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Oxygen-ionic and proton-conducting oxides are an important class of functional materials for their
applications as electrolytes in various high-temperature electrochemical cells, including solid oxide fuel
cells (SOFCs), solid oxide electrolysis cells (SOECs), proton ceramic fuel cells (PCFCs), and proton
ceramic electrolysis cells (PCECs). The electrolyte, as a heart of these cells, must meet a number of
stringent requirements, among which its ionic conductivity is one of the most important parameters
determining the possible applications in electrochemical devices and operating temperatures. In the
present work, we provide a comparative analysis of the ionic conductivity for several classical electrolyte
classes, such as stabilized/doped ZrO,, CeO,, LaGaOs, BaCeOs, BaZrOs, and Ba(Ce,Zr)Os. This analysis
provides possible windows of conductivity variation and potential (common and specific) factors
responsible for conductivity differences for the same materials and measurement conditions. In addition,
the ionic conductivity is discussed not only for massive ceramic electrolytes, but also for their thin-film
form in SOFCs/PCFCs or SOECs/PCECs. As a result, the transport properties of the state-of-the-art
electrolytes have been revised and compared to show which system prevails over the other under
different experimental conditions. Therefore, this technical review can be used as a reference source to
provide useful information on oxygen-ionic and protonic conductivity for the most popular solid oxide
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1 Introduction

Solid oxide electrochemical devices operating at elevated
temperatures (above 400 °C) provide a promising basis for
various energy conversion processes involving hydrogen,
oxygen, carbon, and nitrogen-containing compounds.*” Such
a wide variety of electrochemical processes allows these devices
to be used to meet many of the challenges facing a “green”
future related to the development of hydrogen energy, renew-
able energy, and low-carbon technologies. For this reason, solid
oxide fuel cells (SOFCs) and solid oxide electrolysis cells
(SOECs) are considered as the most promising alternatives
among other representatives of fuel and electrolysis cells.®™*®
Significant advancements have been made in the research and
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development of SOFC and SOEC stacks, with applications
spanning portable (from several watts) and stationary (from
several to hundreds of kilowatts) energy production and
storage.*"** Furthermore, these prototypes have undergone
rigorous testing for more than 20000 hours,””™* providing
compelling evidence of their long-term reliability.

The unit SOFC and SOEC cells are multilayered “sandwich-
like” structures comprising a specific number of functional
materials in contact with each other, which are then repeated
sequentially.”**> Among the functional materials, an electrolyte
is considered as a heart of solid oxide electrochemical cells
performing a multitude of functions in the realization of elec-
trochemical processes related to the conversion of different
types of energy. It is well known that conventional SOFCs and
SOECs are based on zirconia electrolytes (for example, yttria- or
scandia-stabilized zirconia) as representative oxygen-ionic
materials. Their ionic conductivity reaches acceptable levels at
elevated temperatures (800-1000 °C), which explains why the
related SOFCs and SOECs yield high performance under such
severe conditions. Nevertheless, elevated operating tempera-
tures result in rapid performance degradation, which is attrib-
uted to different factors, including chemical interactions and
microstructural changes.”®?* To address these issues, two
commonly employed strategies have been utilized as a means of
enhancing performance at reduced temperatures. The first
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strategy involves reducing the electrolyte thickness (i.e., thin
film technologies®**), which naturally decreases the ohmic
resistance of the cells. The second strategy entails the replace-
ment of zirconia materials with more conductive analogs that
exhibit the requisite conductivity values at reduced operation
temperatures.**® The simultaneous use of these two strategies
allows a significant reduction in operating temperatures down
to a range of 400-600 °C, which is sufficient to achieve the
desired performance of SOFCs and SOECs.

There are numerous types of highly conductive ionic electrolytes
with varying structures or ionic transport characteristics. However,
fluorite-based and perovskite-based complex oxides remain the
most extensively studied systems for SOFC and SOEC applications.
This perspective presents a comparative analysis of the ionic
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conductivity of electrolytes. First, it examines trends identified
many years ago (Section 2). We then conducted a meticulous
analysis of possible approaches for achieving the highest conduc-
tivities for each discussed class (Sections 3.1-3.7). The SOFC and
SOEC electrolytes must possess pure ionic transport with very low
(negligible) electronic conduction to offer high-efficient electro-
chemical conversion. However, unipolar transport is difficult to
achieve for the considered systems. Therefore, Section 3.8 provides
some insight into this matter. Finally, the ionic conductivity of the
electrolytes as part of solid oxide electrochemical cells was also
analyzed (Section 4). All of the above allowed us to conduct a revi-
sion in the field of ionic conductivity and clarify the positions of
different electrolytes relative to each other.
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Fig. 1 Electrical conductivity of the SOFC and SOEC electrolyte materials: Y-doped or Sc-doped ZrO, (YSZ, ScSZ), Sm-doped or Gd-doped
CeO, (SDC, GDC) fluorite oxides; LaGaOz-based (LSGM) and widely studied Ba-based cerates (BCY), zirconates (BZY), and their solid solutions
(BCZY, BZCYYb) perovskites. These data were obtained from the works of (a) Volkov et al., reproduced with permission from ref. 51. Copyright
2017, Elsevier B.V.; (b) Shi et al., reproduced with permission from ref. 52. Copyright 2020, Elsevier B.V.; (c) Gomez et al., reproduced with

permission from ref. 53. Copyright 2016, Elsevier Ltd.; (d) Vostakola et al.,

reproduced with permission from ref. 54 as an open access source; (e)

Fabbri et al., reproduced with permission from ref. 55. Copyright 2010, Taylor & Francis Informa UK Ltd — Journals; and (f) Su et al. reproduced

with permission from ref. 56. Copyright 2020, Elsevier B.V.
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2 A brief introduction to solid oxide
electrolytes

The electrolyte is a crucial functional material in SOFCs/SOECs,
facilitating the conduction of ions through its dense body and
the separation of cathode and anode spaces, preventing the
mixing of oxidizing and reducing gas atmospheres. The elec-
trolyte must fulfill a number of rigorous requirements,
including high ionic conductivity, low electronic conductivity,
excellent gas-tightness, and chemical stability against gas
environments and other functional materials. It is evident that
a complete alignment with these requirements represents
a significant challenge. Consequently, numerous research
initiatives have been undertaken with the objective of identi-
fying suitable oxide matrixes as alternatives to conventional
zirconia electrolytes. While many exotic electrolyte systems have
been recently proposed, fluorite- and perovskite-based oxides
remain the state-of-the-art materials for the design of promising
electrolytes. These oxides include doped CeO, (ref. 37-40) and
doped LaGaO3,**> which act as oxygen-ionic conductors, and
doped Ba(Ce,Zr)O; (ref. 43-46) and doped BaZrO3,*~*° which act
as protonic conductors.

