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Abstract

Inorganic perovskites exhibit many important physical properties such as ferroelectricity,
magnetoresistance and superconductivity as well their importance as Energy Materials. Many of the
most important energy materials are inorganic perovskites and find application in batteries, fuel cells,
photocatalysts, catalysis, thermoelectrics and solar thermal. In all these applications, perovskite
oxides, or their derivatives offer highly competitive performance, often state of the art and so tend to
dominate research into energy material. In the following sections, we review these functionalities in
turnSeeking to-facilitate the interchange of ideas between domains. The potential for improvement
is explored @nd we highlight the importance of both detailed modelling and in situ and operando
studies in taking these materials forward.
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Introduction

John Irvinel, Jennifer Rupp?
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The perovskite structure is a relatively simple atomic arrangement based upon a stoichiometric ABX3
array with two cation sites and one anion site. The smaller B cation can be viewed as occupying
interstices in an approximately close packed array of AXs. In its primitive form the lattice is face
centred cubic with the B ions being octahedrally coordinated to the X anions. ,Despite itsirelative
simplicity this structure type presents an exceptional variety of important properties,that are highly
tuneable and is often termed an inorganic chameleon. This great functionality is built upon the
important B-X framework and its high degree of covalency. The tunability arise from a great deal of
elemental flexibility and especially a high degree of substitutional flexibility andﬁ)n—stoichiometry.

There has been much recent interest in the hybrid perovskites with a Jlead halide inorganic component
and with an organic cation for their impressive photovoltaic properties.» Whilst these undoubtedly
share the same structural motif as inorganic perovskites, there are.important differences in structural
character. Thus inorganic perovskites, especially oxides (i.e. X=0) might_ be considered as the true
perovskites. Certainly, inorganic perovskites are the parent structures with the mineral Perovskite
being discovered in 1839 and named after Count Perovskis with its oxide structure being understood
nearly 100 years ago. Here, we seek to revisit these inorganic perovskites and bring together the state
of the art on their important functionalities. &

Inorganic perovskites exhibit many impoftant physical.<properties such as ferroelectricity,
magnetoresistance and superconductivity as welltheirimportance as Energy Materials. Many of the
most important energy materials are inorganic perovskites)and find application in batteries, fuel cells,
photocatalysts, catalysis, thermoelectrics andssolar thermal conversion. In all these applications,
perovskite oxides, or their derivatives offer-highly competitive performance, often state of the art and
so tend to dominate research into energy material. In the following sections, we review these
functionalities in turn seeking to facilitate the interchange of ideas between domains. The potential
for improvement is explored and we highlight the importance of both detailed modelling and in situ
and operando studies in taking these materials forward. The inter-relationships between these
various functions and their goyverning properties are highlighted in the following scheme.
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Scheme for Inorganic Perovskites for Energy Applications
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Photocatalysts for water splitting
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Status ~

Owing to the clean nature of hydrogen as an energy carrier, splitting water.to generate hydrogen using
renewable energy as sunlight or electricity from sunlight/wind has been,actively pursued in the past
half century worldwide. As a flagship example for this purpese, water splitting on particulate
photocatalyst holds great promise for hydrogen production due to'its.technical simplicity, scalability
and cost effectiveness. In the history of research on water splitting,photocatalysis, perovskites and
their derivatives have occupied a prominent position \among hundreds of semiconductor
photocatalysts studied to date. Shortly after the milestone discovery of TiO, photoelectrochemistry
for water splitting, successful hydrogen liberation from water using SrTiOs as a photocatalyst ignited
the enthusiasm for perovskite photocatalysis[d].ln 2003, readers witnessed a benchmark report on
La doped NaTaO; with apparent quantum yieldas high as 56% at 270 nm for water splitting[2]. This
record was not broken until lately on Al doped SrTiOs that approached 69% at 365 nm[3]. The
prosperity of this domain largely hinges on the flexibility of perovskite structure that is extremely
tolerant to diverse cation/anion replacements;opening ample playgrounds in shaping and modifying
the photocatalytic behaviour. Apart.from single-absorber type photocatalysis, combining perovskite
with other compounds as double-absorber type photocatalysts that mimic photosynthesis (Z-scheme)
has also been successful in water(splitting. Scalable water splitting from printable inks containing Rh
doped SrTiOs and Mo doped BiVOu;gaIize solar to hydrogen conversion efficiency of 1.1% (Figure 2a)
[4]. As most perovskite compounds are wide band gap semiconductors with little absorption to solar
photons, exploring small band.gap perovskites whose light absorption matches better with solar
insolation has been the recent research focus. Typical examples include perovskite derivatives
LaMgyTa1-x0143xN2-3x (x=11/3) and.Y3Ti,0sS, which are active for overall water splitting as far as 600 nm
(Figure 2b and c)([5, 6]. These studies have paved the way to the practical deployment of
photocatalytic technigues to/convert solar energy into hydrogen fuels.

