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Abstract: This review paper focuses on the phenomenon of thermochemical expansion of two specific
categories of conducting ceramics: Proton Conducting Ceramics (PCC) and Mixed Ionic-Electronic
Conductors (MIEC). The theory of thermal expansion of ceramics is underlined from microscopic to
macroscopic points of view while the chemical expansion is explained based on crystallography and
defect chemistry. Modelling methods are used to predict the thermochemical expansion of PCCs and
MIECs with two examples: hydration of barium zirconate (BaZr1−xYxO3−δ) and oxidation/reduction
of La1−xSrxCo0.2Fe0.8O3−δ. While it is unusual for a review paper, we conducted experiments to
evaluate the influence of the heating rate in determining expansion coefficients experimentally.
This was motivated by the discrepancy of some values in literature. The conclusions are that the
heating rate has little to no effect on the obtained values. Models for the expansion coefficients of a
composite material are presented and include the effect of porosity. A set of data comprising thermal
and chemical expansion coefficients has been gathered from the literature and presented here divided
into two groups: protonic electrolytes and mixed ionic-electronic conductors. Finally, the methods of
mitigation of the thermal mismatch problem are discussed.

Keywords: thermal expansion; chemical expansion; protonic conductors; proton ceramic fuel cells;
TEC; CTE; high temperature proton conductors

1. Introduction

The expansion of a solid upon the exposure to heat is a phenomenon known to mankind for
centuries. This process is called thermal expansion and examples of scientists studying thermal
expansion can be dated back as far as 1730, when Petrus van Musschenbroek [1] measured the
expansion of metals used in pendulum clocks. This posed a significant problem for time measurements
at the time, as the length of the pendulum would change with small temperature variations, inducing a
change in the period of the oscillating pendulum of up to ±0.05% [2]. With passing decades, the search
for reliable pendulum clocks became less relevant for the scientific community, mostly due to the
arrival of cheaper synchronous electric clocks in the 1930s. Nevertheless, changes in the size and shape
of solids upon heating still remain a large obstacle in applied science and engineering today, often
being an underlying cause for device failures. In this review, we will specifically address and discuss
expansion processes that are relevant for applications involving Proton Conducting Ceramics (PCCs).

Proton Conducting Ceramics are a group of materials exhibiting protonic conductivity at elevated
temperatures (400–700 ◦C). The group can be divided in two classes; materials which are predominantly
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protonic with low transport numbers for other charged species, and mixed protonic conductors where
the conductivity is dominated by protons and at least one other type of charge carrier contributing to
the overall total conductivity. The former are often referred to as Proton Ceramic Electrolytes (PCEs)
or High Temperature Proton Conductors (HTPCs) [3,4], where typical examples are acceptor doped
barium zirconates [5] and cerates [6]. The mixed-conducting class can be further divided into two
subclasses: mixed protonic-electronic conductors, conducting protons and electrons or electron holes,
and the so-called Triple Conducting Oxides (TCO) [7]—a group of oxides exhibiting high levels of
conductivity of three charge carriers; protons, oxygen ions and electron holes (or electrons).

In recent years, PCCs have become increasingly more popular, mostly stemming from the
large number of potential applications [7–17], of which gas sensors [13–21], hydrogen separation
membranes [22–25], fuel cells [7,9,11,14–16,26] and electrolysers [13,17,27] are typical examples.
However a constant evolution of the field has also led to new exciting developments such as
electrochemical synthesis of ammonia [28,29], conversion of methane into aromatics in a membrane
reactor [8] or thermo-electrochemical production of hydrogen from methane [10]. Especially, the two
latter applications seem to be particularly interesting—the first enables efficient production of
elementary petrochemicals from methane, while the second may be a new cost-efficient source of
compressed hydrogen, useful for instance for hydrogen-fueled vehicles, exhibiting superior energy
efficiency and lower greenhouse gas emissions compared to battery electric vehicles [30]. Recent efforts
in the development of PCCs have also demonstrated that fuel cells based on a PCC, Proton Ceramic
Fuel Cells (PCFCs), can operate with high efficiencies, while remaining cost-competitive in the medium
temperature range of 300–600 ◦C compared to traditional Solid Oxide Fuel Cells (SOFCs) operating
at 800–1000 ◦C [7,31,32]. The advances made in the field in recent years clearly show that PCCs
deserve a broader attention from the scientific community to enable the implementation of these in
future applications.

At this point it is important to note that each of the previously described devices is in fact a sort of
electrochemical cell, which typically has a sandwich-type construction consisting of at least three layers;
an anode, a cathode and an electrolyte. Additional layers that could be present but are not as often
considered in lab-scale tests, are interconnects, sealing, current collectors or other functional layers.
These devices typically operate at elevated temperatures, for example, 300–800 ◦C, making thermal
mismatch between the layers a challenge. Differences in the thermal expansion coefficients between
the layers will cause thermal stresses in the materials, leading to cracks, delamination and—in extreme
cases—a total failure of the device. Moreover, chemical expansion—a result of defect formation caused
by chemical reactions between the material and its surroundings—may also lead to similar degradation
processes in the cells. In the case of Proton Conducting Ceramics, a chemical expansion is caused
predominantly by hydration—a reaction in which protonic defects are formed in the oxide. Although
a full assessment of the stability and durability of an electrochemical device requires a number of
different input parameters, the thermal and chemical expansion coefficients provide a very strong
indicator whether individual electrochemical cell components will be compatible. Thus, a prerequisite
for any electrochemical device is to ensure that each component exhibits similar expansion coefficients
under the operating conditions of interest.

Unfortunately, many of the works studying thermal mismatch in electrochemical cells are done
for SOFCs in which the electrolytes conduct oxygen ions [33–37]. In the field of Proton Conducting
Ceramics, the availability of necessary data is limited. Moreover, the literature presents thermal
expansion coefficients determined by different measurement/simulation techniques and at different
conditions, resulting in data sets with different physical meaning, which should not necessarily be
compared. In addition, effects of chemical expansion can also obscure the picture. For the electrolytes,
it is specifically a chemical expansion due to the hydration reaction, given in (1), causing an additional
expansion of the crystal lattice upon the incorporation of water vapor. This can in turn lead to additional
mismatch between the individual material components in an electrochemical device. However,
chemical expansion is not restricted to the hydration reaction, as any chemical reaction can also cause
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an expansion or contraction of the lattice. For instance, for electrode materials often containing high
concentrations of transition metals, chemical expansion upon oxidation/reduction should also be
accounted for.

H2O(g) + v••O + O×O � 2OH•O (1)

This work aims to gather the existing data of thermal and chemical expansion of Proton
Conducting Ceramics. The underlying theory of the phenomena will be explained and discussed to
give a proper basis for analysis and comparison of expansion coefficients determined in various ways
and conditions. Additionally, the essential guidelines for selecting matching materials and managing
thermal mismatch will be provided.

2. Theory of Expansion of Solids

2.1. Basic Principles of Thermal Expansion

Thermal expansion of solids is a known and well-described phenomenon and its theoretical
description can be found in many textbooks [2,38–43]. The most important parameter for this
phenomenon is the thermal expansion coefficient, denoted as TEC, or alternatively as the coefficient
of thermal expansion, CTE. In this work, to avoid misconceptions, we are consistently using α as the
symbol for thermal expansion coefficients.

As there are many ways of determining α, distinct differences may arise in the evaluated
parameters unless proper re-calculations are applied. For instance, if the solid expands anisotropically,
or if measurements are conducted under conditions in which the lattice is contracting or expanding
due to a chemical reaction, the determined values of α may differ significantly. Moreover, solid
matter is, in itself, a very broad category and the expansion of different types of solids (e.g., glasses,
single crystals and polycrystals) should be approached in a different way. Especially in polycrystalline
ceramics, which are typically used in the context intended in this review, many phenomena can overlap
leading to distorted values, overshadowing the true meaning of the obtained data. Therefore, extra
caution should be taken when comparing different data sets—both self-measured and obtained from
the literature. A thorough and complete understanding of the underlying theory is required and this
will be outlined and discussed in the current section.

Thermal expansion can be considered from two separate perspectives; macroscopically and
microscopically. The former is the expansion of a bulk material, being useful for technical applications,
whereas the latter reflects the expansion of the crystal lattice due to atomic vibrations. This difference in
perspective is an important distinction, and although they are highly correlated, they carry essentially
different information of the material as we shall see in the following sections, starting with thermal
expansion of bulk materials.

2.1.1. Thermal Expansion of Bulk Materials

A macroscopic bulk material will generally expand upon exposure to heat and along one selected
direction, the mean coefficient of linear thermal expansion is phenomenologically defined as:

〈αLmat〉 =
L2 − L1

L1(T2 − T1)
=

∆L
L1∆T

(2)

where L1 and L2 are material lengths at temperatures, T1 and T2, respectively. This relation can also be
expressed in differential form:

αLmat =
dL

LdT
(3)

In this case the coefficient is defined for a given temperature and is thus no longer a mean
value. For that reason, this parameter is referred to as the true coefficient, or simply the coefficient of
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thermal expansion [2]. Similar considerations can be done for two or three dimensions, for example,
the volumetric expansion coefficient, 〈αVmat〉, can be given in its mean form:

〈αVmat〉 =
V2 −V1

V1(T2 − T1)
=

∆V
V1∆T

(4)

where V1 and V2 now refer to the material volume at T1 and T2, respectively. In differential form,
we arrive at the true thermal coefficient of volumetric expansion:

αVmat =
dVmat

VmatdT
(5)

If the bulk material is isotropic then the relation between the true coefficients in (3) and (5) can be
given as:

αVmat = 3αLmat (6)

For anisotropic materials, where the bulk material expands differently in each direction,
the volumetric expansion coefficient is expressed by the sum of the true linear expansion coefficients
measured along three orthogonal directions, α1,mat, α2,mat and α3,mat [2]:

αVmat = α1,mat + α2,mat + α3,mat (7)

2.1.2. Crystal Lattice Thermal Expansion

Moving away from the macroscopic perspective, we now consider the material at an atomic
level consisting of a periodic three-dimensional array of species (atoms, ions or molecules) making
up the crystal lattice. At a finite temperature, each species is vibrating around its equilibrium
position in a potential well. The shape of this well is given by the interatomic interactions and
in the simplest approximation (harmonic), it is expressed by a simple parabolic function. While the
harmonic approximation successfully predicts the heat capacity at constant volume of real solids at
finite temperatures, it cannot account for the existence of thermal expansion, which is an anharmonic
effect. In textbooks [2,40–42], the anharmonic well is typically given by the potential:

U(x) = cx2 − gx3 (8)

where c and g are non-negative constants. Then, the time-averaged position, 〈x〉, is expressed by [2,40]:

〈x〉 = αlattT (9)

The average position increases proportionally with respect to temperature T, constituting an
expression for thermal expansion from a simple lattice model, where the proportionality constant, αlatt,
is the thermal expansion coefficient. Using this basic thermodynamic model, one may extend these
considerations to a crystal lattice of a given symmetry, where we now consider the expansion of the
unit cell parameters, a, b and c, as a function of temperature:

αa =
da

adT
; αb =

db
bdT

; αc =
dc

cdT
(10)

Additionally, the true volumetric thermal expansion can be defined, respectively, as follows:

αV =
dV

VdT
(11)
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where V is the unit cell volume. For a cubic crystal, where a = b = c and the crystal properties are
isotropic, only one thermal expansion coefficient is sufficient to describe the thermal expansion of the
entire crystal lattice, analogously to an isotropic bulk material given in (6):

αV = 3αa (12)

For crystals possessing lower symmetries with orthogonal principal axes, for example,
orthorhombic or tetragonal, the relation instead becomes:

αV = αa + αb + αc (13)

For anisotropic crystals exhibiting non-orthogonal principle axes, for example, monoclinic or
triclinic, relations between the linear and volumetric thermal expansion coefficients can unfortunately
not be expressed in such a simple manner, also requiring temperature dependencies of the unit cell
angles [2,44,45].

2.1.3. Significance and Relation between Bulk and Lattice Expansion

In the two previous subsections, we have briefly described thermal expansion from a macroscopic
and microscopic perspective. Although thermal expansion coefficients of a bulk polycrystalline sample
(macroscopic) and a crystal lattice unit cell (microscopic) are often very similar, the values are not
necessarily interchangeable, underlining the importance of keeping this distinction.

While bulk coefficients are more important with respect to device fabrication and applications, the
thermal expansion of a unit cell provides fundamental characteristics of the crystal itself. The thermal
expansion of a crystal depends on bond strength and collective lattice vibrations (phonons), linking it
to many other physical properties of the material. For instance, the coefficient of thermal expansion
along a specific direction can be defined phenomenologically in terms of uniaxial strain ε [46,47]:

ε =
∆L
L

= α∆T (14)

where L and T represent the length and temperature of the crystal, respectively. Other factors,
such as heat capacity at constant pressure [2,48], Debye temperature [2,49], Grüneisen parameter [2]
and anharmonic terms of lattice vibrations [50–52], are also correlated to thermal expansion. Thus,
the thermal expansion of a crystal lattice provides a set of fundamental properties of a given system.

A problem emerges when one would like to extrapolate crystal lattice expansion parameters
to bulk material properties. Although the values are correlated and sometimes similar, the lattice
thermal expansion coefficients can only be extrapolated accurately for a macroscopic body in the
case of an isotropic single crystal. However, Proton Conducting Ceramics (PCCs) are predominantly
polycrystalline materials, exhibiting different microstructures and thermal expansion coefficients can
for instance be affected by the grain size [53,54] and texturing effects [55,56]. It becomes even more
complicated for a composite material, consisting of two or more different material phases.

Several theoretical models have been proposed to predict the bulk thermal expansion coefficient
of a composite material (some of which are described in detail in Section 4.2). This is useful to
model the thermal expansion of certain electrode materials, requiring high ionic and electronic
conductivity. For instance, for mixed protonic-electronic conduction, a cermet consisting of Ni and
BaCe0.9−xZrxY0.1O3−δ—providing electronic and protonic conductivity, respectively—can typically
be used in a proton ceramic electrochemical cell [7,8,10]. These models can also be applied to
polycrystalline single-phase materials composed of anisotropic grains with random crystal orientations
and thermal expansion coefficients. Similarly for textured ceramics, where one or more crystal
directions are preferred, such models can be implemented to predict the thermal expansion coefficient.
However, extrapolating values from thermal expansion coefficients of a crystal lattice is not necessarily
trivial and some caution must be taken upon choosing the appropriate model and assumptions.
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2.2. Chemical Expansion in Proton Conducting Oxides

While thermal expansion in materials is related to a change in their inherent vibrational properties,
chemical expansion arises from a change in the materials’ chemical composition. We can divide
chemical expansion into stoichiometric and phase change expansion processes, where the former reflects
a continuous change in the lattice parameter with composition, whereas a phase change expansion
typically induces an abrupt change in the lattice parameter due to a phase change or phase separation.
An example of a stoichiometric expansion include the gradual expansion of CeO2−δ with increasing
oxygen nonstoichiometry, δ [57–60], while the oxidation of Ni to NiO [61,62] and the phase transition
from the monoclinic to tetragonal polymorph of LaNbO4 [63–65], constitute phase change expansions.
We can envisage both processes for the cubic proton conducting oxide, BaZr1−xYxO3−δ, where the
lower valent Y3+-cation is substitutionally replacing Zr4+. Starting from x = 0, the volume will first
increase with increasing Y-content in correspondence with Vegard’s law [66], as more and more of the
larger Y3+ cations replace the host (Zr4+). If this concentration is increased further, we will eventually
reach what is known as the solubility limit, where the volume of the system will abruptly change,
as it becomes energetically more favorable for the system to separate into Y2O3 and Y-substituted
BaZrO3. This volume change corresponds to the start of a miscibility gap in the BaZrO3-Y2O3 phase
diagram, being an example of a phase change expansion. Further increasing the yttria content will
then only result in a larger proportion of Y2O3 at the expense of the amount of Y-substituted BaZrO3.
The Y2O3 solubility limit for BaZrO3 has typically been estimated to be around 30 mol% [67], such that
all chemical expansion processes below this limit will be that of a stoichiometric expansion. As most
commercial developments in the usage of PCCs typically use oxides with up to 10–20 mol% acceptor
dopants, we will for simplicity primarily focus on stoichiometric expansion for the remaining part of
the paper, unless specified otherwise.

Pure proton conductors, such as Y-doped BaZrO3, will typically only chemically expand upon
hydration, whereas mixed protonic electronic conductors, often consisting of one or more transition
metal cations, may also expand due to reduction at higher temperatures. As such, both expansion
processes are relevant for this review and we will start by considering chemical expansion due
to hydration.

2.2.1. Chemical Expansion upon Hydration

A stoichiometric volumetric chemical expansion coefficient can for any defect, i, be expressed by

βi,V =
1
δi

(V −V0)

V0
(15)

where δi constitutes the defect concentration in mole fractions, whereas V and V0 are the final and
initial volume of the material, respectively. Thus, for the formation of a proton, OH•O, the volumetric
chemical expansion will be

βOH•O,V =
1

[OH•O]
(V −V0)

V0
(16)

For proton conductors such as acceptor doped BaZrO3 and BaCeO3, the concentration of protons,
[OH•O], will typically be fixed by the acceptor concentration, [Acc/], under moist conditions at lower
temperatures, i.e., [OH•O] = [Acc/]. The chemical expansion upon acceptor doping per mol acceptor
(volume or linear) can then be expressed by

βdoping,wet = βAcc/ + βOH•O
(17)

where βAcc/ represents the chemical expansion coefficient upon the introduction of an acceptor and
βOH•O

is given by (16). While the formation of a hydroxide ion generally results in a volume contraction,
due to its smaller size (ionic radius of 1.37 Å compared to 1.4 Å for O2−) [68], the sign and magnitude
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of βAcc/ depends on the relative size difference between the acceptor and the host ion. Reverting back
to our example of acceptor doped BaZrO3, βAcc/ will be positive, i.e., the lattice expands, for larger
trivalent cations such as Y3+ or Gd3+ with ionic radii of 0.9 and 0.938 Å (coordination VI), respectively,
whereas the host cation Zr4+ has a radius of 0.72 Å [68]. On the other hand, βAcc/ will be much smaller
in magnitude, being close to zero or even negative for smaller cations such as Sc3+ (0.745 Å). In fact,
we can, for the smaller cations, often set βAcc/ ≈ −βOH•O

, resulting in βdoping,wet ≈ 0, such that the
resulting lattice parameter (or volume) upon acceptor doping is very close to that of an undoped
specimen. This is the case for Sc-doped BaZrO3, where the lattice parameter changes minimally
with Sc-content. While undoped BaZrO3 has a reported lattice parameter of 4.193–4.194 Å [69–71],
remarkably similar lattice parameters have been determined for Sc-doped BaZrO3, being 4.194–4.195 Å
with 6 mol% Sc [72] and 4.193–4.197 and 4.191 Å for 10 mol% and 19 mol%, respectively [73–75].
There is a remarkable difference in the lattice parameters for the same samples if we instead expose
them to dry conditions or high temperatures. Under such conditions, the acceptors will instead be
charge compensated by oxygen vacancies, i.e., 2

[
v••O

]
= [Acc/]. The change in the lattice parameter

(or volume) per mol acceptor is then expressed by

βdoping,dry = βAcc/ +
1
2

βv••O
(18)

where βv••O
is the chemical expansion upon the removal of an oxide ion, which induces a crystal

lattice contraction due to the smaller size of v••O (1.16–1.18 Å estimated for CeO2−δ, BaZrO3 and
BaCeO3 [59,76,77]) compared to O2− (1.4 Å [68]), that is, βv••O

< 0. The two expansion processes
in (18) are generally competing processes, where the volume contraction from an oxygen vacancy
overshadows the expansion caused by the acceptor substitution, i.e., βv••O

� βAcc/ . Note that the factor
1
2 in (18) simply stems from the imposed electroneutrality condition, where each acceptor is charge
compensated by 1

2 v••O .
We have now described the chemical expansion processes upon acceptor doping under moist and

dry conditions, in (17) and (18), respectively. By subtraction of these two expressions, we arrive at the
chemical expansion upon hydration of oxygen vacancies per mol water:

βhydr = 2βOH•O
− βv••O

(19)

Although, both defects induce crystal lattice contractions, the difference in their magnitudes
causes the lattice to expand upon hydration, i.e., the lattice contraction of a single oxygen vacancy is
larger than the contraction of two protons, βv••O

< 2βOH•O
. For most proton conducting oxides, βhydr

has been determined in the region of 0.05–0.2 [75,77–86]. This corresponds to a volume increase of
+0.25–1.0% upon hydration for a proton concentration of 10 mol%.