It is widely recognized that the ionic conductivity of the
mentioned electrolytes exceeds that of YSZ by several times to
several orders of magnitude, as evidenced by comparative
graphs extracted from the literature sources (see Fig. 1).°*°
However, the ionic conductivity of alternative electrolytes often
differs in terms of the absolute values for certain materials and
their positions relative to each other. There are several reasons
for the inconsistency of these results:

(1) The ionic conductivity data are typically derived from
different studies. However, in each case, the transport proper-
ties are significantly influenced by the actual chemical compo-
sition and microstructural parameters of the ceramics, which
depend on the technological regimes of powder preparation
and ceramic fabrication. Consequently, the ionic conductivity
can exhibit a considerable degree of variability even for the
same nominal compositions.

(2) The comparison is typically provided for oxidizing
conditions (Fig. 1). However, Ba-based perovskites exhibit p-
type electronic conductivity under oxidizing environments.””
Moreover, their ionic conductivity increases as the water vapor
partial pressure increases due to a change in the nature of the
conductivity from oxygen-ionic to co-ionic or protonic. In
principle, the comparison of the ionic conductivity for all elec-
trolytes can be provided for wet reducing atmospheres, where
Ba-based perovskites are purely ionic conductors. However,
another electrolyte class, doped CeO, materials, exhibits n-type
electronic conductivity at low oxygen partial pressures,*>** thus
limiting the applicability of this comparison between different
electrolyte classes.

(3) Discussing the features of proton-conducting
materials,*° their oxygen-ionic and protonic conductivities
are regulated not only by water vapor partial pressure but also
by temperature. In detail, the heating process results in water
desorption from the structure of the protonic conductors,
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decreasing the proton concentration and proton conductivity
(see Section 3.8 below). This process is especially intensive at
temperatures above 600 °C. When the proton conductivity
decreases, a simultaneous increase in the oxygen-ionic
conductivity occurs due to the generation of additional oxygen
vacancies.

The data presented in Fig. 1 pertain to the materials studied
in certain studies. Therefore, it is challenging to draw a defini-
tive conclusion regarding which materials exhibit the highest
ionic conductivity. To elucidate this aspect in greater detail, the
subsequent section will provide a concise overview of the elec-
trical properties for each specific electrolyte system. In addition
to their transport features, the main advantages and limitations
will also be presented.

3 lonic conductivity of solid oxide
ceramic electrolytes

This section presents a discussion of the nature of ionic
conductivity in oxygen-ionic and proton-conducting electro-
Iytes, as well as an examination of the detrimental factors that
can deteriorate their transport properties. Additionally, this
section includes experimental conductivity data for each elec-
trolyte class. Since abundant data can be found in the literature,
we limited the presented graphs to at least 10 literature sources
indicating possible variations in conductivity. It should be
noted that dependencies that deviated significantly from the
general trends (in absolute conductivity values or slopes) for any
considered system were excluded from the comparative
analysis.

3.1. Conventional YSZ materials

YSZ is one of the most extensively studied materials for SOFC
and SOEC applications, encompassing both laboratory and
commercial applications. Yttria (Y,03) is introduced to zirconia
to stabilize the crystal structure of ZrO,; at room temperature,
ZrO, exhibits a monoclinic structure, which first transforms to
a tetragonal phase and then to a cubic phase at ~1170 and
2370 °C, respectively.’”*® For YSZ, Y-introduction plays several
important roles. First, it stabilizes the distorted structures to the
cubic phase, which offers high ionic conductivity under oper-
ating conditions due to a high cubic symmetry. Second, yttrium
acts as an acceptor dopant, resulting in the formation of oxygen
vacancies that regulate the oxygen-ionic conductivity. An 8YSZ
composition (i.e., (ZrO,)o.02(Y203)0.0s) is considered to be the
best over a range of single-phase materials. At other yttrium
concentrations, the ionic conductivity decreases due to a lower
concentration of oxygen vacancies as main charge carriers or
defect interactions (associations) occurring in the heavily doped
7r0,.

The ionic conductivity of YSZ is dependent on a number of
factors, including the type and concentration of dopant.
However, the ionic conductivity of the same 8YSZ composition
can vary significantly (Fig. 2), indicating that the technological
parameters play a pivotal role in the preparation of ceramic
bodies. The grain size, type/concentration of uncontrolled

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Temperature dependencies of electrical conductivity for YSZ
materials extracted from different sources: (1) - ref. 59; (2) - ref. 60; (3)
- ref. 61; (4) — ref. 62; (5) — ref. 62; (6) — ref. 63; (8) - ref. 64; (7) - ref.
65; (9) - ref. 66; (10) - ref. 66.

impurities, and relative density are the primary factors influ-
encing the observed conductivity variation. The optimal 8YSZ
ceramic is capable of reaching 50 mS cm ™" at 800 °C and 150
mS cm™ ' at 1000 °C, although several highly conductive 8YSZ
materials can be found in the literature. Nevertheless, these
ionic conductivities remain relatively low, prompting the search
for new electrolytes of the same or other oxide matrixes.

3.2. Zirconia materials: beyond YSZ

Scandia-stabilized zirconia (ScSZ or SSZ) represents an alter-
native family of zirconia electrolytes, whose ionic conductivity
exceeds that of YSZ by 3-10 times depending on temperature.
The higher ionic conductivity of the Sc-containing electrolytes is
attributed to the close ionic radii of Sc** and Zr** (0.87 and 0.84
A, respectively). Such an ionic radii compatibility offers a low
elastic strain and a low activation energy for the diffusion of
oxygen vacancies, both of which facilitate better ionic conduc-
tivity compared to the Y-containing counterparts.*” If the
maximum conductivity corresponds to ~8 mol% for the YSZ
system, the ScSZ system exhibits a conductivity maximum at 10—
11 mol%. At higher scandium concentrations, a rhombohedral
ZrO,-based phase starts to appear, while a tetragonal phase
remains stable at lower Sc-contents (below 7 mol%). Conse-
quently, the concentration maximum of the ionic conductivity
is associated with the formation of a highly symmetric (cubic)
structure coupled with a relatively high concentration of oxygen
vacancies.

