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Abstract

Many energy-related materials rely on the uptake and release of large quanti-
ties of ions, for example, Li* in batteries, HT in hydrogen storage materials,
and O*~ in solid-oxide fuel cell and related materials. These compositional
changes often result in large volumetric dilation of the material, commonly
referred to as chemical expansion. This article reviews the current knowledge
of chemical expansion and aspires to facilitate and promote future research
in this field by providing a taxonomy for its sources, along with recent atom-
istic insights of its origin, aided by recent computational modeling and an
overview of factors impacting chemical expansion. We discuss the implica-
tions of chemical expansion for mechanical stability and functionality in the
energy applications above, as well as in other oxide-based systems. The use
of chemical expansion as a new means to probe other materials properties, as
well as its contribution to recently investigated electromechanical coupling,
is also highlighted.
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1. INTRODUCTION

Polymers swell upon exposure to certain solvents (1), whereas the products of metal oxidation
often break away from the metal surface due to the larger volume of the oxide scale (2). Such
chemically induced mechanical effects are also observed for materials undergoing less dramatic
chemical excursions. In analogy to thermal expansion, chemically induced expansion is often
referred to as chemical expansion. For example, lithium insertion in battery electrodes, proton
incorporation in hydrogen storage materials, and oxygen release in catalyst supports and solid-
oxide fuel cell (SOFC) electrodes lead to chemical expansion. Given the brittle nature of many of
these materials, chemical expansion can lead to mechanical instability or failure of devices during
operation (see Figure 1). Furthermore, bond length changes associated with chemical expansion
impact electrochemical (3, 4) as well as mechanical (5-8) properties. Although usually considered
a detrimental property for applications, chemical expansion has recently emerged as a means to
spatially probe the defect concentration of materials, as well as the kinetics of ion transport across
interfaces and in the bulk (9-14).

Anomalously high measured thermal expansions in some solids can now be understood
on the basis of superimposed chemical expansion contributions. A prime example is illustrated in
Figure 2, which shows a large increase in expansion in the fluorite-structured solid solution
Pry1Cep 90,5 (PCO) upon heating to above ~500°C in air. Investigators have subsequently
demonstrated that PCO begins to release significant amounts of oxygen in this temperature range,
resulting in a chemical expansion superimposed on top of the thermal expansion, as shown in
Figure 2 (15, 16). The combined thermal and chemical effect leads to a >200% increase in the
expansion coefficient with temperature over the conventional thermal expansion coefficient char-
acteristic of the CeO,; end member (and PCO below 500°C). Although expansions on the order
of 1% are commonly observed for materials like PCO, which readily exchange oxygen with the
atmosphere, much greater expansion is often observed in battery and hydrogen storage materials
[e.g., ~260% strain for full lithiation of Sn (17)!]. Given the relevance of these materials in various
battery and fuel cell applications, models have been developed to predict the stresses occurring
during these exchange processes (18-21). In addition to the potential for mechanical failure, in-
terest in studying electromechanical coupling of strain and ionic conductivity (22-30), as well as
anomalies in elastic behavior (31), as influenced by chemical expansion, is driving the development
of relevant electrochemomechanical models (32-35).

Battery
Li — Lit+e”

Fuel cell and electrolyzer
20=—> 0, +4e"

H, storage
H, — 2H* +2e”

Figure 1

Chemical expansion, associated with gain or loss of ionic species in the solid, can lead to mechanical failure
of energy conversion and storage devices.
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Figure 2

Thermal (1) and chemical () expansion of Prg 1 Cep9Os_s. XRD denotes X-ray diffraction. Reprinted
with permission from Reference 16.

This review aspires to facilitate and promote future research in this field, in part by providing
a taxonomy of different sources of chemical expansion and an overview of chemical expansion
in materials groups, with implications for optimized operation of energy conversion and storage
devices. First, different forms of chemical expansion, and corresponding coefficients, are intro-
duced and illustrated by examples. We then focus on chemical expansion caused by point defects,
termed stoichiometric expansion, and present methods used for measuring chemical expansion.
An overview of stoichiometric expansion in different materials groups, and the current state of
understanding of its origin and observed trends, follows, placing emphasis on materials associated
with solid-oxide electrolyzers and SOFCs. The impact of stoichiometric expansion on mechani-
cal properties of materials, along with a brief discussion of predictive stress modeling for energy
conversion and storage devices, is presented. Finally, the use of chemical expansion as a tool to
probe other properties is reviewed.

2. FORMS OF CHEMICAL EXPANSION

Chemical expansion is defined as the change in a material’s dimensions upon a change in its com-
position. Figure 3 schematically shows the types of chemical expansion likely to be observed (also
summarized in Table 1). Beginning with region 1, the increasing fraction of element B dissolved
interstitially in the host lattice A is accompanied by a gradual increase in lattice parameter. With a
further increase in B, a composition is reached (region 2), at which point it becomes energetically
favorable for the system to form two phases with closely related crystal structures, but with distinct
differences in composition (i.e., a miscibility gap) and hence in lattice parameter. Upon passing
through this region, one phase () is consumed in favor of the other («), with a consequent
volumetric expansion. Eventually, so much B is accommodated that the second phase (), with
different crystal structure, is precipitated (region 3). The continuous change in lattice parameter
with composition (region 1) is referred to as stoichiometric expansion, whereas the abrupt lattice
parameter change accompanied by the formation of an additional phase is referred to as phase
change expansion. Here the term stoichiometry, defined as “the quantitative relationship between
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Figure 3

Schematic illustrating stoichiometric and phase change expansion in relation to the dependence of lattice
parameter on composition and phase. In this example, ocand 3 are cubic and tetragonal crystal structures,
respectively. Region 1 demonstrates the gradual expansion upon a change in composition defined as
stoichiometric expansion. Regions 2 and 3 show the larger, discrete increase in lattice parameter associated with
a miscibility gap in the former and crystal structure change, defined as phase change expansion, in the latter.

constituents in a chemical substance” (36), is restricted in its meaning to the changes in the ratio of
ionic or atomic constituents within a single-phase material. This definition is to be distinguished
from stoichiometric phases, in which the ratios of atoms or ions in a compound, such as Al,O;
or GaAs, remain in integer values. Indeed, changes in stoichiometry, i.e., deviations from the
stoichiometric integer ratios, known as nonstoichiometry, and the corresponding introduction
of defects into the lattice, lead to the observed dimensional changes as defined by stoichiometric
expansion.

As the examples discussed below make evident, regions 1-3 are commonly observed in batteries,
regions 1 and 2 in hydrogen storage materials, and regions 1 and 3 in SOFC and related materials.

Table 1 Definition of different types of chemical expansion (chemically induced expansion)

Chemical expansion: compositionally driven dilation

Terminology Phase change expansion Stoichiometric expansion

Defining characteristics Dimensional changes associated with a change in Gradual dimensional change with gradual
crystal structure and/or with a large, discrete stoichiometry change (no significant crystal
change in lattice parameter structure change)

Examples Li,Sn, LaNisHs, Ni/NiO See Table 3
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Figure 4

Stoichiometric expansion of selected oxides with change in oxygen content, demonstrating, in contrast to
Figure 3, shrinkage upon ion incorporation. In a departure from convention, the x-axis is plotted in reverse
here to facilitate comparison with Figure 3. Data were replotted from References 55, 95, 151, and 152.

Whereas batteries and hydrogen storage materials typically, and intuitively, display volumetric
expansion upon, for example, lithium and hydrogen insertion, SOFC materials exhibit significant
shrinkage with increasing oxygen content, as shown in Figure 4. Chemical expansion presents
a rich field of study with technological relevance, and our goal in this review is not to cover
every example of chemical expansion but instead to highlight key examples. The remainder of
this section provides a brief historical perspective of chemical expansion, followed by its impact
on selected energy-related technologies.

2.1. Historical Perspectives

As early as the 1950s, several studies were carried out on the effect of gradual reduction
(increasing 8) of fluorite-structured oxides like PrO,_s, TbO,_s, ThO,_4, and in particular CeO,_;
(reduced from CeOs; 1.7 < § < 2) on the lattice parameter (37, 38). Such studies observed an
expansion on reduction, with a linear relationship between the lattice parameter and § (Figure 5).
Remarkably, an expansion was seen on reduction, in contrast to the contractions typically observed
in solid-state chemistry. Furthermore, the cubic structure was retained over the linear range, which
extended to § ~ 0.2 (n ~ 1.8 in Figure 5).