Current and Future Challenges

Despite many promising aspects of perovskite photocatalysts, a solar to hydrogen efficiency (STH) of
10% for 'water splitting is needed to win commercial interest. This places very stringent standards on
some’ fundamental steps during perovskite photocatalysis. The photocatalytic water splitting
processes can be roughly divided into three basic steps: (i) photon absorption by photocatalyst to
generated electron-hole pairs (n.); (ii) separation of electron-hole pairs and their migration to the
surface reaction site (ns); (iii) participation of electrons and holes for water reduction and oxidation
reactions at the surface (). The overall efficiency for photocatalytic water splitting (1) therefore is
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determined by these three steps, i.e. 1 = 1a X Ms X 1t Optimizing each step is indispensable to achieve
a high overall efficiency. Since solar insolation is dominated by photons in the visible light region,
development of photocatalytic water splitting using visible light photons is the premier target. This is
mainly challenged by the reduced energetics of electrons and holes generated by visible light photons.
For instance, generation of electron-hole pairs by photon excitation in semiconductors occurs
generally in femtosecond (10°s) while water reduction and oxidation reactions driven by charges
with low potential can take milliseconds to seconds (103s ~ 10%s). Such a huge differencelin timescale
between charge generation and charge consumption indicates the importance of charge separation
step upon which a long lifetime has to be maintained for photo-generated charges Pursing strategies
that are effective for charge separation is the key toward visible light photocatalytic water splitting on
perovskites. Another challenge that needs to be solved is the development of mén-noble metal based
co-catalysts which not only reduce the energy barriers for water splitting butalso remain inert to back
reactions of the products. This can be rationalized by the slow water oxidation,half-reactions which
involve four protons and four holes, being of both thermodynamic and kinetic difficulties.

a Energy versus
vacuum level (eV)
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Figure 2. a, Schematic of overallwater splitting on the Ru-modified SrTiO3:La, Rh/Au/BiVO4:Mo sheet. CB, conduction band; VB, valence
band [4]. b, Crystal structures of LaMgxTa1-xO1:3xN2-3x (x=0-2/3) and the dependence of Hz and O evolution rate from pure water over
TiOXH/SiOXH/RhCrO,/kaMg1/3Ta230:N on cutoff wavelength of incident light [5]. ¢, Crystal structure of Y,Ti,OsS; and overall water
splitting using_Cr>03/Rh/IrO2-modified Y.Ti>OsS; on incident light wavelength, along with diffuse reflectance spectra of Y,Ti,OsS. for
comparison (green line); AQY, apparent quantum yield; KM, Kubelka-Munk transformations. [6]

Advances in Science and Technology to Meet Challenges

Although challenges remain for perovskite solar water splitting, advances in new perovskite materials
or photocatalytic mechanisms might be a breakthrough. This has been seen in some perovskite
systems where fundamental steps for photocatalytic water splitting can be significantly facilitated. For
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instance, new metallic oxide photocatalysts SrxNbOs (0.8 < x < 0.9) with light absorption threshold
around 1.8 eV have water splitting activity under visible light illumination (Figure 3a and b) [7]. The
lack of energy gap for these metallic oxides indicates a new mechanism for photocatalytic water
splitting. The high dielectric environment of perovskite SryNbOs significantly red shifts the plasmonic
frequency of free d electrons, contributing to hot electron generation under visible light illumination
which participate in water splitting reactions. In this case, energetic electrons are generated by visible
light photons that are highly reactive for water splitting. Another example is ferroelectricity assisted
charge separation in PbTiOs [8, 9]. The degeneration field in single domain PbTiO; can induce effective
separation of photogenerated electron-hole pairs as evidenced by the selective distribution of the
reductive and oxidative deposits (Figure 3c), and the selective deposition of the ¢o-catalyst Pt'on the
positively poled (00-1) of PbTiOs led to a great enhancement in photocatalytic hydrogen evolution
compared with the random deposition of Pt on both (001) and (00-1) surfaces [8]. To overcome the
restraint of a large Schottky barrier between Pt and PbTiOs in transferringjphotogenerated electrons,
the selective growth of epitaxial anatase (001) TiO; islands on the positively pole\cf (00-1) surface was
realized to further separate photogenerated charges and thus improve photocatalytic water splitting
activity (Figure 3d) [10]. As perovskites are known for their special properties such as dielectric,
ferroelectricity, piezoelectricity, colossal magnetoresistivity, superconductivity and phosphorescence
etc.,, coupling these properties with some fundamental /Steps, of photocatalysis may lead to
considerable enhancements on water splitting efficiency. Besides, massive research effortson HER and
OER catalyst have shown some encouraging results on non=noble metal based catalysts that are highly
active for water splitting under neutral pH. &