As illustrated in Fig. 3, the absolute ionic conductivity values
for ScSZ are generally greater than those of YSZ, demonstrating,
at the same time, a considerable range of conductivity variation.
As stated above, this phenomenon can be attributed to the
distinct microstructural properties of the prepared ceramics.
Despite exhibiting superior transport properties, Sc-containing
zirconia has been found to be deficient in chemical stability in
the long-term prospect.®®”> Numerous studies have shown that
the ionic conductivity of ScSZ ceramics significantly decreases
(degradates) as a consequence of the high-temperature phase

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Temperature dependencies of electrical conductivity for ScSZ
materials extracted from different sources: (1) — ref. 65; (2) — ref. 68; (3)
— ref. 61; (4) — ref. 69; (5) — ref. 70; (6) — ref. 71; (7-10) — ref. 69.

transformation (from cubic to tetragonal or rhombohedral
structures) and the segregation of secondary phases at grain
boundaries of the ceramics. In contrast, YSZ materials exhibit
better chemical stability.

The undesirable processes that occur in ScSZ can be
purposefully eliminated by changing the Sc-content and intro-
ducing additional dopants. In detail, co-doping strategy allows
a compromise between stability and conductivity to be ach-
ieved. The most frequently used co-dopants for ScSZ are cerium,
yttrium, and ytterbium,*” although some studies have reported
successful results on the co-doping of ScSZ with aluminum,
niobium, manganese, bismuth, or titanium.”

3.3. CeO,-based materials

CeO, is a promising oxide matrix for the design of highly
conductive oxygen-ionic electrolytes.*””® Ceria and its doped
derivatives (Ce; M0, s, x = 0.3; where M is the alkaline earth
or rare earth element) exhibit a fluorite-like structure similar to
that of their ZrO,-based counterparts. In addition to higher
ionic conductivity, CeO,-based materials are characterized by
better chemical compatibility with various functional materials.
As a result, doped CeO, is often used as a protective layer for
SOFCs and SOECs with YSZ or ScSZ thin-film electrolytes.””

The oxygen-ionic conductivity of doped ceria reaches its
maximum at 15-20 mol% of an acceptor dopant, with
samarium and gadolinium being considered the best
dopants.****7%”7 It is interesting to note that CegSmg .0, s
(SDC or CSO) is the most extensively studied member of the
Ce; ,Sm,O, ; series, while a Ce,¢Gd,0, 5 (GDC or CGO)
composition with a lower dopant concentration is the most
studied member of the Ce; ,Gd,O,_; series. In principle,
theoretical calculations of CeO, transport properties have
demonstrated that the maximum ionic conductivity should be
observed near 10 mol%, taking the blocking and trapping
effects of oxygen vacancies with lanthanide dopants into
account.
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Fig.4 Temperature dependencies of electrical conductivity for doped
CeO, materials extracted from different sources: (1) Ceq oGdg 105_5:%°
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One of the major drawbacks of ceria electrolytes is their
tendency to undergo partial Ce*"-to-Ce** transformation in
highly reducing environments,**** including hydrogen,
methane, CO, + CO, and other gas mixtures. Such a cationic
reduction is accompanied by the appearance of n-type electron
conductivity, which is detrimental to SOFCs, and especially
SOECs. In detail, the high electronic conductivity in the elec-
trolyte causes an internal short circuit, which considerably
reduces the energy conversion efficiency. There are many
technological strategies to inhibit the electronic conductivity
under fuel cell and electrolysis cell operations, but they often
represent a trade-off between different functional properties.
Another consequence of cationic reduction is chemical expan-
sion as a mechanical response to dimensional variations in
cationic and anionic sizes.””® This can also have a detrimental
effect on the SOFC/SOEC performance due to the appearance of
mechanical stresses between different functional layers.

Fig. 4 shows the ionic conductivity of the doped ceria
materials across a broad temperature range. As observed in the
previous graphs, the conductivity can exhibit a considerable
range of variation even for the same electrolyte composition at
the same temperature. This further substantiates the assertion
that not only chemical and structural factors but also micro-
structural parameters influence the transport properties of the
corresponding ceramics. When the absolute ionic conductivity
values are compared, it is evident that CeO,-based materials
exhibit superior performance compared to their zirconia-based
counterparts: their high ionic conductivity can be achieved at
temperatures by 100-200 °C lower than that of zirconia
electrolytes.

3.4. LaGaOjz-based materials

LaGaO; is a member of the La-containing perovskite family,
which is defined by the La**M>*0j; stoichiometry, where M can
consist of p-, d-, or f-elements. Examples of La-based
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perovskites include LaGaOs, LaScO;, and LaYbO;. The ionic
radius of the B-site basic elements® determines whether the
corresponding phases exhibit pure oxygen-ionic conductivity
(e.g., aluminates and gallates) or protonic conductivity (e.g:,
indates, scandates, yttrates, and ytterbates). The hydration
capability of such oxides is regulated by their crystal features
(size and symmetry of the perovskite structure) as well as
features related to the coordination preference of the B-site
cations. In detail, the structures of the original and doped
LaAlO; and LaGaO; are characterized by small sizes, while
aluminum and gallium are stable in four coordination envi-
ronments.*® This explains why these phases are predominantly
oxygen-conducting electrolytes and have no notable capability
towards hydration.

Compared to LaAlO; and LaGaO; materials, aluminates are
characterized by a very low oxygen-ion conductivity of approxi-
mately 5 mS cm™' at 800 °C.* In other words, the ionic
conductivity of aluminates is even lower than that of zirconia.
This is due to the very dense packing structure of LaAlO;, which
provides narrow channels for oxygen diffusion. LaGaO; has
a larger free volume, which facilitates oxygen transport; in
addition, the optimized structural features of gallates allow
them to achieve one of the highest ionic conductivity values, up
to 150 mS cm ™" at 800 °C. Due to their superior conductivity,
LaGaO;-based SOFCs are capable of demonstrating satisfactory
performance in an electrolyte-support configuration, in contrast
to other SOFCs, which are typically based on thin-film electro-
Iyte design.

