*

Thus, “abnormal expansion” of the crystal lattice originates
from the points defect formation therein and depends on the
concentration of defects. Hence, such expansion can be
observed at a constant temperature - for example, when the
content of the volatile component in the gas phase changes. For
this reason, it is also called “isothermal,” “defect-induced,” or
“chemical” expansion, to emphasize the difference between its
nature and the usual thermal expansion.

Surprisingly, the first evidence that oxides can exhibit
chemical expansion appeared prior to Strelkow's pioneering
work. Back in 1933, the volume of the unit cell of wustite, Fe,_
,0, was found® to depend on the content of iron vacancies,
which can indicate the change of iron cation radius upon its
reduction or oxidation. Nevertheless, extensive study of the
isothermal expansion of oxides began only in the 90s of the 20th
century because of their wide application as energy-related
materials. To date, a lot of evidence has been reported in the
literature to demonstrate that the phenomenon of chemical
expansion is inherent in many such complex oxide materials.'®

In broad terms, chemical strain or chemical expansion of
solids can be defined as the change in their dimensions following
any change in their composition. Even the host/dopant cation
concentration ratio, which is set during the synthesis and then
remains fixed, can play the role of the composition parameter.
Then, electrochemical processes can be used to change the
cationic composition of oxides. Lithiation/delithiation occurring
in Li-ion battery cathodes is, perhaps, among the most prom-
inent examples of this.*»* Finally, if a material is redox active or
hydratable, its chemical composition may, of course, vary in situ
at sufficiently high temperature upon equilibration with the
surrounding atmosphere.

Fig. 1 outlines a few reasons behind the chemical lattice
strain of oxides—substitution, redox processes and hydration—

This journal is © The Royal Society of Chemistry 2022
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on which this review is focused. While Fig. 1 provides a useful
visual metaphor, the real physical processes underlying chem-
ical expansion can be much more complex. For instance, in
Fig. 1 the sample preserves its phase state during the chemical
composition change. Marrocchelli et al.®* suggested to call this
type of chemical expansion “stoichiometric” in contrast to
“phase change expansion” when the sample's phase state is
changing as well. The former represents the main subject of the
current review.

The use of TEC only is, therefore, insufficient for a full
definition of solid oxides' expansion when substantial amounts
of defects form at elevated temperatures. For example, in the
case of the oxygen-nonstoichiometric oxide, the overall lattice
strain can be quantified in terms of both usual volumetric TEC
(ev) and volumetric chemical expansivity (ayc) induced by
oxygen vacancy formation as suggested by Adler®

1/ oV a
aye = —
YT v \oxv, ) 1y

where Xy is the oxygen vacancy mole fraction, and Vj is the
specific volume of an oxygen-stoichiometric composition at
a given temperature. The former quantity is defined, for
example, as 6/3 for ABO;_; perovskite oxides, where ¢ is the
oxygen nonstoichiometry. Using the aforementioned defini-
tions, the total derivative of the uniaxial strain ¢ in the absence
of additional pressure or mechanical forces can be given® as

1 1
dS(T, XVO) = gavdT + —C\(vchVO. [5)

3

Eqn (5), valid for isotropic materials, enables simultaneous
determination of both thermal and chemical constituents of the

Fig. 1 Possible causes of chemical expansion of oxide materials,
represented for a hypothetical M;_,M",O;_,(H,0), oxide.
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uniaxial isotropic strain, for instance, of cubic oxides measured
at a given oxygen partial pressure (po,) depending on tempera-
ture. However, such a thermodynamic approach, firstly, is not
applicable for layered oxides exhibiting anisotropic chemical
strain and, secondly, it does not allow the origin of chemical
strain itself to be understood.

Eqn (4) describes only one possible definition of chemical
expansivity.”* Depending on how the concentration of the
defects responsible for chemical strain is defined, at least three
possibilities exist:

(1) the concentration may be defined as a molar fraction of

. . Lo 0.
defects in the corresponding sublattice, i.e. Xy, = 3in the case

of ABO;_; oxide. This is similar to eqn (4). Hence, the uniaxial
expansivity is

1 JL
Px = Lo (aXVo) TP )

(2) if the concentration is defined in em™>, then the chemical
expansion coefficient is

1 JdL
b= 1, (aC> v)

where Cy, is concentration in cm ™

units of volume (cm?);
(3) if the concentration is defined in moles per mole of oxide
(for example, ABO;_;), then the chemical expansivity is

=55, L

and the coefficient § is dimensionless.

Although it may be argued® that @x and (¢, should be
preferred for the comparison among different structural types,
it is the B-coefficient which is the most used in current practice
for convenience reasons. This way of expressing chemical
expansivity will be used throughout this review.

In the case of proton conducting oxides exhibiting chemical
expansion upon hydration,® a similar definition of expansivity
will be employed. In addition, the amount of water, x, per mole
of hydrated oxide, ABO;_s_,-xH,O, is used as a composition
variable®****** instead of the concentration of protons in the
crystal structure employed in ref. 65-70 so that § would reflect
the expansion per mole of hydrated oxygen vacancies:

1 /oL
o= (5) ©)

where x is the number of moles of water per mole of oxide.

, and the coefficient 8¢, has

3. Various models and approaches to
understand the chemical expansion
3.1. Fluorites

The pioneering targeted studies of chemical expansion in oxide
materials concerned primarily the oxides with a fluorite-like
structure. These studies were aimed at finding the
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compositional dependences of unit cell dimensions for MO,~
R,0; and MO,-ZO (M = Hf, Zr, Ce, Th, U; R = Y, Gd, Yb, Zr, Sc,
La, Sm, Eu; Z = Ca, Mg, Sr) solid solutions. Cubic symmetry,
typical of the fluorite crystal structure, was found to be retained
upon MO,-R,0; and MO,-ZO substitutions for all solid solu-
tions up to the respective solubility limits.”™

Based on the geometrical considerations an expression for
the unit cell parameter can be derived:”

T n+ro), (10)
where ry and 7o are the radii of M** (coordination number (CN)
= 8) and O>" (CN = 4), respectively. However, eqn (10) is not
applicable to complex fluorite oxides formed by aliovalent
substitution, because, in addition to the cation radius change,
oxygen vacancies form in the crystal structure upon such
substitution, e.g. according to the following defect reaction
(written using the Kroger-Vink notation employed hereafter):

a =

R,0; —2,2R,, + 305 + V5, (11)

which may also influence the unit cell dimensions.

To take this into account Glushkova et al”® suggested
modifying the ionic radii in eqn (10), replacing ry with
a weighted mean ionic radius, xr(R**) + (1 — x)r(M*"), and r,
with an “effective” oxygen ion radius, 7.¢. In this approach, the
oxygen vacancy is thought to occupy no space. Hence, the
effective oxygen ion volume is equal to 4/3-7ro’+ (1 — x/4), and
Tett = To(1 — x/4)1/k, where k = 3 for noninteracting vacancies
and k > 3 for cases when oxygen vacancies form clusters.” In the
original work, the value of k = 3.6 was used for calculating the
unit cell parameter a.

Ingel and Lewis,” applying the model suggested by Alek-
sandrov et al.”® for calculating the unit cell parameters of
yttrium-stabilized zirconia (YSZ) as a function of Y content,
arrived at the following equation:

(12)

2x(ry — rz:)
100 + x ’

a= % (rZr + 70+
where ry, Iz, r'o and x are the radii of Y**, Zr*", and 0%, and the
molar fraction of Y,0; (in percent), respectively.

The aforementioned models work well for those solid solu-
tions for which they were initially derived, and when applied to
different materials give significant discrepancies between the
calculated and experimental data.”®”” The later efforts were
directed at finding more general models.

According to the empirical Vegard's rule,”® the relationship
between the unit cell parameters and concentrations of the
solid solution components should be linear. We should
mention here that, being simple as well as very general,
Vegard's rule plays an important role in the analysis of chemical
strain in some cases, e.g., in thin films of Li ion conductors.
Therein, terms such as “Vegard strain” or “Vegard coefficient”
are sometimes used to describe chemical strain that linearly
depends on the concentration of ions or the slope of such
dependence.”*® However, chemical expansion as a bulk prop-
erty of highly nonstoichiometric oxides often deviates from

This journal is © The Royal Society of Chemistry 2022
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a simple linear compositional dependence predicted with
Vegard's rule.

Assuming that oxides MO, (M = Hf, Zr, Ce, Th, U) with
a fluorite structure conform to Vegard's rule, Kim’® developed
a model that is also, by its nature, empirical. For example, an
expression for the unit cell parameter a of the substituted ceria
in Kim's model framework is

a=0.5413 + Z(0.0ZZO(ri —rce) +0.00015(z; — zce) )y, (13)

where r; and z; are the radius (in nm) and the valence of the ith
cation, rc. and z¢. are the radius and the valence of Ce ions, and
my is the molar fraction of MO, in the CeO,-MO, solution.

Discussing the fact that the oxygen vacancy located near M**
in MO,_, can effectively lower the coordination number of the
cation, Hong and Virkar” suggested a model for calculating a of
variously substituted ceria and zirconia. In place of variable CN,
they introduced another parameter — oxygen vacancy radius rv,
independent of the concentration and nature of the dopant. As
a result, the value of a can be obtained by replacing r\; and g in
eqn (10) with the weighted mean cation and anion radii,
respectively:

4
a= ﬁ(xrR + (1 — x)rce + (1 — 0.25x)ro + 0.25x1)0.9971,

(14)

where x is the dopant (R) molar fraction, and g, 7ce, 7o, and ry
are the R** (R = Yb, Er, Ho, Dy, Gd, Sm, Nd, La), Ce**, 0*>~ and
V¢ radii, respectively. The 0.9971 multiplier is added to make
the calculated a parameter of undoped CeO, equal to the
experimental one (5.411 A).

The values of ry were found using the experimental da/dx =
flrr) plots. From them, the critical cation radii r; were deter-
mined, which are hypothetical 7y at which substituting R for Ce
in CeO, (or Zr in Zr0O,) does not change a, i.e. da/dx = f(ry) = 0.
Next, substituting ry, into da/dx = 0 with a as per eqn (14) yielded
the following expression:

Fr + Fee — 0.25r0 +0.25ry = 0. (15)

The as-calculated ry was found to be 1.164 A for RO, s—CeO,
and 0.993 A for RO, s-ZrO,, as compared with the ionic radius
of 0>~ (1.38 A).