Absorbance / a.u.

0, 300 /400 500 600 700 800 900
Wavelength / nm

Figure 3. (a) Typical sintered pellets (Sro.oNbOs) and (b) Ultraviolet—visible absorbance spectra (converted from diffuse reflectance spectra)
for SrixNbOs (x'=0.1, 0.15 and 0.2) [7]. (c) SEM image of the PbTiOs nanoplates with simultaneously photo-deposited MnOx and Au
nanoparticles on two opposite sides of the nanoplates [8]. (d) SEM image of the PbTiOs nanoplates with negatively poled (001) and
positively poled (00-1) surface exposed. The inset shows the separation of photogenerated electrons and holes in TiO2/PbTiOs [10].

Concluding Remarks
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Photocatalytic water splitting has been actively pursued during past half century and witnessed a

number of perovskites or perovskite systems as promising photocatalysts for water splitting reactions.

The continuous breakthroughs on water splitting efficiency of perovskite based photocatalysts

enriches the possibilities of practical deployment for this tempting technique. Nevefrtheless,

challenges still remain. The need to develop stable visible-light-active perovskites for water splitting

places stringent standards on every fundamental step of photocatalysis. In particular, how:to

efficiently separate photo-generated electron-hole pairs and construct facile charge transfer

pathways at perovskite surface are the main issues to be solved. However, opportunities existiin-the

development of new perovskite photocatalysts as well as new photocatalytic /mechanisms. The

structural and compositional diversities of perovskite compounds and their peculiar. physicochemical

properties can excavate to have great potentialities in tailoring their photocatalytic’performance. With

continuous efforts devoted to this field, the benchmark STH of 10% is likely to be achieved in the

foreseeable future.

~
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Solar-Driven Thermochemical Fuel Production
Sossina M. Haile, Xin Qian, Alem H. Snyder; Department of Materials Science and
Engineering, Northwestern University, Evanston, IL, USA 60208.

Status

Recent dramatic cost reductions in solar and wind energy technologies, have turned the
spotlight on energy storage as the missing link in the bridge to a sustainablesenergy future.
Two-step solar thermochemical hydrogen (STCH) production has emerged'as amattractive
route for meeting the storage demand. The process is conceptually rather simple. A metal
oxide is reduced at a high temperature, and then in a second, water splitting step, typically at
a lower temperature, the reduced product is allowed to react with steam. In this step oxygen
from the H.O molecules are incorporated into the oxide, resulting “in, the /generation of
hydrogen. -

Like many ideas in energy storage and conversion, thermochemical hydregen production has
a long history. A variety of multi-step cycles have been pursued, eachwith its own strengths
and weaknesses. Two-step STCH employs the smallest number of steps possible — even
direct thermolysis is more complex — and as such offers the promise of simplicity in system
design. Interest in this approach has been driven in recent years by the recognition that non-
stoichiometric oxides, which gently “exhale” oxygenupon reduction and “inhale” it during water
splitting, offer advantages over previous stoichiometricapproaches in terms of overall reaction
kinetics and the robustness of the oxide structures to'the cycling process.[1]

Early efforts in the use of nonstoichiometric oxides. employed ceria and doped derivatives.[1]
The high temperature required for inducing a non-negligible release of oxygen from these
fluorite-structured materials was quickly recognized as a drawback.[2] Furthermore, because
only few variable-valence cations are large enough to accommodate the 8-fold oxygen
coordination of the fluorite struCture, opportunities for overcoming the temperature challenge
through chemical modifications appear to have been exhausted. Inorganic perovskite oxides,
in contrast, with two distinct cation sites,».can accommodate a large majority of the elements
of the periodic table. Thus, the Qerovskites have become the new frontier in the search for
improved STCH materials.[3, 4]