Note that we have explicitly not accounted for any defect interactions, making our treatment
strictly only applicable in a dilute limit. The interactions of defects can in principle also introduce
changes to the volume, which may subsequently alter the chemical expansion coefficients. We can
consider the following defect associations for an acceptor (Acc/) doped oxide:

v••O + Acc/ � (Acc vO)
• (20)

OH•O + Acc/ � (Acc OHO)
× (21)

For the sake of simplicity, we will neglect larger defect clusters consisting of three or more
defects, such as two acceptors and an oxygen vacancy, (Acc vO Acc)×, although studies have
indicated that such configurations may be present in In-doped BaCeO3 and BaZrO3 [87–89]. However,
the concentration of such clusters will generally be lower than the corresponding concentrations
of the defect associate pairs, (Acc vO)

• and (Acc OHO)
× [89], thus minimizing their effect on

chemical expansion.
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If we consider (Acc vO)
• and (Acc OHO)

× to dominate at lower temperatures, i.e., no defects are
unassociated, then the chemical expansion upon hydration becomes

βhydr,assoc = 2β(Acc OHO)
× − β(Acc vO)

• (22)

where β(Acc OHO)
× and β(Acc vO)

• represent the chemical expansion coefficients for the defect associates

(Acc OHO)
× and (Acc vO)

•, respectively. Such defect associations will only affect the chemical
expansion upon hydration if β(Acc OHO)

× and/or β(Acc vO)
• differ significantly from the corresponding

chemical expansion coefficients for the isolated proton and oxygen vacancy, βOH•O
and βv••O

, respectively.
Although there is little data available specifically addressing the effects of different dopants on βhydr,
there appears to be a general tendency for the chemical expansion coefficient upon hydration to
increase with increasing dopant size [83,85]. Furthermore, such defect associations may also impose
a temperature dependence on βhydr, as experiments may be conducted under conditions where the
oxygen vacancies and/or protons are partially associated to the acceptors. In such a case, a sample
would exhibit an apparent chemical expansion coefficient upon hydration, varying from βhydr,assoc
at lower temperatures, where all defects are associated, to βhydr at higher temperatures, where the
protons and/or oxygen vacancies are completely unassociated. This also means that if βhydr and
βhydr,assoc are distinctly different, then measurements conducted with different pH2O on the same
sample will exhibit different volumetric expansions upon hydration. This can in other words be a
source for small discrepancies in measured volume changes upon hydration.

2.2.2. Chemical Expansion upon Reduction

Although the chemical expansion in Proton Conducting Ceramics (PCCs) is generally due to
hydration, compositions displaying mixed protonic electronic conductivity may also expand due to
reduction at higher temperatures. This is mostly encountered for electrode type materials consisting
of one or more transition metal cations, which display different oxidation states depending on
the conditions that they are exposed to. To illustrate the chemical expansion upon reduction, we
will consider the reduction of CeO2−δ, which has already been addressed in great detail in the
literature [59,60,90–92]:

O×O + 2Ce×Ce � 2Ce/
Ce + v••O +

1
2

O2(g) (23)

This equilibrium clearly demonstrates that with decreasing pO2 and/or increasing temperature,
we form more oxygen vacancies, v••O , charge compensated by reduced cerium, Ce/

Ce. The associated
chemical expansion coefficient per mol v••O for (24) is given by:

βred = βv••O
+ 2βCe/

Ce
(24)

where βv••O
and βCe/

Ce
represent the chemical expansion coefficients for the formation of an oxygen

vacancy and the reduction of Ce4+ to Ce3+, respectively. As discussed in the preceding Section 2.2.1,
the formation of an oxygen vacancy results in a lattice contraction, that is, βv••O

is negative. βCe/
Ce

,

on the other hand, is positive, stemming from the increase in the cation radius going from Ce4+ to
Ce3+. In total, the expansion due to the reduction of cerium is larger in magnitude than the contraction
upon forming an oxygen vacancy, i.e., 2βCe/

Ce
>

∣∣∣βv••O

∣∣∣, resulting in a net expansion of the crystal lattice

upon reduction.
We can also extend the chemical expansion due to reduction to more complicated examples,

such as La1−xSrxCoyFe1−yO3−δ (LSCF), which has been used as a cathode in SOFCs [93–95] and
PCFCs [96,97]. Although Fe and Co are both redox active elements, previous work has shown that
they both can be treated as an indistinguishable elements, B, in the defect chemical analysis [98–100].
Both elements can be present in three oxidation states; B2+, B3+ or B4+. Assigning B3+ as the reference
state, B×B , the oxidation states +2 and +4 become effectively negative, B/

B and positive, B•B, respectively,
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whereas Sr and La are consistently +2 and +3, respectively. The reduction of LSCF can then be
considered to involve the reduction of B4+ to B3+, accompanied by the formation of oxygen vacancies:

O×O + 2B•B � 2B×B + v••O +
1
2

O2(g) (25)

Further reduction of B3+ to B2+ is also possible, forming even more oxygen vacancies:

O×O + 2B×B � 2B/
B + v••O +

1
2

O2(g) (26)

Note that by subtracting (26) with (25), we obtain a disproportionation reaction for B:

2B×B � B/
B + B•B (27)

The complete chemical expansion coefficient upon reduction of LCSF per mol v••O then becomes:

βred,LSCF = βv••O
+ 2βB/

B
− 2βB•B

(28)

where βv••O
, βB/

B
and βB•B

are the chemical expansion coefficients for the formation of v••O , B/
B and B•B,

respectively. Thus, to completely describe the chemical expansion upon reduction of LCSF, we need the
defect concentrations of all three species: v••O , B/

B and B•B. This requires a defect chemical model, where
the thermodynamics of two of the equilibria, (25)–(27), are known. An electroneutrality condition
is imposed:

[Sr/
La] + [B/

B] = [B•B] + 2[v••O ] (29)

along with a site restriction to conserve the total number of regular B and oxide ion sites

[B/
B] + [B•B] + [B×B ] = 1 (30)

[O×O ] + [v••O ] = 3 (31)

Note that [Sr/
La] is considered to be constant in this model. The volume upon reduction of LCSF is

thereby expressed by a combination of the previous set of equations, along with two of the equilibrium
constants for reactions (25)–(27).

3. Methods of Determining Expansion Coefficients

We will treat the methods of determining expansion of materials by again considering the material
from a macroscopic and microscopic perspective, adhering with Sections 2.2.1 and 2.2.2, respectively.

3.1. Bulk Thermal Expansion Coefficient Measurement

There are several methods available to measure the thermal expansion coefficient of a bulk
specimen [2,101]. These can be divided into methods measuring either absolute or relative thermal
expansion coefficients. While the absolute methods directly measure the thermal expansion coefficient,
relative methods rely on data of other material samples, using them as a reference during the
measurement. Examples of the former include interferometry, twin-telemicroscopy or scissors-type
dilatometry, while push-rod dilatometry is an example of the latter and is by far the most popular
technique amongst materials scientists and will also be the focus of this review [101]. Push-rod
dilatometry has several advantages, being both a simple and reliable technique but it is also easily
automated, which has resulted in a number of commercial measurement systems ready to be used
in laboratories across the globe. In a push-rod dilatometer, the push rod is in direct contact with the
sample, protruding a displacement resulting from the expansion of the specimen. As this is a relative
measurement, it requires the use of a reference sample, such that the expansion of the reference is
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subtracted from that of the sample. This is typically done in succession, measuring the expansion of
the specimen and the reference in separate steps under the same conditions, but some dilatometers
can also do this simultaneously by measuring the sample and reference using two separate push-rods.

3.2. Measuring Thermal Expansion of Crystal Lattice

To measure the thermal expansion of a crystal lattice, any method determining the unit cell
parameters as a function of temperature can be used. Although this can be achieved by several different
techniques, common diffraction methods, such as powder X-ray Diffraction (XRD) [63,64,77,102] or
Neutron Diffraction (ND) [103], are typically used. Resulting diffraction patterns are refined by the
Rietveld [104] or Le Bail [105] method yielding unit cell parameters. Plotting their evolution against
temperature and determining the slope or differentiating the unit cell parameter change with respect to
temperature leads to the determination of the mean or true thermal expansion coefficients, respectively.

3.3. Chemical Expansion Coefficient Measurement

While thermal expansion coefficients can be obtained directly from dilatometry or XRD, the
determination of chemical expansion coefficients requires the input of several different data sets
measured under different conditions, along with detailed knowledge about the chemical composition
of the sample. For instance, the expansion of a Proton Conducting Ceramic (PCC) can be measured
under wet and dry conditions, where the volume difference between the two stems from chemical
expansion upon hydration. By relating this difference in volume with the specific change in the proton
concentration, the chemical expansion coefficient can be determined. The proton concentration is
typically measured by thermogravimetric analysis (TG), where relative mass changes are evaluated at
different temperatures and water vapor partial pressures.

For chemical expansion coefficients upon reduction, the procedure is very similar (weight or
lattice changes as a function of pO2 ), although it may require a more complicated defect chemical model
due to the presence of one or more transition metals, which can be present in several oxidation states
(see Section 2.2.2, where LSCF is treated as an example). The volume changes due to reduction
are then related to changes in the oxygen nonstoichiometry, which can be determined by TG,
coloumetric [106,107] or iodometric titration [107–109].

3.4. Chemical Expansion Coefficients from Computational Modelling

Unlike experiments, where chemical expansion coefficients require the combination of different
data sets and measurement techniques, computational approaches, such as density functional theory
(DFT), have the advantage of having the chemical composition controlled entirely by the user.
This means that volume changes with respect to small changes in the stoichiometry of the material can
easily be obtained. To demonstrate the benefit of this, we will briefly discuss the chemical expansion
upon reduction in CeO2−δ, where computational modelling was recently used to provide valuable
insight to the underlying expansion mechanism [59]. The volume expansion upon reduction of CeO2−δ
was for a very long time debated in the literature [57,90,92]. It was hypothesized whether the expansion
stemmed from an increase in the volume due to repulsive interactions between the oxygen vacancies
or cerium cations, or from the increase in the cationic radius of cerium upon the reduction from Ce4+

to Ce3+. By using first principles calculations, Marrocchelli et al. [59] were able to distinguish these
processes, and for the first time systematically demonstrate that the chemical expansion upon reduction
arises primarily from the volume expansion from reducing Ce4+ to Ce3+, while the formation of oxygen
vacancies actually results in a volume contraction. The superposition of these two effects results in
an overall expansion of the lattice as the magnitude of volume expansion from cerium reduction
overshadows the volume contraction induced by the oxygen vacancy formation.
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3.5. Thermal Expansion Coefficients from Computational Modelling

Determining thermal expansion coefficients computationally can be achieved by calculating
harmonic phonon spectra for a set of different volumes (lattice parameters), through the so-called
quasi-harmonic approximation (QHA). This approximation is based on the assumption that the
harmonic approximation (HA) holds at each and every volume and each atom/ion is considered to
be a non-interacting harmonic oscillator. Phonon frequencies at each volume can then be determined
by perturbation theory [110] or the finite displacements technique [111], providing vibrational
thermodynamics, such as the Helmholtz free energy, Fvib

Fvib =
3N

∑
i

[
}ω(q, ν)

2
+ kBT ln

(
1− exp

(
−}ω(q, ν)

kBT

))]
(32)

where 3N represents the number of degrees of freedom (3 directions × number of atoms, N), while q
and ν are the wave vector and band index, respectively. ω(q, ν) is the phonon frequency at the specific
q and ν, while kB is the Boltzmann constant.

By repetition for multiple volumes, the Gibbs free energy, G(T, p), is determined by the unique
minimum of the sum of the total electronic energy, Eel(V), the Helmholtz vibrational energy, Fvib
in (33) and pV work with respect to volume given by:

G(T, p) = min
V

[Eel(V) + Fvib(T; V) + pV] (33)

By fitting the thermodynamic functions on the right hand side of (33) to an equation of
state (EoS) for solids, such as the Rose-Vinet EoS [112] or the third order Birch-Murnaghan
EoS [113], all thermodynamic parameters are obtained. More importantly, the fitting procedure
also provides equilibrium volumes at finite temperatures, which subsequently yields volumetric
thermal expansion coefficients.

The overall procedure to calculate thermal expansion coefficients computationally can be quite
strenuous and time-consuming, requiring strict convergence criteria to obtain reliable forces. As an
example, we will briefly indicate the computational cost involved in the QHA to calculate the thermal
expansion coefficient for orthorhombic Pnma BaCeO3. In the finite displacement method, which is
generally the method of choice in the literature, ions in the crystal system are sequentially shifted
slightly from their equilibrium positions (by ~0.01 Å). The resulting forces from such displacements are
then used to calculate the phonon spectra at each volume. By taking advantage of crystal symmetry, the
number of displacements can be effectively reduced and for a 2× 2× 2 BaCeO3 supercell (160 atoms),
only 17 displacements are required for each volume. The QHA typically requires at least 10 volume
points for the EoS fitting to be scientifically sound, such that almost 200 static calculations are necessary
to obtain the thermal expansion coefficient. While this is not too costly in itself, the situation worsens
for lower symmetries, which can arise by the introduction of defects. For a single OH•O or v••O ,
the symmetry reduces to the monoclinic space group Pm, requiring more than 500 displacements for
each volume. Thus, the computational cost rises by a factor of 30 to calculate the thermal expansion
coefficient for a defective supercell compared to that of the pristine bulk system. For a completely
non-symmetric system, the force matrix is obtained by displacing every ion in all 6 directions, which
amounts to a total of 10,000 displacements to calculate the thermal expansion coefficient for a supercell
of 160 atoms. For this reason, there are very few computational studies using the QHA to calculate
thermal expansion of low symmetry systems.

An alternative computational method to calculate thermal expansion is by running Molecular
Dynamics (MD) simulations, where the trajectories of a set of interacting ions/atoms are calculated as
a function of time by integrating their Newtonian equations of motion. The system is then heated up
to the desired temperature by employing a computational thermostat, for example, the Nosé-Hoover
algorithm [114–116], providing constant temperature conditions. The pressure can similarly be
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controlled by, for example, a Berendsen barostat [117]. Although the principles of MD simulations are
relatively simple, they typically require long simulation times (several picoseconds) to ensure that the
system is equilibrated and that there is enough statistics to determine specific properties, such as the
volume. Thermal expansion coefficients are then determined by running a series of MD simulations at
a range of desired temperatures and/or pressures. Because MD simulations are more or less unaffected
by crystal symmetry, the method is particularly advantageous for low symmetry systems, where the
QHA is very computationally expensive.

3.6. Assessment of the Influence of Heating Rate on the Thermal Expansion Coefficient—Experimental Details

While this work is intended to be a review, experiments have been conducted to assess the
influence of the heating/cooling rates on the resulting expansion coefficients, as a large variety of
heating rates are typically employed in the literature. To do so bulk samples of BaZr0.7Ce0.2Y0.1O3−δ
(BZCY72) and ZrO2 with 8 mol% Y2O3 (YSZ) have been studied by the means of dilatometry.
The former is a typical example of a High Temperature Proton Conductor (HTPC), while YSZ is
used as a reference material as it does not undergo chemical expansion due to hydration or reduction.

BZCY72 extruded rods were prepared by solid state reactive sintering using precursor oxides
(ZrO2 (Neo Performance Materials (AMR Ltd.)), CeO2 (Neo Performance Materials (AMR Ltd.),
≥99.5%), Y2O3 (HJD Intl. 99.99+%) and barium carbonate (Alfa Aesar, tech grade, 99.6%)).
The appropriate amounts of precursors were mixed with 2 wt.% NiO (Inco Grade F) and ball milled in
deionized water for 24 h. The mixture was subsequently dried in air and sieved through a 40-mesh
screen. The resulting powder was blended with water-soluble acrylic and a cellulosic-ether plasticizer
and pelletized for wet-extrusion processing. Green rods were extruded through and encapsulated die
set, dried and fired in air at 1600 ◦C for 6 h. The final sample had a cylindrical shape with a length of
25 mm and a diameter of 3 mm.

YSZ bars were prepared by sintering commercial YSZ powder (Tosoh). First the powders were
pressed into pellets under a pressure of 12 MPa. The green bodies were sintered at 1400 ◦C for 2 h.
The bars were cut from pellets using a diamond wire saw and were 22 mm long, 4 mm wide and had a
thickness of 1 mm.

The linear expansion of the bulk samples was measured as a function of temperature using a
Netzsch DIL 402 PC/4 dilatometer. To eliminate the influence of chemical expansion upon hydration,
all measurements were performed in a flow of dry Ar. All measurements were carried out by pre-drying
the samples at 1000 ◦C for 8 h, followed by cooling to 100 ◦C. A total of five heating/cooling rates were
used for each sample: 1, 3, 5, 10 and 20 K min−1.

4. Challenges in Assessing Measurement Data—Effects of Thermochemical Expansion,
Non-Constant Thermal Expansion, Heating Rates and Porosity

In this section, we will address some of the challenges associated with measuring expansion
data experimentally. First, we investigate and discuss the influence of chemical expansion on the
determination of thermal expansion coefficients, before analyzing how to appropriately predict the
thermal expansion coefficient of a composite material and lastly assessing how factors such as heating
rate and porosity can affect thermal expansion.

4.1. Decoupling Thermal and Chemical Expansion Coefficients—Impossible?

As we have addressed in the preceding sections, a material can expand thermally and chemically and
because these expansion processes typically occur simultaneously during a measurement, analyzing
measurement data of expansion can often be non-trivial. It will typically result in a non-linearity in the
volume (or lattice parameter) with respect to temperature, such that authors tend to report apparent
expansion coefficients for different temperature intervals. To illustrate the difficulties in decoupling
chemical and thermal expansion coefficients from a single data set, we will consider the thermochemical
expansion of two typically used compositions; Y-doped BaZrO3 (BZY) and La1−xSrxCo0.2Fe0.8O3−δ
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(LSCF). While BZY expands upon hydration under wet conditions at lower temperatures, LSCF
expands upon reduction at high temperatures and reducing conditions (see Sections 2.2.1 and 2.2.2 for
more details). Lastly, we assess and discuss the effects of having a non-constant thermal expansion
coefficient, which has been demonstrated to affect the interpretation of chemical expansion due to
hydration in BaCeO3 [86].

4.1.1. Thermochemical Expansion upon Hydration—Case of Y-Doped BaZrO3 (BZY)

To model the thermochemical expansion upon hydration for BZY, a constant linear thermal
expansion coefficient of 8 × 10−6 K−1 is used, which is in correspondence with the majority of values
reported for acceptor doped BaZrO3 [77,80,118,119]. To account for the chemical expansion upon
hydration, the proton and oxygen vacancy concentration is modelled based on standard hydration
thermodynamics determined by Kreuer et al. on BaZr0.9Y0.1O3−δ; ∆hydrH

◦
= −79.5 kJ mol−1 and

∆hydrS
◦

= −88.9 J K−1 mol−1 [73], and these parameters are used for all BZY compositions. Note that
[Y/

Zr] is assumed to be constant and is only charge-compensated by protons and oxygen vacancies for
this model, i.e., all other charge carriers are considered to have a negligible concentration. A constant
linear chemical expansion coefficient upon hydration, βhydr, of 0.042 (volumetric coefficient of 0.125
divided by 3) is used based on work by Bjørheim et al. [83]. This value is generally consistent with
other chemical expansion coefficients reported for BZY [77,78,80,82,84].

Figure 1 shows the linear expansion of BZY as a function of temperature under wet conditions
(pH2O = 0.03 atm) with 10 mol% and 20 mol% yttrium in (a), while (b) gives the corresponding thermal,
chemical and the combined thermochemical expansion coefficients as a function of temperature.
The expansion of BZY under dry conditions (no chemical expansion) is given for reference. As Figure 1a
demonstrates, the linear expansion is the same for both compositions at higher temperatures (above
1000 ◦C), where the change in the lattice parameter with respect to temperature is only due to thermal
expansion. Upon cooling from ~1000 ◦C, the lattice starts to chemically expand due to hydration until
the acceptors are fully charge compensated by protons, which is achieved around 300 ◦C. The lattice
expansion due to chemical expansion increases in magnitude with increasing dopant concentration,
x. The resulting expansion coefficients, given in Figure 1b, show how the apparent expansion of the
lattice is affected by chemical expansion. We see that the thermochemical expansion coefficient equals
that of the thermal expansion coefficient (8 × 10−6 K−1) at very low and high temperatures, while
it becomes effectively diminished between 250 and 1200 ◦C. This suggests that extracting thermal
expansion coefficients from an experimental data set conducted under humid conditions will very
easily result in a lower apparent expansion coefficient. Although this becomes extreme in the case of
large proton concentrations such as 20 mol%, it may be overlooked for samples with less protons or
for measurements conducted under non-equilibrium conditions, where hydration is kinetically limited
in certain temperature intervals. Overall, this demonstrates the need for additional measurements
in order to completely decouple chemical and thermal expansion. This can be achieved by either
measuring the expansion under dry conditions, or by relating the expansion to the level of hydration
as a function of temperature by for example, thermogravimetry. Note that the latter is specifically
needed to accurately determine the chemical expansion coefficient upon hydration.

Further, it is important to be aware that the overall thermochemical expansion of a PCC might
also depend on the sample history due to kinetics. This is illustrated with HT-XRD data collected on a
BZY20 sample [120]. Lattice changes were recorded in dry O2, on one sample kept in a desiccator prior
to the measurements and on the same sample previously hydrated. The results show a significant
change in the dehydration temperature between the two sets of experiments, which can be attributed
to slow hydration (or dehydration) kinetics. This aspect becomes even more important during cell
fabrication when different layers of the electrochemical device are co-sintered.
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Figure 1. Linear expansion of BaZr1−xYxO3−δ (BZY) as a function of temperature under humid
conditions (pH2O = 0.03 atm) for 10–20 mol% yttrium and βhydr = 0.042 in (a) and the corresponding
thermal, chemical and thermochemical expansion coefficients in (b). The expansion of BZY under dry
conditions (no chemical expansion) is given for reference. The linear thermal expansion coefficient is
consistently 8 × 10−6 K−1.

4.1.2. Thermochemical Expansion upon Reduction—Case of La1−xSrxCo0.2Fe0.8O3−δ (LSCF)

Unlike the thermochemical expansion upon hydration, where the lattice expansion is effectively
lowered, reduction causes a non-linearity in the lattice expansion with increasing temperature yielding
a higher apparent expansion coefficient. This will be demonstrated in the case of LSCF, where
a constant thermal expansion coefficient of 14 × 10−6 K−1 is used based on Bishop et al. [99].
This is generally consistent with the coefficients determined by other groups for the same and
similar compositions [100,121–125]. The chemical expansion of the lattice is determined using the
defect chemical model outlined in Section 2.2.2, along with oxidation (opposite of reduction) and
disproportionation thermodynamics for the reactions (25) and (27) determined by Bishop et al. [98] on
La0.6Sr0.4Co0.2Fe0.8O3−δ; ∆Hox = −111 kJ mol−1, ∆Sox = −64.5 J K−1 mol−1, ∆Hdis = +19.3 kJ mol−1

and ∆Sdis =−37.3 J K−1 mol−1. The same thermodynamic parameters are also used to model the defect
concentrations for x = 0.2. The linear chemical expansion coefficient upon reduction is consistently set
to 0.031 [99,122].