The most conductive gallates are formed from
a La;_,Sr,Ga;_,Mg,0;_; series (LSGM*>*), where both the La-
and Ga-sites are partially substituted with the Sr** and Mg>*
acceptor dopants, respectively. Numerous investigations have
shown that the most optimal Mg content corresponds toy = 0.2,
while the La-with-Sr substitution can vary from x = 0.1 to x =
0.2. Such a combination of dopant types and their content

This journal is © The Royal Society of Chemistry 2024
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Fig.6 Temperature dependencies of electrical conductivity for doped
BaCeOs materials extracted from different sources: (1) BaCeg gYo -
O35 (2) BaCeggsErg1503-4"° (3) BaCegoY0103_5"" (4)
BaCEQ_BsYQ_llnov050375;101 (5) BaCEQ_gYo_lo37§;102 (6) Baceo_ngo_l-
O3_5"2 (7) BaCepoY0103_6' (8) BaCep75Y0 25035 (9) BaCego-
Yov:l(jz,,é,‘m4 (10) BaCeogSmo_log,é;m (11) Baceo_gYo_log,g.ms

generates oxygen vacancies and minimally affects the lattice
distortion at the same time. Both of these factors contribute to
the high ionic conductivity of gallates (Fig. 5). The use of
dopants other than Sr** and Mg>" is often associated with
a considerable reduction in ionic conductivity.

Despite the very high ionic conductivity of gallates, these
materials suffer from chemical stability issues during materials
processing or their long-term operation. These problems are
attributed to the relatively rapid diffusion of La** (compared to
other cations) as well as the potential volatility of gallium at very
high sintering temperatures required for the desirable sinter-
ability of the corresponding ceramics. As a result, new impurity
phases based on LaSrGaO, and SrLaGa;O; are formed along the
grain boundaries during high temperature treatments. These
phases are poorly conductive, with ionic conductivity lower by
4-5 orders of magnitude than that of the LSGM phases.™

3.5. BaCeOj-based materials

Barium cerate (BaCeO;) is a well-known representative of
perovskite phases with pronounced proton transport at elevated
temperatures.””*® Doped BaCeO; materials exhibit the highest
proton conductivity reported to date due to the large crystal
structure and strong basic character of both the A- and B-site
cations. The typical temperature dependences of the ionic
conductivity are shown in Fig. 6.

The most promising dopants for the BaCeO; matrix are
yttrium, gadolinium, and samarium. They typically form highly
conductive materials at 10-20 mol% of dopants.'*® However, at
higher dopant concentrations, the conductivity of the cerates
decreases for several possible reasons, including defect associ-
ation or passing through a solid solution boundary, when
impurity phase(s) might form. In addition to conventional
doping, co-doping with different lanthanides represents
a promising approach for enhancing proton conductivity in

cerates. '’
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Another considerable drawback of cerates is their low
chemical stability against CO, and even steam.™ Due to its
pronounced basic character, BaCeO; easily interacts with gas
components and decomposes, thereby losing its proton-
conducting behavior. Although the chemical stability of
cerates can be partially improved via their co-doping by stabi-
lizing elements (for example, Ga**, In**, Zr*", sSn**, Nb>" and
Ta>"),* many researchers are looking for other oxide matrixes
with enhanced proton transport.

It should be noted that BaCeOj;, as well as other Ba-
containing perovskites, are not pure protonic conductors
since meaningful oxygen-ionic and p-type electronic transport
can be realized depending on external parameters.®”'* In detail,
the oxygen-ionic conductivity prevails over the protonic
conductivity in dry atmospheres. Conversely, the hole conduc-
tivity is more pronounced than the ionic conductivity under
oxidizing conditions at elevated temperatures (above 700 °C). In
other words, Ba-containing perovskites exhibit triple-
conducting behavior, which is extremely promising for elec-
trode systems."**®* However, this is not a desirable property for
electrolytes. Due to the mixed type of transport, a more accurate
comparison of the ionic conductivity for protonic materials can
be made for wet reducing atmospheres, where the p-type elec-
tronic conductivity is significantly diminished. However, even
within the electrolyte domain boundary, the ionic conductivity
in wet reducing atmospheres undergoes a transition from
protonic to oxygen-ionic as the temperature increases due to
dehydration of the material.

3.6. BaZrOj;-based materials

Barium zirconate (BaZrOs3) is another representative of proton-
conducting perovskites that demonstrates very high chemical
stability in different environments (including CO, and H,S-
containing atmospheres) and no phase transitions from room
to operating temperatures.**>'” It is widely accepted that
doped BaZrO; displays the highest (bulk) protonic conductivity
among other perovskites (Fig. 1a and f). Nevertheless, other
studies have indicated that Ce-enriched compounds (including
doped cerates) exhibit greater conductivity than that of pure
zirconates (Fig. 1b and e).

In the context of the doped BaZr,_,M,O;_; series, Y>' and
Sc®* are considered to be the most suitable dopants for
achieving high proton conductivity.*"*” Nevertheless, Y-doped
derivatives have been widely explored for experimental and
applied purposes due to the broader availability and lower cost
of yttrium chemicals. Among the BaZr; ,Y,O;_; derivatives, the
highest protonic conductivity is achieved for x = 0.2,"'*'** as
shown in Fig. 7.