Thus, as follows from eqn (14) and (15), the total chemical
expansion observed upon changing the composition of fluorite-
type oxides is due to the simultaneous unit cell expansion,
caused by the cation size increase, and contraction, caused by
the formation of oxygen vacancies that are smaller than oxygen
ions. For example, the experimentally determined chemical
expansion of CeO,_s, which can be thought of as a solid solution
of Ce,03 in Ce0,, is Aa/a, = 10% per mole of oxygen vacancies,
which in the framework of the model of Hong and Virkar” is
a result of =15% “cationic” expansion and =5% oxygen-
vacancy-induced contraction.*

Similarly to eqn (14), Marrocchelli et al'* expressed an
equation for the relative elongation of R,M;_,0,_,/», (M = Zr, Ce;
R =Y, Yb, Ho, Er, Dy, Gd, Nd, Sm, Tb, La, Pr, Ce):

This journal is © The Royal Society of Chemistry 2022
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a—a o (Vcalion + ranion) - (VM + Vo)

ay ™ + 70

= (Bym + Bv)x = Bx,

1 rv — 7o
- X
4 ™ + ro

'R — M
}"M+VO

(16)

where x is the molar fraction of the R cation, rg, v, v, and ro
are the radii of R**, M**, 0*7, and V;, and By = (rx — rv)/(rm +
ro) and By = (ry — ro)/4(rm + ro) are the “partial” chemical
expansion coefficients, reflecting the magnitude of expansion
arising from the cation radius change and vacancy formation,
respectively. As By + By = B, the oxygen vacancy radius is equal
to:

ryv = 4(rpm + 10)(B — Bm) + 1o, (17)

where, if Shannon ionic radii** are used to calculate Sy, the only
unknown value in the right-hand side is 8. In the work of
Marrocchelli et al.,** 8 for RyM;_,O,_» was determined by three
different methods: from the (a) experimental data, taken from
the literature, (b) molecular dynamics (MD) simulations and (c)
ab initio density functional theory (DFT) calculations. The as-
obtained ry values, presented in Table 1, are relatively close to
each other. A more detailed discussion of DFT and MD is given
below.

It has to be noted that ry, should not be considered as the real
size of oxygen vacancies. The so-called vacancy radius is rather
a certain effective value reflecting the local crystal lattice size
changes following the V{ formation.”

The aforementioned a(M;_,R,0,_5) = fr;, X,...) model
dependences were derived primarily using the room-
temperature XRD data for different series of solid solutions
where both oxygen nonstoichiometry and cationic composition
varied. However, the chemical expansion occurring at elevated
temperatures for oxides with varying oxygen nonstoichiometry
(upon po, changes) is no less important. This is evidenced by
a number of studies devoted to this phenomenon for doped and
undoped ceria, >89t

As mentioned above, partially reduced CeO,_; can be seen as
a solution of Ce,0; in CeO,,** which allows models such as
Kim's”® or Hong and Virkar's’ to be applied to this oxide
expansion. Being based on Vegard's rule, these models assume
by definition that chemical strain vs. nonstoichiometry depen-
dences are linear. The actual e, = f(0) dependences, however,
are nonlinear for CeO,_; (ref. 82 and 92) and Ce;_,Gd,0,5,%**>**
especially at large deviations from stoichiometry (6 > 0.06 (ref.
94) for Ce( 9Gdy 10,5 and 6§ > 0.1 for CeO,_; (ref. 92)).

Table 1 Oxygen vacancy radii in partially substituted fluorite
oxides'27277

MO, CeO, 710,

Method® EXP”” EXP’> MD'? DFT'? EXP'? EXP? MD'? EXP’?

rv, A 1.123 1.164 1.07 1.07 1.169 0.988 1.02 0.993

¢ EXP - experimental, MD - molecular dynamics simulation, DFT —
density functional theory.
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One likely hypothesis explaining the nonlinearity of echem(6)
considered it to be caused by formation of electrostatic clusters,
such as (Ce'CeVBCe/Ce)X,““'9“’96 and oxygen vacancy ordering at
high 6.*%** This was made use of by Bishop et al.**** who sug-
gested a defect chemistry based approach to discussing the
chemical expansion of doped ceria. Indeed, the defect structure
modeling results showed that one oxygen exchange reaction,

2Cef, + Oy 2 Vy, + 2Cec, + %02, (18)
is not enough to describe the oxygen nonstoichiometry of ceria
oxides, and adding the point defect association reactions such
as

Cee, + Vp2 (Ce;eV;;) ., (19)
2Ce, + Vo2 (Cel(jeV;;Ce’Ce) X7 (20)
2(Cee, Vo Cer,) = (4cec2v) gy (21)

to the model improves the quality of fit. As the model (Ce’CEVB)‘
concentration was found to be low,** it was assumed that oxygen
vacancies form clusters predominantly in accordance with eqn
(20) and eqn (21),****** the latter process describing the exper-
imentally determined V{ ordering along the (111) directions in
the crystal lattice of ceria at high ¢."* Supposing the size of
(Cer ViCel,) ™ or (4Ce,2Vy) ™ to be different from the sum of
the individual point defect sizes, Bishop et al.®*** concluded
that these clusters' contributions to chemical expansion should
also be different, which can be expressed as

Aa 1

w Bo(l — X1 — Xo) + B1Xi1 + P2 X2| AS, (22)
where X, and X, are the fractions of (CeViCey,) and
(4Ce/CeZV'(;)X, and B, B1, and B, are the chemical expansion
coefficients due to V), (Ceg,ViCey.) and (4Ce,2V;,) " forma-
tion, respectively. For calculating X; and X,, defect structure
models based on eqn (18) and (20) for CeO,_; (X, was taken as

1.5 - . . . .
CeO, %
- - - Kim's model 87
-~ Hong and Virkar's model P2
- i . P
o\o 1.04 Bishop's model a i
~
—~~~
o
~J
~
~
Jos- 1
Experiment, 900 °C:
ol o Bishop et al.
> ® Chiangetal.
0.0 . : :

0.00 0.03 0.06 0.09 0.12 0.15
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0)** and eqn (18), (20) and (21) for Cey.oGd 10,5 (ref. 94) were
used. The B, 81, and B, coefficients were determined by
fitting.

Fig. 2 shows the experimental data and model functions for
chemical strain of CeO,_s and Cej oGdg ,0,_5.54%%*

It is seen that Kim's”® and Bishop's®* models (eqn (13) and
(22), respectively) agree much better with experimental data for
CeO,_s, while for Ce,Gdy10,_5 even eqn (22) where oxygen
vacancy ordering is taken into account does not describe the
experimental &.pem, Within the whole nonstoichiometry range.

In this respect it should be noted that the real microscopic
picture of ceria solid solutions on the local scale may be much
more complex than that assumed by Bishop et al® in his
analysis as shown recently in the excellent studies of Artini
et al.””'** They found that the clusterization of a rare-earth
dopant with oxygen vacancies leads to the formation of micro-
heterogeneity which at some point results in crystallization of
the Ia3 cubic C-phase, typical of sesquioxides of the rare earths
from Gd to Lu, where the latter are six-coordinated by oxygen.
For larger rare-earth dopant-cations formation of a hybrid H-
phase intermediate between the fluorite (F) and C phases was
observed, where the F-based solid solution mainly hosts
randomly dispersed C clusters. These C-type microdomains are
so intimately mixed with the matrix F-phase that diffraction
peaks common to the F and C phases are perfectly super-
imposed, and the C cell size is exactly doubled with respect to
that of the F-phase. Importantly, local probes such as Raman
spectroscopy, selected area electron diffraction (SAED), trans-
mission electron microscopy (TEM), extended X-ray absorption
fine structure (EXAFS) and some others unambiguously show
that a certain number of C-based nano- or microdomains
remain stable within the F-matrix even within the fluorite
stability region irrespective of the nature of rare-earth dopant
cations. What is more, the real distribution of dopant between F
and C phases remains unknown. All these circumstances cast
doubt on the results of geometrical interpretations of chemical
lattice strain described above, and the problem should be

1'5 T T T T .°
Ce,,Gd,,0,; “ g
Bishop et al. (experiment): "
129 o 700°c o 1
o v 750°C ”
i 09/ & 800°C * 1
- e 3850°C
:l o 900°C
~J 0.6 4
2
0.3 Bishop's model: 4
900 °C
------- 700 °C

Fig. 2 Chemical expansion of CeO,_; (ref. 84 and 92) (left) and Cep.9Gdp 10,5 (ref. 94) (right): points — experiment, lines — calculations

according to Kim's,”® Bishop's®* or Hong and Virkar's’> model.
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reexamined taking into account the new data on the local
structure of ceria solid solutions.?”***

3.2. Perovskites

3.2.1. Reduction-induced lattice expansion. In contrast to
ceria and zirconia based oxides, for perovskite-like ones
chemical expansion phenomena were investigated predomi-
nantly depending on the oxygen nonstoichiometry and not the
cationic composition.

The unit cell parameter a of an ideal cubic perovskite, ABO3,
may be expressed as

ferom = = Ba(x = x0) + Baly ) + By
_ 1 A rv —Tro
By = 3 (%+ B) do
a=2(ra +ro)
{ a=2(rg+ro) (23)

where r,, rg, and ro are the radii of the corresponding ions.
Strictly speaking, eqn (23) is applicable to a very small fraction
of the vast family of perovskite oxides due to the geometric
distortions of their crystal lattice, caused by variations of r, and
rs, deviations from stoichiometry or Jahn-Teller effects.'*>'%¢
However, the pseudocubic unit cell parameter a is often used
for comparison between different perovskites possessing cubic
symmetry and rhombohedral or even orthorhombic distortions.
In fact, very few articles deal with anisotropic chemical expan-
sion of perovskites,'*** most of the studies being focused on
the isotropic chemical strain
echem = (AL/Lo)p—const = E(AV/ Vo)r—eonse Of the pseudocubic
lattice.

A number of chemical expansion models for fluorites are
based on eqn (10). Likewise, one of the geometric models
relating the ionic radii with chemical expansion®"'*> was
inspired by the empirical approach to perovskite unit cell
parameter calculations'® based on eqn (23). In this model, first
applied to substituted lanthanum gallates,*>*** parameters A, B
and C are introduced,

a= %(VA—Q—rO)—Q—B(rB—i—rO)—',—C, (24)
to account for the fact that for real, distorted perovskites the
values of a calculated directly with the first and second
expressions in eqn (23) would differ from each other. By fitting
eqn (24) to experimentally determined a data for 77 stoichio-
metric ABO; oxides, the following values were obtained: A =
0.816, B = 1.437 and C = —0.609.%> The fact that B > A indicates
that rg influences a (hence, chemical expansion) to a greater
degree than r,, which was also observed in experiments.**'**

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

Change of the oxygen nonstoichiometry of a perovskite that
occurs simultaneously with cation reduction/oxidation can be
written as a transition from some initial state A°B°03_; to the
final one, AY ,A;B} ,BjO; ;. For example, for lanthanum
gallate La; ,SryGa; ,Ni,O;_, the final state is written in the
A} A;B] B,O; , form as

La;_*Sr2* (Ga,,z”Niz”)H_(Ga,,z”Ni:z*) O, ruz. (25

y - =
The indices x, y, and z from eqn (25) are used for deriving the

expression for chemical deformation of oxides:

(x —xo +2(y — »0))
2

where (,, 0, and Gy are the coefficients of chemical expansion
due to the A-cation, B-cation, and oxygen vacancy formation,
respectively, a, is the unit cell parameter in the reference state,
and ry and r are the oxygen vacancy and oxygen ion radii. If the
chemical expansion upon A-site substitution is considered, A°
# A' and B® = B', and the experimentally determined chemical
expansion coefficient 8 is calculated as

A Fal — Fp0

Ba =

V2
B =0 (27)
B =By + 204

In case of B-sublattice cation change (as a result of substi-
tution or redox processes), A’ = A" and B® # B', and

Ba=0
_ rgi rgo
Bs = a . (28)
2
B =0y +=Ls

The detailed derivation of eqn (27) and (28) from eqn (26) is
given in ref. 32. Among the several parameters in this model, A,
B and C coefficients are pre-determined, 8, and g are calcu-
lated using Shannon ionic radii,** and 8 can be found experi-
mentally, so the only unknown parameter left is the oxygen
vacancy radius ry. Interestingly, for a number of different oxides
(La;_Sr,Ga; ,Mg,O3 5, La;_,Sr,AlO;,, SrTi;_,Ga,0;5 Lago-
Sro1Ga; ,Ni O35, and SrTipesFeo3505-5) the ry parameter
calculated using both experimental and computational expan-
sion data and eqn (26)-(28) was in the range of 1.24-1.57 A,?>'*
which is much closer to r than ry in fluorites computed using
similar geometric models."””> However, no apparent relation-
ship was found between ry and the perovskite-like complex
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oxide composition,** which severely limits the predictive power
of such a model. This is, in principle, a common drawback of all
the models based solely on the geometrical considerations and
containing a number of variable coefficients to be determined
by fitting and at the same time lacking the connection to the
defect chemistry of oxides.