Figure 2 shows the linear expansion of LSCF with increasing temperature in air (pO2 = 0.21 atm)
with 20 mol% and 40 mol% strontium in (a), while (b) gives the corresponding thermal, chemical
and the combined thermochemical expansion coefficients as a function of temperature. Thermal
expansion of LSCF (no chemical expansion) is given for reference. As the figure demonstrates, at lower
temperatures (below 600 ◦C), the lattice expansion is primarily due to thermal expansion. As the
temperature increases further, the lattice starts to chemically expand upon reduction, yielding a higher
thermochemical expansion coefficient, which increases with increasing Sr-content. Chemical expansion
constitutes around 20% and 30% of the total thermochemical expansion for 20 mol% and 40 mol%
Sr, respectively, such that the linear expansion coefficient is ~19 × 10−6 and ~21 × 10−6 K−1 in the
temperature region 800–1200 ◦C.

To decouple thermal and chemical expansion for LSCF, it is first and foremost clearly
necessary to measure the lattice expansion at lower temperatures (below 600 ◦C) under oxidizing
conditions, for example, air or O2, to extract the thermal expansion coefficient. The deviation
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from linearity at higher temperatures can then be attributed to chemical expansion. To accurately
determine the chemical expansion coefficient, a defect chemical model is required, where the oxygen
nonstoichiometry is expressed as a function of temperature and pO2 . As this requires at least two sets of
thermodynamic parameters and some underlying assumptions (see Section 2.2.2 for details), extensive
work involving coloumetric titration or thermogravimetry is often needed. Although, it may be
tempting to rely on previous studies for the defect thermodynamics, small differences in the chemical
composition and/or conditions can very easily result in discrepancies. It is therefore recommended
that the defect chemical model be tested on a separate defect concentration data set to ensure its
validity before curve-fitting the thermochemical expansion upon reduction.

Crystals 2018, 8, 365 15 of 70 

 

chemical expansion coefficient, a defect chemical model is required, where the oxygen 

nonstoichiometry is expressed as a function of temperature and 𝑝O2
. As this requires at least two sets 

of thermodynamic parameters and some underlying assumptions (see Section 2.2.2 for details), 

extensive work involving coloumetric titration or thermogravimetry is often needed. Although, it 

may be tempting to rely on previous studies for the defect thermodynamics, small differences in the 

chemical composition and/or conditions can very easily result in discrepancies. It is therefore 

recommended that the defect chemical model be tested on a separate defect concentration data set to 

ensure its validity before curve-fitting the thermochemical expansion upon reduction. 

 

Figure 2. Linear expansion of La1−xSrxCo0.2Fe0.8O3−δ (LSCF) as a function of temperature in air (𝑝O2
 = 

0.21 atm) for 20 mol% and 40 mol% strontium and 𝛽red = 0.031 in (a) and the corresponding thermal, 

chemical and thermochemical expansion coefficients in (b). Pure thermal expansion of LSCF (no 

chemical expansion) is given for reference. The linear thermal expansion coefficient is consistently set 

to 14 × 10−6 K−1. 

4.1.3. Non-constant Thermal Expansion Coefficient 

Thermal expansion coefficients are generally assumed to be constant, such that changes in the 

slope of the linear expansion with respect to temperature are considered to only reflect chemical 

expansion (see Figures 1 and 2). However, recent first principles calculations [86] have shown that 

this may not necessarily be the case and the thermal expansion coefficient may in fact change upon 

hydration. In the case of BaCeO3, the thermal expansion coefficient was shown to increase from 10.6 

× 10−6 to 12.2 × 10−6 K−1 for a dry and fully protonated specimen, respectfully [86]. This has also been 

seen experimentally for BaCe0.8Y0.2O3−δ and BaZr0.7Ce0.2Y0.1O3−δ, where the thermal expansion 

coefficients increase upon hydration from 9.9 × 10−6 and 12.7 × 10−6 K−1 to 11.1 × 10−6 and 15.0 × 10−6 K−1, 

respectively [77,126]. This means that a sample will contract and expand to a greater extent with 

respect to temperature when exposed to wet conditions compared to that of dry conditions. The 

change in volume upon hydration thus stems from a superposition of two effects; chemical expansion 

and an increase in the thermal expansion coefficient. By assuming that the thermal expansion 

coefficient remains unchanged upon cooling, where the value of α is taken from the change in volume 

(or lattice parameter) at high temperatures, the chemical expansion coefficient will be 

underestimated. Such an underestimation will increase with decreasing proton concentration, 

yielding apparent expansion coefficients that are 27% and 55% lower for 20 mol% and 10 mol% 

Figure 2. Linear expansion of La1−xSrxCo0.2Fe0.8O3−δ (LSCF) as a function of temperature in air
(pO2 = 0.21 atm) for 20 mol% and 40 mol% strontium and βred = 0.031 in (a) and the corresponding
thermal, chemical and thermochemical expansion coefficients in (b). Pure thermal expansion of LSCF
(no chemical expansion) is given for reference. The linear thermal expansion coefficient is consistently
set to 14 × 10−6 K−1.

4.1.3. Non-Constant Thermal Expansion Coefficient

Thermal expansion coefficients are generally assumed to be constant, such that changes in the
slope of the linear expansion with respect to temperature are considered to only reflect chemical
expansion (see Figures 1 and 2). However, recent first principles calculations [86] have shown that
this may not necessarily be the case and the thermal expansion coefficient may in fact change upon
hydration. In the case of BaCeO3, the thermal expansion coefficient was shown to increase from
10.6 × 10−6 to 12.2 × 10−6 K−1 for a dry and fully protonated specimen, respectfully [86]. This has
also been seen experimentally for BaCe0.8Y0.2O3−δ and BaZr0.7Ce0.2Y0.1O3−δ, where the thermal
expansion coefficients increase upon hydration from 9.9 × 10−6 and 12.7 × 10−6 K−1 to 11.1 × 10−6

and 15.0 × 10−6 K−1, respectively [77,126]. This means that a sample will contract and expand to a
greater extent with respect to temperature when exposed to wet conditions compared to that of dry
conditions. The change in volume upon hydration thus stems from a superposition of two effects;
chemical expansion and an increase in the thermal expansion coefficient. By assuming that the thermal
expansion coefficient remains unchanged upon cooling, where the value of α is taken from the change
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in volume (or lattice parameter) at high temperatures, the chemical expansion coefficient will be
underestimated. Such an underestimation will increase with decreasing proton concentration, yielding
apparent expansion coefficients that are 27% and 55% lower for 20 mol% and 10 mol% protons in
BaCeO3 [86], respectively. A way of circumventing this underestimation can be to measure the chemical
expansion isothermally, thus eliminating any effects of thermal expansion. Nonetheless, having a
non-constant thermal expansion coefficient will definitely make it more complicated to separate the
lattice expansion into thermal and chemical expansion contributions. For that reason, it can, for the
sake of simplicity, be easier to assume a constant thermal expansion coefficient, although this can also
lead to some discrepancies between different studies. This will not be focused on any further in this
review due to the large number of other uncertainties that need to be accounted for, but the reader
should be aware that a non-constant thermal expansion coefficient can be a potential source of error,
although often neglected.

4.2. Thermal Expansion of a Composite

Up until now, all expansion phenomena have only been described for materials of a single phase.
However, most electrochemical devices will more often than not employ a composite, consisting of
two or more phases, for at least one of its electrodes. In such cases, it is important to understand how
to describe the thermal expansion of the composite material and in this section, we will go through
some of the basic models that exist in the literature. We will often consider a typical SOFC anode
material NiO/YSZ and its PCFC analogue—NiO/BZY as examples.

It is important to note that all models presented here assume a composite sphere assemblage
(CSA), where all particles of the composite are considered to be spherical and that any action on a
particle is transmitted through a spherical interphase shell. Using this as a basis, the combined thermal
expansion coefficient of a composite material, αcomp, can be predicted from the coefficients values of
the individual phases of the composite. An example of this is through Kerner’s model [127] with a
random distribution of spherical grains of one phase (phase 1) in a continuous matrix of phase 2:

αcomp = α1v1 + α2v2 + v1v2(α1 − α2)
(K1 − K2)

v2K2 + v1K1 + (3K1K2/µ2)
(34)

where α, v, µ and K are the average volumetric thermal expansion coefficient, volume fraction, shear
modulus and bulk modulus, respectively. The equation can often be simplified, as in the case of
NiO/YSZ and BZY/NiO, where the differences in bulk moduli are negligible, such that the second
term becomes zero [128]:

αcomp = α1v1 + α2v2 (35)

Thus, for a sintered composite BZY/NiO, the expression for the thermal expansion becomes:

αcomp = αNiOvNiO + αBZYvBZY (36)

Upon reducing the sintered composite BZY/NiO, porosity is introduced into the cermet and the
resulting amount of porosity will depend on the initial volume fraction of NiO used [128].

An important question to address before continuing is how and to what extent porosity affects
thermal expansion. Although this has not been considered in great detail in the literature, some
studies have attempted to answer this question. Coble and Kingery [129] assessed the influence of
porosity on the physical properties of alumina using samples with 5% and 50% porosity (isolated
pores). Their results demonstrated that the thermal expansion coefficient was unaffected by the amount
of porosity, although increasing porosity decreased the strength and elastic modulus of the material.
Similar results have also been reported on cordierite [130]. For porous ceramic composites, there are no
systematic studies but we can use data from Mori et al. [131] on NiO/YSZ and Ni/YSZ composites to
confirm that expansion coefficients are independent of the amount of porosity. NiO/YSZ composites
prepared with 40 vol.% and 60 vol.% of NiO end up with 20% and 33% porosity upon reduction,
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respectively. Using (36) for NiO/YSZ, along with the following thermal expansion coefficients;
αYSZ = 10.3 × 10−6 K−1 and αNi = 13 × 10−6 K−1, αcomp after reduction is 11.4 and 11.9 for the
40 vol.% and 60 vol.% of NiO composite, respectively, without explicitly accounting for porosity.
This is in good agreement with the values determined experimentally by Mori et al. (11.3 and 12.2,
respectively). Now, if we were to attempt to account for the porosity in (36) by adding an additional
term for the volume fraction of the porosity and assuming αpore = 0, the calculated αcomp becomes
9.1 and 8.0, respectively, i.e., much lower than the measured values. Based on this, porosity can
be considered to have a negligible effect on the thermal expansion, and also probably the chemical
expansion, of a material.

A slightly different approach to Kerner’s model was formulated by Schapery, where the
effective thermal expansion coefficient of an isotropic composite employing extremum principles
of thermoelasticity [132]:

αcomp = α1 + (α2 − α1)
1

Kc
− 1

K1
1

K2
− 1

K1

(37)

Note that this equation will generally only provide upper and lower bounds of αcomp, as the bulk
modulus of the composite, Kc, will generally be varied in the range of K1 to K2. In the case of Kc = K1,
then αcomp reduces to α1, while Kc = K2 similarly simplifies (37) to αcomp = α2.

Another popular model for composites is Turner’s model [132]:

αcomp =
∑αiKivi

∑ Kivi
(38)

Note that, upon applying the assumption that the difference between the bulk moduli of the
different phases is negligible, (38) reduces to the same as (35).

Elomari et al. [132] compared all three models in their study of the composite Al/SiC/SiO2 and
found that their experimentally measured thermal expansion coefficient agreed well with the values
predicted by the Schapery model at low temperature (<150 ◦C), while Kerner’s model was better
suited at higher temperatures (>400 ◦C). In general, all models will often provide a satisfactory way of
describing the thermal expansion behavior of a composite, although knowing the bulk moduli of the
individual phases is necessary before using the simplified expressions. Other models have also been
proposed and are described in Reference [133].

One could argue that the geometry used for the above-mentioned models (spheres in a matrix)
does not represent typical geometries of actual ceramic-ceramic or ceramic-metal composites, or that
none of the models account for particle size. Despite these limitations, Kerner’s model has been
shown to successfully predict the thermal expansion of several composites, such as the YSZ/NiO and
YSZ/Ni [131].

4.3. The Effect of Heating Rate on the Bulk Expansion Coefficients

This section summarizes and discusses the results of the measurements conducted in this work,
where the influence of the heating rate on the thermal expansion coefficients has been explored
(see Section 3.6 for details regarding the measurement procedure). To ensure that each measurement
had identical starting conditions, we have only used the data obtained upon cooling.

The linear expansion as a function of temperature and the corresponding derivative, for YSZ is
presented in Figure 3. Upon first inspection, the linear expansion curves appear to be similar, being
almost completely parallel for all heating rates used, thus indicating an absence of changes in the
expansion coefficients. This is similarly observed in the derivative, given in (b), where the true thermal
expansion coefficient changes a little with respect to temperature but is unaffected by the change in
heating rate. Overall, the thermal expansion coefficient is found to change continuously with respect
to temperature, being in the range of 9–12 × 10−6 K−1, which is in good correspondence with previous
work [134].
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Figure 3. Linear expansion (a) and its corresponding first order derivative in (b), plotted as a function
of temperature for YSZ for all cooling rates (1–20 K min−1), dry Ar.

The results for BZCY72 are presented in a similar way to that of YSZ (Figure 3), and given
in Figure 4. Again, we find that the linear expansion is similar for all heating rates. Note that
20 K min−1 has been excluded here, as it deviated considerably from the other heating rates used,
which can possibly be attributed to incomplete drying at 1000 ◦C prior to cooling. Unlike YSZ,
the true thermal expansion coefficient of BZCY72 does not change considerably with increasing
temperature, although it exhibits two distinct temperature intervals with a constant TEC, above and
below ~750 ◦C. At temperatures close to 1000 ◦C, a rapid increase of thermal expansion coefficient is
observed. The temperature threshold of this phenomenon shifts to lower temperatures with increasing
heating rate. This is only an experimental artifact, stemming from the transition from the isotherm
(1000 ◦C) to the cooling segment during the measurement. An additional experiment (not shown) was
also conducted with a drying segment at 1100 ◦C, whereupon the experimental artefact was in fact
shifted to 1100 ◦C.
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Figure 4. Linear expansion (a) and its corresponding first order derivative (b) plotted as a function of
temperature for BZCY72 for all heating rates except 20 K min−1 (1–10 K min−1), dry Ar.

Average thermal expansion coefficients of BZCY72 for the two respective temperature intervals,
being above and below ~750 ◦C, are presented in Table 1 for all heating rates employed. It increases
from 8.5–8.8 × 10−6 to around 9.3 × 10−6 K−1. The distinct difference in the coefficients could be
due to partial hydration of the sample at lower temperatures, stemming from small gas leakages
allowing water vapor from ambient atmosphere to enter the measurement cell. A slower cooling rate
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will then give the sample more time to react (and possibly even equilibrate), such that it hydrates
to a greater extent, ultimately affecting the measurement (see Section 2.2.1 for more details of
thermochemical expansion upon hydration). This shows how important it is to perform thermal
expansion measurements in controlled conditions when measuring samples that are prone to undergo
chemical expansion.

Table 1. The mean thermal expansion coefficients, <α>, determined for BZCY72 in dry Ar.

Cooling Rate
K·min−1

Temperature Range
◦C

<α>
10−6 K−1

1 750–1000 9.3(2)
3 750–980 9.3(2)
5 750–960 9.3(2)
10 750–935 9.2(2)
1 100–750 8.5(3)
3 110–750 8.8(3)
5 120–750 8.7(2)
10 170–750 8.5(2)

5. Thermal and Chemical Expansion of Proton Conducting Ceramics (PCCs)

The preceding sections have provided the theoretical basis for thermal and chemical expansion,
described experimental and computational methods to determine the corresponding coefficients, while
Section 4 has gone through and discussed the challenges and influencing factors when measuring
thermal and chemical expansion coefficients. In this section, we present and review literature values for
the thermal and chemical expansion coefficients for a series of PCCs in a systematic manner. Following
the constituents of an electrochemical cell, the coefficients will first be presented for electrolyte type
materials, where protons are the dominating charge carriers, before moving onto materials employed
as electrodes, which display both electronic and ionic conductivity.

5.1. Proton Conducting Solid Electrolytes

The proton conducting electrolyte type materials can be separated into a few major groups
of oxides: perovskites and perovskite-related compounds, ABO4 oxides and pyrochlore- and
fluorite-related materials [3,22,80,135–138]. Although, this is not a complete list by any means, these
materials cover the majority of research activity within the field of solid state high temperature proton
conductors. We would like to remind the reader that only chemical expansion due to hydration is
presented in this section as PCC materials will generally not exhibit pO2 -induced expansion [139,140].

5.1.1. ABO3 Perovskites and Perovskite-Related Materials

5.1.1.1. Barium Cerate and Barium Zirconate Based Perovskites

Out of all High Temperature Proton Conductors (HTPCs) that have been worked on over the last
four decades, none have been studied in more detail than acceptor doped BaZrO3 or BaCeO3, or even
a solid solution of the two. This is mostly due to their superior proton conductivity, reaching levels
of ~0.02 S cm−1 at intermediate temperatures under humid conditions (400–600 ◦C) [73,137,141–144].
Due to their popularity, significant work has also been devoted to describing their thermal and
chemical expansion behavior. Table 2 lists thermal expansion coefficients of barium zirconate and
barium cerate based perovskites, along with some comments regarding the measurement technique
and conditions. To avoid effects of chemical expansion upon hydration (see Section 2.2.1 for details),
we primarily give coefficients determined under dry conditions and/or high temperatures, especially
from studies reporting several coefficients for different temperature intervals and/or conditions.
Although there are discrepancies between the values reported in the literature, Table 2 demonstrates a
general trend, in which <α> increases with increasing yttrium content, x, for BaZr1−xYxO3−δ (BZY),
varying from around ~8 × 10−6 K−1 in BaZrO3 to around ~10 × 10−6 K−1 when acceptor doped
by 20–30 mol% yttrium. For BaCeO3, it is less clear due to the smaller data set available but the
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thermal expansion coefficients are generally higher in magnitude than BZY, typically being about
11 × 10−6 K−1 and appear to be independent of the amount of yttrium. The solid solutions of
Y-doped BaZrO3-BaCeO3 similarly reflect this changeover in thermal expansion coefficients, with <α>
decreasing systematically with increasing Zr-content. Overall, these trends offer a potential way of
tailoring the thermal expansion coefficient of the electrolyte to avoid thermal mismatch with the other
components in the electrochemical device. <α> can for instance be increased by either increasing the
proportion of Ce in the BaZrO3-BaCeO3 solid solution, or by increasing the amount of yttrium dopant.

Table 2. Thermal expansion coefficients of barium zirconate and barium cerate based perovskites.