Researchers realized that this behavior was a result of reduction of Ce*™ to Ce** and the in-
corporation of oxide ion vacancies. Many researchers have since attempted to understand this
phenomenon. For example, Manes et al. (39) proposed a model of the substoichiometric fluorite-
structured compounds on the basis of a new defect, termed the tetrahedral defect and defined
as an oxygen vacancy bound to two reduced cations in its coordination tetrahedron. There has
been debate about the effective size of oxygen vacancies and their corresponding impact on stoi-
chiometric expansion. The experimental works of Kim (40) and Hong & Virkar (41) along with
more recent computational studies (42-44) clearly showed that the effective volume of a vacancy
is smaller than that of an oxide ion. Thus, the larger volume of Ce** compared with that of Ce**
is the only reason for the stoichiometric expansion, as discussed in more detail below in Section 5.

www.annualyeviews.org o Chemical Expansion
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Figure 5

Lattice parameter of cubic ceria with decreasing oxygen content (z = 2 — §; cf. Figure 4). The lattice
parameters were calculated for 20°C from values measured at higher temperatures. Reprinted with
permission from Reference 38.

In the simplest case, stoichiometric expansion can be described by a Vegard’s law (45) relation-
ship between lattice dimension and the fraction of Ce,Oj; in a solid solution with CeO,. Analyzed
this way, the Vegard’s slope is in the range of 2.4-2.7 x 10~* nm (mol% Ce,O;)" (46). This
range in values is probably related to differences in thermal history of the samples, which in turn is
related to the degree of defect clustering (discussed in Section 5). This Vegard’s slope is equivalent
to a stoichiometric expansion coefficient of ~0.11 mol~!, as defined in Section 3. Additionally,
many other oxides are tolerant to significant defect concentrations and thus show similar behavior
[e.g., perovskites such as doped LaCrO; (47) and LaCoOjs (48)], as described below and shown in
Table 3 below.

2.2. Solid-Oxide Electrolyzer and Fuel Cell and Gas
Separation Membrane Materials

SOFCs convert chemical energy directly to electricity, thereby overcoming limitations of the
Carnot cycle with corresponding gains in efficiency (49, 50). For example, electrical efficiencies as
high as 65-75% are expected for combined pressurized SOFC and gas turbines (49, 51). Oxygen
(typically from air) dissociates and converts to oxide ions at the cathode and drifts through the
solid-oxide electrolyte to the anode, where electrochemical oxidation of the fuel (e.g., H,, CHs,
NH;) takes place. SOFCs can also be operated in reverse as solid-oxide electrolyzer cells, thereby
converting H,O and/or CO, to H, and/or CO (e.g., syngas), which upon further treatment
can be processed into liquid fuels (52). The sluggish reaction rates at electrodes, representing a
key barrier toward low-temperature operation, are typically improved by the use of mixed ionic
electronic conductors (MIEC:s), i.e., oxides that simultaneously conduct oxide ions and electrons.
Additionally, MIEC-based oxygen permeation membranes (OPMs) offer a simplified and more
cost-effective alternative to electrical pumping of oxygen, as they do not require an external
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circuit while maintaining nearly 100% selectivity. As the oxygen content of MIECs generally
varies considerably with oxygen partial pressure (Po,) and temperature (see Section 3), significant
stoichiometric expansion occurs, resulting in mechanical stresses, with potentially catastrophic
results, as discussed in detail in Section 7.

For example, doped CeO,_;, which is an MIEC under the conditions prevailing at the fuel side
of an SOFC, correspondingly undergoes large stoichiometric expansion, leading in some cases
to mechanical failure of ceria-supported cells (53, 54). Figures 4 and 5 show the stoichiometric
expansion of some ceria-based materials (with fluorite structure) upon loss of oxygen (with corre-
sponding formation of oxygen vacancies). Similar behavior is observed for (La,Sr)(Co,Fe)O;_s, a
perovskite-structured MIEC commonly used as the SOFC oxygen electrode (cathode), but with a
smaller dependence on §. In contrast, the formation of oxygen interstitials in the layer-structured
La;NiOy, s results in expansion of the c-axis and in contraction of the #-axis, with negligible over-
all stoichiometric expansion. The stoichiometric expansion behavior of these three structurally
different materials groups, often used in SOFCs, is discussed in greater detail in Section 5. Many
other MIEC materials show stoichiometric expansion, and their compositions are summarized in
tables of past research publications and reviews as well as in Table 3 below (20, 47, 55, 56).

Although the above cases focus on oxide ion conductors, certain oxides, such as acceptor-doped
(Ba,Sr)(Zr,Ce)O;_s, accommodate a significant number of protons upon hydration, giving rise to
substantial proton conductivity. These classes of materials are investigated as potential electrolytes
in proton-conducting fuel cells and for hydrogen separation membranes. Stoichiometric expansion
upon proton incorporation in these materials has also been observed (57, 58). For example, Kreuer
(57) reported an expansion of 0.4% upon hydration of BaZrgsY( 150;3_s.

As an example of phase change expansion, we turn to Ni/NiO, which, due to its excellent pro-
cessability and chemical compatibility with the yttria-stabilized zirconia (YSZ) oxygen electrolyte
in SOFCs, is often used as the electronically conducting phase in SOFC anodes. However, during
high-current operation or shutdown in insufficiently reducing conditions, the oxygen activity can
become large enough to oxidize Ni to NiO, resulting in significant phase change expansion and
thus often leading to cracking in the SOFC (56, 59). Largely due to the mechanically unforgiv-
ing nature of these composite ceramic devices, materials that exhibit phase change expansion are
avoided when possible. As a result, most MIECs studied in this field and discussed in this review
exhibit relatively smaller stoichiometric expansion within their operational range.

2.3. Battery Materials

Batteries, which reversibly convert electricity to chemically stored energy, provide power to
portable devices and electric vehicles as well as backup power for stationary applications. Larger-
scale applications, such as load-leveling devices as part of the smart grid, are also being considered
(60). Lithium-based batteries offer some of the highest power and energy densities (61). During
use of such batteries, the small size of the lithium ion aids in its removal from the solid-state cath-
ode lattice and in its consequent insertion into the corresponding solid-state anode lattice. Both
the removal and the insertion of lithium result in significant volume changes of battery electrodes,
often referred to as lithium-induced volume change. Woodford et al. (19) summarized measured
chemical expansion values for materials used in both lithium- and sodium-based batteries. Al-
though there is considerable spread in these values, sodium generally exhibits a larger expansion
than does lithium, in agreement with the larger ionic radius of sodium (62).

Figure 6 shows the chemical expansion measured upon lithium insertion into Li,Mn, O4 (63).
As lithium is initially inserted, the lattice parameter shows a step increase in accord with phase
change expansion, although the material remains isostructural. For x > 0.7, the lattice parameter
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Figure 6

Cubic or pseudocubic lattice parameter upon lithium insertion showing an initial phase change expansion,
then stoichiometric expansion, and ultimately a much larger phase change expansion. Reproduced from
Reference 63 with permission from The Electrochemical Society.

gradually increases with lithium insertion, thus exhibiting stoichiometric expansion. At x > 1,
phase change expansion is again observed and is accompanied by a change from a cubic structure
to a tetragonal structure.

The 260% volumetric expansion upon lithiation of Sn to LisSn, accompanied by multiple
phase changes, is another, more extreme example of phase change expansion (17, 64). In contrast,
pure graphite exhibits a 12.8% stoichiometric expansion to LiCs, accommodating relatively large
amounts of lithium by its insertion between hexagonal close-packed layers with no significant
change in structure (65). Many other metals readily insert into graphite, with expansion between
layers roughly correlated with cation Shannon radius (66, 67). Other lithium battery materials show
nearly zero [Li,[Li;;3Tis;3]O4; x ~ 0-1 (68)] or negative [Li,CoO,; x ~ 0.4-1 (69)] volumetric
chemical expansion. Additionally, hydride formation in nickel metal hydride (NiMH) batteries
(70) leads to chemical expansion, as discussed in the next section.

During phase change expansion, upon discharge or charge, the large structural and/or lattice
parameter difference between the two phases leads to significant stress buildup, often resulting in
cracking, if certain design criteria are not met (19, 71). In lithium batteries, cracking leads to the ef-
fective loss of lithium by electrical isolation of lithium-containing particles and to the formation of
new surfaces that quickly form an inert, lithium-containing solid-electrolyte interphase (72). Addi-
tionally, stress impacts the rate of intercalation and deintercalation in LiFePOj electrodes (73, 74).