A similar approach, based on eqn (23), was developed for
describing the chemical expansion of La;_,Sr,Ga;,Mg,0;_s by
Chatzichristodoulou et al.” Its major differences from the one
described above are two, instead of three in eqn (24), empirical
fitting parameters, p; and p,:

a= % (A +F Tanion) + P2(rs + Fanion), (29)
where for A} _,AB}_,B;O3_¢ sy_o.5y With the valence difference
between A° and A" or between B® and B' equal to 1, Fanion = 7o(3
— 0.5x — 0.5)) + ry(0.5x + 0.5y)/3. Regarding the oxygen vacancy
size ry, the conclusions of Marrocchelli et al** and Chatzi-
christodoulou et al.”* concur: the latter found that the difference
between ry, and rg is much less noticeable in perovskites such as
doped lanthanum gallates than in fluorite oxides (=6% and
=~13-37%, respectively™).

Another geometry-based approach to chemical expansion
modeling is also built upon the concept of ionic radii. However,
in this case an attempt is made to account for the defect
chemistry of an oxide. Therein, no intermediate calculations of
unit cell parameters are attempted, and the radii are used in
a more straightforward way. For instance, Miyoshi et al''®
suggested that, as chemical expansion of LaMnO;_; should be
due to Mn ions changing their size with their oxidation state,
a following equation could be used for calculating the chemical
strain:
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where a, and Aryy, are the unit cell parameter of stoichiometric
LaMnO; and the difference between the mean weighted radius
of Mn" and Mn*', respectively. The point defect concentra-
tions, [Mn,,,|, [Mn},,] and [Mn},, ], were found using the cor-
responding defect structure model.""” Similar to the expression
in eqn (30), an equation

287, 2(rge [By] —rpe [By])

4(VB3+ — VB4+)
Echem =

[} [0} ap

8, (31)

where B is the Cr or Co ion, was used for estimating the
chemical expansion of A-site-substituted lanthanum chro-
mites'*® and cobaltites.'”® While for LaMnO;_; at some
temperatures (600-700 °C) the calculated and experimental
echem(0) dependences agreed with each other, for La; M, CrO;_
s (M = Sr, Ca) and La, gSr, ,C00;_s as well as at higher 7 (900-
1000 °C) for LaMnO;_s the calculated éechem values were over-
estimated. The authors"'*"*® attributed this discrepancy to the
crystal lattice distortions causing contraction of the pseudo-
cubic unit cell upon oxygen vacancy formation.

Zuev et al™® and Hilpert et al.**® pointed out a similar
behavior of ecem = AL/L, and Arg/rs, which is the relative
change of the mean weighted radius of the B cation in ABO;,
with both po and ¢ for a number of promising SOFC inter-
connect materials - lanthanum chromite perovskites: La;_,-
Ca CrO;_; (x = 0.1, 0.2), Lag §S1(.,CrO;_s, Lag.gSTo.2Cro.67V0.0303-
& Lago5Cag,05Cro.84Al0.1605-5, LaCrg.79C00,05Alp.1605-5, and
LaCry 70Mgo.05Alp.1603-5. Examples of such dependences are
shown in Fig. 3 and 4. The appropriate defect structure
models™**** were used to calculate the B-site point defect
concentrations under the different conditions needed to eval-
uate Arg.

In principle, Co** ions can exist in low- (LS) and high-spin
(HS) states. Among two possible Arg/ry(log po)) dependences
for LaCrg 76C00.05Alg.1603-5, the one calculated assuming Co>*
(LS) resembles AL/Ly(log po,) better to the point that even the
intersection of Arg/ri(log Po,) and AL/Ly(log po,) for Lages-
Cag.05Cro.84Alp.1603-5 and LaCry 59C0q ¢5Aly.1605-5 is at the same
log po, (see Fig. 3). Thus, it was assumed that the low-spin state
is the most likely one for Co** in LaCr, 76C00.05Alg.1603-5.">°

10 T T T T T
R 2
e .~ Lacro.ncoo.osAlo.leOz—é (Co™ Hs)
8. N, LAl 000, Al 0, 5 (Co™ Ls) |
A .
o % LaCr, ;5C0445Aly 16055
X
~
o
<
o
2
T T T

2AFym
Echem = —
Ao
2<7Mn2+ |:Mn’1v[nj| + Pvind+ [Mn;\(/[n] + Fvip4+ [Mn;vm} — rMn3+>
do ’
(30)
LaCry ;5C0y05Al0,1605 5
0.6 La5,05C3005CT08:A 016035
o
X
~ 0.4 ]
-
~J
S~
~
<
~ 0.2 R
5}
0.0+ :
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Flg 3 AL/LO = f(lOg poz) and AI’B/I’g = f(log ,Ooz) dependences for Lao_gscao_oscr0_84AIO.1503,5 and LaCr0_7QCOO_05A10_1503,5.120
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Fig. 4 AL/Ly = f(6) and Arg/rd = f(6) dependences for Lag 95Cag 05Cro.84Alo 1603-5 and LaCrqg 79C0g 05Alg 1603-5.12°

Later on, these promising, though only qualitative, obser-
vations''*'** were developed into a quantitative chemical
expansion model.***** In its framework, the isotropic chemical
strain of an oxide is approximated by that of a hypothetical
crystal lattice formed by close-packed rigid spherical ions. It can
be shown (see, for example, Tsvetkov et al.*®) that the relative
linear expansion of either the unit cell or the bulk of such
a lattice is equal to the relative change in weighted mean ionic
radius:

Aa AL z’.:(cf’"f = Cioli) @)
2} B Lo B '

Fehem = Zcior i

i

where ¢; and r; are the concentration and the crystal ionic
radius® of an ith ion in an oxide, and the subscript 0 denotes
the reference state where a = qy and L = L.

Among the initial explicitly made assumptions, or simplifi-
cations, in this model (eqn (32)) were the equality of oxygen ion
and vacancy radii, vy = 7o, and nonstoichiometry-independent
coordination numbers of ions. One tricky implicit assumption
which, however, is characteristic of all the models employing
the ionic radii concept, deserves to be mentioned as well. It is
a supposition that the values, or at least the ratios, of ionic radii
derived from the room-temperature structural studies®' are
more or less valid at higher temperatures where in situ chemical
expansion is usually observed and measured.

In contrast to the models of Miyoshi et al.*** and Chen
et al."*® (see eqn (30) and (31)), all ions are taken into account in
eqn (32) and not only those that are actually changing their
oxidation state. In addition, both the numerator and denomi-
nator in eqn (32) are calculated in a similar fashion - via the
ionic radii and not the experimentally determined values such
as unit cell parameters. As a result, the model based on eqn (32)
was first shown to describe well the chemical strain depen-
dences for LaCoO;_s,"** La; M, CrO;_; (M = Ca, Sr) and oxygen-
deficient LaMnOj_ 5 (ref. 122) (échem Of which the DFT calcula-
tions'** severely overestimated).

As different spin states — high-spin (HS), low-spin (LS) or
intermediate-spin (IS) - are characteristic of both Co”" and Co*"

This journal is © The Royal Society of Chemistry 2022

ions, and the ion size depends on the spin state,* it becomes an
important factor influencing unit cell volume of Co-containing
oxides. For example, Shafeie et al.*** correlated the TEC change
in a series of LayCo;.,(Ti;-yMgy);-,0¢ perovskites with the
change in the LS/HS Co®*" content. Gradual transition of Co>*
from LS through IS to HS with temperature is also known to
occur in LaCoO;_s (ref. 126-128) and La,_,Sr,Co0;_s (ref. 129)
oxides; such transition impacts TEC***** and is one of the
reasons for the larger, as compared with LaFeO;_s and LaNiO;_,
TEC of LaCo0O;_s.***

In most cases, especially at high temperatures, spin states
are unknown, so to define r; in eqn (32) the spin states of Co
ions should be somehow assumed. While for LaCoO;_; it was
enough to suppose Co** (LS) and Co®*" (HS)™* for the model to
coincide with the experimental data, such an approach did not
work for some other cobaltites. Thus, presuming some IS state,
where Co™" in different spin states coexisted within one oxide,
Tcow in eqn (32) was replaced by

Feor = reg(HS)X + rep(LS)(1 — ), (33)

where x is the fraction of high-spin Co™". The values of x can be
found by fitting the modified eqn (32), echem(d,X), to the exper-
imental e.hem(6) dependences. This was performed for La; ,-
Sr,Co0;_4 (x = 0.2, 0.4, 0.7),"* (La;_ xSTy)0.96C00.0Nip 103_5 (x =
0.3, 0.4),"* Lay 7Sro 3C00.0Fe0.10;_5," Lag.gSro 2C0g.0Nig 1055,
and Lag 1Sr0.9C0g gFey 203 _5,"** in all cases showing good coin-
cidence between the fit results and the data, with an expected
growth in the fitted values of x (i.e. the transition of Co™" from
LS to HS) with temperature. Similarly, to explain the tempera-
ture dependence of ¢.perm, Of LaNig gFe, 4035 the spin state of
Fe*" was introduced as a variable into eqn (32) by analogy with
eqn (33). In this oxide, only at high temperatures (900-1000 °C)
were all Fe** ions found to be in the HS state.’®

All Fe™" ions were assumed to be in the HS state in the
chemical expansion model of Sr;_La,FeOz_; (x = 0, 0.6).”* The
model yielded similar chemical expansion coefficients for
La, ¢Sry.4FeO;_s and SrFeO;_5 8 = 0.0197, and the calculated

&chem(0) dependences coincided with the experimental
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data**** for both oxides up to § = 0.2." At the same time, Bae
et al.***° demonstrated recently that chemical expansion of Sr;_
<La,FeO;_; (x = 0.2, 0.5) is less than that predicted by the model
based on eqn (32) assuming high-spin-only Fe"" ions, and can
be described with this model only if some Fe"" ions are in the LS
state.