Compounds <α>
(10−6 K−1) Comments and References

Undoped and Y-doped BaZrO3

BaZrO3

4.7 1)

6.87 2)

7.13 3)

7.5(2) 4)

8.02 5)

7.89 6)

8.65 7)

1) Neutron scattering, 100–300 K, gas composition not specified [145]
2) HT-XRD, estimated by αV/3 (αV = 20.6 × 10−6 K−1), RT–600 ◦C, gas composition not specified [118]

3) Dilatometry, RT–1000 ◦C, reducing conditions—not specified [146]
4) HT-XRD, 298–1675 K, air [147]

5) HT-XRD, 30–1000 ◦C, dry Ar [78]
6) Dilatometry, temperature range used for <α> not clear, sample made by citrate method [148]

7) Dilatometry, temperature range used for <α> not clear, sample made by solid state synthesis [148]

BaZr0.98Y0.02O3−δ 8.47 1) 1) HT-XRD, 30–1000 ◦C, dry Ar [78]

BaZr0.95Y0.05O3−δ
8.62 1)

8.75 2)

1) HT-XRD, 30–1000 ◦C, dry Ar [78]
2) HT-XRD, 373–1123 K, vacuum conditions (0.1 mbar) [77]

BaZr0.9Y0.1O3−δ

6.19 1)

8.45 2)

8.78 3)

8.80 4)

13 5)

1) HT-ND, 300–773 K, dry N2 [149]
2) HT-XRD, 650–1000 ◦C, dry 4% H2 in Ar [119]

3) HT-XRD, 30–1000 ◦C, dry Ar [78]
4) HT-XRD, 373–1123 K, vacuum conditions (0.1 mbar) [77]

5) Dilatometry, 30–1000 ◦C, air [150]

BaZr0.85Y0.15O3−δ

8 1)

8.7 2)

9.25 3)

1) Dilatometry, dry and wet (pH2O = 0.023 bar) give same result [80]
2) Dilatometry, Estimate made from thermal expansion LT (RT–320 ◦C), air [120]

3) HT-XRD, 30–1000 ◦C, dry Ar [78]

BaZr0.8Y0.2O3−δ

8.2 1)

9.65 2)

10.1 3)

1) HT-XRD, 100–900 ◦C, air [151]
2) HT-XRD, 373–1123 K, vacuum conditions (0.1 mbar) [77]

3) HT-XRD, 30–1000 ◦C, dry Ar [78]

BaZr0.75Y0.25O3−δ 10.2 1) 1) HT-XRD, 30–1000 ◦C, dry Ar [78]

BaZr0.7Y0.3O3−δ 10.0 1) 1) HT-XRD, 30–1000 ◦C, dry Ar [78]

Acceptor doped BaZrO3 (other elements than Y)

BaZr0.8Sc0.2O3−δ 9.4 1) 1) HT-XRD, Estimate made for lattice expansion at HT (600–1000 ◦C) under dry conditions [75]

BaZr0.8Sm0.2O3−δ 9.2 1) 1) HT-XRD, Estimate made for lattice expansion at HT (600–1000 ◦C) under dry conditions [75]

BaZr0.8Eu0.2O3−δ 9.9 1) 1) HT-XRD, Estimate made for lattice expansion at HT (600–1000 ◦C) under dry conditions [75]

BaZr0.8Dy0.2O3−δ 10.5 1) 1) HT-XRD, Estimate made for lattice expansion at HT (600–1000 ◦C) under dry conditions [75]

Undoped and acceptor doped BaCeO3

BaCeO3
11.2 1)

12.2 2)

1) Dilatometry, RT–1000 ◦C, reducing conditions—not specified [146]
2) DFT, QHA, 300 K, conditions not applicable [86]

BaCe0.8Y0.2O3−δ

11.6 1)

9.94 2)

10.5 3)

11.6 4)

1) HT-XRD, 100–900 ◦C, air [151]
2) HT-XRD, 373–1123 K, vacuum conditions (0.1 mbar) [77]

3) HT-XRD, RT–1000 ◦C, dry O2, estimate made based on changes in pseudo-cubic volume [152]
4) HT-ND, 30–800 ◦C, air, estimate made based on changes in pseudo-cubic volume [153]

Y:BaZrO3-BaCeO3 solid solutions (in order of increasing Zr-content)

BaZr0.1Ce0.7Y0.2O3−δ
11.3 1)

12.1 2)

1) HT-XRD, 600–900 ◦C, air [151]
2) Dilatometry, 50–900 ◦C, air, <α> extracted for 50–600 ◦C where the expansion is linear [154]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
9.07 1)

11.60 2)

1) Dilatometry, 720–1100 ◦C, Ar, pH2O not indicated [155]
2) Dilatometry, 800–1100 ◦C, air, pH2O not indicated [155]

BaZr0.2Ce0.6Y0.2O3−δ 11.3 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.3Ce0.5Y0.2O3−δ 10.8 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.4Ce0.4Y0.2O3−δ 10.9 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.5Ce0.3Y0.2O3−δ 9.3 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.6Ce0.2Y0.2O3−δ 9.1 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.7Ce0.1Y0.2O3−δ 8.4 1) 1) HT-XRD, 600–900 ◦C, air [151]

BaZr0.7Ce0.2Y0.1O3−δ

12.7 1)

10.2 2)

9.3 3)

1) HT-ND, pre-hydrated sample, pH2O estimated to be 0.001 atm based on thermodynamic
modelling [126]

2) HT-XRD, 650–1000 ◦C, dry 4% H2 in Ar [119]
3) Dilatometry, this work, dry Ar, see Section 3.6 for more details

BaZr0.8075Ce0.0425Y0.15O3−δ 8 1) 1) Dilatometry, dry and wet (pH2O = 0.023 bar) give same result [80]
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Due to the large concentrations of protons in acceptor doped BaZrO3 and BaCeO3, typically
being around 10–20 mol% when fully saturated at lower temperatures, chemical expansion upon
hydration poses a serious challenge for device fabrication. A detailed description of the effect of
chemical expansion on the linear expansion of Y-doped BaZrO3 (BZY) has already been provided in
Section 2.2.1, assuming a constant volumetric chemical expansion coefficient, βhydr, of 0.125. However,
this coefficient only represents a mean value of what can already be found in the literature and we
will here attempt to collectively describe the changes in chemical expansion upon hydration in a more
systematic manner, by first going through available data on BZY. To reduce uncertainties, only studies
where the proton concentrations have been determined will be included, i.e., work assuming the
proton concentration to be equal to the nominal doping concentration are neglected.

Figure 5 presents experimentally determined volumetric chemical expansion coefficients upon
hydration, βhydr, as a function of the proton concentration for BZY (top), along with the corresponding
linear expansion of the lattice (bottom). The dashed lines represent a completely linear regime,
where βhydr is constant, for reference. For the data by Han et al. [78], volume changes and proton
concentrations have been determined at two separate temperatures; 300 and 600 ◦C, thus giving two
values for βhydr. These data are represented by full and open squares, respectively. Although there
is significant scattering in the values presented, the top panel of the figure clearly demonstrates a
trend in βhydr, which decreases with increasing proton concentration. At a proton concentration of
~0.07 mole fractions, βhydr appears to reach a plateau, whereupon βhydr stays constant (0.136) with
increasing [OH•O], that is, the lattice expands linearly with increasing [OH•O] above 7 mol%. At lower
proton concentrations, βhydr is significantly higher, being 0.272 at ~0.02 mole fractions, i.e. double of
the constant value at higher [OH•O], 0.136. This results in a non-linear lattice expansion below 7 mol%
OH•O, as is demonstrated in the bottom panel of the figure. In other words, the incorporation of the first
few protons induces a larger chemical expansion of the lattice, compared to the protons formed when
BZY is close to its level of saturation, where [Y/

Zr] = [OH•O]. Although we have limited knowledge as
to why there is a change in the chemical expansion coefficient upon hydration, we wish to propose a
possible explanation for this change.

For BZY, protons can be formed by protonating and filling oxide ions, O×O and oxygen vacancies,
v••O , or by protonating and filling their associated counterparts, (YZrOO)

/ and (YZrvO)
•. These

hydration mechanisms will in turn result in unassociated or associated protons, OH•O and (YZrOHO)
×,

respectively. Thus, we have to consider a total of six defects, v••O , O×O , OH•O, (YZrvO)
•, (YZrOO)

/

and (YZrOHO)
×, each of which may chemically expand or contract the lattice differently. At lower

temperatures (<400 ◦C), where full hydration generally is achieved, all defects can be considered to be
associated, such that hydration only proceeds by:

H2O(g) + (YZrvO)
• + (YZrOO)

/ � 2(YZrOHO)
× (39)

As the temperature is raised, BZY will start to dehydrate but this will simultaneously be
accompanied by the destabilization of the associated defects, (YZrvO)

• and (YZrOHO)
×, causing

them to break up into their constituent defects; v••O , OH•O and Y/
Zr. The overall hydration mechanism at

higher temperatures will thus be a combination of several defect equilibria. This change in hydration
mechanisms could therefore be the reason for the change in βhydr as the proton concentration increases.

Although we have now presented an apparent trend for βhydr for BZY, there is far less available
data to extend this analysis to other materials. For BaCeO3, the reported values for βhydr vary
dramatically—between 0.030 and 0.151 [77,79], making it difficult to make any direct comparison
to the work on BZY. In such cases, first principles calculations can be particularly valuable and
Bjørheim et al. [84] were recently able to clearly demonstrate that βhydr decreases in the order BaZrO3

→ BaSnO3→ BaCeO3→ SrZrO3, suggesting that orthorhombic perovskites (BaCeO3 and SrZrO3) will
typically display less chemical expansion than their cubic counterparts (BaZrO3 and BaSnO3). Based on
this, addition of cerium in the solid solution BaZrO3—BaCeO3 can be a useful way of reducing the
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chemical expansion upon hydration. Interestingly, this is in good correspondence with work by
Kreuer [80], who showed that the chemical expansion of BaZr0.8075Ce0.0425Y0.15O3−δ is significantly
smaller than that of BaZr0.85Y0.15O3−δ.
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Figure 5. Experimentally determined chemical expansion coefficients upon hydration per mol H2O,
βhydr, for BaZr1−xYxO3−δ as a function of the proton concentration, [OH•O] in the top panel, along
with the corresponding linear expansion of the lattice in the bottom panel [77,78,80]. The solid lines are
based on an exponential decay function fitted to all values of βhydr (top panel) and the same function is
used to express the linear expansion (bottom panel). The dashed lines represent the chemical expansion
when βhydr is constant (0.136).

5.1.1.2. Other Perovskites and Perovskite-Related Compounds

Although barium zirconates and cerates have received considerable interest in the literature
over the last few decades, a number of other promising proton conducting perovskites and
perovskite-related compounds have also been studied and these will be the focus of the remaining
part of this sub-section.

A common denominator for all perovskites in general is that they are typically acceptor doped
by a few to tens of mol%, which is required for them to exhibit protonic conductivity under humid
conditions. This means that their lattice will chemically expand upon hydration at lower temperatures.
However, due to the lack of literature data on chemical expansion due to hydration in general, being
limited to Y-doped BaZrO3 and BaCeO3, the main emphasis will be to describe and review the thermal
expansion coefficients of other perovskites. Table 3 lists thermal expansion coefficients of a number of
different proton conducting perovskite oxides, along with total conductivities under moist conditions
at 600 ◦C as an indication of their overall performance. Some additional perovskites have also been
included for reference, for example, BaUO3, although they have not been shown to conduct protons.
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Table 3. Thermal expansion and total conductivity under wet conditions (600 ◦C) in proton conducting
perovskites other than barium cerates and zirconates. The coefficients of some other perovskites
are included for completeness, although these have not explicitly been shown to conduct protons.
Their conductivities are therefore denoted by N.A.

Compounds
Conductivity

at 600 ◦C
(10−3 S cm−1)

<α>
(10−6 K−1) Comments and References

Ca- and Sr-based perovskites

CaZrO3 0.3 in air 1)
8.02 + 0.005 × T 2)

8.92 + 0.003 × T 3)

T: temperature

1) for 3 mol% Sc-doped specimen [156]
2) Dilatometry, dry (pH2O = 0.0004 atm) air, nonlinear thermal

expansion [156]
3) Dilatometry, moist (pH2O = 0.025 atm) air, nonlinear thermal

expansion [156]

SrZrO3 0.8 in H2
1) 9.69 2)

1) for 5 mol% Y-doped specimen [157,158]
2) Dilatometry, gas conditions not specified, undoped sample [159]

SrCeO3 2 in H2
1) 11.1 2)

1) for 5 mol% Yb-doped specimen [27,160]
2) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

SrMoO3 N.A. 7.98 1)
1) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

SrHfO3 N.A. 11.3 1)
1) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

SrRuO3 N.A. 10.3 1)
1) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

Ba-based perovskites

BaSnO3 0.05 in air 1) 9.3 2)
1) tOH ≈ 0.75, doped with 10 mol% Lu, measured at 450 ◦C [162]

2) Dilatometry, gas composition not specified, undoped sample [163]

BaHfO3 0.05 in air 1) 6.93 2)
1) tOH unknown, doped with 10 mol% Y, measured at 450 ◦C [164]

2) Dilatometry, gas composition not specified, undoped sample [165]

BaThO3 6 in Ar 1) 11.09 2)
1) tOH ≈ 0.55, doped with 5 mol% Nd [166]

2) Dilatometry, gas composition not specified, undoped sample [167]

BaTbO3 6 in Ar 1) 9 2)

1) tOH not specified, doped with 5 mol% Yb [166]
2) Estimated from HT-XRD data for temperature range 280–800 K,

undoped sample [168]

BaMoO3 N.A. 9.46 1)
1) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

BaUO3 N.A. 11.0 1)
1) Dilatometry and HT-XRD under reducing conditions and helium,

respectively, undoped sample [161]

LaREO3 series

LaScO3 4 in H2
1) 8 2)

1) tOH ≈ 1, doped with 10 mol% Sr [169]
2) Estimated from dilatometry plot, gas composition not specified,

sample doped with 10 mol% Sr [170]

LaYO3 0.8 in air 1) 11.1(1) 2)

11.4(3) 3)

1) tOH ≈ 1, doped with 10 mol% Sr [171]
2) Dilatometry, dry (pH2O = 0.001 atm) air, sample doped with 10 mol%

Sr [172]
3) Dilatometry, moist (pH2O = 0.025 atm) air, sample doped with 10

mol% Sr [172]

LaYbO3 0.8 in air 1) 8.95 2)
1) tOH ≈ 1, doped with 10 mol% Sr [171]

2) Dilatometry, gas composition not specified, undoped sample [173]

LaLuO3 0.7 in H2
1) 4.5 2)

1) tOH ≈ 1, doped with 10 mol% Sr [169]
2) Estimation of αV/3, undoped LaLuO3 single crystal measured by HT

XRD camera in temperature range from RT–1000 ◦C [174]

LaInO3 3 in air 1) 6–9 2)

1) tOH ≈ 0.9, for 10 mol% Sr-doped specimen [171]
2) The range of true coefficient calculated from dilatometry in the

temperature range 250–873 K, gas composition not specified, undoped
sample [175]

As shown in Table 3, the AIIBIVO3 perovskites appear to exhibit similar thermal expansion
coefficients to that of undoped and acceptor doped BaZrO3 and BaCeO3 (Table 2), with values ranging
from 7 to 11 × 10−6 K−1. For the LaREO3 series on the other hand, the values scatter quite significantly,
being especially low for LaLuO3, and we can only speculate whether these large differences in TECs
may stem from influences of chemical expansion due to hydration.
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From the data presented in Tables 2 and 3, we see that there appears to be a general tendency
for the cubic perovskites, for example, BaZrO3, BaSnO3 and SrMoO3, to display lower thermal
expansion coefficients compared to their orthorhombic counterparts. In an attempt to quantitatively
describe this trend, we use the Goldschmidt tolerance factor, which effectively accounts for deviations
from a cubic structure based on the ionic radii of the constituent ions [176]. Figure 6 presents
experimentally determined linear thermal expansion coefficients for more than 20 Ba-based perovskite
compositions as a function of the tolerance factor in (a), while (b) shows the same coefficients plotted
versus the deviation from the perfect cubic structure, defined as the absolute value of (tolerance
factor—1). Note that non Ba-based perovskites, such as CaZrO3 and LaScO3, have been disregarded
to limit the number of discrepancies, although they appear to show some of the same tendencies.
For BaZr1−xYxO3−δ (BZY) and solid solutions of BaZr1−xYxO3−δ and BaCe1−xYxO3−δ (BZY-BCY)
from Table 2, where numerous expansion coefficients are reported, only values by Han et al. [78]
and Lyagaeva et al. [151], respectively, are used, as their work cover a wide range of compositions.
As demonstrated in the figure, the thermal expansion coefficient shows an apparent trend, increasing
with decreasing tolerance factor, ranging from ~7 × 10−6 K−1 for a cubic structure (tolerance factor
close to 1) to 11 × 10−6 K−1 for a tolerance factor of ~0.9. This trend can be rationalized on the basis
of work by Zhao et al. [118,177], who previously described the thermal expansion of perovskites to
be a combination of two effects: an elongation of the B-O bonds upon heating and a change in the
octahedral tilting angle with temperature. The volumetric thermal expansion coefficient of an ABO3

perovskite can then be expressed by

αV =
3

(B−O)

∂(B−O)

∂T
+

2
cos φ

∂(cos φ)

∂T
(40)

where (B−O) and φ represent the B-O bond length and octahedral tilting angle, respectively. For cubic
perovskites, where the octahedral tilting angle is consistently zero, the equation reduces to only the
first term and the expansion upon heating is then only related to changes in the B-O bond length.
Perovskites of a lower symmetry, such as orthorhombic SrZrO3, will therefore have a higher thermal
expansion coefficient due to the inclusion of the second term of (40), accounting for the change
in octahedral tilting with temperature. In fact, Zhao et al. [118] estimated that the change in the
tilting angle accounts for 40–60% of the total thermal expansion of the tetragonal and orthorhombic
polymorphs of SrZrO3. Overall, the results shown in Figure 6 suggest that the tolerance factor may be
used to estimate the thermal expansion coefficient of a perovskite, at least to a first approximation.

As a final part of this subsection on the ABO3 perovskites, we will now briefly review some
other structurally related proton conducting compounds, namely the complex perovskites and the
brownmillerites. Both of these structural classes are related to one another, in which the complex
perovskites consist of two or more ordered layers of the perovskite structure, for example, the double
perovskite A2B′B”O6 consisting of alternating layers of AB′O3 and AB′ ′O3, while the brownmillerites
represent a heavily oxygen deficient perovskite with the general formula ABO2.5. The brownmillerites
can also be considered to be a subset of the complex perovskites, composed of alternating layers of
ABO3 and ABO2, where the B-site cation is both tetrahedrally and octahedrally coordinated to the
oxide ions within the same structure.

For the proton conducting complex perovskites, most of the work has been devoted to the
Ba3Ca1+xNb2−xO9−δ (BCN) series, where larger proportions of Ca introduce a higher oxygen
nonstoichiometry and thus more protons upon hydration. The proton conductivity of these compounds
peaks at ~3 mS cm−1 at around 400 ◦C [178], falling a little short of the performance of acceptor
doped BaZrO3 and BaCeO3. The poorer proton conductivity is mainly attributed to the less
favorable hydration thermodynamics of the BCN series compared to that of Y-doped BaZrO3 and
BaCeO3 [73,179,180], destabilizing the protons at higher temperatures. Attempts at increasing the
proton conductivity of the BCN series by Ce and K substitutions have therefore been tried, although
this has only led to minor improvements [181,182]. The thermal expansion coefficients of BCN increase
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slightly with increasing x, ranging from 10× 10−6 to 12× 10−6 K−1 [183]. These values are very similar
to most regular ABO3 perovskites, albeit in the higher end of the scale (see for example, Figure 6).
Due to the fairly high proton concentrations of these materials, being up to 0.18 mol OH•O per mol
Ba3Ca(1+x)/3Nb(2−x)/3O3−δ, chemical expansion upon hydration also poses a significant challenge in
terms of device fabrication. We estimate the chemical expansion coefficient upon hydration, βhydr,
to be consistently 0.14 per mol H2O for the entire series based on lattice parameters determined by
Schober and his coworkers [180,184,185], being comparable to that of BZY (cf. Figure 5).Crystals 2018, 8, 365 25 of 70 
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This similarity may be attributed to the fact that both BCN and BZY are both cubic perovskites,
generally showing higher chemical expansion coefficients upon hydration compared to orthorhombic
perovskites such as BaCeO3 and SrZrO3 [84].

Unlike the ABO3 perovskites and the complex perovskites, which may at maximum incorporate
~20–30 mol% protons, the brownmillerites are capable of absorbing up to 1 mol H2O per mol oxide
due to their large oxygen deficiencies. As proton conductors, they perform reasonably well, with
their proton conductivity peaking at around 4–6 mS cm−1 at 400–600 ◦C for Ti-substituted Ba2In2O5

and Ba2Sc2O5 [186–192]. However, due to the large concentrations of protons, these materials display
significant chemical expansion, with corresponding volume expansions of more than +3% for pure
Ba2In2O5 upon hydration. Based on the work by Quarez et al. on Ba2In1.6Ti0.4O6−δ [189], βhydr
is estimated to be 0.067 per mol H2O, that is, approximately half of the value determined for BZY
(Figure 5). However, due to significantly higher proton concentrations in this system, the volume
will chemically expand more than twice the amount compared to that of 20 mol% Y-doped BaZrO3

(Figure 5 bottom panel). Thus, for the successful realization of brownmillerite type electrolytes in
an electrochemical device, additional care must be taken to minimize chemical expansion. In terms
of the thermal expansion of the brownmillerites, the coefficient has been shown to increase upon
hydration, being 12.5 × 10−6 K−1 for a completely dry specimen, increasing to 14.1 × 10−6 K−1 when
fully hydrated. Note that both of these values are larger than all other proton conducting perovskites
that have been covered in this review (Tables 2 and 3) and the brownmillerites may as such represent
an alternative electrolyte to Y-doped BaZrO3, being more compatible with electrodes exhibiting higher
thermal expansion coefficients.
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5.1.2. ABO4 Oxides

Several representatives of the ABO4 oxides have been studied as potential candidates for proton
conducting electrolytes. These materials are typically composed of a trivalent rare earth element on
the A-site [65,193–199], while the B-site element is a pentavalent cation from group 5 [65,193–195]
or 15 [196–199] of the periodic table. Unlike the perovskites (Section 5.1.1), these oxides show a
much lower solubility for acceptor dopants, typically being limited to ~1–2 mol% on both the A- and
B-site [65,194,200–205]. For this reason, chemical expansion upon hydration can be completely
neglected for the ABO4 oxides and we will hereafter only consider thermal expansion for this
material system.

The ABO4 oxides can adapt a number of different structures, where zircon (I41/amd), wolframite
(P21/c), monazite (P21/n), scheelite (I41/a) and fergusonite (I2/a) are among the most commonly found
in literature [206,207]. The thermal expansion coefficient of each of these structures has been shown
to be distinctly different, with coefficients in the range of 4–6 × 10−6 K−1 for oxides exhibiting the
wolframite structure, whereas the corresponding values for the scheelite- and zircon-type structured
oxides will generally be above 10 × 10−6 K−1 [208]. Li et al. [208] demonstrated that these differences
can be rationalized in terms of changes in the coordination number of the A-site cation and A-O bond
length, while the BO4 (scheelite and zircon) and BO6 (wolframite) polyhedra remain rigid with respect
to temperature and do therefore not contribute to thermal expansion. The increase in α upon going
from the wolframite to the scheelite/zircon structure is therefore argued to stem from an increase in
the coordination number of the A-site cations, varying from 6 to 8. Overall, their work suggests that
the thermal expansion coefficient can be tailored by changing or partially substituting the A-site cation
with a different element. Such a substitution will alter the A-O bond length and may also change its
coordination number, both of which contribute to the thermal expansion of these oxides.

Another important aspect of the ABO4 oxides is that they often undergo a structural phase
transition, causing an abrupt change to the thermal expansion coefficient [209,210]. A notable example
of this is demonstrated for LaNbO4, which goes from a monoclinic fergusonite structure to a tetragonal
scheelite-type structure at ~500 ◦C. The corresponding thermal expansion coefficient halves upon this
transition, from 15–17 × 10−6 to 7–8 × 10−6 K−1, respectively [63,103,200]. Such a large change in α
poses a serious challenge in finding compatible materials for device fabrication, requiring additional
care to minimize thermal mismatch.