2.4. Hydrogen Storage Materials

Research on hydrogen storage materials is being pursued in part as a strategic component in
the hydrogen economy, in which renewably produced hydrogen would replace fossil fuels, in
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addition to its current use in NiMH batteries (70). Such materials also play a role as functional
materials, for example, in optical switching mirrors, in which the hydride phase is transparent
and the metal phase reflective (75, 76). In these materials, hydrogen typically enters the lattice by
filling tetrahedral or octahedral sites, forming a solid solution with the metal (x-phase). Once the
solubility limit is exceeded, a second, largely isostructural phase (3-phase) is formed with typical
volumetric expansions of 10-20% (70). For example, LaNis exhibits stoichiometry expansion for
small hydrogen content, eventually reaching a miscibility gap with a resultant large 21.5% volume
change (i.e., phase change expansion) (77). The phase change can be mitigated by adding copper,
resulting in volumetric expansion on the order of 8.5%, but with only approximately half the
hydrogen absorption capacity versus that without copper (maximum ~3.2 hydrogen atoms per
LaNisCu) (78).

As in the case for lithium batteries, this large increase in expansion results in fracturing of
the storage material, commonly referred to as decrepitation. Decrepitation increases reaction sur-
face area, improving storage kinetics. However, decrepitation can hinder the required heat transfer
upon hydrogen storage and release (due to an increased number of interfaces), reduce gas transport
through the more densely packed powder, and potentially deform the container with cycling and
migration of powder into undesirable places (e.g., valve seats) (79). Because most hydrogen storage
materials are metals and are thus susceptible to plastic deformation, large stresses resulting from in-
homogeneous hydrogen absorption (e.g., between a- and 3- phases) can contribute to dislocation
formation, resulting in chemically driven strain hardening (80). This effect can be substantial in
thin films, in which significant twinning and dislocation formation and/or delamination and buck-
ling of the constrained films occur (75, 76). From a thermodynamic viewpoint, the atomic-level
expansion occurring around hydrogen atoms is postulated to attract other hydrogen atoms, with a
consequent increase in the magnitude of enthalpy for absorption (81, 82). This increased driving
force for hydrogen absorption has also been observed for tensile strained films, with the opposite
trend in compressively strained films (83). A decrease in the magnitude of lattice expansion upon
hydrogenation is observed for tensile strained films, likely due to their larger initial volume.

On a side note, decrepitation originally referred to breaking apart minerals (84) accompanied
by a crackling sound. During chemical expansion in batteries, hydrogen storage materials, and
SOFCs, acoustic recording of cracking was used to identify the onset of mechanical failure (19,
85, 86).

2.5. Other Applications

Catalyst systems for controlling automotive emissions often employ a support that readily absorbs
or releases oxygen to aid in oxidation of unburned hydrocarbons and in the removal of oxygen from
NO, during the typical cycling from a fuel-rich state to a fuel-lean state (87, 88). For example,
ceria-zirconia solid solutions are commonly used as oxygen storage materials due to their high
redox activity as well as their more modest stoichiometric expansion compared with the larger
phase change expansion from, e.g., Cu/CuO, resulting in a lower degree of chemical expansion—
induced degradation in the former (87).

Although ion transport is a critical component of the above applications, relatively immobile
ionic defects, and the corresponding lattice relaxation around them, in many electroceramics im-
pactdevice performance. For example, in superconductors, excessive quantities of oxygen vacancies
introduced during sample preparation result in an orthorhombic-to-tetragonal phase transition
of the perovskite structure, with consequent loss of superconductivity (89-91).

As discussed in Section 1, phase change expansion due to corrosion, for example, rust, presents
a significant challenge to industry, in which materials that develop passive, stable coatings (e.g.,
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stainless steel) have been intensively researched and developed (2). In concrete materials, internal
swelling reactions, commonly associated with hydration of inorganic constituents, occur, resulting
in chemical expansion (92).

3. STOICHIOMETRIC EXPANSION COEFFICIENT AND POINT
DEFECT MODELING

3.1. Stoichiometric Expansion Coefficient

As discussed above, stoichiometric chemical expansion refers to the change in a material’s di-
mensions upon a change in its chemical composition, or stoichiometry, while being restricted
to a single phase. In analogy to the thermal expansion coefficient, the stoichiometric expansion
coefficient (ac), often simply referred to as the chemical expansion coefficient, is defined by (44,

46, 47, 93)
& =(Xc[i], 1.

where the induced strain, ¢, is correlated with the concentration of defects [7] responsible for the
expansion. In most cases, researchers define [7] in terms of the molar fraction of the corresponding
defect responsible for expansion. For example, in CeO;_;, § is typically used, as can be seen in
Figures 4 and 5 (where 2 — # = § in the latter). Although § is proportional to the concentration
of defects, the relationship depends on the chemical formula of the compound. To compare be-
tween different chemical formulas (i.e., perovskites versus fluorites), a convention using fractional
concentration is more useful. When [4] is listed by using this ratio of oxygen defects to total oxy-
gen in the stoichiometric compound, [V&] o §/2 or §/3, and [VE)‘] or |[O”;] x §/4 for MO,_s,
ABO;_s, and A;BO4.s compounds, respectively (196). As is discussed below, stoichiometric ex-
pansion arises from simultaneous contributions both from a change in the ionic radii of cations as
well as from relaxation around oxygen vacancies and/or interstitials, and therefore one can choose
either cation or oxygen defects for i. Throughout this article, we use oxygen vacancies for 7. For
a listing of a¢; values reported for SOFC-related materials, see Table 3 and Figure 8 (below). A
similar table for battery-related materials can be found in Reference 19.

3.2. Point Defect Modeling

As discussed above, chemical expansion results from lattice parameter changes induced by changes
in the chemical composition of a solid. These changes can be induced by chemical or electrochem-
ical exchange of cationic or anionic species between the solid of interest and adjacent gas, liquid,
or solid phases. The manner in which these chemical composition changes are accommodated can
differ considerably between different solids. For example, oxygen loss induced by exposing metal
oxides to reducing conditions can result in the creation of either oxygen vacancies, as in CeO,_s
(94, 95), or metal interstitials, as in Zn; ;50O (96). The associated change in oxidation state of the
material is normally accommodated by a change in oxidation state of a subset of the cations, e.g.,
Ce™ to Ce** in the former case and Zn?* to Zn'* in the latter. Such cations can be further sub-
categorized by whether the extra electrons are localized, as in the ceria case, or delocalized within
the conduction or valence band, as in the case of ZnO. Defect chemical models (which describe
how composition changes are accommodated in the crystal lattice of a given solid, under thermo-
dynamic equilibrium conditions, as the temperature and the chemical environment of the solid
are varied) allow for predictions of key properties, including diffusivity (97), electrical conductivity
(98, 99), mass change (100), and (of particular relevance to this article) chemical expansion. For a
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detailed discussion of defect equilibria in oxides, we direct the reader to a previous Annual Review of
Materials Research article by two of the authors (32). In the following, we present a brief summary,
emphasizing concepts of direct relevance to this discussion of chemical expansion.

We begin by describing the defect equilibria in Pr,Ce;_,O;_s, the solid solution of praseodymia
and ceria, whose thermal expansion (e1) and chemical expansion (¢c) are illustrated in Figure 2.
Upon heating, these fluorite-structured solid solutions lose oxygen by the formation of oxygen
vacancies and by the simultaneous reduction of Pr*t to Pr** (15, 101). This reduction reaction

can be described by

2Prs, 408 < Vi + 2P, +1/20,(g). 2.

Here, Pr¢, and Pré . represent praseodymium substituting on a cerium site with 4+ and 3+

valences, respectively; Ogj, an oxide ion on a normal oxygen site; and V¢, an oxygen vacancy with

anet 2+ charge relative to the normal lattice charge. The corresponding mass action relationship
is given by

e V1Y

H r,Pr
= Ko — : = Kr T 3~
Pre0g] P ( KT ) .
Here, the brackets denote concentration; Py, is oxygen partial pressure; and the right-hand side

of the equation is the mass action constant characterized by the reduction enthalpy, H, p;, as
expressed in the exponent. The mass and site conversion relationships are given by

[Prl..] + [Pr&.] = [Preelom = [P, Cei_.Os_5]. 4.
and
o1+ [05] =2 [Pr, Ce;_,0,4], 5.

respectively. Here, [Pr, Ce;_, O,_s] is the concentration of PCO expressed per cubic centimeter,
and the level of nonstoichiometry is given by

8 = [V51/[Pr, Cei—Oz_s]. 6.