Among Sr;_La,FeO; 5 only for SrFeO;_; at ¢ > 0.3 did the in situ
high-temperature XRD and dilatometric data show much higher
chemical strain, with 8 = 0.0574." Such disagreement between
the model and the measurement results was explained by oxygen
vacancy ordering, typical of highly nonstoichiometric SrFeO;_;
(ref. 13) as well as similar oxides such as SrFe; ,Ti,O; ;'"**
impacting é.hem values. This conclusion is qualitatively sup-
ported by the DFT simulation results, showing increasing
oxygen vacancy polaron size with increasing 6 in Sr;_,La,FeO;_s due to
the vacancy ordering.'*

Some tetragonal double perovskite oxides - both A-site-
ordered such as RBaCo0,0¢_; (R = rare-earth metal, sp. gr. P4/
mmm) and B-site-ordered such as Sr,FeMoOg_; (sp. gr. I4/m) -
are known to exhibit anisotropic chemical strain with expan-
sion and contraction along the a and ¢ axes, respectively,
resulting in very small volumetric expansion.'®'*'> The
chemical strain of these oxides, calculated with eqn (32), was
shown to agree well with experimentally determined expan-
sion along the a axis, &chem(a)."*******” Moreover, for Sr,-
FeMo0Og 5, &chem Of the cubic (Fm3m) polymorph is almost
equal to that calculated with the model (eqn (32)) as well as to
echem(@) of its tetragonal polymorph.>*'*¢ This indicates
a similar nature of expansion of tetragonal ordered and cubic
disordered perovskites along the a axis."*® Indeed, Cox-Galhotra
et al'*®* based on the neutron diffraction results supposed
that the primary reason for expansion of RBaCo,0¢; (R = Nd,
Pr) within the ab plane is the same as in the simple
perovskite cobaltites, ie. the increase of cobalt ion radii upon
reduction.

In order to calculate the contraction of materials exhibiting
anisotropic chemical strain, Tsvetkov et al.***'*® introduced the
so-called anisotropic ratio of chemical expansion, (ar =
€chem(€)/€chem (@), Where echem(c) = Ac/co and ecnem(a) = Aa/a, are
the normalized changes of the corresponding unit cell param-
eters. This coefficient §,r is similar to Poisson's ratio, which
characterizes the anisotropy of elastic properties of materials.
The value of §,r should depend largely on the crystal structure
and also to some extent may vary with the oxide composition.***
It was demonstrated that for tetragonal Sr,FeMoOs_; and
GdBaCo,04_s an assumption that 8,r = —1 allowed estimating
echem(c) values in close agreement with the experimental
0nes'123,145,146

3.2.2. Hydration-induced lattice expansion. The next
modification of the model based on eqn (32) was introduced so
as to describe the hydration-induced expansion.® For the typical
proton-conducting oxide hydration process, expressed as

o + V5 + HO=220H,, (34)

if Shannon radii®** are used and ry: = roy hypothesized, direct
application of eqn (32) yields negative chemical expansion,
contradicting the experimental data.*®>¢7-¢15%161 Instead of
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making ry: within the model smaller than rox, the authors®
adopted another approach - it was assumed that the formation
of oxygen vacancy decreases the coordination numbers of
neighboring cations. Basically, taking ry; <ro; and assuming
the CN of cations to be nonstoichiometry-dependent are two
somewhat equivalent” ways of describing the same phenom-
enon - the crystal lattice relaxation around the oxygen vacancy.
However, the latter way was regarded as beneficial because it
contains no arbitrary parameters such as ry;.

Within the framework of the modified model,® the cation
coordination numbers in ABO;_s perovskites depend on oxygen
nonstoichiometry as

(35)

CN(A)=12—46
{ CN(B) =6—26

If, as a first approximation, the cation radii decrease linearly
with CN, then

ro = b+n-CN = b+n(6—28) (36)

{rA—a+m~CN—a+m(12—46)
where the coefficients a, m, b and n are obtained by fitting
straight lines to the Shannon radii data.*®' Sereda et al®
demonstrated that the model based on eqn (32) and (36)
describes satisfactorily the experimental data on chemical
expansion caused by hydration for a number of proton-
conducting perovskites, such as BaCay)3Nb(s_y)303_5 xH,0
with y = 0-0.5 (BCN),"*"** BaZr;_,Y;0;_; (BZY),%>7>153:154
BaZr;_,Sc,0;; (BZS),"**** BaCe;,Y,0;_5 (BCY)*"**'® and
Lag ¢Srp.1ScO5_s."*

4. Atomistic insights

Modern computational methods such as molecular dynamics
(MD) or density functional theory approach (DFT) allow the unit
cell parameters that are more or less close to the experimental
ones to be calculated, at least for CeO,.**'®> However, the
magnitude of chemical strain has proven to be trickier to
calculate accurately. But, most importantly, these methods
allow semiquantitative insights into the mechanisms of this
phenomenon, which is usually hard to acquire from the
empirical knowledge only.

To simulate the chemical expansion with MD, some oxygen
ions should be removed and the required number of cations
(e.g., Ce*") replaced by those with a lower oxidation state (e.g.,
Ce*"). While in real experiments these events, accompanied by
the cation radius change, occur simultaneously and cannot be
decoupled, it is possible to do so in MD simulations. By varying
the short range repulsion terms of interatomic potential so as to
make the Ce®" size equal to that of Ce*", Marrocchelli et al.*?
calculated the effects of creating oxygen vacancies in such
“equal-radii” supercells. The removal of the oxygen ion elimi-
nates the electrostatic screening, causing the relaxation of
cations away from the vacancy and more prominent shifting of
anions towards it, resulting in net crystal lattice contraction. In
other words, an effective oxygen vacancy size in ceria is less than
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that of an oxygen ion. Similar results were obtained for
substituted ceria and zirconia** as well as for some other fluorite
oxides,* for which, in addition, a nonmonotonic dependence of
ry on the host cation radius, 05, With a maximum at o5 =
rcer was found.?* Thus, MD results confirmed the chemical
expansion mechanism that follows from the purely empirical
Hong and Virkar's model.”

Ab initio DFT and equal-radii MD computations of Marroc-
chelli et al.** as well as DFT results of Jedvik et al.” paint the
same picture of lattice relaxation around the oxygen vacancy as
described above for another structural type of oxide - perov-
skites. Aidhy et al.*® using the DFT approach demonstrated that
charged oxygen vacancies cause lattice expansion for oxides
with pyrochlore and rock-salt structures as well. However, in
case of different structures even the qualitative results seem to
be less unanimous than for the fluorites: for some perovskites
(SrTi;_,Ga, 03 and La,_,Sr,Gay sMgy ,03_5) DFT predicted ry = ro
- expansion upon anion vacancy formation.** In addition, by
computing the defect-induced strain tensors, several studies
found the oxygen vacancy in perovskites to be anisotropic, its
shape being more correctly described by an ellipsoid.”®'*
Nonetheless, while the DFT method showed lattice contraction
when Vg in BaZrO; is created,**” atomistic simulations of
BaZrO; and SrTiO; using shell-potential models revealed that,
when averaged over all possible orientations of the defect within
the crystal, the total volumetric effect from the V{; creation is
negligible, i.e. By = 0.7%10316¢

As for the quantitative results, different models and sets of
interatomic potentials used in MD calculate different total
chemical expansion coefficients. For example, for undoped
ceria, the dipole polarizable ion model (DIPPIM)**** yielded
B = 0.061 at 1000 °C, very close to the 8 = 0.061 experimentally
determined by Hull et al.** However, larger § values can be ob-
tained from the experimental data of others: from 0.073 (6 =
0.12-0.18 in CeO,_;)* to 0.092 (6 = 0.02-0.20)** and 0.101 (6 =
0.12-0.18),°* depending on the nonstoichiometry range. These
@ values are much closer to those computed with the shell
model: 0.075, 0.081 or 0.091 for different potential sets.'*>
Different methods are also known to yield different results: for
A- and B-site substituted LaGaO;, MD visibly underestimates
and DFT overestimates the experimentally measured relative
expansion.** Marrocchelli et al.** believe it to be due to the small
magnitude of the chemical strain value, calculated from the
difference between the computed unit cell parameters, as the
absolute crystal lattice parameters themselves exhibited much
better agreement with the measurement results.** In this
respect, an ab initio approach to calculating the chemical
expansion coefficient via elastic dipole tensors, omitting the
need for optimizing the lattice constants at each defect
concentration, may be beneficial.****

Empirical models indicate that in order for chemical
expansion to take place due to cation radius change, the charge
carriers should be localized. The same conclusion can be
reached using ab initio methods. As standard DFT functionals
do not describe adequately the localized nature of f-electrons for
Ce cations, the DFT + U approach is used to overcome this
deficiency.'>**'* By varying the Hubbard term U, Marrocchelli
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et al.**® demonstrated the strong dependence of § on the Uvalue
(or the degree of localization), while for the computed 8 to
approach the experimental values, a very high degree of electron
localization was required for both fluorites and perovskites
(Ce0O,-; and BaCeO;_, respectively). Based on such conclusions,
Perry et al'™ explained the lower-than-expected chemical
expansion of Lag oSry1Ga;,Ni, O35 by increased charge delo-
calization. In a similar way, the magnitude of chemical expan-
sion of barium oxyhydride, BaTiO;_,H,, was found to be more
consistent with the delocalized electron model, which was also
supported by the electrical conductivity and inelastic neutron
scattering results.®”

However, the influence of charge localization on chemical
expansion of perovskites seems to be rather more complex. As
was demonstrated recently by Marthinsen et al.,'*® depending
on the electrostatic screening of oxygen vacancies, determined
by the nature of B-site cations, chemical expansion in some
perovskites may even be reduced by an increase in the Hubbard
U term.