Most of the work in the literature on the ABO4 oxides has primarily been focused on acceptor
doped LaNbO4, following the promising proton conductivity of ~10−3 S cm−1 measured by Haugsrud
and Norby in 2006 [65,194]. At the time, it was considered somewhat of a breakthrough, as LaNbO4

represented a new oxide system posing as an alternative electrolyte material to the traditional Y-doped
BaZrO3 or BaCeO3 perovskites. Following that paper, significant attempts went into optimizing the
performance of the oxide by investigating alternative doping strategies [63,64,200,201,205,211–214],
as well as different synthesis routes and conditions [202,215–219]. However, most of this work
ultimately resulted in minimal improvements compared to the original work by Haugsrud and
Norby. Although much less interest is currently being devoted to acceptor doped LaNbO4, recent
developments have shown great promise, reaching total conductivities of 2 × 10−3 S cm−1 at
720 ◦C [202], indicating that LaNbO4 should not be written off as a potential proton conducting
electrolyte yet. Table 4 lists thermal expansion coefficients for undoped and cation-substituted LaNbO4,
along with their total electrical conductivity at 800 ◦C in moist atmospheres and their structure type in
specific temperature intervals for reference.
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Table 4. Thermal expansion coefficients of undoped and cation-substituted LaNbO4 compounds, along
with their total conductivity at 800 ◦C under wet conditions and their structure type for reference.
Note that acceptor dopants are generally on the La-site unless specified otherwise.

Compound
Conductivity

at 800 ◦C
(10−3 S cm−1)

Temp. Range
(◦C)

Structure
Type

<α>
(10−6 K−1) Comments and References

Acceptor doped LaNbO4 (maximum 2–3 mol% dopant)

undoped 0.02 in H2
1)

RT to ~500 fergusonite 14 2)/15.3 3)

17.1 4)/17.3 5)
1) tOH not specified [211]

2) Dilatometry, measured upon cooling, gas conditions
not specified [200]

3) Dilatometry, measured upon cooling in moist Ar [103]
4) Expansion of the unit cell measured by ND [103]

5) Expansion of the unit cell measured or HT-XRD [63]

~500–1000 scheelite 8.4 2)/8.8 3)

4.2 4)/7.1 5)

Ca-doped 0.8 in O2
1)

0.7 in H2
1)

RT to ~500 fergusonite 12 2) 1) tOH ≈ 1; doped with 1 mol% Ca [65]
2) Dilatometry, measured upon cooling, gas conditions

not specified, sample doped with 2 mol% Ca [200]~500–1000 scheelite 8.3 2)

Ba- or
Sr-doped 0.4 in H2

1) RT to ~500 fergusonite 14 2) 1) tOH ≈ 1; for 2 mol% Sr [211]
2) Dilatometry, averaged for all compositions,

measurement upon cooling, gas conditions not
specified [200]~500–1000 scheelite 8.6(5) 2)

Mg-doped 2 in H2
1) RT to 490 fergusonite 12 2)/17.7 3) 1) at 720 ◦C, tOH not specified, for 2 mol% Mg [202]

2) Dilatometry, gas conditions not specified [102]
3) Expansion of the unit cell measured by HT-XRD [102]490–1000 scheelite 8 2)/10.8 3)

Ti-doped
(Nb-site)

0.1 in N2
and O2

1)
RT to ~500 fergusonite 13 2) 1) tOH not specified, 2–3 mol% Ti [203]

2) Dilatometry, gas conditions not specified [203]~500–1000 scheelite 7 2)

Acceptor doped LaNb1−xMx O4 (M = V, Ta or Sb)—M and Nb are isovalent

LaNb1−xVxO4 1) tOH estimated to 0.7–0.9, sample acceptor doped with
2 mol% Sr [220]

2) Dilatometry, gas composition not specified [220]x = 0.3 0.1 in O2
1) RT–1000 scheelite 8 2)

LaNb1−xTaxO4 1) tOH not specified, acceptor doped with 1 mol%
Ca [221]

2) Expansion of the unit cell measured by HT-XRD,
sample without acceptor dopants [63]

x = 0.2 0.3 in Ar 1) RT–670 fergusonite 15.7(3) 2)

670–1000 scheelite 9.1(1) 2)

x = 0.4 0.08 in Ar 1) RT–800 fergusonite 14.0(2) 2)

800–1000 scheelite 11.5(1) 2)

LaNb1−xSbxO4 1) tOH ≈ 1, sample acceptor doped with 2 mol% Ca [214]
2) Dilatometry, dry Ar, measured on sample without

acceptors [64]
x = 0.1 0.3 in air 1) RT–351 fergusonite 16.7(4) 2)

351–1000 scheelite 9.1(7) 2)

x = 0.3 0.08 in air 1) RT–1000 scheelite 8.1(3) 2)

LaNb1−xAsxO4

x = 0.1 N/A
RT–340 fergusonite 13.9(1) 1)

1) Dilatometry, dry Ar, measured on sample without
acceptors [222]

340–1000 scheelite 8.6(2) 1)

x = 0.3 N/A RT–1000 scheelite 8.3(1) 1)

As already mentioned, undoped and acceptor doped LaNbO4 undergoes a phase transition from
fergusonite to scheelite at ~500 ◦C [103,210,223–225], whereupon the thermal expansion coefficient
decreases by a factor of 2. As these two phases display significantly different thermal expansion
coefficients, it is important to understand how various cation substitutions may influence this phase
transition temperature. From the data given in Table 4, we see that acceptor doping (<3 mol%) appears
to have no effect on the phase transition, while isovalent substitutions of ~30 mol% V, As and Sb on
the Nb-site lower the transition temperature to below RT, such that these compositions consistently
adopt the scheelite structure. Ta has the opposite effect and acts as fergusonite-stabilizer, shifting
the phase transition temperature up to 800 ◦C for 40 mol% Ta. In terms of the thermal expansion
coefficients, values for the specific polymorphs are generally quite similar, regardless of composition,
being around 12–14 × 10−6 K−1 for the low temperature monoclinic fergusonite structure, while the
corresponding coefficients for the high temperature tetragonal scheelite polymorph are in the range
of 8–9 × 10−6 K−1. Lastly, we want to underline that although isovalent substitutions on the Nb-site
appear to be promising in that they can effectively change the phase transition temperature by several
hundred degrees, the same compositions are often poorer proton conductors. For instance, LaNbO4
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substituted by either 40 mol% Ta or 30 mol% Sb both display total conductivities of 8 × 10−5 S cm−1,
which is 1 order of magnitude lower than corresponding compositions without Ta or Sb [65,194,202].

Although LaNbO4 is the most well studied proton conducting oxide within the ABO4 group,
several other proton conductors with similar proton conductivities have also been identified, such as
the rare-earth orthophosphates, REPO4, LaAsO4 and NdNbO4 to mention a few. Table 5 summarizes
the thermal expansion coefficients of these oxides, along with their total conductivity at 800 ◦C under
wet conditions and their structure for reference. Note that in contrast to LaNbO4, most of these oxides
have the benefit of retaining their structure up to relatively high temperatures (>800 ◦C), that is, they
do not undergo a phase transition. The table therefore only includes one structure for each of the
oxides presented.

Table 5. Other ABO4 compounds and their crystal structure, conductivity at 800 ◦C in moist conditions
and thermal expansion coefficient.

Compounds
Conductivity

at 800 ◦C
(10−3 S cm−1)

Structure
Type

<α>
(10−6 K−1) Comments and References

Rare earth orthophosphates

YPO4 0.09 in O2
1) xenotime 6.2 2)/5.4 3)

1) tOH ≈ 1, doped with 3 mol% Ca [199]
2) Dilatometry, gas conditions not specified, undoped

sample [226]
3) Expansion of the unit cell measured by HT-XRD [227]

LaPO4 0.03 in air 1) monazite 10.0 2)

1) tOH ≈ 1, doped with 4 mol% Sr [196]
2) Dilatometry, gas conditions not specified, undoped

sample [228]

Lanthanide orthoniobates (La is excluded)

NdNbO4 0.5 in H2
1) fergusonite 10.3 2)

1) tOH ≈ 1, doped with 1 mol% Ca [194]
2) Dilatometry, gas composition not specified, undoped

sample [229]

ErNbO4 0.04 in H2
1) fergusonite 12.0 2)

1) tOH ≈ 1, doped with 1 mol% Ca [194]
2) Expansion of the unit cell measured by HT-XRD,

undoped sample [230]

Lanthanide orthotantalates

LaTaO4 0.2 in H2
1) layered

perovskite 5.33 2)

1) tOH ≈ 1, doped with 1 mol% Ca [193]
2) Dilatometry, gas composition not specified, undoped

sample [231]

NdTaO4 0.07 in H2
1) fergusonite 9.87 2)

1) tOH ≈ 1, doped with 1 mol% Ca [193]
2) Dilatometry, gas composition not specified, undoped

sample [231]

GdTaO4 0.03 in H2
1) fergusonite

a 6.17 2)

b 12.12 2)

c 13.40 2)

average 10.6 3)

1) tOH ≈ 0.7, doped with 1 mol% Ca [193]
2) Dilatometry, gas conditions not specified, measured

for an undoped single crystal along a, b and c axis [232]
3) Calculated for comparative reasons

Others

LaAsO4 0.03 in O2
1) monazite 7.7 2)

1) tOH ≈ 1, doped with 1 mol% Sr [197]
2) Calculated from the chemical bond theory of dielectric

description, undoped material [233]

LaVO4 0.3 in O2
1) monazite 6.1 2)

1) tOH ≈ 0.15, doped with 1 mol% Ca, at this
temperature predominantly oxygen ion conductor,

protonic conductivity dominates below 500 ◦C [234]
2) Calculated from the chemical bond theory of dielectric

description, undoped material [235]

The table demonstrates distinct differences in the thermal expansion coefficients between the
different structure types, generally increasing in the order xenotime → monazite → fergusonite.
Further, for each structure type, the changes in the thermal expansion coefficients appear to scale
inversely with the size of the A-site cation. For instance, for the fergusonite-structured oxides,
α increases in the order NdTaO4→ GdTaO4 and in the order NdNbO4→ ErNbO4, i.e. with decreasing
size of the lanthanide cation.
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5.1.3. Pyrochlore- and Fluorite-Related Structures

Another family of oxides that has been investigated as possible alternatives to Y-doped BaZrO3

and BaCeO3 are the pyrochlores with the general formula A2B2O7. These oxides typically consist
of a trivalent rare-earth cation on the A-site, while the B-site cation is tetravalent. Similar to the
ABO4 oxides, the pyrochlores tend to display low proton concentrations, peaking at around 0.08 mol
OH•O per mol oxide for Ca-doped La2Sn2O7 [236], although this will be lower than 0.05 mol for most
compositions [236–240]. Thus, for the majority of the systems presented here, chemical expansion
upon hydration will be minimal and we will therefore only focus on thermal expansion for the A2B2O7

oxides due to the limited data available. In terms of proton conduction, the best performing pyrochlore
to date is acceptor doped La2Zr2O7 with a maximum proton conductivity of ~10−3 S cm−1 [241,242].
Most studies on pyrochlore structured oxides are therefore devoted to La2Zr2O7 or some derivative
of this material. Table 6 summarizes linear thermal expansion coefficients (α) for various A2B2O7

compounds in the 400 to 1000 ◦C range. It should be noted that La2Ce2O7, unlike the other oxides in
Table 6, is not a pyrochlore and instead adopts a disordered fluorite type structure, where the cations
are randomly distributed in the cation sublattice [243–246].

Overall, the changes in the thermal expansion coefficients for the A2B2O7 oxides given in Table 6
are small, with the majority of them having a coefficient of ~9 × 10−6 K−1. Further, we find that there
appears to be a linear correlation between the thermal expansion coefficient and the cation radius
ratio, rA3+/rB4+ , as shown in Figure 7. The figure indicates that the thermal expansion coefficient
increases with decreasing rA3+/rB4+ , ranging from 7.9 × 10−6 to 11.4 × 10−6 K−1 as the cation radius
ratio decreases from 1.7 to 1.3, respectively. On the basis of this, we suggest that adjustments to the
thermal expansion coefficients of the A2B2O7 oxides can be achieved by partially substituting smaller
or larger cations to alter the cation radius ratio, rA3+/rB4+ .

Table 6. Linear thermal expansion coefficients (α) for various A2B2O7 oxides in the temperature range
400 to 1000 ◦C.

Composition <α>
10−6 K−1 Reference

La2Ce2O7 10–12 [243]
La2Zr2O7 8.7–9.6 [247]

La1.8Nd0.2Zr2O7
La1.6Nd0.4Zr2O7
La1.4Nd0.6Zr2O7
La1.2Nd0.8Zr2O7

8.75–9.25
8.25–9.25

9–9.25
9.2–9.75

[247]
[247]
[247]
[247]

La2Zr2O7 8.5–9 [248]
Nd2Zr2O7 9.2–9.5 [248]
Eu2Zr2O7 10.5 [248]
Gd2Zr2O7 9–10.5 [248]

La1.4Nd0.6Zr2O7 8.5–8.7 [248]
La1.4Eu0.6Zr2O7 9–9.2 [248]
La1.4Gd0.6Zr2O7
La1.7Dy0.3Zr2O7

9.2–9.3
8.5–9

[248]
[248]

Other related oxides that have recently emerged as promising proton conducting ceramics are the
fluorite-related lanthanum tungstates (LWO), with the general formula La28−xW4+xO54+δ. This class
of oxides has been shown to only be single phase for approximate La/W ratios between 5.3 and
5.7, correspondingly making them inherently oxygen deficient. Undoped samples display proton
conductivities in the order of 3–5 × 10−3 S cm−1 [249], whereas acceptor doping on the B-site increases
the ionic conductivity to ~0.01 S cm−1 at 800 ◦C [250] but it is not clear whether this increase stems
from oxide ions or protons [251].
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In terms of expansion, no quantitative study has determined the chemical expansion coefficient
upon hydration for the lanthanum tungstates. However, we can estimate the coefficient using
high temperature neutron diffraction (HT-ND) data on LWO56 (LWO where La/W = 5.6)
by Magrasó et al. [252], along with corresponding proton concentrations from TG data by
Hancke et al. [253]. The lattice parameter for LWO56 has been shown to increase by 0.14% upon
hydration [252], while the proton concentration reaches an upper limit of 0.96 mol per mol oxide, that
is, a hydration level where 66% of all oxygen vacancies (0.48 out of 0.73) in the structure hydrate [253].
Combining these data results in a chemical expansion coefficient due to hydration, βhydr, of 0.0088 per
mol oxygen vacancy, which is much lower than that of the acceptor doped perovskites (see Section 5.1.1).
Note that this value is only a lower limit for βhydr, as the HT-ND data by Magrasó et al. [252] may not
be entirely at equilibrium at lower temperatures (≤400 ◦C). This is based on the shorter equilibration
times used for their measurements (1–2 h), whereas Hancke et al. [253] equilibrated their samples
up to ~3.5 h at each temperature for their thermogravimetric analysis. Nonetheless, the data clearly
indicates a much lower chemical expansion due to hydration for the lanthanum tungstates compared
to Y-doped BaZrO3 and BaCeO3.

Thermal expansion coefficients of the lanthanum tungstates have been shown to be in the order
of 11 × 10−6 K−1, being slightly higher (~11.5 × 10−6 K−1) under dry conditions [252,254–256].
These small differences could be related to small contributions from chemical expansion upon
hydration, which reduce the expansion coefficients (see for example, Figure 1). Insignificant changes to
α are observed upon doping on both the A- and B-site. Moreover, the coefficients are also independent
of pO2 , reflecting that LWO does not undergo a redox reaction, being primarily an ionic conductor [252].

5.2. Mixed Ionic Electronic Conductors

Moving away from the oxides that are predominantly proton conductors, this section focuses on
Mixed Ionic Electronic Conductors (MIECs), which exhibit both electronic and ionic conductivity and
are thus useful as electrodes or gas separation membranes. First, a list of MIEC electrodes (single-phase
and composite) studied on proton conducting ceramics (PCCs) is provided, before summarizing the
thermal and chemical expansion coefficients for the most widely studied MIECs.
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5.2.1. Electrode Materials Used on PCCs

The topic of mixed protonic-electronic conductors and triple conducting oxides in high
temperature electrochemical cells is much younger than the field of proton conducting oxides
itself. First attempts to develop suitable electrodes for electrochemical cells operating with high
temperature proton conductors as an electrolyte focused on, either mimicking, or even using the
exact same materials as those used for SOFCs. Although this worked fairly well in the beginning,
these electrodes generally do not conduct protons, restricting the electrode reactions to the triple
phase boundaries—confined spatial sites where the electrode, electrolyte and gas are in contact.
Thus, most of the current efforts in the PCFC/PCEC community are devoted to developing electrode
materials that also conduct protons, ensuring that the whole electrode surface is electrochemically
active [7,26,135,257]. Merkle et al. [258] estimated that a proton conductivity in the order of
10−5 S cm−1 should be enough to make large parts of the electrode active. Although this may
seem simple to achieve, it is experimentally difficult to verify whether these material systems are
actually mixed protonic electronic conductors, or just mixed oxide ion and electron conductors and
this remains a source for discussion and controversy in the literature, being for instance the topic of
a recent paper by Téllez et al. [259]. Much of this controversy is related to the fact that the proton
concentrations appear to be very low, peaking in the region of 1–3 mol% for BaGd0.8La0.2Co2O6−δ
and BaCo0.4Fe0.4Zr0.2O3−δ [260,261]. Our intention is not to contribute in this discussion but to rather,
highlight some of the ongoing discussion regarding proton conducting electrode materials.

Table 7 summarizes various electrodes (non-exhaustive list) that have been studied on
proton-conducting ceramic electrolytes, separated by their specific application, for example, as anodes
for Proton Ceramic Electrolyser Cells (PCECs). As the table demonstrates, a significant number of
materials have been investigated over the years, underlining the immense workload involved. As it is
virtually impossible to go through each of these studies individually, we will only describe some of the
general trends for these materials, treating a few of the more successful electrode systems as examples.

Table 7. List of materials used as electrodes in electrochemical cells based on proton
conducting ceramics.

Type Composition Reference Application

Single phase

Materials with perovskite structure
BaCoO3−δ [150]

PCFC cathode

Ba0.5Sr0.5CoO3−δ
Ba0.5La0.5CoO3−δ [150,262]
Ba0.5Sr0.5Co0.8Fe0.2O3−δ [263–265]
BaCo0.4Fe0.4Zr0.2O3−δ [266]
BaCo0.4Fe0.4Zr0.1Y0.1O3−δ [7]
BaCo0.4Fe0.4Zr0.2O3−δ [261]
BaCexFe1−xO3−δ [267]
Ba0.5Sr0.5Fe0.8Zn0.2O3−δ [268,269]
BaPr0.8Gd0.2O3−δ [270]
BaCe0.4Pr0.4Y0.2O3−δ [271]
BaCe0.5Bi0.5O3−δ [272]
SrCoO3−δ [150]
Sr0.5Sm0.5CoO3−δ [273]
Sr0.5La0.5CoO3−δ [150]LaCoO3−δ
La0.6Sr0.4Co0.2Fe0.8O3−δ [264,265]
La0.58Sr0.4Co0.2Fe0.8O3−δ [96]
La0.8Sr0.2MnO3−δ [265]
La0.6Sr0.4Fe0.8Ni0.2O3−δ [265,274]
SrFe0.75Mo0.25O3−δ [16] PCFC cathode/PCFC anode
Sr0.5Sm0.5CoO3−δ [17]

PCEC anode(La0.75Sr0.25)0.97Cr0.5Mn0.5O3−δ [275]
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Table 7. Cont.