In high- Po, conditions (e.g., in air), in which cerium remains largely tetravalent (as opposed to the
example shown in Figure 5 under highly reducing conditions), the electroneutrality equation can
be approximated by (101)

[Pr..] =2[Vg]. 7.
One can easily solve for the two key defect species, Prée and Vg, that contribute to chemical
expansion by simplifying Equation 4 on the basis of the operating conditions. For example, at

sufficiently high Po,, [Pr{.] ~ [Prcelionl, which, together with Equation 7, can be substituted into
Equation 3 to give

[Pre] = 2[Vi5] = 2 [Prec]i /iy [05]" Ko T) Py, 8.

total

As a consequence, both [Prc.] and [V¢], or equivalently §, can be predicted as functions of 7, Po,,
and praseodymium concentration, and likewise, the chemical expansion, which depends on both
of these defects, can be predicted as discussed below.

We now turn our attention to chemical expansion in batteries and discuss the electrochemical
injection and extraction of lithium ions from lithium battery electrodes during charge/discharge
cycles. Lithium battery cathodes based on the LiFePO,;/FePOj system are attractive given that
the abundant transition metal iron would be expected to accommodate changes in lithium stoi-
chiometry by a change in its valence state from 3+ to 2+ and, as such, is a beneficial alternative
to the more expensive cobalt or nickel cations (102). As we see below, this expectation is not com-
pletely fulfilled. Whereas LiFePO, exhibits lithium deficiency (Li;_,FePOy for y < 0.05), FePO,
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accommodates lithium excess (Li,FePO, for x < 0.17). An attractive feature of this system as a
battery cathode is the voltage plateau for lithium contents between 0.17 and 0.95. This plateau
is due to a so-called two-phase mechanism (103), which corresponds to region 2 of Figure 3, in
which both phases coexist and the lithiation process proceeds with one phase being consumed at
the expense of the other.

The defect chemical investigation of the Li,FePO, phase by Zhu et al. (104) is instructive.
Here one can describe the insertion of lithium into this phase by

Li(s) + V7 < Li® + ¢/, 9.

1

in which lithium enters an empty interstitial site and gives up its electron to the conduction band,
which one might assume is of iron 34 character. Although this reaction assumes full ionization of
lithium interstitials, experimental evidence suggests otherwise. Instead, one needs to include the
ionization reaction and the corresponding mass action relation given by

Lit +¢/ < LiY, 10.

(L] Eionization
L ](e/] =K(T)=K,exp (—7/?7, >, 11.
in which Zhu et al. (104) estimated an ionization energy, Eionization, of ~1 €V. Thus, in estimating
chemical expansion in Li, FePOy, given the small fraction of inserted lithium ions that ionize
to give up their electrons, one need consider largely the impact of the excess lithium, without
measureable influence of the iron valence change from 3+ to 2+ in this phase. Indeed, the low
degree of ionization of the lithium is consistent with the highly resistive nature of this electrode

even after substantial lithiation (102).

4. MEASUREMENT OF CHEMICAL EXPANSION

Experimental determination of the chemical expansion coefficient requires measurements of two
properties: isothermal uniaxial strain and isothermal change in stoichiometry (relative to a refer-
ence point). Typically, each property is monitored over a range of imposed activities of a con-
stituent element, e.g., by changing oxygen, hydrogen, or water partial pressures or by varying
the degree of lithium or sodium insertion; such measurements are tracked over time to ensure
equilibration of the sample in each condition. Strain and stoichiometry measurements may be
conducted simultaneously, as in the case of, e.g., neutron diffraction, or separately in identical
conditions, e.g., by dilatometry and thermogravimetric analysis over the same Po, and temper-
ature range. Figure 7 shows an example of measured strain over time, in response to changes
in Py, (93). Combining the equilibrated values from this result with the measured equilibrium
stoichiometry change at the corresponding Py, values results in a plot of expansion versus change
in nonstoichiometry like the plot shown in Figure 4, in which the slope is the chemical expansion
coefficient (see Equation 1).

As summarized in Table 2, techniques applied to measure strain can be divided into those
that study atomic-scale structure changes [e.g., neutron diffraction, X-ray diffraction (XRD), elec-
tron diffraction, transmission electron microscopy, and scanning probe microscopy] and those that
measure macroscopic size changes (e.g., dilatometry, interferometry, digital image correlation, and
bilayer curvature). Techniques applied to measure changes in stoichiometry include measurements
of crystal structure (neutron diffraction), mass change (thermogravimetric analysis), electrical re-
sponse (coulometric titration, chemical capacitance measurements), and optical properties (thin-
film optical absorption or bulk, diffuse reflectance measurements). The limitations listed for each
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Figure 7

Thermal and chemical expansion measured by using dilatometry on a dense Lag 6Srg 4Cog 2FeggO3_s bar.
At the end of the measurement, some chemical expansion-induced cracking is observed on the end of the
bar, as shown in the image inset. Reprinted with permission from Reference 93.

technique may help guide which measurementis appropriate for a given sample; for example, an ap-
proach may be more appropriate for bulk versus thin-film samples or for large versus small samples.

5. TRENDS AND ORIGIN OF THE STOICHIOMETRIC
EXPANSION COEFFICIENT

This section discusses trends observed for « for three classes of materials (fluorite, perovskite, and
Ruddlesden-Popper structures) used in SOFCs. The existing empirical models and recent simula-
tion work used to uncover the origin of stoichiometric expansion are then described. Finally, other
factors that can contribute to chemical expansion, such as defect interactions, are briefly reviewed.

5.1. Trends

Table 3 lists a representative selection of a¢ values for different nonstoichiometric oxides, belong-
ing to three structurally different materials groups: fluorite-type, doped CeO;_; perovskites; and
K, NiF, layered oxides. Most data in Table 3 are based on dilatometry measurements, which, due
to reliable thermal equilibrium and sub-part-per-million length resolution, are generally believed
to be highly accurate. These values, and values reported throughout the text, are calculated with
respect to 8, following convention. In contrast, Figure 8 shows a graphical representation of ¢
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Table 2 Selected experimental techniques for measurement of isothermal expansion and stoichiometry changes required

for determination of chemical expansion

Technique

Properties measured

Limitations

References

Neutron diffraction

Lattice parameters, stoichiometry

Large sample size, powders, crystalline

126, 153-156

X-ray diffraction

Lattice parameters, stoichiometry

Crystalline samples, potential for

58,109, 157, 158

in some cases nonuniform temperature in

conditions of elevated temperature

Dilatometry Length Large bulk samples, no irreversible 48,126, 159-161
length changes (e.g., from sintering
during measurement)
Interferometry Length or thickness change Usually bulk or thin-film flat samples; | 162-165
other samples possible
Digital image correlation Strain Large expansions required 166
Bilayer curvature Stress and strain via curvature Bilayers with elastically deforming 167-169
substrate
Scanning probe microscopy Surface position (height) Limited sample size, temperature and 11, 170-173
gas pressure limits
Thermogravimetric analysis Stoichiometry change Large sample size; corrections for 95, 174-178
buoyancy effects required
Coulometric titration Stoichiometry Bulk or thin film 179-182
Chemical capacitance Changes in stoichiometry with Useful for thin films; stray/interfacial 183-186
respect to changes in capacitances must be derived/isolated
electrochemical potential
Optical absorption Stoichiometry Requires optically active defect 187-189
centers; useful for thin films
Transmission electron Volume and shape changes, lattice Small sample size, less precision, 190, 191

microscopy (sometimes with
electron diffraction and/or

EELS/EDS?)

parameters, local stoichiometry temperature and gas pressure limits

(in some cases)

*EELS/EDS denotes electron energy loss spectroscopy/energy-dispersive spectroscopy.
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on the basis of the fraction of oxygen vacancies. In light of the discussion regarding Equation 1,
the oxygen vacancy fraction is likely a better method with which to compare chemical expansion
coefficients across different structures, as it is not encumbered by differences in formula units, as
in the case of molar fraction (196). Comparing «a values for different structures in Table 3 versus
Figure 8, one can see that apparent differences in « are reduced for the oxygen vacancy fraction
representation.