Like doped BaCeOs3, barium zirconates are triple-conductor
materials with predominantly p-type electronic conductivity
under oxidizing conditions and elevated temperatures.
Comparative analysis of the electronic transport of cerates and
zirconates conducted by independent researchers™*'** has
demonstrated that doped BaZrO; exhibits greater electronic
conductivity than doped BaCeO; under comparable conditions.
Consequently, the use of pure zirconates as thin-film
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Fig.7 Temperature dependencies of electrical conductivity for doped
BaZrO= materials extracted from different sources: (1) BaZrg77Y0.23-
Osz_s"° 2) BaZrpgY0203_5"° 3) BaZrpgY0.203 5" (4)
Bao.98Zr0.8Y0.203-5 (5) BaZro.gsY0.1503_5%% (6) BaZrp.gY 02036, (7)
BaZrp.gY0.203_5'** (8) BaZro.o5Y0.0503-5"*" (9) BaZro g5Y0.1503_s;'*° (10)
BaZrogY0.203_52° (11) BaZroY0103_5"% (12) BaZrogY0.203_5:"2® (13)
BaZro7Y0303_5'%°

electrolytes for protonic ceramic electrolysis cells is challenging
(due to their high electronic leakage); however, these materials
can be utilized for protonic ceramic fuel cells, whose overall
energy conversion efficiency is found to be adequate despite the
presence of hole conductivity.™*

Another well-known problem of zirconates is their extremely
high grain boundary resistivity due to poor densification and
grain growth. This reduces the overall proton conductivity of
zirconates, making them less conductive than the Ce-
containing perovskites. This problem can be addressed by wet
chemical solution methods or by adding small amounts of
sintering additives.*”*** However, both approaches have their
own limitations that require careful optimization of the
synthesis/sintering regimes in each specific case related to the
preparation of gas-tight BaZrO;-based ceramics.

3.7. Ba(Ce,Zr)Os-based materials

Cerate zirconates (Ba(Ce,Zr)O;z) represent a common system
composed of both BaCeO; and BaZrO; phases in the form of
solid solutions, ie., BaCe;_,_yZr,M,03_;. In such solid solu-
tions, the Ce-to-Zr ratio can vary widely (from pure cerates to
pure zirconates), providing the advantages of basic oxides:*****
high ionic conductivity, acceptable sinterability, and good
chemical stability.

Among cerate-zirconates, Y-doped materials are the most
extensively studied examples. Over an extended period,
researchers have concentrated their attention on a BaCe, ;-
Zr91Y0.203_s compound (also designated BaZr,;Ce; ;Y203 5)
due to its exceptionally high protonic conductivity."*>**” Indeed,
this complex oxide is situated adjacent to the cerate family, with
a slight Ce-with-Zr substitution in BaCeO;. Consequently, both
the bulk and total conductivities of BaCe, ,Zrg 1Y, ,03_5 were
found to be highly promising (Fig. 8). Further studies have
demonstrated that 10 mol% Zr*" is insufficient to maintain the
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Fig.8 Temperature dependencies of electrical conductivity for doped
Ba(Ce,Zr)Os materials extracted from different sources: (1) BaCeg /-
Zro1Y01Yb0103_5:"*® (2) BaCeo 7Zro1Y01Yb0.103_5:**° (3) BaCeq7Zro1-
Y0.203_6:*% (4) BaCeq 5Zrg.3Y0.203_6,**° (5) BaCeg 7Zrg 1Y0.1Ybo 1035
(6) BaCeq5Zro3Y0.05Y001503-5*° (7) BaCeq3ZrossY01503-5" (8)
BaCe7Zro.1Y0.1Yb0103_5 9) BaCe7Zro1Y0.2035:"** (10)
BaCeq.5Zrp.4Y0103_5.*

desired chemical stability of Ba(Ce,Zr)O; in CO,-containing
atmospheres. Consequently, the zirconium concentration is
often increased to 30-50 mol%, although this may entail
a trade-off in transport properties.****

To enhance the ionic conductivity at a specific Ce-to-Zr ratio,
co-doping represents a prevalent chemical design strategy.
Numerous independent studies have demonstrated that Y- and
Yb-co-doped cerate zirconates exhibit enhanced conductivity
relative to their single-doped counterparts.** Other lanthanides
can also be introduced into cerate zirconates until the forma-
tion of high-entropy oxides.'>*%*

3.8. Transport features for oxygen-ionic and proton-
conducting electrolytes: similarity and contrast

The previous subsections dealt with a brief discussion of elec-
trolyte materials capable of oxygen-ionic or proton transport.
Considering each electrolyte family, it was pointed out that
some of them exhibit the ‘foreign’ conductivity(ies) due to its
own chemical or structural features. The present subsection
provides the basic information in this regard, highlighting the
reasons for the appearance of other conductivity types and
possible ways to separate the partial conductivities from each
other.

Stabilized zirconia electrolytes are distinguished by unipolar
oxygen-ionic transport across the experimentally achieved
SOFC/SOEC operation, including both oxidizing and reducing
atmospheres. The oxygen-ionic conductivity of the stabilized
ZrO, complex oxides is primarily influenced by oxygen vacan-
cies introduced by impurity doping. In the case of YSZ, such an
impurity disordering process can be presented through a quasi-
chemical formalism as follows:

Y,0, 2% 2Y, + V3, 430} (1)

This journal is © The Royal Society of Chemistry 2024
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Fig.9 Selected results regarding individual transport properties of oxygen-ionic and proton-conducting electrolytes: (a) partial conductivities of
YSZ depending on pO, at different temperatures. Reproduced with permission from ref. 154. Copyright 1989, ECS - The Electrochemical
Society; (b) total conductivity of CeggSmg .0, 5 as a function of pO, at different temperatures. Reproduced with permission from ref. 157.
Copyright 2004, Elsevier B.V.; (c) electronic leakage current density through the doped CeO, electrolyte as a function of external circuit current
density at different temperatures with a fuel mixture of 3% H,O/H,. Reproduced with permission from ref. 158. Copyright 2005, Elsevier B.V.; (d)
temperature dependences of proton concentration in BaCeg ¢Y0103_5 Reproduced with permission from ref. 159. Copyright 2015, The Royal
Society of Chemistry; (e) temperature dependences of the total and partial conductivities of BaCeq Y 103_; in wet hydrogen. Reproduced with
permission from ref. 160. Copyright 2019, The Royal Society of Chemistry; (f) distributions of the cell potential for PCFCs and SOFCs in co-flow
and count-flow modes. Reproduced with permission from ref. 164. Copyright 2004, Elsevier B.V_; (g) efficiency of PCFC and SOFC depending on
their relative power. Reproduced with permission from ref. 165. Copyright 2001, International Association for Hydrogen Energy; (h) overall,
voltage, and faradaic efficiencies as a function of the cell voltage at different values of the inlet fuel humidity and temperature. Reproduced with
permission from ref. 166. Copyright 2020, The Royal Society of Chemistry.

As can be see, an impurity element must possess a lower
oxidation state than that of a replaceable cation; as a result,
double positively charged oxygen vacancies emerge in a crystal
structure to compensate for the negatively charged defects
(yttrium cations in the zirconium regular positions of the
crystal, as exemplified by the aforementioned case).