Type Composition Reference Application

Single phase

Layered perovskites and perovskite-related structures
PrBaCo2O6−δ [264]

PCFC cathode

PrBa0.5Sr0.5Co1.5Fe0.5O6−δ [26]
SmBaCo2O6−δ [276]
NdBa0.5Sr0.5Co1.5Fe0.5O6−δ [277]
GdBaCo2O6−δ [278,279]
LaBaCo2O6−δ [262]
PrBaCo2O6−δ [280]
SmBa0.5Sr0.5Co2O6−δ [281]
SmBaCuCoO6−δ [282]
PrBaCuFeO6−δ [283]
SmBaCuFeO6−δ [282]
PrBaCuFeO6−δ [283]
BaPrCo2O6−δ

[260] PCFC cathode/PCEC anode
BaGd0.8La0.2Co2O6−δ
BaGdCo1.8Fe0.2O6−δ
BaPrCo1.4Fe0.6O6−δ
Ruddlesden-Popper structure A2NiO4+δ

Pr2NiO4+δ [264,265,284–286]

PCFC cathode
La2NiO4+δ [265,287]Nd2NiO4+δ
LaSrNiO4±δ [265]
LaSrCo0.5Fe0.5O4−δ [288]
Other structures
BaGa2O4 [289]

PCFC cathode

Ba3Co2O6(CO3)0.6
YBaCo3.5Zn0.5O7+δ [290]
Ba3In1.4Y0.3M0.3ZrO8 (M = Gd3+/Ga3+) [291]
Ca3−xLaxCo4O9+δ (x = 0, 0.3) [292]
La4BaCu5O13+δ [293]La6.4Sr1.6Cu8O20±δ

Composite by
mixing

Cercer composites
Ba0.5Sr0.5Co0.5Fe0.5O3−δ /BZCY (3:2) [294]

PCFC cathode

Sm0.5Sr0.5CoO3−δ/BZCY (7:3) [295]
Sm0.5Sr0.5CoO3−δ /Ce0.8Sm0.2O2−δ (6:4) [296]
La0.7Sr0.3FeO3−δ /Ce0.8Sm0.2O2−δ [297]
SrCe0.9Yb0.1O3–δ or
BaCe0.9Yb0.1O3–δ/La0.6Sr0.4Co0.2Fe0.8O3−δ

[298]

50% PrBaCo2O6−δ/50% BZCY and 75–25 graded [299]
Ba(Zr0.1Ce0.7Y0.2)O3−δ and
La0.6Sr0.4Co0.2Fe0.8O3−δ

[271]

La0.6Sr0.4Co0.2Fe0.8O3−δ/BaZr0.5Pr0.3Y0.2O3−δ [300]
Pr0.58Sr0.4Fe0.8Co0.2O3–δ/BaCe0.9Yb0.1O3–δ [301]
Sm0.5Sr0.5CoO3−δ/BaCe0.8Sm0.2O3−δ [257]
BaZr0.1Ce0.7Y0.1Yb0.1O3−δ/Nd1.95NiO4+δ [302]
BaCe0.8Zr0.1Y0.1O3−δ/Sm0.5Sr0.5CoO3−δ [303]
Gd0.1Ce0.9O2−δ infiltrated PrBaCo2O6−δ and
BaZr0.1Ce0.7Y0.2O3−δ

[304]

La0.6Sr0.4Co0.2Fe0.8O3−δ/BZCY72

[305]
PCEC anode

La2NiO4+δ/BZCY72
La0.87Sr0.13CrO4/BZCY72
La0.8Sr0.2MnO3−δ/BZCY72
La0.8Sr0.2MnO3−δ/BaCe0.5Zr0.3Y0.16Zn0.04O3−δ
with Fe2O3 nanoparticles [306]

Ba2FeMoO6−δ/BaZr0.1Ce0.7Y0.1Yb0.1O3−δ for
methane dehydro-aromatization [307] Electrodes for membrane

reactors
Cermet composites
65 wt.% NiO–35 wt.% BZCY72 [308]

PCFC anode/PCEC cathode

65 wt.% NiO–35 wt.% BZCY72 [309]
BaCe0.8Y0.2O3−δ and BaCe0.6Zr0.2Y0.2O3−δ with
NiO 50:50 [310]

BZCY72-Ni [8]
NiO-BZO and NiO-BZY15 (40 vol% Ni) [311]
65 wt.% NiO–35 wt.% BZCY72 [28]
NiO-BZY cermet anodes (40 vol% Ni) [312]
60 wt% NiO + 40 wt% BCGCu with functional
layer 45 wt% NiO + 55 wt% BCGCu and BCGCu
electrolyte BaCe0.89Gd0.1Cu0.01O3–δ

[313]

Ba(Zr0.85Yb0.15)O3−δ and NiO the volume ratio
of Ni to the total bulk volume in the reduced
composite was designed to be around 40 vol%

[314]

NiO-BaZr0.1Ce0.7Y0.1Yb0.1O3−δ (60:40 wt.%) [315]
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Table 7. Cont.

Type Composition Reference Application

Composite by
infiltration

Cercer composites
(Pr0.9La0.1)2(Ni0.74Cu0.21Nb0.05)O4+δinfiltrated
in BaZr0.1Ce0.7Y0.2O3−δ

[316]
PCFC cathodeLa0.58Sr0.4Co0.2Fe0.8O3−δ infiltrated in BZCY72 [96]

LaCoO3 infiltrated in BZCY72 [317]
Ba0.5Sr0.5Co0.8Fe0.2O3−δ infiltrated in BZCY72 [305]

PCEC anodeLa2NiO4+δ infiltrated in BZCY72 [318]
Ba0.5Gd0.8La0.7Co2O6−δ infiltrated in BZCY72 [319]
(La0.7Sr0.3)V0.90O3−δ infiltrated in
Ba(Ce0.51Zr0.30Y0.15Zn0.04)O3−δ

[320] PCFC anode/PCEC cathode

Cermet composites
Fe infiltrated in BaCe0.2Zr0.6Y0.2O2.9 [321]

PCFC anode/PCEC cathodeNi infiltrated in BaCe0.9Y0.1O3−δ and
BaZr1−xYxO3−δ (x = 0.10, 0.20) [322]

Exsolution
Cercer composites
La0.5Ba0.5Co1/3Mn1/3Fe1/3O3−δ/BaZr1−zYzO3−δ [323] PCFC cathode

5.2.2. Expansion of Air Electrodes

Air-side electrodes are typically composed of at least one transition metal (cf. Table 7), which
means that they may chemically expand due to reduction at higher temperatures (cf. Sections 2.2.2
and 4.1.2 for details). Further, a few of the materials may also hydrate, resulting in a chemical expansion
at lower temperatures (cf. Sections 2.2.1 and 4.1.1). However, due to low proton concentrations, the
volume expansion due to hydration will generally be negligible. In total, the volume (or lattice
parameter) of air electrodes can therefore be considered to only change due to thermal expansion
and/or chemical expansion upon reduction.

One of the challenges when reviewing thermal and chemical expansion coefficients in the
literature, lies in the ambiguity in the use of the term “thermal expansion”. Some authors simply
use it as a collective term to describe the change in volume (or lattice parameter) upon a change in
temperature. However, as already detailed in Section 4.1, such an approach completely neglects effects
of chemical expansion, which in the case of electrode materials, results in a non-linearity beyond a
certain temperature, T*. At higher temperatures, where T > T*, the expansion of the material stems
from a sum of both chemical and thermal contributions, while only thermal expansion contributes
when T < T* (cf. Figure 2). For that reason, it has become common practice for many authors to
divide expansion data in different temperature intervals, reporting average expansion coefficients for
each region [119]. In what follows, we use the general term ‘expansion coefficient’ when data are not
sufficient to extract whether it is thermal or chemical, or when it is the sum of thermal and chemical.

5.2.2.1. General Trends

Although the list of studied electrode materials on PCCs is extensive (Table 7), some general
trends in terms of their expansion can be identified. For instance, Co is notorious for resulting in high
thermal expansion coefficients, although it often improves the catalytic activity needed for the surface
exchange reactions [273,324–327]. This is clearly demonstrated for La0.8Sr0.2Co1−yFeyO3−δ, where the
thermal expansion coefficient generally decreases with increasing Fe-content (y), ranging from 20.7 to
12.6 × 10−6 K−1 throughout the entire range 0 ≤ y ≤ 1 [328]. Ni and Mn as substituents for Co have
also been shown to decrease α, even though this is usually also at the expense of the electrochemical
performance [329–332]. One of the reasons why Co-containing oxides have higher thermal expansion
coefficients than other transition metals is that the Co ions may undergo a spin transition as the
temperature is raised. Such a spin transition, for example from low to high spin, will increase the ionic
radius of the Co-ions, resulting in an effectively higher thermal expansion coefficient [333,334]. In fact,
Radaelli et al. [333] demonstrated that the spin transition from high to low spin in LaCoO3 accounts
for approximately half of the total lattice expansion at elevated temperatures. Thus, most strategies to
lower the thermal expansion coefficient have attempted to substitute Co for another element, although



Crystals 2018, 8, 365 34 of 68

this tends to have an adverse effect on the conductivity and catalytic activity of the material. In fact,
such a trade-off is very typically found for electrode-type materials and was well demonstrated in a
review by Ullmann et al. [335], who showed an inverse empirical relationship between the thermal
expansion coefficient and the oxide ion conductivity, expressed by the following expression

logσO2− = −7.08 + 2.9× 105αL (41)

where αL is the linear thermal expansion coefficient in 10−6 K−1, while σO2− is the oxide ion
conductivity in S cm−1. Note that this correlation specifically applies to the SOFC/SOEC community
but it is tempting to consider whether similar correlations may exist for the proton conductivity of
PCFCs/PCECs electrodes. Nevertheless, the correlation does suggest a potential problem, in that the
better performing electrodes generally tend to be less thermally compatible with the best electrolyte
materials. An alternative and popular strategy to mitigate this problem is therefore to use composite
materials, composed of a good-performing electrode and the electrolyte [16,317,319,320,336–339].

Other efforts have also indicated that the thermal expansion coefficient can be linked to ionicity,
where more ionic bonds tend to result in higher α-values. For instance, in the system BaRECo2O6−δ,
α decreases with decreasing size of the rare earth cation (La > Nd > Sm > Gd > Y), reflecting a
reduction in the ionic character of the RE-O bond [340]. A similar trend has also been demonstrated for
Sr0.4RE0.6CoO3−δ, Sr0.2RE0.8Fe0.8Co0.2O3−δ, Sr0.3RE0.65MnO3−δ and BaRECuFeO6−δ [34,324,341–345].
Ionicity can also be used to rationalize the general tendency for Sr-containing perovskites to exhibit
high thermal expansion coefficients. For instance, in the system La1−xSrxMnO3−δ, a larger proportion
of Sr results in higher thermal expansion coefficients [346]. This can be explained on the basis of
electronegativity, where the less electronegative element, which in this case is Sr (0.99 versus 1.08
for La in the Allred-Rochow scale), will induce a higher ionic character of the A-O bond. However,
it should be noted that increasing the amount of Sr will also result in a larger oxygen nonstoichiometry,
subsequently leading to a higher chemical expansion upon reduction at higher temperatures.

5.2.2.2. Selected Air Side Electrode Materials

This section will cover some of the more well-studied compositions used as air side electrodes on
PCFCs and PCECs, starting with Ba1−xSrxCo0.8Fe0.2O3−δ (BSCF).

Ba1−xSrxCo0.8Fe0.2O3−δ (BSCF) Based Materials

Ba0.5Sr0.5Co0.8Fe0.2O3−δ was originally introduced as a dense ceramic membrane for oxygen
separation [347,348] but was soon after shown to also display excellent properties as a SOFC cathode
on Sm0.15Ce0.85O2−δ [349]. This sparked an immediate interest within the research community to
study related compositions, making BSCF one of the most studied electrode materials to this day.
A few years later, in 2008, Lin et al. [350] also showed that BSCF could perform exceptionally well as
a PCFC cathode, using it on a proton conducting Y-doped BaCeO3 electrolyte. Due to its popularity,
several studies have described its thermal and chemical expansion.

Figure 8 shows the thermal expansion coefficients determined for BSCF as a function of the
Sr-content (x), along with the specific values and references given in Table 8. In studies reporting
more than one coefficient, we only use values determined at lower temperatures to avoid influences of
chemical expansion upon reduction. As the figure and table demonstrate, the literature values for α
vary tremendously, spanning a range from 11.5 to 24.4 × 10−6 K−1 [351–356] with the majority lying in
the range of ~20× 10−6 K−1. While the higher values (>20× 10−6 K−1) can be rationalized on the basis
of an additional chemical expansion due to reduction at higher temperatures, the lower expansion
coefficients, reported for instance by Patra et al. [351], appear to be anomalous. We suspect that their
measurements could stem from an unusual thermal history, where the samples have already been
reduced, causing them to re-oxidize upon heating at lower temperatures (<300 ◦C). This would
effectively reduce the expansion coefficient, thus explaining why their values are particularly
low. The thermal expansion coefficient of Ba1−xSrxCo0.8Fe0.2O3−δ appears to otherwise be fairly
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independent with respect to changes in the A-site composition, that is, α is similar for the entire
BaCo0.8Fe0.2O3−δ—SrCo0.8Fe0.2O3−δ system.
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Table 8. Thermal expansion coefficients of Ba1−xSrxCo0.8Fe0.2O3−δ (BSCF).

x Thermal Expansion Coefficient/10−6 K−1 Temperature Range References

0.3
12.4 1) RT–300 ◦C 1) Patra et al. [351]
20.4 2) 50–1000 ◦C 2) Wei et al. [352]

0.4
14.6 1) RT–300 ◦C 1) Patra et al. [351]
20.1 2) 50–1000 ◦C 2) Wei et al. [352]
19.6 3) RT–850 ◦C 3) Zhu et al. [355]

0.5

14.2 1) RT–300 ◦C 1) Patra et al. [351]
20.0 2) 50–1000 ◦C 2) Wei et al. [352]

19.0–20.8 3) * 50–1000 ◦C 3) McIntosh et al. [353]
18.5–24.4 4) * 600–900 ◦C 4) Kriegel et al. [354]

19.2 5) RT–1000 ◦C 5) Zhu et al. [355]
11.5 6) RT–850 ◦C 6) Wang et al. [356]

0.6
13.0 1) RT–300 ◦C 1) Patra et al. [351]
20.2 2) 50–1000 ◦C 2) Wei et al. [352]
19.1 3) RT–850 ◦C 3) Zhu et al. [355]

0.7
15.4 1) RT–300 ◦C 1) Patra et al. [351]
20.3 2) 50–1000 ◦C 2) Wei et al. [352]
19.7 3) RT–850 ◦C 3) Zhu et al. [355]

0.8
12.4 1) RT–300 ◦C 1) Patra et al. [351]
22.0 2) RT–850 ◦C 2) Zhu et al. [355]

0.9 22.1 1) RT–850 ◦C 1) Zhu et al. [355]

1.0 19.6 1) RT–850 ◦C 1) Zhu et al. [355]

* These studies have determined thermal and chemical expansion coefficients, and are thus less prone to
overestimating the thermal expansion coefficient, which can be an issue at higher temperatures due to the influence
of a chemical expansion upon reduction.

In terms of the linear chemical expansion of BSCF, values for βred are also scattered, varying in the
region of 0.008–0.026 per mol oxygen vacancy [353,354]. Interestingly, we see that these values differ
depending on the specific nonstoichiometry of the oxide and tend to average to around 0.012–0.016 for
larger changes in δ. Thus, for most work dealing with modelling the thermochemical expansion of
BCSF, values of 0.012–0.016 should be appropriate. Note that these βred-values are very small, being
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just slightly more than a quarter of the corresponding chemical expansion coefficient upon hydration
determined for BZY (linear βhydr = 0.045, see Section 5.1.1.1 for details). Overall, this suggests that
chemical expansion upon reduction should not pose a large issue in terms of thermally matching BCSF
with other device components.

La1−xSrxCoyFe1−yO3−δ (LSCF) Based Materials

Another popular electrode material, which has received considerable interest in both the SOFC/
SOEC and PCFC/PCEC communities, is La1−xSrxCoyFe1−yO3−δ (LSCF), where it is especially the
composition La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF-6428) that has been studied extensively [95,96,271,300,357].
As for most cobalt-containing electrode materials, increasing the Co/Fe ratio tends to increase the
thermal expansion coefficient, being no different in case of LSCF. This is exemplified in a study by
Tai et al. [328], where the thermal expansion coefficient increases from 12.6 to 19.7 × 10−6 K−1 with
increasing Co-content for the La0.8Sr0.2CoyFe1−yO3−δ system.

The effect of A-site compositional changes on the thermal expansion coefficient in LSCF is
far less understood, although some authors suggest that the coefficient increases with increasing
Sr-content [327,358]. However, most reviews and studies on the subject are far more careful in
attempting to draw such links, as Sr also increases the oxygen nonstoichiometry of the oxide. This will
subsequently lead to a larger influence of chemical expansion upon reduction, which will very easily
distort the results. To shed some light on the subject, all available thermal expansion coefficients for
varying La/Sr ratios for a fixed B-site composition of 20 mol% and 80 mol% Co and Fe, respectively,
are summarized in Table 9 and plotted as a function of the Sr-content in Figure 9. This compositional
range is particularly sensible to choose as it takes advantage of the large number of studies on
LSCF-6428 [47,99,327,359–363]. Further, we only choose thermal expansion coefficients determined at
lower temperatures for studies reporting more than one coefficient to limit the influence of chemical
expansion. As seen in Figure 9, there appears to be no apparent trend in the thermal expansion
coefficient with respect to Sr-content, averaging out to be around 15–16× 10−6 K−1 for all compositions.
This suggests that variations in the La/Sr ratio will therefore only affect the amount of chemical
expansion in LSCF. We otherwise note that the thermal expansion coefficient of LSCF is clearly lower
than that of BSCF (cf. Figure 8 and Table 8) but still somewhat higher than typical electrolyte materials,
where the coefficients are in the range of 8–12 × 10−6 K−1 (cf. Figures 6 and 7 and Tables 2–6).
A potential way of mitigating this small thermal mismatch between LSCF and potential electrolytes,
such as BZY, could be to intentionally have a small A-site deficiency in LSCF (La and/or Sr), as this
has been demonstrated to lower the thermal expansion coefficient [363]. However, an A-site deficiency
will undoubtedly again lead to a higher oxygen nonstoichiometry, subsequently resulting in more
chemical expansion upon reduction.

The chemical expansion coefficient upon reduction, βred, for LSCF is high, lying in the region of
0.02–0.06 per mol v••O (versus ~0.012–0.016 for BSCF) [47,99,121–123,364,365]. Table 10 lists all linear
chemical expansion coefficients of LSCF in the order of increasing Co-content. Although it is hard to
navigate through the specific values presented, there appears to be a general tendency for LSCF to have
a higher βred-value for higher Fe-contents. Thus, the role of Fe in LSCF seems to be rather complicated,
in that more Fe increases βred, while a higher proportion of Fe also lowers the thermal expansion
coefficient. Although this indicates a possible trade-off between the two expansion processes, we will
not dwell on this further due to the limited data available. βred seems to otherwise be insensitive to
changes in the La/Sr ratio, which means that the amount of chemical expansion of LSCF can easily
be decreased by increasing the La/Sr ration (less Sr). This is for instance demonstrated in Figure 2
showing the thermochemical expansion of LSCF upon heating in air (pO2 = 0.21 atm). βred is fixed
to 0.031, while the amount of Sr is varied from 0.2 to 0.4 mole fractions, clearly demonstrating less
chemical expansion for lower Sr-content due to a smaller oxygen nonstoichiometry.
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Figure 9. Linear thermal expansion coefficients of La1−xSrxCo0.2Fe0.8O3−δ (LSCF) as a function of
Sr-content, x. All values are summarized in Table 9 along with the references used. Average values
have been used for studies where only ranges in the thermal expansion coefficient are provided.

Table 9. Linear thermal expansion coefficients of La1−xSrxCo0.2Fe0.8O3−δ (LSCF).

x Thermal Expansion Coefficient/10−6 K−1 Temperature Range References

0 13.1 1) 100–500 ◦C 1) Tai et al. [359]

0.1 16.0 1) 300–900 ◦C 1) Tai et al. [359]

0.2
15.4 1) 100–800 ◦C 1) Tai et al. [359]
14.8 2) 30–1000 ◦C 2) Petric et al. [327]

0.3 16.0 1) 30–1000 ◦C 1) Petric et al. [327]

0.4

15.3 1) 100–600 ◦C 1) Tai et al. [359]
17.5 2) 30–1000 ◦C 2) Petric et al. [327]
16.6 3) 100–650 ◦C 3) Xu et al. [360]

11–15 4) 100–700 ◦C 4) Fan et al. [361]
13–14 5) * RT–950 ◦C 5) Bishop et al. [99]
15.4 6) * 100–600 ◦C 6) Adler [47]
16.1 7) Not given 7) Kim et al. [362]
15.3 8) 20–700 ◦C 8) Kostogloudis and Ftikos [363]

0.6 16.8 1) 100–400 ◦C 1) Tai et al. [359]

* These studies have determined thermal and chemical expansion coefficients and are thus less prone to
overestimating the thermal expansion coefficient, which can be an issue at higher temperatures due to the influence
of a chemical expansion upon reduction.

Table 10. Linear chemical expansion coefficients upon reduction, βred , for La1−xSrxCoyFe1−yO3−δ
(LSCF) in the order of increasing Co-content (y).

y Composition Linear Chemical
Expansion Coefficient Temperature References

0 La0.5Sr0.5FeO3−δ
La0.3Sr0.7FeO3−δ

0.059 1)

0.017–0.047 2)
800 ◦C

650–875 ◦C

1) Fossdal et al. [123]
2) Kharton et al. [364]

0.2 La0.6Sr0.4Co0.2Fe0.8O3−δ
0.031 1)

0.032 2)
700–900 ◦C
700–890 ◦C

1) Bishop et al. [99]
2) Adler [47]

0.5 La0.5Sr0.5Co0.5Fe0.5O3−δ 0.036–0.039 1) 800–1000 ◦C 1) Lein et al. [121]

0.8 La0.6Sr0.4Co0.8Fe0.2O3−δ 0.022 1) 800 ◦C 1) Wang et al. [365]

1 La1−xSrxCoO3−δ (x = 0.2–0.7)
La0.5Sr0.5CoO3−δ

0.023–0.024 1)

0.035 2)
600–900 ◦C

800 ◦C

1) Chen et al. [122]
2) Lein et al. [121]

Other Single Perovskite Materials

Table 11 lists the thermal expansion coefficients for other single perovskite materials commonly
used as air electrodes, based on lanthanum or barium on the A-site and transition metals on the
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B-site (Ni, Co, Fe, Mn). Most of the thermal expansion coefficients summarized in the table are
averaged over a wide temperature range and are thus overestimated as they also include a chemical
expansion contribution. As observed for most other oxides, increasing the Co content leads to an
increase in the expansion coefficient, being no different in the case of these perovskites. The lowest
expansion coefficients are thus obtained for cobalt free compositions such as La0.8Sr0.2MnO3−δ and
LaNi1−xFexO3−δ. It is otherwise interesting to note that α decreases with increasing Fe content in the
LaNi1−xFexO3−δ system.

Table 11. Linear thermal expansion coefficients of single perovskite electrode materials, other than
LSCF and BSCF.