Cubic fluorite-structured, acceptor-doped CeO,_s MIECs exhibit the highest a¢ values and
show the largest variation with composition among the three structural classes considered here.
The a¢ of doped CeO,_; tends to increase with increasing levels of trivalent doping (105) and
dopant ionic radius (15), consistent with initially longer bond lengths and hence reduced bond
strength. However, o is often found to be independent of temperature (16) and oxygen stoi-
chiometry (105, 106).

Perovskites possess consistently lower « values than do fluorites, as first noted by Atkinson
& Ramos (20), who wrote that “the chemical expansion per oxygen vacancy in the perovskite
structure is intrinsically lower than in the fluorite structure.” Most of these materials have a cubic or
pseudocubic structure, although recent experiments by Grande and colleagues (107-110) showed
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Table 3 Stoichiometric expansion values based on §; see Equation 1*

Material 8 range T (°C) ac Reference(s)
Fluorite-ceria
CeOs_s 0-0.1 800-900 0.10 106
CeOs_s 0-0.105 900 0.11 105
CeOs_s 0-0.2 900 0.11 105
Gdp.1Cep 901955 0-0.07 800 0.13 138
Gdp.18Ce8201.91-5 0-0.06 900 0.13 105
Gdo4Ce6018-5 0-0.045 900 0.15 105
Prg2CepsO7-s 0.1-0.14 800 0.11 15
Pro.15Tbo.0sCep8O02—s 0.1-0.14 800 0.105 15
Prg.05Tho.15Ce0802-5 0.1-0.14 800 0.095 15
Tbo2CepsO02-5 0.1-0.14 800 0.09 15
Tbp,CepsOr-5 0.05-0.1 800 0.09 15
Pro.1 Thy 1 CepsO02—s 0.05-0.1 800 0.07 15
Prp2CepsO;r_s 0.05-0.1 800 0.085 15
Pro.1Cep902-5 0.008-0.05 650 0.087 16
Prp.1Cep9O:r_5 0.033-0.056 900 0.087 16
Pro.1Zr0.4Ce501.95-5 0-0.14 700-900 0.046 152
Perovskite
LaggSrp2Co03_s 0.015-0.09 891 0.027 48
Lag Sr94Co0O3_5 0.105-0.225 892 0.033 48
Lag3Srp7Co03_s 0.24-0.36 901 0.04 48
Lag 6Sro.4Cop gFep203-_5 800 0.022 140
Lag.6Sro.4Cop2FepsO3_s 0.05 700-890 0.032 93
Lag 6Sro.4Cop2Fep 3035 0.03-0.12 800 0.036 192
Lag3Srg7FeOs3_s 0.09-0.24 650 0.017 160
0.16-0.32 900 0.047
Lag3Sro7Fep6Gag403_s 0.25-0.33 650 0.021 160
0.29-0.34 900 0.06
Lag7Sr3CrOs_s 0-0.12 1,000 0.023 193
Lag7Cag3CrO3_; 0.02-0.12 1,000 0.036 193
La;_,SryCrOsz_5 (x = 0.16-0.3) 1,000 0.024 47
Lao'gsr()vlCl‘()‘87Mg‘()410V0.03 O3 0-0.05 1,000 0.023 194
Lag gSrp.2Crg.97V0.0303 0-0.07 1,000 0.03 194
LaggSrp2Cro.g7Fen.10V0.0303 0-0.08 1,000 0.03 194
LaMnOs3_s 0-0.04 600-1,000 0.024 195
Bag 6Srp4Cop sFep203_5 600-900 0.026-0.016 153
K,NiF,
La;NiO4_s —0.1 to —0.06 800 0.002 124
0.028 (//a)
—0.076 (//¢)
La;NigoFep 1045 —0.11 to —0.08 800 0 124
La;Nip9Cop.1O04—s —0.12 to —0.09 800 0.006 124
La;NiggCug 2045 —0.08 to —0.05 800 0.001 124
(Continued)
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Table 3 (Continued)

Material 8 range T(C) ac Reference(s)
LayNiO4_s —0.1 to —0.05 800 0.004 151
La; gSrp2NiO4_5 —0.02-0 800 0.002 151
Nd;NiO4_s —0.12 to —0.07 800 —0.002 125
Nd; gSrp2NiO4_s —0.05 to —0.01 800 —0.007 125
Laj 08Sro.88Fe0.8C00204_5 0-0.09 1,050 0.01 192
Lag.9gSrp.9gFen §Co0.204—5 0-0.13 1,050 0.012 126, 192
0-0.13 800 0.02
0.013 (//a)
0.033 (//¢)
LagggSr1.08Fe.8Co0204_5 0.02-0.16 1,050 0.012 192
Pro.05Sr0.08 Fe.s Coo.2O4_s 0-0.13 1,050 0.013 192
Laj 18Sro.78Feq.64Co0.16Mgo.2O4—5 | 0-0.12 1,050 0.011 126, 192
0-0.13 1,000 0.016
0.011 (//a)
0.026 (//¢c)

See Figure 8 for a comparison based on site fraction.

that strontium-doped LaCrOs; and LaMnOjs exhibit anisotropic thermal and chemical expansions.
The lattice expansion observed in these materials is affected by a wealth of intercorrelated factors,
such as subtle crystal structure changes (111-115), transition metal spin states (55, 116-118),
cation site (A versus B) (119-122), charge localization/delocalization (43, 123), temperature, and

Figure 8
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(@) Crystal structure of materials with a (7) fluorite, (i7) perovskite, and (i77 ) K;NiFy layered (Ruddlesden-Popper) structure. Oxide ions
are in red, cations in the fluorite structure are in gray, and the big/small cations of the perovskite and Ruddlesden-Popper structure are
in green/purple, respectively. () Stoichiometric expansion coefficient («¢) calculated with respect to the fraction of oxygen vacancies
for a representative selection of fluorite-structured, doped CeO;_s; perovskites; and Ruddlesden-Popper oxides as a function of the
average oxygen vacancy fraction of the measurement range. The negative fraction of oxygen vacancies corresponds to the fraction of

oxide ion interstitials relative to oxide ions.
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stoichiometry. Such factors make the interpretation of atomistic origins of this expansion difficult,
as discussed below.

K, NiFy-type layered oxides, in contrast, show the smallest «¢ values for studied compositions,
even attaining negative values in some cases. The structure (shown in Figure 8) consists of pe-
rovskite and rock-salt layers parallel to the (#,2)-plane and alternating along the ¢-direction; all
compositions included here adopt the tetragonal I4/mmm space group for reported «¢ values.
K, NiF;-type oxides can accommodate interstitial oxide ions in the rock-salt layers as well as oxide
ion vacancies in the perovskite planes, thereby showing oxygen hyperstoichiometry (§ < 0) or
substoichiometry (§ > 0), depending on composition, temperature, and P, .

Due to the tetragonal symmetry of the structure, the stoichiometric expansion or contraction is
anisotropic, with different «¢ values along the #- and ¢-directions (124-126). In the superstoichio-
metric range (8 < 0), a decrease in the concentration of oxide ion interstitials results in expansion
along the #-axis (//a) and in contraction along the c-axis (//c) (124, 125), as indicated in Figure 8.
The dimensional changes in the //s-directions are dominated by the increase in size of the B-site
cations upon reduction (124). In contrast, the contraction in the //c-direction is related to the loss
of electrostatic repulsion between oxide ion interstitials in the rock-salt layers and lattice oxygen
in the perovskite layers (124). Although the overall volume change is small, the individual values
of ¢ //a and //c are quite significant (124).

In the substoichiometric range (§ > 0), reduction leads to an increase in the concentration
of oxide ion vacancies in the perovskite layers, with resultant expansion in both the #- and
c-directions (126). Although the dimensional changes reflect the increasing ionic radii of the
B-site cations upon reduction, the two- to three-times-smaller stoichiometric expansion along
the a-direction compared with that along the ¢-direction indicates a constraining action of the
rock-salt layers on the perovskite layers (126). In contrast, the perovskite layers can expand freely
along the ¢-direction, thereby yielding pseudocubic a¢ values comparable to those of perovskites
with related compositions.