Principally, electron defects can also appear owing to the
interaction of point defects with a gas phase. In the case of
oxidizing atmospheres, holes might be formed upon the oxygen
adsorption process:

Vi, 4 1/20,20( 4 2h’ (2)

On the contrary, if the oxygen chemical activity in a reducing
atmosphere is much lower than that in a solid oxide, oxygen
desorption is possible, which results in the formation of
electrons:

052 Vg + 1/20, + 2¢' (3)

This journal is © The Royal Society of Chemistry 2024

Applying the low of mass action, the p-type and n-type elec-
tronic conductivities are proportional to oxygen partial pressure
(p0,) as g, ~ [h] ~ (p0,)"* and ¢, ~ [e] ~ (p0O,) 4,
respectively.

SOFCs and SOECs based on stabilized zirconia materials
typically demonstrate open circuit voltage (OCV) values that are
in close alignment with the theoretical values (calculated by the
Nernst equation) in the case of gas-tight (dense) electrolyte
layers. This means that no meaningful electronic transport
exists in such a kind of materials, if they do not contain
transition-type elements. Indeed, under real experimental
conditions, the n- or p-type electronic conductivity is found to
be 3-4 orders of magnitude lower than oxygen-ionic
conductivity,'****® see Fig. 9a. In other words, the oxygen-ionic
transference number of ZrO,-based electrolytes is nearly equal
to 1, resulting in no decline in OCVs. According to the data
presented in Fig. 9a, the n-type electronic conductivity becomes
equal to the ionic one at the pO, values of 10™*° atm at 800 °C
and 10~%° atm at 1000 °C. These values are considerably lower
than those observed in experiments. For example, a gas mixture
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of 1% H,O in H, is characterized by the pO, values of 4.6 x
107>* and 2.9 x 10" atm at 800 and 1000 °C, respectively. The
same unipolar oxygen-ionic transport is observed for doped
LaGaO; electrolytes in the case of stable oxidation states for
both basic and doped cations.

As previously mentioned in Section 3.3, CeO,-based mate-
rials display not only oxygen-ionic conductivity, but also n-type
electronic conductivity in reducing atmospheres. The source of
electrons is attributed to the transition behavior of Ce-ions,
whereby a partial Ce** to Ce*" reduction occurs under low pO,

values:*9*°

2Cef, + 05 22Ce, + Vi, + 1/20, (4)

Here, Ce,, ions can be represented as electrons localized at the
Ce-cations, Ce,,={Ce}. +€'}. As a consequence, the OCV
values of CeO,-based SOFCs and SOECs are considerably lower
(by 100-300 mV at 600-800 °C) than the theoretical values.
Indeed, both ionic and electronic conductivities become to be
equal at pO, equal to 1.0 x 107 2% 1.0 x 107 2%, and 2.5 x 10"’
atm at 600, 700, and 800 °C, respectively (Fig. 9b).**” These pO,
values fall within a range of the experimentally achieved
conditions. As an example, the pO, values in 3%H,0 in H,
(which is often used as a fuel) are 1.3 x 10?7, 1.4 x 10~ >*, and
4.3 x 10* atm at 600, 700, and 800 °C, respectively. It can
therefore be concluded that the electronic conductivity of CeO,-
based materials is greater than that of the oxygen-ionic one in
3% H,0/H,.

The non-ionic transfer of doped ceria materials results not
only in lower OCVs, but also in an internal short-circuit effect
caused by the appearance of electronic leakage current (ELC) in
the electrolyte layer. The latter significantly reduces the energy
and faradaic efficiencies of the corresponding electrochemical
cells. If the ELC is somewhat reduced with increasing load in
CeO,-based SOFCs (Fig. 9¢),"® the ELC values become exceed-
ingly high for SOEC operation, particularly with increasing
current density. This is a primary reason why such electrolytes
are not employed for high-temperature steam or carbon dioxide
electrolysis.

Sections 3.5-3.7 highlight the basic information on cerates,
zirconates, and cerate-zirconates. Their transport properties, as
well as other representatives of proton-conducting oxides, are
very similar to each other and are discussed in brief below.

Protons are not are not intrinsic defects of origin complex
oxides. Protons appear in their structure during the interaction
of such oxides with hydrogen-containing atmospheres at
elevated temperatures. Steam of a gas media represents one of
the most common sources of protons:

H,0 + V{§ + 05, =220H;, (5)

As can be observed, a prerequisite for proton formation is the
presence of oxygen vacancies, which can be filled with water
molecules (a process known as dissociative adsorption of water
vapor). While oxygen vacancies also exist in stabilized ZrO, and
doped CeO,/LaGaO;, these phases do not exhibit any signs of
hydration. In other words, a particular set of chemical and
crystal structure characteristics must be met to achieve optimal
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phase hydration coupled with a high proton concentration. Low
electronegativity of atoms, large cations, ability to form large
and symmetrical crystal structures, high cationic tolerance
towards the variation of their coordination environment are
some of these characteristics.”

Because they contain both oxygen vacancies and proton
defects, proton-conducting oxides can exhibit either oxygen-ionic
or protonic conductivity, the dominance of which depends on the
external parameters.”” In the case of humidification of the
atmosphere and a decrease in temperature, the vast majority of
oxygen vacancies are occupied by water molecules, resulting in
a high proton concentration in the oxides (Fig. 9d).**® In turn, the
latter become to be predominant proton conductors. When
temperature increases or humid atmospheres are replaced with
more dried ones, the material dehydrates, resulting in a decrease
of proton concentration (according to a power low of
ou ~ [OHy] ~ (pH,0)"/?, where pH,0 is the water vapor partial
pressure) and a simultaneous increase of oxygen vacancy
concentration (eqn (5)). Consequently, the oxygen-ionic transport
is predominant for such boundary conditions. The concentra-
tions of oxygen vacancies and protons as well as the corre-
sponding oxygen-ionic and protonic conductivities can be
comparable in an intermediate temperature range (for example,
from 600 to 900 °C as shown in Fig. 9d for BaCe; Y105 s)-
Therefore, these materials display co-ionic (dual ionic) transport,
Fig. 9e.'®® Some researchers posit that the dual ionic electrolytes
are better than purely oxygen-ionic or purely protonic analogues
in terms of SOFC and SOEC applications.'***** However, this
statement seems to be incorrect. First, all proton-conducting
oxides lose protons during heating, thereby becoming co-ionic
conductors. In PCFC/PCEC applications, the performance and
efficiency parameters always undergo a gradual change with
heating, exhibiting no unusual maximum at intermediate
temperatures. Second, PCFCs are able to achieve higher OCV
(Fig. 9f)*** and efficiency (Fig. 9g)*** values compared to those of
the conventional SOFCs.