Composition Thermal Expansion Coefficient/10−6 K−1 Temperature Range References

BaCo0.4Fe0.4Zr0.2O3−δ 21.9 300–700 ◦C Duan et al. [366]

BaCo0.4Fe0.4Zr0.1Y0.1O3−δ 21.6 300–700 ◦C Duan et al. [366]

LaNi0.4Co0.2Fe0.4O3−δ

LaNi0.3Co0.3Fe0.4O3−δ

LaNi0.2Co0.4Fe0.4O3−δ

14.3
15.5
17.2

RT–900 ◦C Taguchi et al. [325]

LaCo0.6Ni0.4O3−δ 17.2 RT–900 ◦C Wang et al. [367]

LaCo0.8Fe0.1Ni0.1O3−δ

LaCo0.7Fe0.1Ni0.2O3−δ

LaCo0.6Fe0.2Ni0.2O3−δ

LaCo0.5Fe0.2Ni0.3O3−δ

20.8
18.6
19.2
18

RT–827 ◦C Kharton et al. [368]

LaNiO3−δ

LaNi0.8Fe0.2O3−δ

LaNi0.6Fe0.4O3−δ

LaNi0.4Fe0.6O3−δ

LaNi0.2Fe0.8O3−δ

LaFeO3−δ

12.3
11.5
11
9.9
9.4
9.7

RT–800 ◦C Chiba et al. [369]

La0.8Sr0.2MnO3−δ 11.8 30–1000 ◦C Tietz et al. [326]

La0.8Sr0.2MnO3+δ
La0.7Sr0.3MnO3+δ

14.2 *
14.2 *

RT–400 ◦C
RT–500 ◦C Grande et al. [370]

* These studies have determined expansion coefficients in two temperature ranges: we only use values determined
at lower temperatures to avoid influences of chemical expansion upon reduction.

Complex Perovskites

Although we briefly introduced the complex perovskites in Section 5.1.1.2 as electrolyte type
materials, their usage is far more common in the field of electronics. Within this family of oxides, we
find the so-called double perovskites, with the general formula A′A”B′B”O6−δ, where the A-sites are
typically occupied by alkaline earth elements (often Ba or Sr), and/or by rare earth elements such as
La and Y, while the B-site cations tend to be a transition metal, for example, Co, Fe, Mn, Mo, Ni or
Cu [329,371,372]. A distinguishing feature of the double perovskites, compared to that of the simple
perovskites, ABO3, is that they exhibit cation ordering, either on the A- or B-site. Such ordering means
that the cations are distributed in separate alternating crystallographic layers, where only the A′ or
A” cations (or B′ or B” cations) are present in each layer. It should be noted that double perovskites
cannot have cation ordering on both sites simultaneously as this results in a higher order complex
perovskite. Similarly, no cation ordering reduces the double perovskite to a simple perovskite, ABO3,
where the cations are randomly distributed in each of the cation sublattices. Double perovskites are
therefore more conveniently expressed by A′A”B2O6−δ or A2B′B”O6−δ for A- and B-site ordered
systems, respectively.

Before continuing it is important to clarify that for the double perovskites two alternative
notations of the composition are used in the literature. The first one is based on the fact that a
high understoichiometry of the oxygen sublattice is expected in these compounds, such that the
oxygen content is often closer to 5 than 6. Thus, many authors choose to express the composition
as A′A”B′B”O5+δ. An alternative approach, which is exclusively used here, is based on the premise
that all deviations in stoichiometry use the ideal defect-free structure as a frame of reference and the
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composition is then expressed as A′A”B′B”O6−δ. This distinction is important, as δ in both notations
will have different numerical values, which can easily lead to some confusion.

Out of all the double perovskites, none have been studied more intensively than the Ba-based
layered cobaltites, with the general formula BaRECo2−xMxO6−δ (RE: rare earth, M: other transition
metal). These have been shown to offer high catalytic activity and excellent electrochemical
performances [329,373]. However, as with all cobalt-containing electrodes, their thermal expansion
coefficients are high, typically lying in the range of ~20 × 10−6 K−1. Additionally, they also exhibit
considerable chemical expansion upon reduction, which effectively increases the total lattice expansion
at higher temperatures (see for example, Section 4.1.2 for more details). Several studies have therefore
been devoted to understanding the role of various cation substitutions on the thermal expansion of
BaRECo2−xMxO6−δ and we will therefore focus on these efforts here.

Thermal expansion coefficients of BaRECo2−xMxO6−δ and some related compositions from the
literature are listed in Table 12. Note that due to the influence of chemical expansion upon reduction,
values have been separated to reflect whether the coefficients are purely thermal, extracted from
different temperature intervals, for example, low and high temperatures, or simply averages over a
wide range. For the discussion of trends in thermal expansion coefficients for this class of oxides, we
will primarily use values that are purely thermal or that are determined at lower temperatures.

Using the values presented in Table 12, we see that the thermal expansion coefficient of
BaRECo2O6−δ decreases with decreasing size of the rare earth elements (RE), in the order La→ Nd→
Sm→ Gd→ Y, varying from 24.3 to 15.8 × 10−6 K−1 in the entire series. This can be attributed to a
reduction of the ionic character of the RE-O bond [34,324,329,341,344,345]. Other work investigating
A-site compositional changes have involved partially substituting Sr for Ba. This has been largely
ineffective, with larger proportions of Sr in the system Ba1−xSrxLnCoCuO6−δ (0 ≤ x ≤ 0.75) (Ln = Nd
or Gd) resulting in insignificant changes to the thermal expansion coefficient [374,375]. However, the
introduction of Sr seems to induce a small increase of the chemical expansion upon reduction, although
this was only demonstrated for a few of the compositions studied.

Most of the work involved in altering the thermal expansion coefficient of BaRECo2−xMxO6−δ has
been devoted to B-site substitutions, as the reduction of the Co-content generally reduces α. This has
been demonstrated for a myriad of elements (M) including but not limited to Sc, Mn, Ni and Cu, where
a larger proportion of M reduces the coefficient [376–382]. The attentive reader may here question
why Fe has been excluded from the list of examples but this was done intentionally as the effect of Fe
substitutions on thermal expansion has been contradictory [373,383–388]. We will therefore now focus
on the system BaRECo2−xFexO6−δ in attempt to rationalize the contradicting studies. Although the
majority of work studying the thermal expansion of Fe substituted BaRECo2O6−δ demonstrates that α
either decreases or remains unchanged with increasing Fe-content, there are some notable exceptions.
For instance, Zhao et al. [385] report that in BaPrCo2−xFexO6−δ, the thermal expansion coefficient first
increases as x is increased from 0 to 0.5, from 24.6 to 26 × 10−6 K−1, whereupon it starts to readily
decrease finally reaching a coefficient of 17.2 × 10−6 K−1 for x = 2. The problem with this erratic
trend is that the values determined by Zhao et al. [385] are average coefficients, taken over a wide
temperature range (RT–800 ◦C) and thus reflect a combination of thermal and chemical expansion.
Estimating pure thermal expansion coefficients from a lower temperature regime (before an apparent
chemical expansion onset of ~250 ◦C) using the dilatometry data presented, we find a clear systematic
trend with respect to Fe content, decreasing from 19.3 to 13.4 × 10−6 K−1 upon going from x = 0 to
2. Similarly, in a study by Xue et al. [389], α was also reported to increase for higher Fe content in
BaYCo2−xFexO6−δ increasing from 16.3 to 18.0 × 10−6 K−1 when x increased from 0 to 0.4. However,
again we find that these coefficients are just average values for the entire temperature range studied
(30–900 ◦C) and the lower temperature value of α (<250 ◦C) appears to be constant (~17.9 × 10−6 K−1),
irrespective of the Fe concentration. Thus, most of the confusion regarding the effect of Fe on the
thermal expansion of BaRECo2−xFexO6−δ seems to stem from the misusage of the term “thermal
expansion coefficient”.
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Table 12. Linear thermal expansion coefficients of BaRECo2−xMxO6−δ and some related double
perovskites. The data are separated in different categories: no chemical expansion reported (thermal
only, linear over the entire temperature range), separation in different temperature ranges (low
temperature LT and high temperature HT) and average over a large temperature range.

Composition Thermal Expansion Coefficient/10−6 K−1 Temperature Range References

Thermal only

LaSrMnCoO6−δ 15.8 RT–1000 ◦C Zhou et al. [390]

BaSmCo1.4Fe0.6O6−δ
BaSmCo1.2Fe0.8O6−δ

21.1
21.0 RT–1100 ◦C Volkova et al. [388]

BaSmCo2O6−δ 21.0 RT–1100 ◦C Aksenova et al. [391]

BaPr0.7Y0.3Co2O6−δ
BaPr0.5Y0.5Co2O6−δ

17.6
17.2 50–800 ◦C Zhao et al. [392]

BaPrCoCuO6−δ 15.2 RT–1000 ◦C Zhao et al. [393]

LT/HT

BaLaCo2O6−δ
24.3
29.8

80–900 ◦C
500–900 ◦C

Kim et al. [340]

BaNdCo2O6−δ
19.1
21.1

80–900 ◦C
500–900 ◦C

BaSmCo2O6−δ
17.1
18.7

80–900 ◦C
500–900 ◦C

BaGdCo2O6−δ
16.6
16.8

80–900 ◦C
500–900 ◦C

BaYCo2O6−δ
15.8
14.9

80–900 ◦C
500–900 ◦C

BaPrCo1.95Sc0.05O6−δ
17.0
27.0

30–300 ◦C
300–1000 ◦C

Li et al. [376]BaPrCo1.9Sc0.10O6−δ
16.0
26.0

30–300 ◦C
300–1000 ◦C

BaPrCo1.8Sc0.20O6−δ
15.8
25.8

30–300 ◦C
300–1000 ◦C

BaSmCo1.6Fe0.4O6−δ
19.0
20.8

30–400 ◦C
400–1100 ◦C

Volkova et al. [388]BaSmCo1.8Fe0.2O6−δ
18.4
20.4

30–470 ◦C
470–1100 ◦C

BaSmCo1.9Fe0.1O6−δ
18.7
21.1

30–500 ◦C
500–1100 ◦C

BaGdCo2O6−δ
18.0
19.6

100–350 ◦C
600–900 ◦C

Jo et al. [381]
BaGdCo2/3Fe2/3Ni2/3O6−δ

15.2
16.8

100–350 ◦C
600–900 ◦C

BaGdCo2/3Fe2/3Cu2/3O6−δ
13.6
15.7

100–350 ◦C
600–900 ◦C

BaGdCoCuO6−δ
14.0
12.8

100–350 ◦C
600–900 ◦C

BaGdCo2O6−δ
17.6
19.0

RT–450 ◦C
500–900 ◦C Mogni et al. [394]

Ba0.5Sr0.5GdCo1.5Fe0.5O6−δ
15.4
21.8

RT–200 ◦C
300–800 ◦C Kuroda et al. [395]

BaNdCo2O6−δ
17.9
22.9

RT–300 ◦C
RT–900 ◦C Kim et al. [375]

Ba1.5Sr0.5NdCo2O6−δ
17.2
26.3

RT–300 ◦C
RT–900 ◦C

BaNdCo2O6−δ
18.3
23.8

RT–250 ◦C
350–1000 ◦C

Cherepanov et al. [373]

BaNdCo1.8Fe0.2O6−δ
18.8
21.9

RT–250 ◦C
350–1000 ◦C

BaNdCo1.6Fe0.4O6−δ
18.9
21.9

RT–250 ◦C
350–1000 ◦C

BaNdCo1.4Fe0.6O6−δ
18.3
22.1

RT–250 ◦C
350–1000 ◦C

BaNdCo1.2Fe0.8O6−δ
18.4
21.9

RT–250 ◦C
350–1000 ◦C
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Table 12. Cont.

Composition Thermal Expansion Coefficient/10−6 K−1 Temperature Range References

Average over whole T range

BaPrCo2/3Fe2/3Cu2/3O6−δ 16.6 30–850 ◦C Jin et al. [383]

BaPrCo1.6Ni0.4O6−δ
BaNdCo1.6Ni0.4O6−δ
BaSmCo1.6Ni0.4O6−δ

20.6
19.4
16.6

30–1000 ◦C Che et al. [345]

BaPrCo2O6−δ 21.5 50–800 ◦C Zhao et al. [392]

BaPrCuCoO6−δ 24.1 30–1000 ◦C Zhao et al. [393]

Ba0.5Sr0.5PrCo1.5Fe0.5O6−δ
Ba0.5Sr0.5PrCo0.5Fe1.5O6−δ

21.3
19.2 RT–900 ◦C Jiang et al. [384]

BaPrCo2O6−δ
BaPrCo1.5Fe0.5O6−δ
BaPrCoFeO6−δ
BaPrCo0.5Fe1.5O6−δ
BaPrFe2O6−δ

24.6
26.0
25.0
19.1
17.2

20–800 ◦C Zhao et al. [385]

Ba0.5Sr0.5PrCo1.9Ni0.1O6−δ
Ba0.5Sr0.5PrCo1.7Ni0.3O6−δ

21.9
19.7 30–900 ◦C Liu et al. [380]

BaPrCoFeO6−δ
BaNdCoFeO6−δ

21.0
19.5 30–1000 ◦C Jin et al. [344]

BaNdCo2O6−δ 23.0 RT–1100 ◦C Aksenova et al. [391]

Ba0.5Sr0.5NdCo2O6−δ
Ba0.5Sr0.5NdCo1.75Mn0.25O6−δ
Ba0.5Sr0.5NdCo1.5Mn0.5O6−δ

20.3
16.4
14.3

RT–900 ◦C Kim et al. [377]

BaNdCo2O6−δ
BaNdFe2O6−δ
BaGdCo2O6−δ
BaGdFe2O6−δ

21.5
18.3
19.9
18.8

80–900 ◦C Kim et al. [387]

BaGdCoCuO6−δ
Ba0.25Sr0.75GdCoCuO6−δ
Ba0.25Sr0.75NdCoCuO6−δ

16.3
16.0
17.0

RT–900 ◦C West et al. [374]

BaGdCo1.9Ni0.1O6−δ
BaGdCo1.7Ni0.3O6−δ

18.9
15.5 30–900 ◦C Wei et al. [331]

BaYCo2O6−δ
BaYCo1.8Cu0.2O6−δ
BaYCo1.6Cu0.4O6−δ
BaYCo1.4Cu0.6O6−δ
BaYCo1.2Cu0.8O6−δ

17.8
16.7
15.7
14.7
13.4

30–850 ◦C Zhang et al. [382]

BaYCo2O6−δ
BaYCo1.6Fe0.4O6−δ

16.3
18.0 30–900 ◦C Xue et al. [389]

SrSmCo2O6−δ
SrSmCo1.8Mn0.2O6−δ
SrSmCo1.6Mn0.4O6−δ
SrSmCo1.4Mn0.6O6−δ
SrSmCo1.2Mn0.8O6−δ
SrSmCoMnO6−δ

22.6
21.0
20.8
18.0
17.5
13.7

RT–850 ◦C Wang et al. [378]

Although there are several studies that have investigated the lattice expansion of
BaRECo2−xMxO6−δ, there is still a surprising lack of systematic work where the extent of chemical
expansion has been determined. Most studies will just report differences in expansion coefficients
(sum of thermal and chemical) upon varying the composition, but such changes can stem from a
change in the chemical expansion coefficient, βred, and/or a change in the oxygen nonstoichiometry, δ.
We can estimate βred for the system BaNdCo2−xFexO6−δ from the data by Cherepanov et al. [373] and
find that the linear coefficient lies in the region of 0.005–0.008 per mol v••O . If we assume that these
compositions are representative for the layered double perovskite cobaltites, it means that this class of
oxides displays a significantly lower chemical expansion coefficient upon reduction compared to the
well-established electrodes BSCF (βred = ~0.012–0.016) and LSCF (βred = 0.02–0.06).

Ruddlesden-Popper Structures

Ruddlesden-Popper is the name of a whole class of structures with general formula An+1BnO3n+1,
where A is either an alkaline earth or a rare earth element, while B is generally a transition metal.
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Ruddlesden-Popper structures are composed of alternating layers of n rock-salt layers (AO) wedged
in between a single perovskite slab (ABO3). Thus, the number n expresses the ratio of rock salt to
perovskite layers (n = AO/ABO3).

From the transition metal point of view the most popular electrode materials with
Ruddlesden-Popper structure would be ferrites, cobaltites, nickelates and cuprites [396]. The
coefficients of thermal expansion for compounds of the Ruddlesden-Popper family are summarized
in Table 13. The highest expansion coefficients are observed for cobaltites (>20 × 10−6 K−1) [397],
slightly lower for ferrites (around 20 × 10−6 K−1) [398], whereas in case of nickelates and cuprates the
coefficients are typically in the range of 11–14 × 10−6 K−1 [399–403]. Among all of the compounds
with Ruddlesden-Popper structure nickelates are the most widely studied as the cathode materials
due to their high diffusion coefficient of the oxygen ions and good electronic conductivity [400].

Similar to other compounds, the thermal expansion coefficient can be decreased by changing the
ionicity of the A-O bond. This can be done by partial or full replacement of the alkali metal by a rare
earth element [397,398]. The effect of decreasing the ionic radius of the rare earth element is not as clear
as it is, for example, in the case of double perovskites. In the Ln2NiO4 series the thermal expansion
coefficient decreases in the order Pr < La < Nd [399]. In another study, however [404], substitution
of La by Pr in La2−xPrxNiO4+δ (0 ≤ x ≤ 2) had almost no effect on the thermal expansion coefficient
which was in the range of 13.0–13.5 × 10−6 K−1 for all studied compositions. The reason for this
discrepancy can be a result of two effects. First of all, Pr can either display a +3 or +4 oxidation state,
each of which have different ionic radii. The second reason lies in changes in the crystal symmetry
observed for this material system. As indicated by Flura et al. [399], the Ln2NiO4+δ structure can
exist in at least three different space group symmetries: two orthorhombic types—Bmab (no. 64) or
Fmmm (no. 69)—and a tetragonal one—I4/mmm (no. 139). Starting with La, the symmetry of the
La2NiO4+δ cell changes from orthorhombic Fmmm to tetragonal I4/mmm but the coefficient stays
constant and equal to 13 × 10−6 K−1. Pr2NiO4+δ on the other hand undergoes a structural change
from Bmab to I4/mmm at around 400 ◦C, which results in a decrease in the expansion coefficient from
14.2 to 13.4 × 10−6 K−1. A transition similar to the case of the La-based compound is observed for
Nd2NiO4+δ at around 400 ◦C, where the structure changes from an orthorhombic Fmmm to tetragonal
I4/mmm. However, in this case the transition is associated with a change in the thermal expansion
coefficient from 11.1 to 12.4 × 10−6 K−1.

All in all, the general rule for the nickelates is that thermal expansion coefficient is lower than in
the case of other electrode materials. This seems to be true not only for Ruddlesden-Popper structures
with n = 1 but also for higher order structures. Amow et al. [401] performed a comparative study of
Lan+1NinO3n+1 for n = 1, 2 and 3 and found that the thermal expansion coefficient is 13.8 × 10−6 K−1

for n = 1, while it hardly changes for n = 2 or 3, displaying values of 13.2 × 10−6 K−1.
Interestingly, the chemical expansion upon reduction in Ruddlesden-Popper electrode materials

is very low [399,405], differentiating them from other electrode materials. It is important to note that
there is a fundamental difference between oxygen nonstoichiometry in Ruddlesden-Popper structure
types and, for instance, perovskite electrodes. The former has an excess of oxygen ions, in the form
of oxygen interstitials, whereas in the latter oxygen vacancies are formed and the material exhibits
oxygen deficiency. The interstitial defects are formed to compensate high structural stress arising from
competing A-O and B-O bonds, which are present between perovskite and rock salt layers. The affinity
of oxygen incorporation is so high that the compounds can incorporate excess oxygen even at room
temperature [403]. As a result fast oxygen diffusion paths for oxygen transport are formed in the
material and the unit cell changes anisotropically as δ increases. Kharton et al. [405] showed that the
lattice parameter a increases while the corresponding lattice parameter c decreases with increasing
oxygen nonstoichiometry. As a result of this, the total chemical expansion of Ruddlesden-Popper
compounds is nearly zero—the chemical contribution to the apparent thermochemical expansion
coefficient does not exceed 5%.
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Table 13. Linear thermal expansion coefficients of Ruddlesden-Popper structured oxides.

Composition Thermal Expansion
Coefficient/10−6 K−1

Temperature
Range References

LaSrCoO4−δ
La0.9Sr1.1CoO4−δ
La1.1Sr0.9CoO4−δ

25.3
24.3
25.4

300–700 ◦C Hu et al. [397]

Sr3Fe2O6+δ 20 RT–900 ◦C Prado et al. [398]

Pr2NiO4+δ
La2NiO4+δ
Nd2NiO4+δ

13.4
13

12.4
400–1000 ◦C Flura et al. [399]

La2NiO4+δ
Pr2NiO4+δ
Nd2NiO4+δ

13
13.6
12.7

RT–950 ◦C Boehm et al. [406]

La2NiO4+δ 13.7 RT–900 ◦C Skinner et al. [402]

La2Ni0.5Cu0.5O4+δ
La2NiCuO4+δ

12.8
8.6

13.6

RT–950 ◦C
RT–250 ◦C
250–900 ◦C

Boehm et al. [403]

Lan+1NinO3n+1

n = 1
n = 2
n = 3

13.8
13.2
13.2

RT–900 ◦C Amow et al. [400,401]

La2−xPrxNiO4+δ 0≤ x ≤ 0.2 13–13.5 RT–1000 ◦C Vibhu et al. [404]

5.2.3. Expansion of Fuel Side Electrodes

Unlike the air-side electrodes, which have been studied extensively, much less has been done on
the fuel side electrodes. A major reason for this is from the benefit of having reducing atmospheres,
enabling the use of composites composed of the proton or oxide ion conducting electrolyte and an
electronically conducting metal. Under reducing atmospheres, the metal will no longer run the risk
of oxidizing, which would very easily lower its performance and possibly lead to device failure.
The majority of reducing atmosphere electrodes is therefore based on ceramic-metal composites,
cermets, and these will be the focus of the remaining part of this section.