5.2. Analytical Models and Empirical Formulas for Chemical Expansion

The prediction of lattice parameters for doped materials has been the subject of intensive study over
the past three decades (40, 41, 119-122). As discussed in Section 2.1, numerous studies in the 1980s
attempted to introduce a simple relationship between the lattice parameter of a doped MO, oxide
(mostly CeO, or ZrO,) and the oxide’s dopant type and concentration. The first comprehensive
study may have been that of Kim (40), who introduced empirical expressions to describe the
evolution of the lattice parameters of five fluorite-structured systems (HfO,, ZrO,, CeO,, ThO,,
and UQO,), doped with either divalent or trivalent cations. In this work, Kim performed a multiple
regression analysis to correlate changes in lattice constants with microscopic chemical parameters
of the constituent ions, such as ionic radii, valence, and electronegativity. Only the first two
parameters correlated with lattice parameter, resulting in the following empirical equation for
ceria (similar equations for the other compounds can be found in the original paper) (40):

ace = 0.5413 + Z(0.0ZZOAr/e + 0.00015A2;)100x, 12.
&

where « is the fluorite lattice parameter (in nanometers), A7 is the cation radius difference (in
nanometers) between the 4th dopant cation and the host cation (r;, — 73,), Az is the valence
difference between the kth dopant cation and the host cation (z; — zp), and «; is the molar
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concentration of the kth dopant cation.! The authors do not report the range of dopant
concentration used in the fitting procedure, but careful reading of the cited literature indicates
that the range is 0-25 mol%, with most data points centered at approximately 10 mol% cation
concentration. Equation 12 predicts the lattice parameter of doped ceria; deviations between
calculated values and experimental values are less than 0.3 %.

By setting the derivative with respect to concentration of Equation 12 equal to zero, a critical
radius, 7¢, i.e., a radius of the dopant that does not result in an increase or a decrease in the lattice
parameter, was introduced. This concept is associated with minimized lattice distortions upon
doping, leading to maximized oxide ion mobility and, in some cases, inspiring double doping to
obtain 7¢ (28, 40, 41, 127-129). Interestingly, ¢ values are larger than the radius of the host
cation. For example, 7¢ of a trivalent cation dopant in ZrO, is 0.948 A, significantly bigger than
the radius of zirconium (0.84 A). As discussed in more detail below, a lattice contraction around
vacancies introduced by doping partially compensates for expansion associated with the dopant,
thus requiring a larger cation to maintain a constant lattice parameter.

In 1995, Hong & Virkar (41) adopted a hard-sphere structural model to describe the lattice
parameters of ceria and zirconia. The key innovative step of their work was to introduce the
concept of an oxygen vacancy radius, i.e., treating a vacancy as if it were simply another ionic
species with an empirical radius. In the hard-sphere model, the cation-anion bond distance is
taken to be the sum of the respective radii, #aton 4 7anion, Where #eion and 7ayion are the cation and
anion radii, respectively. The lattice parameter can thus be written as a simple function of 7cion
and 7apion- In the case of the fluorite structure, the lattice parameter reads as follows:

4
a = 7(7'cation + ranion)- 13.

V3

In their work, the authors assume that the cation radius is a weighted average of the dopant (ry)
and host (r¢.) cation radii:

Teation = XM + (1 - x)rce. 14.

Similarly, the anion radius is a weighted average of the oxide ion (rp) and vacancy radius (rv):

2-05 0.5
Fanion = [Tx} ro + [Tx] v = [1 = 0.25x] 70 + 0.25x7v. 15.
By substituting Equations 14 and 15 into Equation 13, one obtains the expression below for lattice
parameter dependence on dopant concentration and ionic radius:

alx,ryv) = % [erpm + (1 —x)7rce + (1 — 0.25x) 70 4+ 0.25xv] x 0.9971,

4
= ay+ ﬁx [rm — 7ce — 0.2570 + 0.257v] x 0.9971 16.

where 4 is the lattice parameter of stoichiometric ceria. The multiplying factor 0.9971 was intro-
duced to compensate for a slightly overestimated @y compared with that of experiment.
Equation 16 allows one to predict, using only knowledge of the cation and anion ionic radii
(including the vacancy radius), the lattice parameter of CeO, doped with any amount of trivalent
cation. The latter is an empirical parameter that was determined by fitting to experimental data.
The range of studied dopant cation concentrations was 0—22 mol %, with most points centered at

!For the sake of consistency, the same nomenclature is used throughout the entire article. For this reason, some of the symbols
and equations appear differently than in the original work.
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approximately 10 mol%. The estimated vacancy radii, 7y, were 1.164 and 0.993 A for ceria and
zirconia, respectively, and, as discussed above, are smaller than an oxide ion.

These two models have some important limitations. First, both models do not take into account
the effects of defect ordering; Vegard’s law is actually taken as the starting point. Hong & Virkar
(41) briefly discuss this issue and note that their model does not work as well for very high
dopant concentrations (>15%, when Vegard’s law does not seem to apply) due to defect ordering.
Second, in principle, when the fluorite structure is acceptor doped, vacancies are introduced, and
the cations attain a coordination number that is lower than 8, which in turn affects their effective
ionic radii. This effect in taken into account only indirectly by introducing 7y and fitting its value
to experimental data. Furthermore, the constant 7y value does not reflect the varying average
coordination number with varying amount of doping. Finally, even though the vacancy radius
concept is a way to describe the origin of the contributions to the volume change that are related
to change in stoichiometry, it does not add much to the understanding of the local structural
modifications taking place in the neighborhood of an oxide ion vacancy. For the last point, we
turn to computation modeling, as discussed in the next section.

Fluorite-structured compounds are relatively easy to describe in terms of simple empirical
models, such as the ones described above. This is due to the facts that they have a cubic structure
(only one lattice parameter to model) and that, when doped with trivalent cations, these compounds
form stable, cubic solid solutions over a broad composition range. Materials that crystallize in other
structures, such as perovskites, are not so readily modeled, because they usually undergo a series of
phase transitions (to noncubic structures) as the temperature and/or dopant cation is changed (119-
122). Also, their lattice parameter is affected by other factors such as charge localization and spin
state (55, 116). As a consequence, the chemical expansion of some of these materials, for instance,
is highly anisotropic (107-110). For this reason, several models (119-122) attempt to relate the
lattice parameters to microscopic quantities, such as the ionic radius, valence, electronegativity,
and tolerance factor, and the reader is referred to these papers for further discussion.

5.3. Atomistic Origins of Chemical Expansion—-Employing
Computational Simulations

We recently initiated a more fundamental investigation into the underlying causes of chemical
expansion in fluorite-structured materials. Although chemical expansion was experimentally char-
acterized (see Table 3) and certain trends were well described by the above-introduced empirical
formulas, the atomic-level relaxations associated with chemical expansion were not clear. Ceria
was chosen as an ideal model system due to its cubic structure and ability to form extensive solid
solutions with trivalent cations. This study was aided by density functional theory (DFT) and
classical molecular dynamics (MD) simulations.

Equations 13 and 16 make clear that two chemical reactions are likely responsible for the
chemical expansion observed in ceria, namely (4) replacing a Ce** (0.97-A) cation with a trivalent
cation, in this case Ce’* (1.143 A), and (b) replacing an oxide ion with an oxygen vacancy. Here we
treat the reduction process as tantamount to doping ceria with Ce**. This approach is justified by
the strongly localized nature of the f~electrons observed in this material (43, 131). To separate the
effects of cerium cation radius change and oxygen vacancy formation on chemical expansion, MD
simulations were performed on a hypothetical system in which the ionic radius of Ce*+ was set equal
to that of Ce**. This system was dubbed equal-radius Ce**;_,Ce**,0,_, . Figure 9a reports the
calculated lattice parameter versus the vacancy concentration; oxygen vacancy formation by itself,
without a cation radius change, results in a contraction of the lattice parameter.
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The visualization of the atomic relaxation pattern around a vacancy in Figure 94 provides
a clear explanation of why a vacancy induces a lattice contraction. The removal of an oxide ion
causes the neighboring ions to relax significantly. The nearest cations move away from the vacancy
by ~0.10 A (as consequence of their now-unscreened coulombic repulsion), whereas the nearest
oxide ions move toward the vacancy by ~0.16 A. Relaxations of ions that are further away from the
vacancy also occur, although such relaxations are small and die off with increasing distance (44).
At the unit cell level, the total effect of these relaxations is a lattice contraction (see also figure 1
of Reference 132, which clearly depicts this effect), which is described empirically by the vacancy
radius. The vacancy radius accounts for all atomic relaxations around the vacancy. If we were to
define this radius from the cation-vacancy bond distance only, the result would be the opposite;
i.e., 7v > 70! The use of MD and DFT simulations has therefore provided, for the first time, an
atomistic explanation of lattice relaxations for Hong & Virkar’s (41) observation that vacancies
behave as particles with a radius smaller than that of the oxide ion. These simulations also provide
a way to form estimates of the vacancy radius prior to experimental confirmation. Indeed, the
obtained value of 7y = 1.07 A from Figure 9 is within 10% of the experimentally derived value
obtained by Hong & Virkar (41).