The importance of the defect charge was also highlighted by
Aschauer and Spaldin,'*® whose DFT calculations allowed them
to conclude that altering the defect charge state could be used
purposefully to control the thin film geometry via chemical
expansion by using the field effect, selectively adding or
removing the charge carriers. This is an alternative to the more
“obvious” chemo-mechanical actuation through defect
concentration control by, for example, direct electrochemical
oxygen pumping.'”®

Computational methods have been actively employed to
elucidate the possible magnitude and nature of defect-induced
stresses in thin films and at surfaces.””® For example, the
recent ab initio calculations showed that tensile or compressive
strain stabilizes oxygen vacancies at complex oxide interfaces.'”*
This was explained by the chemical expansion due to the defect
formation relieving the stress,'”” and is closely related to the
anisotropic - in directions parallel and normal to the interface -
chemical strain observed with in situ TEM, scanning trans-
mission electron microscopy (STEM), electron energy loss
spectroscopy (EELS) and optical strain measurements in Ce;_
xPry0, s thin films on a YSZ substrate.””>'”* The anisotropic
character of chemical expansion was also found in perovskite-
based epitaxial thin films using XRD.'* Both experimental
and computational studies'”>'”® showed that the nature of the
substrate determines the presence of compressive or tensile in-
plane strain in perovskite La;_,Sr,CoO;_; films, which impacts
the oxygen vacancy concentration therein, influencing such
properties as the oxygen evolution reaction (OER) activity,'”
oxygen surface exchange and diffusion.'”®

Due to the promise of higher efficiency of proton-conducting
SOFCs, hydration-induced expansion became the focus of
multiple studies, including the computational ones.’*¢*%%7°
Similar to the oxide expansion upon oxygen loss that resulted
from the crystal lattice shrinkage due to Vg creation and
expansion due to the cation reduction, two factors cause the
chemical strain upon hydration. In the water sorption process,
eqn (34), the decrease in size eoy; occurs when OH,, defects
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replace Oj, and the more pronounced increase, v follows
from OHE) in place of V'c'):34,64,70

em,0 = 280w, — v (37)

As was pointed out in our previous work,* DFT-evaluated
chemical expansion coefficient values for cerates and zirco-
nates (Ba,Sr)(Zr,Ce),(Y,In,Sc,Ga),0;_; tend to vary significantly
even within one study depending on calculation conditions —
the size of the supercell,” proton defect trapping,” relative
positions of dopant ions and defects inside the supercell®®*”” or
temperature.** Note that the importance of the point defect
placement for correct DFT + U simulation of mixed-valence
materials had been pointed out earlier using reduced ceria as
an example.* The temperature factor was investigated in detail
by Loken et al.,** who found that not only do both individual
contributions from Vg or OHg, to the chemical expansion and
the total chemical strain depend on temperature, but also that
the thermal expansion coefficient depends on the presence of
defects. This computational evidence** in favor of cross-
influences of thermal and chemical expansion is in line with
the results of modulated temperature dilatometric measure-
ments,"”® showing that a lower TEC is characteristic of a more
defect-rich crystal lattice of SrTiO; or SrZrO;. However, in
another dilatometric study an opposite trend was found for the
TEC of SrFe, 355n.6505-5,""° which indicates the strong depen-
dence of TEC vs. defect concentration behavior on the oxide
composition or crystal structure, or possibly both.

5. Some peculiarities and trends in
the chemical expansion of oxides
5.1. Fluorites

Unfortunately, while the experimental echem(6) data are avail-
able in the literature for a number of (Pr, Tb, Y, Sm, Zr)-
substituted ceria, their description and analysis are often
much less thorough than those performed for Ce,Gd;_,O,_s as
described above. However, let us briefly summarize the main
observations available in the current literature. The values of
chemical expansion coefficients for some undoped and doped
ceria are presented in the ESI (Table S11).

Due to the higher reducibility of Pr*" ions as compared with
Ce*", chemical expansion of Pr-substituted CeO,, Ce;_ ,Pr,O,_
s and Ceq gPr,Tby, 0,5 can be observed at high T even at
ambient oxygen partial pressure (0.21 atm)*>*>** in contrast to
pure ceria which requires a strongly reducing atmosphere.®>**
Similar behavior is also typical of fluorite oxides substituted
with redox active 3d-metal cations, e.g., Mn-substituted YSZ."**
For Ce;_,Pr,0,_s no vacancy clustering was detected, and their
defect structure can be adequately described by an oxygen
exchange reaction

. ) 1
2Prg, + 052 Vg + 2Pr, + §O2 (38)

at 6 < x/2,% and eqn (18) at 6 > x/2 when all Pr*" ions are already
reduced to Pr**. Here, the ecnem = f{0) dependence is linear in
both nonstoichiometry ranges, but has different slopes (8¢c. >
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Bp:), which was qualitatively explained to be caused by the
higher difference between the sizes of Ce ions than between Pr
ones: r{Ce*") — r(Ce*") = 0.173; r(Pr’") — r(Pr*") = 0.166.%!

Chemical expansion of Ce; ,R,0,_s (R =Y, Sm; x = 0.1-0.2)
is almost temperature-independent at 700-1000 °C,*** and, in
addition, is nearly linear within the wide 6 ranges. The chemical
expansion coefficient, 8, is almost independent of the concen-
tration of Sm in Ce;_,Sm,0, s and decreases with x for Ce,_
Y0, 5 while the 8 values of Cey Y1055 and CeyoSmg 10,
5 are almost equal.'®>'%3

Substitution of Zr for Ce decreases the reduction enthalpy of
Ce;_,Zr,0,_; leading to more facile oxygen exchange at higher
Po,.'** Because Zr'" ions are smaller than Ce"’, it is believed that
they distort the crystal lattice so as to make the formation of
smaller oxygen vacancies near Zr sites, which lowers the effec-
tive CN of Zr', energetically favorable.** Unlike most
substituted ceria, Ceq gZr, 0,5 possesses ( that increases with
0 and exhibits nonlinear temperature dependence.’” The
chemical expansion coefficient of ceria with high Zr concen-
trations (Ceg 5Zr 50,-5 and Ceg 521, 4Pry 10, 5) is almost twice as
low as that of Ce,¢Gdy10,_5 and Ce, oPry,0,_s and does not
depend on T or 6.

5.2. Cubic or ‘quasicubic’ (distorted) perovskites

The usage of substituted lanthanum chromites as SOFC
interconnect materials led to their chemical expansion being
investigated.'**'** Armstrong et al.''* suggested that both
Coulomb repulsion between Cr cations and =13% growth in
Cr ion size contributed to the chemical expansion upon
reduction, the latter having a major effect. The average chro-
mium oxidation state strongly influences the unit cell
parameters of the chromites, which is why introducing an
acceptor dopant (Sr or Ca) into La; ,(Sr,Ca),CrO;_; leads to
a linear unit cell volume decrease.”™*'* The increase in x in
La;_,M,CrO;_s (M = Sr, Ca) increases the chemical expansion
of these oxides because of the growth in the fraction of
“reducible” Cr** ions (see ESI Table S2+).114115:185186 [ jkewise,
some B-site dopants affect the chemical strain of La; ,M,CrO;_;
(M = Sr, Ca) in accordance with their oxidation numbers:
isovalent dopants (eg. AI’") hardly change it while those
with higher valences (e.g. Ti*") tend to decrease it."****> Cerium
ions, being substituted for La in La; ,Ca,CrO;_s cause &chem
to be temperature-dependent because of the shifting Ce*" + Cr**
2 Ce" + Cr’" equilibrium.”® Somehow counterintuitively,
despite having to increase the Cr*" fraction, introducing Mg into
LaCr;_,Mg,0; s decreases enemn = Aala,, which is thought to be
due to the large size of Mg”* expanding the unit cell, ie. increasing
the value of aq,."**

Substituted lanthanum chromites exhibit oxygen exchange
only at sufficiently low po, (po, < 10”° atm at 1000 °C)."*#*>12° In
contrast, La;_,Sr,MnOs;, s where oxygen excess (3 £+ 6 > 3) in the
crystal lattice can be realized tend to release or take up O, at higher
Do, as well, having plateaus on d(log(po,)) dependences between
oxygen-excess and oxygen-deficient regions.*”**>'¥7-'%% These two
regions differ significantly in the defect chemistry: the oxygen
adsorbed by the oxide fills the oxygen vacancies at 3 + 6 < 3,
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Fig. 5 Chemical expansion of LaMnOs_; with 3 + ¢ < 3 (ref. 122) and 3

. 1 .
Vi +2Mny,, + 502 22Mn,,, + O, (39)
and leads to the Schottky-type disordering with cation vacancy
formation at 3 + 6 > 3,'**

6Mny, + 502 2V, +Vy, +305 + 6Mny,,, (40)

which was confirmed by neutron diffraction, SEM and
TEM.'®° As a consequence, chemical expansion of oxygen-
deficient LaMnO;,s, which is mostly due to reduction of
manganese ions (eqn (39)), was more or less successfully
described in the frameworks of the appropriate models based
on the cation radius change (eqn (30) or (32))."*22

For LaMnO;_; with 3 + § > 3, despite prolonged relaxation
times and noticeable creep, dilatometric experiments showed
visible sample expansion,**® but XRD showed unit cell volume
contraction'® with increasing po,. As shown in Fig. 5, the value
of @ for the oxygen-excess LaMnOs_.; (0.0476-0.056 (ref. 189)) is
almost twice as high as that for the oxygen-deficient one (0.024
(ref. 116)). Similar observations were made for strontium-
substituted manganites La;_,Sr,MnO;,,'” The seeming
contradiction between dilatometric and XRD results**'*® could
be explained by the expansion of the crystal lattice due to the
Schottky reaction (eqn (40)) being stronger than its contraction
due to the Mn®" oxidation. In other words, the expansion of the
oxide bulk due to eqn (40) as measured by dilatometry should
be greater than the average unit cell parameter increase detec-
ted by XRD.

The discrepancies between the defect structure models used
for La,_,Sr,M; yB,0;_; (M = Co, Ni, Fe; B = Co, Ni, Fe; M # B)
are primarily related to the issue of charge localization. In some
models, such as the “itinerant electron” or Lankhorst
model,”*** it is supposed that most electrons are located
within the conduction band. While these models typically
describe experimental 6 = flpo,) dependences as well as those
with localized charge carriers,*>**” for chemical expansion to
occur, cation reduction ought to take place,'**>'*® so most, if not
all, electrons and holes should be localized. Thus, the models
where the oxygen release from the crystal lattice of La;_,Sr,M;_
yB,03_ is represented by the following process

This journal is © The Royal Society of Chemistry 2022
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. . 1
2My + O5=2 Vg +2My; + 502’ (41)

and charge disproportionation or exchange can be written as

M2 My + My, (42)

M + B 2M;, + By, (43)

where M;, and M, are localized holes and electrons, respec-
tively, received more attention in papers dealing with chemical
expansion.®»108121195201 If two different cations that are able to
change their oxidation state, e.g. Cr, Mn, Fe, Co, or Ni, occupy
the B-sublattice of La;_,Sr,M;_,B,0;_5, and the fraction of one of
them is significantly greater, eqn (42) can be used in the defect
structure model along with either fixing the oxidation state of
the other one**” or assuming M and B ions to be indistin-
guishable within the model's framework.**** In case the M and
B concentrations are close, the model usually incorporates eqn
(43) taking into account the respective electronegativities of B
and M, e.g. M = Co if B = Ni or M = Fe if B = Co, because xg. =
1.64, Xco = 1.70 and yy; = 1.75.19%202

Many of La;_,Sr,M;_,B,0;_; and Ba;_,Sr,Co;_,Fe,0;_; oxides
release oxygen upon heating even at high oxygen partial pres-
sures, e.g. in air. Therefore, characteristic chemical-expansion-
related deviations from near linear trends are observed in
high-temperature regions of dilatometric curves ¢ = f{T) of these
oxides."'#2%-2% An assumption that both thermal and chemical
expansion coefficients are temperature-independent, &(7,0) =
Echem(0) T €therm(T) = @AT + BAJ, allows § to be estimated from
total expansion, ie. the dilatometric ¢(7,6) curves. The value of
o can be determined from the low-temperature ¢(T,0) region
where no oxygen exchange occurs, and 6(7) can be measured
with thermogravimetric analysis (TGA).>*18:20%,209

The nonlinearity of ecpem(d) for (La;_Sry)o.09C015Ni,05_; and
La;_,S1,C00;_s5, which was described'**** by the equation 8 =
B1 + 8,0, is quite small and can be neglected within a relatively
narrow 0 range, e.g. when e.hem at one temperature is consid-
ered. In contrast, the temperature dependences of § for these
oxides, shown in Fig. 6, are more pronounced. A gradual
increase in the fraction of HS Co®*" with temperature was
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Fig. 6 Temperature dependences of 8 for La;_,Sr,CoOs_; (ref. 118) and (La;_4Sto.99C01-,Ni,Oz_5.2%

assumed to be the likely reason behind such depen-
dences.'”'®133131 An increase in § with T was also observed for
Lay 5S70.5F€0.5C00.503-5,>°° Lag.1STg.0Fey.2C00.5055 (ref. 134) and
some ferrites, such as Lag 351 sFeq.6Gag 405_5,2°* Lag 351, ,FeO5_
520" SrTig e5F€0.3505-5,"> and Lag ,Srg gFeg 55Tig4503-5.2" Some
evidence exists for the possibility of Fe**(LS) — Fe**(HS) tran-
sition in perovskites at elevated temperatures,® so this,">***
along with some degree of charge delocalization, changes in B-
site coordination and subtle crystal symmetry changes*” might
also be responsible for the temperature-dependent chemical
expansion of iron-containing perovskites. Interestingly, inverse
trends - lower 8 at higher T - were reported for Bag ;S 5-
Cog.gFe(,03 5 (ref. 205, 207, 211 and 212) and SrCo, gFe -
0;_;," and the reason behind this is yet unclear.