Current and Future Challenges

The vast chemical space encompassed by perovskites creates both opportunities and
challenges in therdesign of STCH materials. As a first step towards navigating this space, it is
essential to understand the reactions involved in the thermochemical process. The thermal
reduction and water splitting reactions for the explicit case of ABOaz.5 perovskites, where & is
the oxygen non-stoichiometry, are presented in Egs. (1) and (2), respectively.

1 1 1
Temperature="Tr A—SABOMi - A_SABO”' + EO2 (1)
1 1
Temperature = Tws EABOS_Sf +H,0—> EABOz-& +H, (2)
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Here Ad=9;-9, is defined as the change in oxygen content between the initial and final

values of oxygen non-stoichiometry that occur in the reduction step, and Tr and Tws are the
respective temperatures at which reduction and water splitting are carried out. As written we
assume that the cycling is chemically closed such that the non-stoichiometry at the completion
of the reduction half-cycle corresponds to that at the initiation of the water splitting half-cycle,
and vice versa. In the limit A6 — 0, the standard Gibbs energy of the reduction reaction.is
given by

red red red redsﬂ (6) (3)

A G’ (T,8)=—RTIn(KS) =—RTIn( pO, ) ? = A, H’ (8) ~FA

where K&

red

is the equilibrium reduction constant, pO, is the (unitless) oXygen partial pressure

JH?(8) and A4S"(8)are the standard
enthalpy and standard entropy of reduction, respectively. -

referenced to the reference state of 1 atm, and A

red

A key goal in STCH research is to develop materials for which:both.reduction and water
splitting are favorable. As these two reactions are not thermodynamieally independent, the
material properties demands translate into overall requirements that the enthalpy of the
reduction reaction be ‘moderate’ and, presuming that water. splitting is carried out at a
temperature lower than reduction, that the corresponding entropy be as large as possible.[5]

Advances in Science and Technology to Meet Challenges

The redox thermodynamics of oxides are most easily determined from thermogravimetric
measurements or coulometric titrations under, controlled temperature and oxygen partial
pressure conditions. Following the van’t Hoffrapproach, the set of oxygen partial pressure
values and corresponding temperatures that.give rise to a given 3 is plotted in Arrhenius form,
and the slope and intercept yield the enthalpy and entropy, respectively. An example of such
an analysis is shown in Figure 4-for the perovskite CaMnOs.5,[6] which crystallizes with an
orthorhombic distortion at ambient conditions (GdFeOs structure type) and transforms to an
oxygen deficient cubic form above ~920 °C in air.

One can immediately surmise(that if the thermodynamic properties are well known, then the
equilibrium hydrogen production.capacity of any given material, for any pair of states in the
reduction and water splitting half-cycles, can be computed. What is less obvious is that the
thermodynamic properties.also strongly influence the rate at which fuel is produced. Consider
a material for which the bulk diffusion of oxygen and the surface reaction rate are exceptionally
large. In such«case, itiis«feasonable to expect that the macroscopic rate at which the solid
reacts with the gas phase will be limited by how quickly the gas is supplied. That is, if the
material kineticparameters are sufficiently large, the solid will immediately equilibrate with the
gas such that the driving force for further reaction is nil until the next incremental unit of gas is
supplied..If the volume of the porous material is furthermore sufficiently small that the gas
enveloping itis:uniform in composition and the reactor is designed such that thermal gradients
across the‘sample are negligible, then the rate of change in oxygen stoichiometry are given
by straight-forward mass balance considerations. The expressions for the reduction and water
splitting steps are respectively[7]
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d5red — ZIETR (poz (89TTR) pOz ) (4)
dt ( Prot — poz (S’TTR ))
and
do,, E (2 PO, (5, Tys) —WY2,0 ( Pt — PO, (S’TWS))) (5)
dt " (ptot - poz (SeTws)

KHZO (Tws)
f’gz + KHZO (rws)

with the reaction extent given as, y =

Here F., and F, are the molar flow rates of the gas in thermal reduction step and water
splitting steps, respectively, normalized by the moles of oxide (mol gas/timamol oxide), pOlR
is the oxygen partial pressure of the supplied reduction gas, 7} g, Is thefraction of steam in
the gas supplied in the water splitting step, KHzo is thedequilibrium»thermolysis reaction
constant, p,,is the total pressure (typically 1 atm), and /pO,(0,T) describes the relationship

between the instantaneous pO, and  at the reactionitemperature as given in Equation (3).