A key benefit of using cermets as electrodes is that they tend to display minimal thermal mismatch
with the electrolyte, as the ceramic part is generally based on the same composition. The metallic
component is typically a transition metal, with Ni being by far the most popular choice, mostly due to
its excellent catalytic activity towards H2 oxidation. Unfortunately, limited work has investigated the
thermal and chemical expansion of these cermets, relying mostly on the use of simple expressions,
for example, (36) in Section 4.2. As many success stories from the SOFC/SOEC community tend to
make their way into the PCFC/PCEC community, we choose to take advantage of the work that has
been done on the widely successful YSZ/Ni cermet and will draw parallels to the proton conducting
analogue, BZCY/Ni cermet.

Before continuing, it is important to describe how these fuel side electrode cermets are fabricated.
The most common practice is to co-sinter a thin electrolyte (YSZ or BZCY) onto a composite support
composed of NiO and the electrolyte material [32,407–410], YSZ on YSZ/NiO for SOFCs, or BZCY on
BZCY/NiO in the case of PCFCs. The co-sintering takes place in oxidizing atmospheres at temperatures
above 1300 ◦C, followed by a reduction step to reduce NiO to Ni. Consequently, the expansion of the
whole device needs to be understood with both NiO and Ni.

Figure 10a shows the thermal expansion coefficients as a function temperature for the case of
an SOFC/SOEC system and all its components, including Ni, NiO, YSZ, as well as the composites
Ni/YSZ and NiO/YSZ, while (b) provides the PCFC/PCEC equivalent system replacing YSZ with
BZCY. For the YSZ-system in (a), the data has been taken from Mori et al. [131], in which the composites
had 52 vol% and 40 vol% NiO and Ni, respectively. For the BZCY equivalent, we use the data from
Figure 4b for BZCY and (36) to calculate the expansion of NiO/BZCY composite. We used the same
proportions between NiO and BZCY phases as in the case of NiO/YSZ for the sake of simplicity.
Unfortunately, such a simple model cannot be used to calculate the expansion of Ni/BCZY and this
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will be explained in detail in the next paragraphs upon dealing with the thermal expansion of the
Ni/YSZ cermet as an example.

As expected, a linear dependence between the amount of NiO in the anode and the thermal
expansion of NiO/YSZ composites was observed in the experimental data presented [131,411].
This goes in line with the model described by Equation (36). This assures the validity of
calculation of thermal expansion coefficients of NiO/BZCY composite. Therefore, in both cases,
the effective expansion coefficient will be proportional to the thermal expansion of both NiO and
the electrolyte material, and the relative volume proportion between the two. It can be seen that
the antiferromagnetic-to-paramagnetic transition of NiO strongly affects also the properties of both
NiO/YSZ and NiO/BZCY.

Cermets obtained after reduction of the composites will exhibit different properties. The
expansion of Ni/YSZ is dominated by the electrolyte backbone. The anomalous peak due to the
ferromagnetic-to-paramagnetic transition of Ni is not observed in the thermal expansion coefficient
of the cermet and as the temperature increases the influence of Ni on the total expansion of cermet
diminishes completely, such that the thermal expansion coefficient of the cermet approaches that of the
electrolyte. This is caused by the ductility of metallic Ni. The strain caused by the thermal mismatch
between the ceramic and metallic part of the composite causes the metal part to plastically deform.
The situation is very different than in the case where two ceramic materials form a composite, as in
the case of the NiO-based composites. For that reason, Equation (36) could not be used to calculate
thermal expansion of Ni/BZCY, because the model on which it is based does not account for such
effects. However, it can be assumed that Ni/BZCY will behave similar to Ni/YSZ. Namely, at lower
temperatures some effects of Ni presence will be observed, whereas at higher temperatures the thermal
expansion of the cermet will equal that of BZCY. All in all, in the whole temperature range the thermal
expansion coefficient of Ni/BZCY should be expected to be rather close to the values of BZCY.Crystals 2018, 8, 365 45 of 70 
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Figure 10. Thermal expansion coefficients (α) of (a) NiO, YSZ, YSZ/NiO with 52 vol% NiO, Ni and
YSZ/Ni with 40 vol% Ni [131] and (b) NiO, BZCY72 (from Figure 4b), BZCY72/NiO with 52 vol%
NiO and Ni. Note that the thermal expansion coefficient for the cermet BZCY72/Ni is not included as
described in the text.

One of the main challenges of these electrodes lies in the redox cycles caused by an interruption
of fuel [412]. Based on their molar volumes, the oxidation of Ni to NiO is accompanied by an increase
of solid volume by 69.9%. Strategies to alleviate this problem are to increase the porosity of the anode
or to use an uneven distribution of the electrolyte grain size. Nasani et al. [413] studied the redox
behavior of the anode Ni/BZY cermet and showed a similar expansion of NiO upon reoxidation
as the one observed for YSZ/NiO. Their microstructural analysis proved that the microcracks and
delamination observed were due to the nickel expansion phase upon reoxidation.
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A recent study focused on the preparation on Ni/BZY20 anodes, varying the amount of NiO [414].
The co-sintering of the BZY20 onto BZY20/NiO supports failed for 80 wt.% of NiO, due to the difference
in thermal expansion coefficients between NiO and BZY20. Indeed, the NiO-BZY20 supports shrink
more than the thin BZY20 electrolyte upon cooling. The authors recommend supports BZY20/NiO
with <70 wt.% NiO. While the ratio NiO to BZCY is of importance, the composition of the PCC
material also appears to be an important parameter. Stability of Ni-BaCe0.8Y0.2O3−d (Ni-BCY) and
Ni-BaCe0.6Zr0.2Y0.2O3−d (Ni-BCZY) after reduction and oxidation (redox) cycles at 800 ◦C showed that
NiO particles had a stronger bonding with BCZY particles than with BCY particles. SEM images after
redox cycles showed larger and more cracks for BCY than BCZY [310].

One difference to consider is that contrary to YSZ, proton conducting oxides used in the cermet
electrodes of PCFCs exhibit chemical expansion upon hydration (see Sections 2.2.1, 4.1.1 and 5.1.1),
i.e., the lattice expands upon the incorporation of protonic defects into the lattice. The hydration
of BZY/NiO supports with BZY thin membranes is very critical. Onishi et al. reported that the
hydration of BZY20 should be carried out at higher temperatures to alleviate compressive stress [414].
This observation is based on the observation of cells (60 wt.%NiO/BZY20 with thin BZY20 electrolyte)
heated to 100 or 200 ◦C in dry Ar and then up to 600 ◦C in 3% H2O in Ar. Cracks are observed only on
the cells hydrated at 100 ◦C.

Finally, the hydration of the proton conducting ceramic also influences the strength of the
material. Sazinas et al. [415] reported enhanced fracture toughness for hydrated samples compared to
dehydrated samples.

6. Thermal Compatibility and Mismatch: Symmetries, Issues, Methods of Mitigation

The previous sections compiled expansion coefficients for different classes of electrolytes and
electrode materials (both air side and reducing atmosphere electrodes). In this part, guidelines to
minimize expansion coefficient mismatch between the different layers of a PCFC, PCEC or membrane
reactor are proposed. First, different parameters that can lead to cell failure are listed, before moving
to mitigating strategies summarized in Figure 11.
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6.1. Issues That Can Lead to Cell Failure

Results on both SOFC and PCFC studies are used for the following list, as work on the PCFCs is
scarcer. It is, however, important to note that the operating temperature of protonic ceramic based
devices is significantly lower than that of SOFCs (500–600 ◦C versus 800–1000 ◦C). As a result, the
chemical expansion upon reduction observed in typical SOFC cathodes (BSCF and LSCF) is much
lower at 500–600 ◦C than at 800–1000 ◦C (see Figure 2) and should thus pose much less of a problem.

Typically, the most critical issue lays in the large mismatch between the coefficient of expansion of
the different layers. As indicated in previous sections thermal expansion coefficients of different layers
of the electrochemical cell can span from the range 8–12 × 10−6 K−1 for the electrolytes (Section 5.1)
up to 25 × 10−6 K−1 for the electrodes (Section 5.2). This will result in cracks or delamination between
the different layers.

Another issue stems from chemical expansion caused either by hydration or reduction of a
material. The former will appear in PCCs during either the treatment in conditions where water
vapor partial pressures are changing, or as a result of exposing material with thermochemical
history to conditions of different humidity (e.g., material pre-dried or pre-saturated with protons
exposed respectively to humid or dry gas). In the case of varying water vapor pressure PCC will
expand/contract due to hydration/drying. As a result, stresses will appear on the interfaces between
the PCC and the other layers of the electrochemical device. In another case, device failure can be
observed when a PCC with a thermal history is exposed to conditions different to the one it was
previously treated in. An example could be a dry proton conductor, that is, completely dehydrated,
being co-sintered with an electrode material in humid conditions. This will cause the PCC material to
expand due to hydration. Chemical expansion upon reduction will result in similar issues as those
presented for hydration, although this will be typically restricted to electrode materials and will be
present at higher temperatures.

Although cell failures tend to stem from mismatches in expansion coefficients between the
different components, microstructural changes can also pose a significant problem for the integrity
of the electrochemical cell. This is typically encountered when electrodes composed of composites
are used. A degradation of the cell can thus be caused by significant changes in the composite’s
microstructure during fabrication, as the volume fractions of the individual components will change,
which subsequently alters the overall thermal expansion coefficient. Further, one may experience
chemical mixing due to ion diffusion at elevated temperatures, resulting in a poorer performance of
the composite.

6.2. Mitigating Strategies

The best strategy to mitigate the mismatch depends on the reason of the interfacial stresses. If the
reason lies only in the difference of thermal expansion coefficients, then the simplest strategy would
be choosing materials with a smaller difference. Expansion coefficients for the different electrolyte
materials and electrodes materials can be extracted from Figures 5–9 and Tables 2–13. The coefficients
can be tailored by choosing an adequate dopant, dopant content, substituent and tolerance factor.
As already mentioned in Section 4.1.1, the history of the materials used for cell fabrication will also
influence their thermal and chemical expansions due to kinetic effects. It is hard to predict the exact
thermal expansion coefficients mismatch that a cell can withstand, because this is related not only
to the difference of coefficient values but also to other mechanical properties of ceramics, such as
Young’s modulus, tensile strength or fracture toughness and these can vary significantly from one
case to another. However, Zhang and Xia [416] presented a model for calculating the durability of a
fuel cell on the basis of the performance of the electrode. They conclude that with a high restriction of
durability (performance loss expressed as an increase of polarization resistance that does not exceed
1% over 100 thermal cycles from RT to 800 ◦C), the upper limit for the thermal expansion coefficient
of an electrode material should be 15.1 × 10−6 K−1 for the case of an electrolyte with α equal to
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10.8 × 10−6 K−1. On this basis, we can estimate that the safety limit in which the performance of an
electrochemical device should not be obstructed is for a thermal expansion mismatch of less than 50%.

Another strategy of mitigating the mismatch problem is to fabricate electrolyte-electrode composites.
Several methods have previously been used to synthesize such composites, including direct mixing of
the two phases as well as infiltration/impregnation based techniques [16,317,319,320,336–339]. These
composites can be used as interlayers with intermediate thermal expansion coefficient, which will
reduce the mismatch that would appear if the electrode was in direct contact with the electrolyte.

A further development of that idea would be to produce a composite electrode with a graded
composition. Graded electrodes have been studied for both SOFC and PCFC anodes [417–420] and have
been reported to decrease the probability of failure [421]. Continuously graded BaCe0.5Zr0.35Y0.15O3−d
(BCZY)/NiO anode functional layers were prepared by electrostatic slurry spray deposition with
a rotation stage [420]. In addition to extending the active three-phase boundary (TPB) length,
this functionally and continuously gradient layer also helps to reduce the undesirable discontinuities of
thermal expansion coefficients, which would contribute to enhance chemical and mechanical stabilities.

An approach to limit crack formation and warping during the half-cell fabrication consists in
depositing an electrolyte layer on both sides of the electrode material. After co-sintering, the sacrificial
electrolyte layer is removed [32,318,422].

The stability of the cell can be further tailored by controlling microstructure of its layers.
For instance, as already mentioned in Section 5.2.3, high porosity reducing atmosphere electrodes
show improved stability upon redox cycles. Moreover, an uneven distribution of the electrolyte grain
size in the composite also improves the stability of the electrochemical cell upon redox cycling [412].

The stability can be also controlled by geometry features. Majumdar et al. reported that varying
the thickness and thickness ratio of the cell components can be used to tolerate thermal expansion
mismatch [411]. For instance, it was observed that 600-mm-thick samples Ni/YSZ were approximately
60% stronger after 8 h of reduction than 900-mm-thick samples [423].

The problem of chemical expansion can be tackled by a careful control of the fabrication conditions
in terms of temperature, oxygen and water vapor partial pressures. This requires detailed insight to
the thermal and chemical expansion of each of the cell components. This knowledge can be used to
mitigate the problem of degradation of the cell. For instance, to prevent cracks on BZCY/Ni with
a thin BZCY electrolyte, it has been advised to heat the sample in dry atmosphere and then switch
to moist conditions when the operating temperature has been reached [119,414,424]. The stability
of Ni-based composites can also be improved by controlling the reduction process: Ni et al. [386]
studied the influence of the anode reduction temperature (8 h 700 ◦C, 6 h 800 ◦C, 4 h 900 ◦C and 2 h at
1000 ◦C) on the mechanical properties of Ni-YSZ and found improved strength (~12%) and enhanced
elastic moduli at elevated reduction temperatures. This phenomenon was explained by promoted
mass diffusion among Ni particles at higher temperature and healing of the defects/flaws within
the material.

Lastly using supporting layers should be considered as a potential improvement of the cell stability.
Metal supported cells have been developed for SOFCs and a similar approach is also being developed
for PCFC/PCECs [425]. Tucker [339] discussed the coefficient of thermal expansion mismatch between
the electrolyte and metal support as a function of temperature. At the operating temperature, initial
thermal stresses in the cell due to coefficient of thermal expansion mismatch are expected to dissipate
via metal creep and a “zero-stress” state is achieved after a sufficient time period. As the thermal
expansion coefficient of the metal support is generally higher than that of the electrolyte (also valid for
PCFC), the electrolyte is held in compression during cooling, a desirable situation for the mechanical
integrity of the cell.

7. Summary

This work provides a set of theory and data for thermochemical expansion of Proton Conducting
Ceramics (PCCs). The theory of thermal expansion of a solid from microscopic and macroscopic points
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of view is provided. The influence of chemical expansion upon hydration and oxidation/reduction
of PCCs is analyzed and presented so that the chemical and thermal expansion can be decoupled.
The importance of precisely controlling the atmosphere conditions, while studying the expansion of
PCCs is explained in the context of chemical expansion.

Experiment conducted within this study show that, as long as atmospheric conditions are
controlled and the rate is not too fast (<20 K min−1), the heating/cooling rate has little to no effect in
determining thermal expansion coefficients experimentally.

The literature data is given for PCCs, which in this study are divided into two groups: oxides
in which protons are dominating charged species—the electrolyte,s and mixed ionic and electronic
conductors (MIECs). Data is predominantly gathered from the studies presenting dilatometry results,
since this measurement gives the bulk expansion coefficient, which, as discussed in the theory section,
is more useful from an application point of view.

The aspect of thermal compatibility in the electrochemical cells based on PCCs is discussed and
measures to avoid the thermal mismatch problem are given.

The interest in the research field of PCCs has been continuously increasing and efforts are now
directed towards upscaling, where expansion and thermal mismatch become more critical. It is clear
from this review that there is only limited available work on the expansion behavior of electrodes
compatible with PCCs (both reducing and air sides). This area thus represents an opportunity for high
impact research.
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Abbreviations and Symbols List

Abbr. Meaning
a, b, c lattice parameters
Acc acceptor dopant
BCN Ba3Ca1+xNb2−xO9−δ
BCY BaCe1−xYxO3−δ
BZCY BaZr1−x−yCexYyO3−δ
BZCY72 BaZr0.7Ce0.2Y0.1O3−δ
BSCF Ba1−xSrxCo0.8Fe0.2O3−δ

BZO barium zirconate
BZY BaZr1−xYxO3−δ
cercer ceramic ceramic composite
cermet ceramic metal composite
CTE coefficient of thermal expansion
DFT density functional theory
DIL Dilatometry
EoS equation of state
G Gibbs free energy
HA harmonic approximation
HT high temperature
HTPC high temperature proton conductor
HT-XRD high temperature X-ray diffraction
hydr hydration/hydrated
K bulk modulus
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Abbr. Meaning
L Length
LSCF La1−xSrxCoyFe1−yO3−δ
Ln lanthanide
LT low temperature
LWO lanthanum tungstate
MD molecular dynamics
MIEC mixed ionic electronic conductor
ND neutron diffraction
PCC proton conducting ceramic
PCE proton ceramic electrolyte
PCEC proton ceramic electrolyser cell
PCFC proton ceramic fuel cell
QHA quasi-harmonic approximation
RE rare earth
RT room temperature
SOEC solid oxide electrolyser cell
SOFC solid oxide fuel cell
∆hydrH standard hydration enthalpy
∆hydrSo standard hydration entropy
T temperature
t transport number
TCO triple conducting oxide
TEC thermal expansion coefficient
TG thermogravimetric analysis
TPB triple-phase boundary
V volume
XRD X-ray diffraction
YSZ yttria stabilized zirconia
α coefficient of thermal expansion
β coefficient of chemical expansion
δ oxygen non-stoichiometry
ε uniaxial strain
µ shear modulus
v volume fraction

References

1. Desaguliers, J.T. A Course of Experimental Philosophy; W. Innys: London, UK, 1745.
2. Touloukian, Y.S.; Kirby, R.K.; Taylor, R.E.; Desai, P.D. Thermal Expansion; Springer US: Boston, MA, USA,

1975; ISBN 978-1-4757-1624-5.
3. Marrony, M.; Berger, P.; Mauvy, F.; Grenier, J.C.; Sata, N.; Magrasó, A.; Haugsrud, R.; Slater, P.R.; Taillades, G.;

Roziere, J.; et al. Proton-Conducting Ceramics. From Fundamentals to Applied Research; Marrony, M., Ed.;
Pan Stanford Publishing: Singapore, 2016; ISBN 978-981-4613-84-2.

4. Colomban, P. Proton Conductors: Solids, Membranes and Gels-Materials and Devices; Cambridge University
Press: Cambridge, UK, 1992.

5. Iwahara, H.; Yajima, T.; Hibino, T.; Ozaki, K.; Suzuki, H. Protonic conduction in calcium, strontium and
barium zirconates. Solid State Ion. 1993, 61, 65–69. [CrossRef]

6. Iwahara, H.; Uchida, H.; Ono, K.; Ogaki, K. Proton Conduction in Sintered Oxides Based on BaCeO3.
J. Electrochem. Soc. 1988, 135, 529–533. [CrossRef]

7. Duan, C.; Tong, J.; Shang, M.; Nikodemski, S.; Sanders, M.; Ricote, S.; Almansoori, A.; OHayre, R.; O’Hayre, R.
Readily processed protonic ceramic fuel cells with high performance at low temperatures. Science 2015, 349,
1321–1326. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0167-2738(93)90335-Z
http://dx.doi.org/10.1149/1.2095649
http://dx.doi.org/10.1126/science.aab3987
http://www.ncbi.nlm.nih.gov/pubmed/26217064


Crystals 2018, 8, 365 50 of 68

8. Morejudo, S.H.; Zanón, R.; Escolástico, S.; Yuste-Tirados, I.; Malerød-Fjeld, H.; Vestre, P.K.; Coors, W.G.;
Martínez, A.; Norby, T.; Serra, J.M.; et al. Direct conversion of methane to aromatics in a catalytic co-ionic
membrane reactor. Science 2016, 353, 563–566. [CrossRef] [PubMed]

9. Coors, W.G. Protonic ceramic fuel cells for high-efficiency operation with methane. J. Power Sources 2003,
118, 150–156. [CrossRef]

10. Malerød-Fjeld, H.; Clark, D.; Yuste-Tirados, I.; Zanón, R.; Catalán-Martinez, D.; Beeaff, D.; Morejudo, S.H.;
Vestre, P.K.; Norby, T.; Haugsrud, R.; et al. Thermo-electrochemical production of compressed hydrogen
from methane with near-zero energy loss. Nat. Energy 2017, 2, 923–931. [CrossRef]

11. Iwahara, H. High temperature proton conducting oxides and their applications to solid electrolyte fuel cells
and steam electrolyzer for hydrogen production. Solid State Ion. 1988, 28–30, 573–578. [CrossRef]

12. Molenda, J.; Kupecki, J.; Baron, R.; Blesznowski, M.; Brus, G.; Brylewski, T.; Bucko, M.; Chmielowiec, J.;
Cwieka, K.; Gazda, M.; et al. Status report on high temperature fuel cells in Poland—Recent advances and
achievements. Int. J. Hydrog. Energy 2017, 42, 4366–4403. [CrossRef]

13. Iwahara, H. Proton conducting ceramics and their applications. Solid State Ion. 1996, 86–88, 9–15. [CrossRef]
14. Norby, T. Solid-state protonic conductors: Principles, properties, progress and prospects. Solid State Ion.

1999, 125, 1–11. [CrossRef]
15. Zagórski, K.; Wachowski, S.; Szymczewska, D.; Mielewczyk-Gryń, A.; Jasiński, P.; Gazda, M. Performance of
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