Some other trends in § of La;_,Sr,Co;Fe O3 5 and La;_,~
Sr Co;yNi,O3_; can be tentatively established (see also Table S3
in the ESI}). For instance, substituting Sr for La increases § of
La; ,Sr,CoO5_s,"****' La, ,Sr,Fe;,C0050;3 5 (ref. 134, 198 and
199) and (La;_,Sry)o.99C0,-,NiyO;_5 (ref. 203) (see Fig. 6). The
slight A-sublattice substoichiometry and up to 10% substitution
of Ni for Co in the B sublattice hardly change 8."*** At the same
time, for Lag ¢Sry 4Fe;-,C0,03_; oxides no obvious relationship
between the B-sublattice composition and chemical expansion
coefficient can be observed.'®****'* This may be because the
temperature dependence of 8, which may be strong and also
composition-dependent for these oxides, was not taken into
account in the respective studies.'?®>'%>14

For some La,_,Sr,FeO3_;, existing chemical expansion data are
contradictory: for example, 8 reported for La, 5Sry sFeOs_ 5 (ref. 20
and 215) and La, ¢Sr, 4FeO;_; (ref. 198 and 216) in separate papers
differs almost by a factor of two. Nonetheless, it can be said that,
similarly to La;_,Sr,CoO;_s"** the chemical expansion coeffi-
cient of La;_,Sr,FeO;; tends to increase with Sr
content.'®19:20:198.204.215.216 Ty fact, alkaline earth metal ferrites
such as SrFeOs;_, (ref. 13) (and also Bag gsLa, gsFeO;_; (ref. 217))
demonstrate chemical expansion that is among the highest for
all perovskite-like oxides (see ESI Tables S2 and S3t). As was
noted above, such high ée.hem, may be caused by the oxygen
vacancy ordering in these highly nonstoichiometric
oxides.'*1*?%19%%143 T addition, and in support of the assertion
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that it is high nonstoichiometry that causes elevated chemical
expansion, visibly nonlinear echem, with 8 increasing at higher
6 was observed on both isotropic and anisotropic écnem(9)
dependences for La;_,Sr,FeO;_5 (x = 0.2-0.5).19:20:108

B-site substitution with ions that do not change their
oxidation state, such as Al or Ga, causes different chemical
expansion changes in different ferrite perovskites. For example,
B of LaggSrg.Fey,Gag303-s is greater than that of LaggSrg -
FeO;_s,'?*®* while replacing Fe in SrFeO;_, with Al (or Ti) leads to
the opposite effect of decreasing (;***>** in both cases the
high-temperature crystal lattice symmetry after the substitution
remained practically unchanged.'®''21>218219 Though they have
lower chemical expansion than SrFeO;_s, SrFe,_,Ti,O3_; oxides,
which have been extensively studied lately as promising cobalt-
free mixed ion-electron conductors (MIECs),*° still possess
fairly high g, above that of most La,_,Sr,Co,_,Fe,0;_5."">**" As
compared with SrFeg35Tig6503-5, SrFeg355n06503-5 is character-
ized by lower chemical expansion coefficient values, and the
opposite trends in both TEC and (: the TEC of SrFe; 355n0 65035
decreases with ¢, and ¢ decreases with temperature.">'” This is
believed to be due to the asymmetric (close to tetragonal) crystal
structure of SrFe, 355N 6503-5 as compared with the almost cubic
SrFe) 35Tio.6503-5-"°

Based on the TG and dilatometric studies into Nd;_,Sr,-
Fey,C0030;3 5 (ref. 221) and Nd, ,Sr,FeO; ;>** similarly to
Lag 6Srg 4Fe; xC0,03_5,"**" no apparent influence of Co
substitution on @ can be stated. It can also be concluded that,
on average, $ of Nd,_,Sr,Fe,,C0030;3_5 (ref. 221) and Nd;_,-
Sr,.FeO; ; (ref. 222) is greater than that of their La-containing
analogs. However, the data on chemical expansion of R;_,Sr,-
Co;yFe,0;_5 where R is a rare-earth metal other than La are
rather scarce, so the influence of the nature of the A-site rare
earth ion on &.pnen remains largely speculative.

5.3. Double perovskites

In contrast to simple perovskites, for which the deviations from
cubic symmetry are caused by slight twists and distortions of
the oxygen octahedra,**?** the tetragonal (and orthorhombic)
symmetry of double perovskites is due to cation ordering.**® For
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that reason, strong anisotropy of chemical expansion is typical
of many double perovskites. Among the A-site ordered layered
double perovskites, chemical expansion studies were primarily
focused on RBaM,0_s (M = Co, Fe).31123144,148,149,226-238 AJthough
the literature data are mostly rather scattered (see Table S4 in
the ESIf), some common trends can nevertheless be
established.

As mentioned in Section 3.2.1, tetragonal RBaM,0¢_ 5 (M =
Co, Fe) oxides tend to expand along the a axis (or in the ab
plane) with the decrease in ¢, which is most probably because of
the increase in 3d metal cation radii upon their reduction.***'*?
Along the c axis, both the chemical strain échem(c) and chemical
expansion coefficient §. are negative. It is known that oxygen
vacancies in these double perovskites form predominantly at O3
sites, i.e. within the rare-earth layers.”***** Hence, simultaneous
contraction of the unit cell along the ¢ axis, in the direction
normal to the R*" and Ba*' cation layers, can be qualitatively
explained by the shifting of nearby ions (Col or Fel and O2) in
the direction of RO planes.****** This may also be responsible
for the composition-dependent 3. observed for RBaFe,Og 5 (R =
Pr, Nd, Sm, Eu, Gd), shown in Fig. 7. A decrease in the R**
effective radius should lower the electrostatic repulsion, allow-
ing the nearby ions to shift farther towards the RO layers when
they are filled with oxygen vacancies, thus making @, higher for
RBaFe,0¢_s with smaller R.>**>*> At the same time, (, coeffi-
cients for all RBaFe,0¢_s (R = Pr, Nd, Sm, Eu, Gd) are much
closer to each other than f., only slightly growing with the R**
radius (see ESI Table S47).

On average, chemical expansion of the unit cell parameter
a for both layered double cobaltites!'?3144148149,233:235 gnd
ferrites®**>*> RBaM,0¢-; (M = Co, Fe) is quite similar, which is
somehow expected due to the equal difference between the
“reducible” ion radii (at least in their HS states): /{Co®") —
1(Co*") = r(Fe*") — r(Fe®").?* One clear exception is LaBaCo,04_
5°¢2% for which both expansion of a and contraction of ¢ are
higher than for the other RBaCo,0¢; (R = Pr, Nd,

5.0 5.1 5.2 53 5.4 5.5 5.6
6-0

Fig. 7 Chemical strain of RBaFe,O¢_s (R = Pr,22¢ Nd,2?7:228 Sm,228-230
Eu,®t Gd?*2), measured at T up to 47 °C. Filled symbols — ecpem(@);
empty symbols — echem(C); lines are given to guide the eye only.
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Gd).31123,144,148,149,235-235 Berpuy-Lopez et al.*® even claimed the
expansion of LaBaCo,0_s; along the ¢ axis, but their data are
inconsistent across the plots presented in the article, and
neither their nonstoichiometry values nor crystallographic data
are supported by other studies.>**>*

The values of (., however, are several times greater (by
absolute value) for RBaFe,Og_; (ref. 226-232) than for RBaCo,-
Og_s (see Table S4 in the ESIT).31123144145,149.233238 However, in
contrast to RBaCo,0¢_s, where the expansion data were mostly
collected at high temperatures,?"1?>144148149.233-238 the chemical
expansion of RBaFe,0q_; (ref. 226-232) (see Fig. 7) refers to the
quenched samples and was measured near room temperature.
Under these conditions strongly anisotropic magnetic ordering
is known to arise in RBaFe,O¢_;: for example, iron in its mixed-
valent state in TbBaFe,Os exhibits antiferromagnetic super-
exchange coupling through oxygen ion and ferromagnetic
coupling - through oxygen vacancies across the Tb layer, while
the bulk of the material remains antiferromagnetic.>*® In addi-
tion, mixed-valent iron is known to have a smaller volume than
the corresponding average of the HS Fe*" and Fe**.?**?*” This
and the nonstoichiometry-dependent magnetic interactions
along the ¢ axis of these layered ferrites**® may be responsible
for the large contraction of their unit cells in that direction.