Following this understanding of the atomistic origins of chemical expansion, the expansion
due to oxygen vacancies and radii change of cations was predicted from the following equation
derived by inserting Equation 16 into Equation 1:

a—ay [rm —7ce — 0.2570 + 0.257y] |:rM —7ce. 1wy —10
_ r= z

E= =
rce +70  47ce +70

x = (apm+av)r = acx,
ay 7ce +70

17.
where ay and ay are the cation and vacancy stoichiometric expansion coefficients, respectively.
It is now clear why the critical radius (discussed in the previous section) of ceria is bigger than
the radius of Ce**: To achieve zero chemical expansion, the radius of the dopant cation has to
compensate for the small lattice contraction around a vacancy. Equation 17 also shows that, in
principle, there are two ways of reducing the chemical expansion coefficient of ceria, namely
decreasing oy and decreasing ay .

Recently, the concept of controlling oy was used to demonstrate a reduced «¢ of a ceria through
the addition of zirconium. The underlying idea was that ceria and zirconia have different vacancy
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radii (v = 1.164 and 0.993 A, respectively), which leads to different values of oy (—0.023 and
—0.044, respectively). Assuming that ey has an intermediate value in a ceria-zirconia solid solution,
and because only cerium reduces, the resulting chemical expansion coefficient, oc, is smaller (see
Equation 17). A combination of dilatometry and XRD experiments at different temperatures,
together with DFT calculations, confirmed this finding; the chemical expansion coefficient of
this material was ~50% smaller than in ceria alone. More recently, the dependence of 7y on the
host cation radius was systematically studied and showed a larger value for host cations closer to
the ionic radius of cerium compared with the case of much smaller cations, such as hafnium and
zirconium (42).

5.4. Additional Factors Contributing to the Stoichiometry Expansion Coefficient

The above discussion reasonably makes significant use of Shannon ionic radii in studying the
origins of chemical expansion (62). However, many of the perovskite materials in Table 3 exhibit
metal-like conductivity behavior, indicative of electron delocalization and hence of a deviation
from the assumptions underlying Shannon radii (62). Indeed, charge delocalization decreased
ac in simulated fluorite and perovskite oxides (43) and was experimentally demonstrated (123).
Defects are also expected to interact considerably in large concentrations (133, 134), especially
when one considers the several-unit-cell distance over which lattice relaxation occurs for a single
oxygen vacancy (42). For large dopant concentrations (>~10-20 mol%) or nonstoichiometry, the
rate of lattice expansion with increasing oxygen vacancy concentration decreases (95, 135, 136).
Defects may form short-range groups, known as defect complexes or associates, with reduced
volume (95, 135, 137, 138).

6. IMPACT OF STOICHIOMETRIC EXPANSION ON OTHER
MECHANICAL PROPERTIES

In addition to the expansion that materials undergo with changes in defect concentration, there are
often corresponding changes in other mechanical properties such as elastic modulus and fracture
strength. Additionally, strain-driven rearrangements of oxygen vacancies at or near room temper-
ature may explain anomalous elastic behavior (139). Figure 104 shows an example of the decrease
in the elastic moduli of ceria and Gdy 1Ce 9O 95_s (GDC) upon exposure to reducing conditions
with consequent loss of oxygen, as opposed to the case for YSZ, which exhibits no change in § over
the studied range and thus has a constant modulus (5). Later in situ measurements in Figure 105
display a similar trend (7). The decrease in modulus upon stoichiometric expansion results from
the lengthening and corresponding weakening of bonds. The bond energy (U) between atoms in
a crystal may be approximated by the following generalized version of the well-known Lennard-
Jones potential:
oot b

o g’

18.

Here, r is the interatomic distance (between a nearest-neighbor cation and anion); 4, and &, are
empirically determined constants for the repulsive and attractive components of the ionic bond
energy in a perfect (defect-free) crystal, respectively; 7 is the Born exponent; and 7 arises from the
Coulombic (attractive) forces. The elastic modulus (E) can be estimated from the second derivative
of Equation 18 evaluated at 77 = 7, the equilibrium interatomic distance (34, 35),

1 3*U 1 1
E=—— =bin(n—m) — =bm(n —m) —, 19.
Teq 077 p— ré’; re”(‘lJr

which has a solution for both repulsion- and attraction-dominated forces.
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Figure 10

(@) Elastic moduli of CeO;, Gd.1Cep9Oj 955 (GDC), and yttria-stabilized zirconia (YSZ) after
equilibration at the indicated oxygen partial pressure (Po, ) values at 800°C followed by quenching to room
temperature (points) with the model given by Equation 20 (/ine). (b) In situ elastic modulus measurements of
GDC showing a dependence on lattice parameter. RT denotes room temperature. Reprinted with

permission from References 5 and 7.

For the fluorite structure, r.q = V3a/4 (see Equation 13), and # = ay +[V]aoay (see
Equation 1), where 4y is the lattice parameter of the stoichiometric compound. Combining these

results with Equation 19 yields
E = E* (ac[Vy] + 1)7(%3), where
or, analogously,

E = E* (ac[Vy]+ 1)7("”3) ,  where

Bishop et al.

—(n+3)
3
E* = b (n — m) ({ﬂ0> , 20a.

—(m+3)
E* =b,m(n —m) (ﬂ()) . 20b.
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Figure 11

Normalized elastic modulus (E/E*) as a function of the normalized lattice parameter (#/a¢) for
Gd.1Ce901.95-5 (GDC) and two data sets of ceria. The dashed orange line has a slope of ¢ = 9 in
Equation 21. Reprinted with permission from Reference 5.

Equation 20 provides a direct link between the modulus and chemical expansion; E* can be
considered the modulus in the absence of chemical expansion (e.g., in air for GDC). One also
needs to take into consideration that &, and 4, may vary with defect population. By incorporating
a defect model for oxygen vacancy concentration (similar to Equation 8), one can further obtain
the functional dependence of the elastic modulus on point defect concentration and Po,, as
shown in Figure 10a. The ability to input unchanged parameters from independent experiments
(e.g., defect formation energies and «¢) in Equation 20 demonstrates the validity of the approach
and the important role played by defects in the thermomechanical properties of ceramics.

Fitting the elastic modulus data with Equation 20b by using 7z = 1 (typical for ceramics)
resulted in an overestimation of the elastic modulus of ceria (35). Therefore, investigators (35)
concluded that changes in the repulsive component, &,, arising from increasing the point defect
concentration have a greater influence on the bond energy than do corresponding changes in
the attractive component, 4,. Hence Equation 20a provides a more appropriate model for the
dependence of elastic modulus on point defect concentration.

A relationship between the modulus and the lattice parameter of the chemically reduced sample
relative to the unreduced sample can be introduced as

E a —(g+3)
= — . 21.
Ex (ﬂo>

Here ¢ is either # or m, depending on whether Equation 20a or Equation 20b is adopted, respec-
tively, and the slope of the logarithm of this relationship indicates the mechanism that dominates
the modulus-expansion relationship.

To evaluate the exponent in Equation 21, the lattice parameter values for CeO, and GDC by
Chiang et al. (106) and Wang et al. (140) (which reported that powder materials were heat treated
under conditions similar to those yielding the data in Figure 10) were plotted in Figure 11. The
values for E* and 4y were taken as the elastic modulus and the lattice parameter for air-treated pure
ceria, respectively (4). The data can be fitted very well with the line corresponding to slope ¢, which,
in turn, is approximately identical to the value of z used for modeling the attractive component
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Table 4 Room-temperature flexural strength of ceria. Data from Reference 8

Approximate composition Heat treatment condition Po, (atm) o¢ (MPa)
CeOyq 825 H, 48 x 10724 <4

CeOy1.877 H,/H,0 2.3 x 10722 8-9

CeO1.991 H,/H,O/Ar 8.8 x 10720 41 £ 4

CeO; Ar 3.4 % 107* 137 £ 8

CeO; Air 0.21 113 £ 19

of the Lennard-Jones potential above and further indicates that Equation 20a is appropriate for
the description of the elastic modulus of CeO;.