Beyond revealing that gas production profiles can be directly.computed from thermodynamic
behavior (providing the experimental conditions 'described are met), Equations (4) and (5)
show that the rate of hydrogen production‘ean be readily manipulated by changing the gas
flow rates or quantity of oxide in the reactor.

Despite the profound importance of the.thermodynamic terms of Eqg. (1), the values have been
reported for only a limited number of perovskites:A set of representative examples accompany
the results presented in Figure 4 for CaMnQOs. The raw data from the original sources are
represented by fitted functions to ease calculations of the profiles according to Egs. (4) and
(5). The fitting is constrained only by.the recognition that the entropy, which includes the
configurational entropy of the solid, must contain a term proportional to -In(8). The materials
selected, LageSro.sMnosAlo40z5,%a0sSro.4sMn0z5s and SrTipsMnosOss, are ones that have
recently been shown to have/promising hydrogen production capacity, or in the case of
CaMnOs.5 and CaMngoke0.10205.5, promising heat storage capacity.
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Figure 4. Redox thermodynamics in representative oxide pe?ovskites: (a) non-stoichiometry
as a function of temperature and oxygen partial pressure in CaMnOs.5 as determined by
thermogravimetric analysis; (b) Arrhenius ‘representation of iso-stoichiometric T and pO;
conditions determined from (a); (c) and (d) enthalpy-and entropy of reduction, respectively, in
Lao,53r0,4|\/|no_eA|0_403.5,[8] Lao_GSro_4Mn03.5,[9] SI’Tio_sMno_503.a,[10] CaMn03.5[6] and
CaMnooFe0102.95.5[6]. In (b) the exceedingly narrow phase field of the tetragonal phase is
omitted for clarity.

Representative computed hydrogen production profiles, Figure 5, demonstrate the extreme
impact of the thermodynamic properties on the apparent kinetic response. The calculations
are done for the following set'ofconditions: 0.5 g of material, oxygen partial pressure in the
gas stream of the preceding reduction step of 10° atm, reduction temperature of 1400 °C,
reduction gas flow rate.of 500 mL/min, reduction time of 30 min, water splitting at 1000 °C,
steam partial pressure inithe oxidation gas stream of 0.4 atm, oxidation gas flow rate of 250
mL/min. The CaMn@z.sand CaMno.sFeo 102 .95.5 materials are omitted from the results because
these materials, with relatively low enthalpies of reduction, are not amenable to oxidation by
steam at pressures below 1 atm. The data immediately reveal that hydrogen evolution is very
sluggish for all three of the materials treated. The apparent kinetic limitation is most severe for
LaosSrosMnoeAlg40s.5, although beyond an oxidation time of 6-7 minutes this material
produces'more hydrogen than the others. A similar calculation for ceria reveals a thermo-
kinetic profile infwhich hydrogen production is essentially complete within 2-3 minutes[9], in
stark.eontrast tothe hours-long timescale for the perovskites to approach reaction completion.
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Figure 5. Computed hydrogen production profiles for LaosSro.4MnoeAlgaOss (LSMA6464)
Lao.6Sro.4aMnOss (LSM64), and SrTiosMnesOs.5 (STM55) for conditions specifieddn the text: (a)

instantaneous hydrogen evolution at short times, and (b) cumulativeshydrogen production.
~
It is to be emphasized that the behavior illustrated in Figure 5 is ‘entirely divorced from what

might be considered ‘true’ material kinetic properties: the surface reaction.rate and the oxygen
diffusivity of the solid. Of course, if the kinetic parameters are unfavorable, they will induce an
additional penalty on the rate. Or viewed from a different angle, if the gas is supplied at a
sufficiently high rate relative to the oxide mass, material kinetics will become rate-limiting.
Experience with both perovskites and fluorites indicates that when material kinetic factors do
become important, it is the surface reaction stepsrather.than bulk diffusion that is rate-
limiting[9], not surprising given the relatively short (< 200 wm) diffusion distances in porous
oxides used for STCH applications. Though not a solved problem, a variety of surface
engineering tools abound for enhancing surface reactionrates. Thus, the challenge for STCH
materials development returns to the problem of manipulating the reduction thermodynamics.