Along with co-ionic nature, many representatives of proton-
conducting electrolytes also exhibit the p-type electronic
conductivity under oxidizing conditions and elevated tempera-
tures (eqn (2)). This non-ionic component of conductivity also
decreases the energy efficiency of PCFCs and PCECs (Fig. 9h)."*®
Features of electronic transport in such systems, possible ways
of its minimization as well as methods of separating the total
conductivity onto partial components were thoroughly dis-
cussed recently. This information can be found in reviews of
Zvonareva et al.’’ and Huang et al.'*

4 lonic conductivity of solid oxide
electrolytes as a part of SOFCs and
SOECs

4.1. Comparison of the conductivities for massive and thin-
film electrolytes

Section 3 addresses the transport properties of electrolyte
materials when considered as individual dense (bulk) ceramic
materials. However, the actual conductivity of the same

This journal is © The Royal Society of Chemistry 2024
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electrolytes in solid oxide electrochemical cells is consistently
lower due to the following potential effects:

(1) The ohmic resistance of an electrolyte (or its thin-film
conductivity) is measured under fuel cell or electrolysis cell
conditions when the cathode and anode gases create high
gradients of oxygen and hydrogen partial pressures. In contrast,
the conductivity of dense ceramics is determined under
a specific gas atmosphere. This is of particular importance for
electrolytes with different conductivities in oxidizing and
reducing atmospheres.

(2) The ohmic-type resistance contribution of an electrolyte/
electrode interface is negligible in conductivity measurements
of bulk materials, as the majority of the resistance is attributed
to the electrolyte body (eqn (6)). In contrast, for a thin-film
electrolyte, the ohmic resistance is relatively low in absolute
terms. Consequently, the ohmic-type resistance contribution of
the electrolyte/electrode interface becomes discernible,
contributing to the apparent ohmic resistance (eqn (7)). This
apparent contribution is particularly pronounced in the pres-
ence of interface reactions accompanied by the formation of
low-conductivity impurity phases (eqn (8)).

h Ra>>Ri |

G ceramic = =
ceramic (}ze1 + Rim ) .S Rsl -S (6)
h R ~Rin apparent h
G in—film :m = Gpmtim = Rz{)parenl S (7)
h R J— h
G thin—film :W Sinefim = RS (8)

Here, 0ceramic 1S the conductivity of massive ceramic samples,
Othin-film 1S the conductivity of the thin-film electrolyte calcu-
lated on the basis of its ohmic resistance, R, is the true ohmic
resistance of the electrolyte, R;,, is the ohmic-type resistance of
the electrolyte/electrode interfaces, R;, is the ohmic-type resis-
tance of the interfaces with impurity phases, the term ‘apparent’
means that the determined/calculated values differ from the
true values, % is the distance between electrodes, and S is the
cross-sectional area.

(3) In addition to interfacial phenomena, cation diffusion
from electrodes into electrolytes is also possible. For instance,
during co-sintering, nickel ions readily diffuse from Ni-based
cermets to proton-conducting BaM; _,Y,O;3_; perovskites (M =
Ce, Zr, Ce/Zr, Hf), forming a BaY,NiOs impurity phase along the
grain boundaries of the electrolyte layer.'*”**® This impurity
impedes proton transport within the electrolyte, resulting in
increased ohmic resistance.

In light of the aforementioned considerations, it is rational
to examine the ionic conductivity of electrolytes within the
context of their role in multilayered structures subjected to both
oxidizing and reducing atmospheres at elevated temperatures.

The electrolyte thin-film conductivity discussed below was
calculated from the electrochemical impedance spectroscopy
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data of SOFCs or SOECs under OCV conditions. In detail, the
ohmic part of the total cell resistance (in case of its availability)
was extracted at certain temperatures and then used for the
calculation of the apparent thin-film conductivity, taking the
electrolyte thickness and electrode surface into account (eqn (7)
and (8)).

4.2. Thin-film conductivity of electrolytes

Fig. 10a and b shows the thin-film conductivities of different
electrolyte classes obtained for SOFC/SOEC operating condi-
tions in an intermediate temperature range covering 200 °C, i.e.,
from 500 to 700 °C (see Table S1,t ref. 170-268). It should be
noted that for two ZrO, families (YSZ and ScSZ), no data were
provided at 500 °C. Although some papers present the perfor-
mance of zirconia-based SOFCs/SOECs at such a low tempera-
ture, we did not find the corresponding electrochemical
impedance spectra at 500 °C. This makes direct calculation of
ohmic resistance difficult.

Analyzing these data at 500-700 °C, it can be seen that the
thin-film conductivity tends to increase in the following order:
BZY - YSZ - ScSZ - BCZYYb - SDC/GDC - LSGM. It is very
surprising that the doped BaZrO; thin-films exhibit the lowest
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Fig. 10 Thin-film conductivity of the oxygen-ionic and proton-con-
ducting electrolytes under SOFC or SOEC operation plotted in
different coordinates (a and b). These values were calculated from the
data shown in Table S1.f The panel (c) represents the temperature
dependences of the average thin-film conductivity values.
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conductivity among the materials in this sequence, despite their
high performance in a series of massive ceramic electrolytes
(Fig. 1a, b, e and f), particularly at temperatures below 700 °C. A
similar situation occurs for the BCZYYb electrolytes: their thin-
film conductivities are predictably higher than those of BZY, but
at the same time lower compared to the thin-film conductivities
of SDC, GDC, and LSGM. This also contradicts with the relative
positions of the massive ceramic electrolytes at 500-600 °C. The
revealed inconsistency may be attributed to different factors
discussed in Section 4.1.