As seen in Fig. 8, where the measurement results at similar
temperatures are presented for RBaCo,0¢_s (R = Pr, Nd, Gd), 8.
=~ —f, for these double perovskite cobaltites, and their chem-
ical expansion is close, taking into account the scatter in the
data.***4%1% However, when all available experimental data for
each of these oxides are considered,’'!?3144148:149.233-235 jt jg
immediately seen (Fig. S1-S3 in the ESIf) that the éechem(6)
values do not often coincide well except for GdBaCo,0¢_5, for
which the results of Mogni et al.,** Tsvetkov et al.'*® and
Chatterjee et al.®* agree with each other in the overlapping
6 ranges. The smaller 8. of GdBaCo0,04_; at 6 < 0.5 (ref. 31) (see
ESI Fig. S1t) is likely, at least in part, because in this range the
oxygen loss leads predominantly to Co** — Co®" reduction
causing a smaller ionic radius change as compared to Co** —

RBaCo,0; 5
B R=Pr, 777°C
B R=Nd, 777°C 4
B R=Gd, 750°C
-2.5 L 1 L 1 L 1 L
5.0 5:1 5:2 5.3 5.4

6-0

Fig. 8 Chemical strain of RBaCo,0Og_; (R = Pr,**® Nd,**® Gd*?3). Filled
Symbols — echem(@); empty symbols — echem(C); lines are given to guide
the eye only.
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Co®" at 6 > 0.5.%* A similar change in the slope of ecpem(6) at & =
0.5 is seen in Fig. 7 as slight nonlinearities on the respective
dependences for RBaFe,0¢_; (R = Pr, Nd, Sm, Eu, Gd).?*¢>*

The strong discrepancies between écpem(6) of RBaCo,04_5 (R
= Pr, Nd) reported by Cox-Galhotra et al.**® and Szpunar et al.>**
are probably due to several reasons. First of all, in the work of
Szpunar et al.>** RBaCo0,04_; (R = Pr, Nd) are orthorhombic in
wide 6 ranges (Ad = 0.5), which is in contrast to previous
studies where orthorhombic symmetry, which is due to oxygen
vacancy ordering, was found to be present only at ¢ close to
0.5.2* Then, the ¢chem(6) therein®** was determined not from the
isothermal experiment results, as in ref. 148 and 149, but from
the temperature dependences of unit cell parameters by sub-
tracting the low-temperature linear trend from the total ¢ values
assuming temperature-independent TEC. In this respect, the
volumetric chemical expansion of NdBaCo,0¢_; determined in
a similar manner by Cherepanov et al.>*® from the dilatometric
experiments coincides with that measured by Szpunar et al.,***
but is visibly greater than that found by Cox-Galhotra et al.***
(see Fig. S4 in the ESIf). This may be accounted for by
supposing that the TEC of NdBaCo0,04_s actually increases with
temperature, neglecting which would cause the calculated
chemical expansion to be overestimated by the value of this
increase.”***®

As opposed to RBaFe,0¢_5,°*°?** both (, and (. of RBaFe-
CuOg_; (R =Lu, Yb, Y, Eu, Sm, Nd, Pr) oxides are negligible (see
also ESI Fig. S51).2*>* The oxidation state of Cu®* forces iron in
RBaFeCuOg_s to assume higher oxidation states at 6 > 0.5 than
in RBaFe,0¢ ;. Hence, the oxygen release from RBaFeCuOg_; is
accompanied by Fe*" — Fe*" reduction, causing much lower
ionic radius changes and much lower expansion.*****° The
absence of contraction of the unit cell parameter ¢ with ¢ in
RBaFeCuOg_; (ref. 251) might be related to the crystal structure
of these oxides, where corner-sharing strongly elongated CoOs
and already squashed FeOs pyramids*** have little opportunity
to shift towards oxygen-depleted rare-earth layers.

Kudyakova et al.**” reported that substituting Mn for Fe in
PrBaFe,04_s results in a pronounced decrease in . measured at
room temperature, down to almost zero for PrBaMn,Og_s, while
Ba of both PrBaFeMnOg_s and PrBaMn,O¢_; are almost equal
and more than two times greater than that of PrBaFe,0¢_; (see
ESI Fig. S5 and Table S4}). Tomkiewicz et al.,**® on the other
hand, found with in situ neutron diffraction that both a and ¢
parameters of PrBaMn,Os_, increase upon reduction; unfortu-
nately, there is not yet enough data to speculate whether such
discrepancy between two studies'**** is caused by different
temperature and nonstoichiometry ranges (see Table S4 in the
ESIt) or something else.

5.4. Oxides with a Ruddlesden-Popper structure

The crystal structure of layered Ruddlesden-Popper oxides
A,+1B;03,+1 may be represented as alteration of n successive
perovskite ABO; layers with one rock-salt AO layer. The most
well-studied compounds in this family of oxides are those with n
= 1 possessing a K,NiF, structure (space group I4/mmm). These
oxides can accumulate interstitial oxygen in the rock-salt
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layers®* and oxygen vacancies - in the perovskite ones,
attaining oxygen excess (4 + ¢) or deficiency (4 — 6), respectively.

The oxygen-excess La,_,S1,NiOy.4,2°2% La,(Nip oMg.1)O0445 (M
= Fe, Co, Cu)****® and Nd,_,Sr,NiO,.; (ref. 259) expand in the
ab plane upon oxygen loss because of the nickel cation reduc-
tion. This is accompanied by a significant decrease of the unit
cell parameter ¢, which may be related to the weakening of
electrostatic repulsion between ions as interstitial oxygen leaves
the crystal lattice.”®® As a result, as for many double perov-
skites,?!/123,144,148,149,226-235 the yolumetric chemical expansion of
Ruddlesden-Popper oxides is almost zero or even nega-
tive:1:2542%6.257.239 for example, for La,NiO,ys, 8, = —0.028, (. =
0.076, and § = 0.002.'*2°¢ Substitution of small amounts of Fe,
Co or Cu for Ni in La,NiOg4,s increases, by an absolute value, its
chemical strain along the a axis, while . remains almost
unchanged.***

Similar to that of substituted La,NiO4.; (ref. 254 and
256-258) chemical strain behavior - expansion of a and
contraction of ¢ unit cell parameters upon reduction — was also
found in SrzFe, 0,5 and Sr;Fe; oMo, 10,52 the
molybdenum-doped sample was characterized by lower thermal
and chemical expansion.>*®

In contrast to SrzFe,0;_5 both a and ¢ parameters of Sr;-
FeCo00-_s increased with ¢ (8. > 8, > 0), which was believed**° to
be due to the charge delocalization in SrzFeCoO;,_s; that
decreased the electrostatic interactions, potentially responsible
for the contraction along the ¢ axis. Oxygen-deficient (R,_,-
ST )o.05(Fe0.5C00.2)1yMg,04-s (R = La, Pr) also exhibit expansion
upon reduction along the a and ¢ axes;*** in this case, the fact
that 8. > B, was explained by the nearby rock-salt layers effec-
tively limiting the ability of the perovskite layers to expand
within the ab plane.** The volumetric chemical expansion of
these (Ry_,STy)o.05(Feo.8C00.2)1-yMgy04-; is much lower than that
of the simple perovskites with similar composition, such as
Lay STo.4Feg.5C00.,05_5.2%

6. Some consequences of chemical
expansion and its possible practical
applications

The most straightforward consequence of excessive chemical
strain, similar to unwanted thermal expansion, is the
mechanical failure of ceramic materials and devices. Various
examples of this, some of which are quite graphic, can be
readily found in the literature.®?>%*7*%2¢3-2% For example, Fig. 9a
and b show the microcracks occurring in lithium-ion battery
cathodes,” and Fig. 9c demonstrates the pinhole and crack
formation in the ceria-based SOFC electrolyte, caused by the
reduction-induced chemical expansion of ceria.> In the latter
case, dynamic load conditions, resulting in varying oxygen
partial pressure gradients, were found to exacerbate the SOFC
degradation.*

The fact that chemical strain can lead to mechanical failure
is particularly well known in the field of solid-state battery
development, since many widely employed Li-ion conducting
materials experience large chemical expansion—up to several

This journal is © The Royal Society of Chemistry 2022
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Cross-section

Electrolyte surface

Fig. 9 Failure of electrochemical devices due to chemical expansion.
(@ and b) Cross-sectional SEM images of the Li;_s[Nig ¢C0p2Mng 102
(@) and Li;_4[Nig gCog 1Mng 11O, (b) cathodes in the fully charged state;
reprinted with permission from H.-H. Ryu, K.-J. Park, C. S. Yoonand Y.-
K. Sun, Chem. Mater.,, 2018, 30, 1155-1163. © 2018 American
Chemical Society.®® (c) Post-mortem analysis of the SOFC (NiO—
Ndo1Cep90,_s composite anode, Ndg;1CeqoO,_5 electrolyte,
NdBag 5Srg sCo1 5Feg505,5 cathode) under constant current (0.2
A cm™) and load cycle (0.2-0.12 A cm~2) conditions at 650 °C;
reprinted from Y.-D. Kim, J. Yang, J.-I. Lee, M. Saqib, J.-S. Shin, K.
Park, M. Jo, S.-J. Song and J.-Y. Park, Degradation studies of ceria-
based solid oxide fuel cells at intermediate temperature under various
load conditions, J. Power Sources, 452, 227758, © 2020, with
permission from Elsevier.2*

percents—upon lithiation/delithiation.*”**023:267-2¢9 Thjg is
also superimposed on the complex phase behavior of Li-
conductors depending on lithium concentration,®®¢%267:268270
formation of dendrites,**>*"* etc. Therefore, to minimize the
unwanted chemical stress effects, the components and micro-
structure of solid-state batteries need to be optimized with
respect to chemical expansion.*”**?**?*7> To achieve the neces-
sary degree of optimization, several important aspects should
be taken into account, among which are the compressibility of
the battery components, the extent of pore filling due to volume
changes, the morphology of the electrodes, etc.*****% A very
good example of this kind of optimization was shown by
Koerver et al.*® where the authors combined two compounds
with negative and positive chemical expansion to obtain an
active electrode material with almost no chemical strain.
Unfortunately, this elegant method of avoiding chemical
strain seems to be completely inapplicable in case of oxide

This journal is © The Royal Society of Chemistry 2022
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materials for SOFCs since oxygen release, i.e. reduction, never
leads to significant volume contraction, at least for the known
oxide materials. However, as discussed above, oxides with an
anisotropic (for example, layered) crystal structure may possess
negative chemical lattice strain along some selected crystallo-
graphic directions,?-!3144:148,149,226-235,256-258 This decreases the
overall volume chemical expansion compared to similar
isotropic oxide materials. Therefore, it is logical to assume that
in some materials with an appropriately selected crystal struc-
ture and chemical composition, ideal compensation of chem-
ical expansion and contraction, occurring simultaneously in
different crystallographic directions, can be achieved. Kharton
et al.>® reported that this may indeed be observed, at least in the
particular range of temperatures and oxygen partial pressures,
in the case of Sr;Fe, ,Mo,0,_; oxides showing almost zero
volumetric chemical expansion. Hence, controlling the lattice
anisotropy through variation of an oxide's chemical composi-
tion and crystal structure can be viewed as an effective way of
engineering chemical expansion. In this respect, layered oxides
belonging to Ruddlesden-Popper, Dion-Jacobson and other
homologous series, relatively unexplored from the viewpoint of
chemical expansion, offer great structural and defect chemical
flexibility and seem to be good model objects for further study
of chemical strain phenomena.

Although, as mentioned above, chemical expansion is
usually considered as a drawback leading to many problems
when designing solid state electrochemical devices, in some
cases, it can be beneficial. For example, many perovskite-like
SOFC materials are known to suffer from alkaline earth metal
(Sr or Ba) segregation on their surface, which negatively impacts
their electrochemical performance. Both experimental and
computational data indicate that at least for some of them
introducing additional tensile strain suppresses the detri-
mental segregation.””> While applying external strain to a solid
oxide electrochemical cell is impracticable, an effective internal
strain can be created either at the synthesis stage, e.g., by iso-
valent B-site doping or A-site substoichiometry, or using oper-
ando techniques, by applying a cathodic bias (i.e. lowering the
Do,)- The latter increases the oxygen nonstoichiometry, which
simultaneously shifts the respective equilibria away from the
SrO segregation and causes chemical strain that works to the
same effect.””>*”* This opens the possibility of enhancing the
stability of materials’' interfaces by intentionally providing
additional chemical-expansion-induced internal strain, while
the undesirable side effects of chemical expansion, such as
mechanical cracking, could be mitigated by other means, e.g.,
by creating composite materials.