The fracture properties, flexural strength (o¢), and fracture toughness (Kj¢) of CeO,_; treated
in a manner similar to that described above were also investigated (8). Table 4 shows the dramatic
reduction in o¢ with decreasing Pp, treatment at 800°C from 113 MPa in air to <4 MPa in H,.
This decrease can be explained in terms of the reduction in modulus with decreasing Po, because
o¢is proportional to E'/?. However, the fracture toughness surprisingly appears to increase slightly
with decreasing Po, (Table 5) because Kjc is also proportional to E'/?. This increase in fracture
toughness has been attributed to extensive microcracking of the reduced samples, resulting in
crack deflection mechanisms, essentially microcrack toughening (8).

7. PREDICTIVE STRESS MODELING OF CHEMICAL EXPANSION

Owing to the fact that the devices discussed above are often exposed to large, steady-state or time-
dependent gradients in chemical or electrochemical potentials, with corresponding gradients in
defect concentration, significant defect-induced stresses, arising from chemical expansion, can
develop (56, 141).

In SOFCs and OPMs, for example, the gradient in Po, across the dense, nonstoichiometric
oxide membrane results in a gradient in oxygen vacancy concentration and corresponding sto-
ichiometric expansion. Typically, such a membrane is physically constrained, thus leading to a
stress profile that during use depends on () ac, (/) defect thermodynamic and transport param-
eters of the membrane, (¢) mechanical properties of the membrane, (4) conditions of operation
(temperature and Py, at each side), (¢) electrode polarization resistances, and (f) geometric char-
acteristics such as membrane thickness. The last three parameters (d—f), which are independent
of the membrane material, can be exploited to reduce the risk of mechanical failure. For example,
at 900°C and permeate-side Po, = 107!? atm, the strain encountered under operation of a 30-um
Ce.9Gdy101.95_s thin-film membrane, limited primarily by oxygen transport and exchange at
electrodes (condition e above), was assessed to be six times less than that for the corresponding
thicker material limited by diffusion and in equilibrium with the permeate gas while maintaining

Table 5 Room-temperature fracture toughness of ceria. Data from Reference 8

Approximate composition Heat treatment condition Po, (atm) Kic (MPa)
CeO1.78 H, 8.5 x 10726 —

CeOy 899 H,/H,0 4.5 x 10722 1.27-1.36
CeOyq.981 H,/H,O 1.5 x 10720 1.40-1.39

CeO, Air 0.21 0.95 £ 0.06
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Figure 12

Calculated oxygen flux and chemical strain, &.pe, (associated with stoichiometric expansion), as a function of
the thickness of a Cep.9Gdo.1 Oy 95_s-based membrane. The horizontal dotted gray lines represent critical
€chem Values of 0.001 and 0.003 that correspond to channel cracking and buckling modes of failure,
respectively. For membrane thicknesses less than the crossover values between these lines and the lines
representing the dependence of &, on thickness at each temperature, the membrane is expected to be
mechanically stable with respect to the considered failure mechanisms. Reproduced from Reference 143 with
permission from The Electrochemical Society.

an oxygen flux of more than 16 N ml min~! cm~? (142). Control of the membrane thickness thus
provides a means for reducing the established strain while enhancing the OPM performance (143),
as shown by Figure 12. Additionally, maximum acceptable strain levels of ~0.1-0.3 %, depending
on the expected failure mode, have been predicted (144, 145) and are indicated in Figure 12.

For SOFC applications, several authors have developed models to predict both the steady-
state stresses and time-dependent stresses in membranes and electrode materials that exhibit
nonstoichiometry during operation (18, 21, 141, 146-148). As in the OPM case, Krishnamurthy
& Sheldon (18) highlighted the role of oxygen surface exchange coefficient compared with the role
of bulk diffusion, demonstrating that, at low temperature for thin electrolytes, surface exchange
limits oxygen transport, resulting in little to no gradient in oxygen activity and hence a reduced
gradient in stress.

Recent work by Woodford et al. (19, 71) demonstrated the importance of developing crite-
ria for mechanical failure in materials for lithium ion batteries, such as LiCoO;. By combining
micromechanical models with in situ acoustic emission experiments, the authors found that min-
imizing principal shear strain (i.e., the anisotropy of chemical expansion), rather than volumetric
chemical expansion, is an important design criterion. They also found that polycrystalline parti-
cles of anisotropic lithium-storage materials should be synthesized with primary crystallite sizes
smaller than a materials-specific critical size to avoid fracture along grain boundaries (19, 71).

8. USING CHEMICAL EXPANSION TO PROBE OR
CONTROL OTHER PROPERTIES

As discussed throughout this article, chemical expansion has often been regarded as a deleterious
property of, for example, battery and SOFC materials. However, over the past few years,
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researchers have begun to take advantage of chemical expansion as a means to indirectly probe
other materials properties. For example, Moreno et al. (12) recently probed the rate of oxygen
exchange across the gas/solid interface, a key figure of merit in SOFC electrodes, by using
high-temperature XRD (HTXRD) to monitor subtle changes in lattice parameter induced by
changes in the oxygen stoichiometry of La, NiO4,; thin films and of La; NiO4, s/LaNiOjs bilayers
following a step change in Po,. Unlike more traditional electrical conductivity relaxation and
isotopic exchange depth-profiling approaches, HTXRD is a contactless and nondestructive
technique. Additionally, in situ studies of relaxation of thin-film curvature (13) and dilatometry
of bulk ceramics (14) have been employed to study oxygen exchange across the gas/solid interface
and transport in the bulk, respectively.

A great deal of attention has recently been directed toward the local probing of redox re-
actions involving ion transport at materials’ surfaces and interfaces. One example is the use of
scanning transmission electron microscopy to spatially map lattice parameter and, in turn, oxy-
gen vacancy concentration variations (10). Additionally, the novel technique of electrochem-
ical strain microscopy has emerged as a powerful tool for localized probing of oxygen re-
duction and evolution (9) and lithium intercalation in battery materials (11). Lastly, applied
stress/strain was demonstrated to induce changes in oxygen content of materials and was applied
to induce the metal-to-insulator transition in NiO;_, for electroresistive switching applications

(149, 150).

SUMMARY POINTS

1. Chemical expansion is the change in a material’s dimensions upon a change in its com-
position and is generally observed in many classes of ceramics and metals, including
materials for SOFCs, batteries, and hydrogen storage.

2. Stoichiometric expansion and phase change expansion represent two classes of chemical
expansion related to volumetric changes, with gradual changes in composition in the
former and significant structural changes in the latter.

3. Both experimental and computational simulation approaches have shown that stoichio-
metric expansion is tied to the formation of point defects, with a complex dependence on
the local relaxations in their neighborhood, and is thus very sensitive to symmetry and
atomic arrangement within the unit cell.

4. Chemical expansion has severe implications for the mechanical durability of energy con-
version and storage devices.

5. Recent work has demonstrated the use of chemical expansion as a means to probe other
materials properties.

6. Through electrochemomechanical coupling, chemical expansion can emerge as an im-
portant parameter in controlling materials functionality.

FUTURE ISSUES

1. There remains an opportunity to uncover the atomistic origins of chemical expansion and
associated defect relaxations in energy materials such as batteries, as well as an opportunity
to extend the rigorous studies of fluorite materials discussed above to perovskite oxides.

Bishop et al.



2. Although bulk materials have received intense study, the role of interfaces and nanoscale
morphology on chemical expansion, particularly as devices progress toward smaller di-
mensions, will become an intriguing topic.

3. With a better understanding of the relationship between chemical expansion and mater-
ials composition, further development of chemical expansion as a tool by which to probe
materials properties is expected.

4. The derivation of new methods to reduce the chemical expansion coefficient, thereby
overcoming mechanical instabilities, is an ever-present challenge.

5. Chemical expansion needs to play a more central role in modeling of energy conversion
and storage devices due to its key role in device durability.

6. Future work is needed to fully establish and understand the relationship between chem-
ical expansion (and associated strain) in device components and their mechanical and
electrochemical properties.
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