The thin-film conductivities of yttria and scandia stabilized
zirconia electrolytes are nearly identical, occupying an inter-
mediate position between the BZY and BCZYYb proton-
conducting electrolytes. This suggests that both YSZ and ScSZ
exhibit comparable transport properties in real SOFC/SOEC
operation, despite their conductivity differences by 0.5-1
orders of magnitude for the massive samples (Fig. 1b and c).

A comparison of two remaining oxygen-ionic classes reveals
that the thin-film conductivities of gallate electrolytes are close
to those of ceria electrolytes, with some exceptions. These
exceptions can be explained by the fact that very high thin-film
conductivity values were obtained for rather thick gallate elec-
trolytes (see Table S17). According to eqn (6), the ohmic resis-
tance of a thick electrolyte is much higher than the ohmic-type
resistance of the electrolyte/electrode interfaces. As a result, the
calculated conductivity is not biased by interfacial processes
and achieves superior levels compared to SOFCs/SOECs with
thinner electrolytes.

Fig. 10c compares the average values of thin-film conduc-
tivities in the Arrhenius coordinates. Prior to discussing
behaviors, it should be noted that the data for the ScSZ elec-
trolyte are limited by several sources, which precludes the
accurate calculation of the activation energy (E,) values. As can

‘_ Electrolyte !
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be seen, these average values align with the recently revealed
sequence of BZY - YSZ - ScSZ - BCZYYb - SDC/GDC - LSGM.

5 Conclusions

This work revisits the ionic conductivity of state-of-the-art SOFC
and SOEC electrolytes, considering their diverse forms,
including massive ceramic samples and thin-film layers. This
endeavor was driven by the motivation to update the classical,
yet somewhat outdated, dependencies (Fig. 1) on which the
conductivities of widely studied electrolytes are compared with
each other.

First, a dataset of at least 10 dependences for each electrolyte
class was obtained and plotted to demonstrate the possible
window of conductivity variation. As can be seen from the
comparative analysis presented in Fig. 2-8, the differences in
total conductivity of the same (or close) materials attain ~1
order of magnitude for YSZ and increase up to 3 orders of
magnitude for proton-conducting materials at low tempera-
tures. The same behavior is observed for thin-film electrolytes,
whose conductivity can vary in a range of two orders of
magnitude (Fig. 10). There are common factors that explain the
revealed differences, including microstructural parameters
such as relative density, porosity, grain size, and uncontrolled
or technologically introduced impurities. In addition, each
electrolyte class exhibits specific properties (Scheme 1), which
can significantly impair the ionic transport of massive or thin-
film ceramic materials. These chemical and electrochemical
aspects must be considered during the rational design of highly
conductive electrolytes.

A combined consideration of the selected conductivities for
different electrolytes in different forms allows a revised graph to
be plotted, as shown in Fig. 11. In the case of dense massive

(1) + Effects for massive electrolytes (2) | | (1) + (2) + Effects for thin-film electroim
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Ba-containing electrodes

atmospheres, defect association at high doping

Scheme 1 Possible effects (along with microstructural properties (1)) causing the considerable conductivity variation for the same or similar

electrolyte materials.

Sr-,Mg- co-
doped LaGa0;

Doped BaCeO;
Doped BaZr0,

Doped
Ba(Ce,Zr)0,

(1) Microstructural properties

The formation and segregation of LaSrGa0, and
LaSrGa,0, at grain boundaries, Ga,0 volatility at
high sintering temperatures or reducing
atmospheres

Low chemical stability in CO,-containing
atmospheres, several phase transitions between
20-900 °C, defect association at high doping
levels, p-type electronic conductivity in oxidizing
conditions, dehydration at elevated temperatures

Easy Y,0, segregation, defect association at high
doping levels, insufficient sinterability, p-type
electronic conductivity in oxidizing conditions,

dehydration at elevated temperatures

Easy Y,0, segregation, defect association at high
doping levels, p-type electronic conductivity in
oxidizing conditions, dehydration at elevated
temperatures, phase transition(s) and
insufficient chemical stability at low Zr-content
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Reactivity with Ni-based cermets and some
oxygen electrodes, insufficient stability under
reducing conditions

p-type electronic conductivity in oxidizing
© atmospheres, Ni-diffusion from cermets coupled
with BaY,NiO; formation at grain boundaries

| High p-type electronic conductivi

| atmospheres, low chemical stability with Ca-,
© Sr-, and La-based electrodes, diffusion from
| cermets coupled with BaY,NiOg formation at

| grain boundaries
|
|

p-type electronic conductivity in oxidizing
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Fig. 11 A combined representation of the ionic conductivity for massive and thin-film electrolytes. From Fig. 2—8, the highest ionic conductivity

for each electrolyte class was presented here.

ceramics, the obtained behaviors are typically close to the data
presented in Fig. 1a, b and f, including the absolute conductivity
values and electrolyte positions relative to each other. It is note-
worthy that at temperatures above 600 °C, the maximal conduc-
tivity differences for the considered materials do not exceed one
order of magnitude, while these differences amount to approxi-
mately two orders of magnitude at lower temperatures. This
indicates that the electrical properties of the ceramics are
strongly dependent on their microstructural features, especially
at low temperatures, when grain boundary transport has
a considerable contribution to the overall conductivity. There-
fore, the grain boundary processes associated with element
segregation or impurity formation become prominent.

It is important to reiterate that the ionic conductivity of each
electrolyte under fuel cell or electrolysis cell operation (separated
gas spaces) is considerably lower than that of the massive
samples measured under unseparated gas spaces. For instance,
doped BaZrO; electrolytes, characterized by the highest conduc-
tivity among massive ceramics, exhibit the lowest ionic conduc-
tivity for the thin-film electrolyte series. A number of factors,
including interface processes and transport variability for Ox/Red
conditions, are responsible for this discrepancy. Interestingly,
the doped LSGM materials exhibit the smallest conductivity
differences between the massive and thin-film forms.

This work focuses on the most popular fluorite and perov-
skite oxides, which exhibit high ionic transport. However, there
are numerous other promising electrolytes with diverse struc-
tural types®***”* that are not included in this analysis. This
limitation is based on the fact that alternative analogues have
been insufficiently or fragmentarily studied, preventing, for
example, the acquisition of a similar conductivity dataset from
10 independent sources. Nevertheless, these electrolytes
continue to be researched to solve various problems in funda-
mental and technological areas.
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