While the abovementioned example of how materials could
benefit from chemical strain can be viewed as a fortunate side
effect, a few ways of using chemical expansivity directly for
analytical and engineering purposes have been discovered
recently (see Fig. 10). For instance, Swallow et al’® demon-
strated a proof of concept, shown in Fig. 10a, of how
a “mechanical” part of mechano-electro-chemical coupling in
nonstoichiometric oxides can be utilized. By applying bias
voltages lower than 0.1 V (much less than would be necessary
for similar piezoelectric actuators) to a Ce, oPro 10, _; thin film
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Fig.10 (a) lllustration of the working principles of a thin film dynamic chemical expansion actuator: PCO — Ceq gPrg1O,_s YSZ — yttria-stabilized
zirconia. Adapted with permission from Springer Nature, J. G. Swallow, J. J. Kim, J. M. Maloney, D. Chen, J. F. Smith, S. R. Bishop, H. L. Tuller and K.
J. Van Vliet, Dynamic chemical expansion of thin-film non-stoichiometric oxides at extreme temperatures, Nat. Mater., 2017, 16, 749-754, ©
2017.27° (b) A prototype of the mechanical energy harvester: (left) schematic view of the device design. The compressed region is illustrated in red
while the tensile region is illustrated in blue. Lithium ions migrating from the compressed plate to the tensile plate are shown with arrows. The
electrolyte soaked separator is drawn in yellow. (right) An image of the actual device with a bending unit. Both scale bars indicate 1 cm. Reprinted
from S. Kim, S. J. Choi, K. Zhao, H. Yang, G. Gobbi, S. Zhang and J. Li, Nat. Commun., 2016, 7, 10146.27° (c) Experimental apparatus for load-
induced oxygen absorption measurements: 1 — oxide sample, 2 — sample holder, 3 — pushrod, 4 — YSZ electrolyte, 5 — Pt electrodes, 6 — typical
Po, signal before (z < 1) and after (r; < 7 < 7,) applying the load, and after releasing the load (t > 1,).?*° (d) Electromechanical response of a battery
material due to the correlation between Li-ion concentration and molar volume. (left) The scanning probe microscope tip is in contact with the
sample surface (shown in layered LiCoO, as an example). (right) Locally applied electrical fields result in Li-ion redistribution in the probed
volume, which leads to surface displacements. PSD — position sensitive detector. Reproduced from S. V. Kalinin and N. Balke, Adv. Mater., 2010,
22, E193-E209, with permission from John Wiley and Sons, © 2010.28 (e) Overlay of electrochemical activity on the topography of the nano-
particles revealing the enhancement of activity along the triple-phase boundaries (TPB). ESM — electrochemical strain microscopy. This surface
segment is around 270 x 270 nm in size. Reprinted with permission from Springer Nature, A. Kumar, F. Ciucci, A. N. Morozovska, S. V. Kalinin and
S. Jesse, Measuring oxygen reduction/evolution reactions on the nanoscale, Nat. Chem., 2011, 3, 707-713, © 2011.%*

grown on a YSZ substrate, i.e. by electrochemically pumping
oxygen into or out of the film, they achieved nanometer-scale
displacement (>0.1% strain) at 650 °C.'"”® Further develop-
ments of this approach®” resulted in a MEC actuator prototype
capable of micrometer-scale displacement at room tempera-
ture.?”® This actuator was made of a 150 nm thick Ce, sGd; ,04 .9
electrolyte membrane sandwiched between two 100 nm thick
composite Ti/CeqGdy,01.0 electrodes, or working bodies,
which provided mechanical action via their oxidation or
reduction under the voltage applied.*”®

6368 | J Mater. Chem. A, 2022, 10, 6351-6375

A somewhat different example of room-temperature strain
engineering was reported by Manca et al.,*”” who adjusted the
resonant frequency of WO; microresonators by hydrogen gas
intercalation into the WO; crystal lattice. Thus, non-
stoichiometric oxides with hydrogen- or oxygen-exchange-
driven chemical strain capabilities could make a significant
contribution to the emerging field of “straintronics”.””®

Another interesting feature of materials prone to chemical
lattice strain stems from its reversibility and reciprocity:
whereas the change in chemical composition can cause
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mechanical strain, the reverse is also true, i.e. variation of
chemical composition itself can be caused by applying external
mechanical strain. Based on this phenomenon, Kim et al.*”®
developed a device for mechano-electro-chemical energy har-
vesting, shown in Fig. 10b. The device consists of an electrolyte
layer placed between two identical electrodes. The EMF between
them, driving Li* ions from the compressed to the tensed
electrode, is caused by the asymmetric stress applied to the
device.””” Though, in fact, Li-alloyed Si electrodes were used in
the original work,””® the working principle would be the same
for oxide-based Li-conducting ones.

Likewise, the application of external mechanical strain to an
oxide shifts its oxygen chemical potential and results in the
readjustment of its equilibrium oxygen content. Some illustra-
tive experiments in this respect were reported by Gerbshtein
et al.,”® who applied the load to a bulk YBa,Cu3O0¢.s sample
under different external conditions (7, po,). Fig. 10c shows
a sketch of the setup as well as a typical po, sensor response
curve. As seen, compression leads to a po, decrease due to the
oxygen absorption by the sample, while the release of the load
results in oxygen desorption, returning the whole system to the
initial (mechanically unloaded) equilibrium state. The change
of oxygen chemical potential per unit load as a function of
oxygen content in YBa,Cu;0Os.s, obtained by Gerbshtein et al.,**°
was found to correlate well with the thermodynamics of oxygen
exchange and existence of phase transitions in this oxide,
making this method an interesting, though somewhat exotic,
analytical technique.

In thin films, misfit epitaxial strain may also play the role of
an external mechanical load and, hence, can be employed to
modify the oxygen content and related properties of the film.
For example, Petrie et al.”®" showed that controlling epitaxial
strain in SrCoOj3_; thin films allows oxygen deficiencies in the
cobaltite to be tailored from ¢ = 0.1 to 6 ~ 0.25 in aqueous,
highly oxidizing environments. These shifts in the oxygen
content occur through modest amounts of tensile strain,
around 1-4%, resulting in anion concentrations unattainable in
the unstrained bulk material. In turn, the additional oxygen
vacancies created through tensile strain enhance the catalytic
activity of SrCoO;_, toward the oxygen evolution reaction by
over an order of magnitude, equaling that of precious-metal
catalysts such as IrO,.**!

The reverse is also true, i.e. chemical deformation due to
targeted change of the oxygen content in the strained film can
serve as a strain mediation mechanism.'¢®>$>28% However, in
case of thin films as compared to bulk samples the situation is
complicated by anisotropic lattice distortions around oxygen
vacancies inherent to many ABO; perovskites.'”*'* Elastic
interactions of vacancy dipoles with an epitaxial misfit strain
lead to preferential location of oxygen vacancies in a definite
type of atomic plane and, as a result, may cause vacancy
ordering, formation of new phases, or phase coexistence/sepa-
ration.” In turn, this may alter the charge transfer properties
and cause many other side effects.'”*'7**%> To control them, the
microscopic nature and elastic behavior of oxygen vacancies in
epitaxial films should be thoroughly studied by both experi-
mental and computational techniques.
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On the nanoscale, chemical strain is used as a working
principle of some modern microscopic techniques such as, for
example, electrochemical strain microscopy (ESM).?”*%¢25% This
is a scanning probe microscopy (SPM) related method, which is
based on the detection of electrochemical strain associated with
ionic movement during a local redox process induced by elec-
trochemical polarization of the cantilever's tip. Fig. 10d
demonstrates how such an electromechanical response origi-
nates.” This allows direct study of redox reactions on the
nanometer scale providing insights into both their kinetics and
thermodynamics.>®**** The ESM technique was widely
employed for investigation of both Li-ion®®**¢***° and oxide-
ion**>*** conducting materials. Fig. 10e shows, as an example,
the results of mapping electrochemical activity near a triple-
phase boundary on the platinum-nanoparticle-coated YSZ

surface.”*

7. Conclusions

Energy-related oxide materials are operated commonly at
elevated temperatures in both oxidizing and reducing environ-
ments and undergo upon heating not only thermal expansion,
but also chemical strain caused by a change in their oxygen
content or by their hydration. This strain can be detrimental to
the practical application of such materials; therefore, its
understanding is a challenge critically affecting further progress
in the development of energy conversion and storage devices. It
explains why so many efforts regarding both experimental and
theoretical studies of the chemical strain in the oxides were
undertaken in the last few decades. Despite the great attention
it has attracted, chemical strain remains far from being fully
understood even for relatively simple - with respect to their
crystal structure - fluorites and pseudocubic perovskites.

To date, approaches available to explain the phenomenon of
chemical strain are either based on computationally expensive
methods with multiple arbitrarily variable parameters or
limited to qualitative reasoning and empirical expressions. The
latter are mostly evaluated on the basis of geometric assump-
tions and are, therefore, associated mainly with the crystal but
not with the defect structure of oxides. Such a disregard for the
defect structure when discussing chemical expansion leads to
the empirical models being applicable only for a limited
number of oxide materials. As a result, these models rarely allow
the reasonably accurate values of chemical deformation to be
predicted without carrying out the experimental measurements
of chemical expansion itself. Furthermore, the relationship
between the nature of the host and dopant cations and the
effective radius of the oxygen vacancy has long been considered
of importance for understanding the nature of chemical strain
in oxides. However, to date, neither extensive computations nor
empirical model analysis has led to any definite agreement
regarding the size and shape of the oxygen vacancy and their
variability across oxides with different structures and compo-
sitions. Meanwhile, an alternative approach to chemical strain
modeling - using the oxygen nonstoichiometry dependence of
cation coordination number instead of estimating the oxygen
vacancy radius - remains underdeveloped.
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Some other challenges may be summarized as follows. First
of all, there is a strong need to understand the influence of the
particularities of the oxide local structure on the chemical
expansion. This includes the variation of coordination envi-
ronments of ionic species, formation of defect clusters, nano-
domains embedded in the matrix of the main phase, etc. For
example, recent studies of ceria solid solutions®”*** show that
all these aspects may significantly affect the behavior of the
material including, of course, its chemical expansion. In this
regard, it is clear that chemical strain should be reanalyzed with
the emphasis on the real spatial arrangement of the constituent
ionic species and not only on the idealized fluorite structure as
was done in the past. This should be true for perovskite-type
oxides as well.

The magnetic contribution to the chemical expansion
mentioned above for some double perovskites?*¢2322¢ ig
another emerging field of study which may hold answers for
some still unexplained chemical strain related phenomena.
This is also true for anisotropic chemical expansion of layered
oxide materials, which have not yet been studied extensively in
this respect, but the existing body of knowl-
edge10,31,123,144,148,149,225—235,254,256,257,259 lndlcates that controlling
the degree of anisotropy may be an important route to
controlling the chemical expansion of oxides.

All in all, the field of chemical expansion as it develops will
definitely have a profound impact on both our fundamental
understanding of solid state materials and on our ability to
design new oxide materials for their application in various
energy-related devices.
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