Concluding Remarks

The analysis presented here.-underscores the overwhelming significance of the
thermodynamic properties of oxide perovskites for solar-thermal hydrogen production. In
recent years, computational deszn of materials has garnered a great deal of attention, and
the prospects for ab initio prediction of reduction energies appear high.[3, 5] Computational
prediction of entropy, on the other hand, remains tenuous, particularly for materials such as
LaMnOss and CaMnQs5 that have ground states that differ structurally from the phases
relevant to high temperature thermochemical cycling. Yet entropy is arguably more relevant
than enthalpy for enhancing STCH performance in two-temperature cycles. Accordingly, it is
likely that experiment and computation will go hand in hand in the effort to identify sources of
entropy that go beyond-the configurational and vibrational sources that dominate today’s
STCH perovskite/candidates.
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Thermoelectric energy conversion

Dursun Ekren and Robert Freer, University of Manchester, UK

Status

The underlying principles of the thermoelectric effects have been known for almost 200 years,
but practical exploitation has been limited to the last few decades; NASA, for example, has
used thermoelectric generators (TEGS) in space missions since 1961 [1]. Thermoelectric
generators offer long term, direct conversion of heat to electricity without high maintenance
costs, but with the advantage of scalability. However, traditional thermoelectric (TE) materials,
e.g. BixTes, PbTe and SiGe suffer from low abundance of the constituent elements, toxicity,or
high cost. Additionally, their conversion efficiency is temperature dependent and they:have a
narrow temperature range of operation. These limitations, and increasing environmental
concerns in the 1990s, stimulated activity in oxide thermoelectrics/[2]; they»offer high
temperature stability, lower weight, and are more environmentally-friendly. 'Oxide based
perovskites have emerged as the most promising n-type oxide thermoeleetrics; the flexible
nature of perovskite structure provides many options for tuning the transport properties.

Candidate materials are usually evaluated in terms of the thermoelectric figure of merit ZT (ZT
= 0S?T/k, where T is absolute temperature, o is electricaliconductivity, S is the Seebeck
coefficient and k is thermal conductivity); ZT needs to beimaximised. The TE inorganic oxide
perovskites include SrTiO;, CaMnOs; and A-site deficient lanthanides such as LnusTiOs
(Ln=La, Pr, Nd etc.). Typical strategies for improving ZT. of these materials (Figure 6) are
single or dual donor doping on A- and/or B-sites, generating A‘site cation vacancies or oxygen
deficiency, and optimising processing conditions {[3]./Selection of appropriate dopants at an
optimised level can increase the electroni¢ performance{namely the power factor PF=0S?)
and also reduces thermal conductivity.

Although oxide perovskites exhibit modest ZT values (<0.5), lower than current commercial
TE materials (ZT ~ 1.0), the high PF values of the oxides (comparable to that of Bi,Tes) and
the tunability of k (Figure 6) indicates their promise for high temperature TE applications. The
growing understanding of these material systems and predictions based on modelling studies
suggests there is considerable scope for improvement in the ZT values by grain boundary
(GB) engineering [4], combined with a wide operational range of temperature.
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Figure 6 Current strategies employed for the improvement of the thermoelectric properties of inorganic oxide
perovskites [3]; (i) single element doping on A-site, (ii) dual doping on A- and B- sites, (iii) combined vacancy
and lanthanide doping on A-site, (iv) embedding 2D additives, such as graphene, into oxide perovskite matrix
and (v) incorporation of 3D additives, i.e. metallic inclusions, into the matrix. For the single and dual element
doping figures, A-site (2+ valance) cation, B-site (4+ valance) cation and oxygen atom (2- valance) are
represented by green, light blue, and red circles, respectively; donor doping on A-site with 3+ valance and B-
site with 5+ valence cations are shown by purple and dark blue circles, respectively. In the schematic
microstructure figures (top right-hand side) the red springs represent the movement of phonons within the
material. The darker coloured bars represent the dimensionless figure of merit, ZT of thermoelectric
perovskite oxides after strategies listed are utilized
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Current and Future Challenges

The main limitation of inorganic perovskites for thermoelectric applications is the low ZT
values. This arises from either low power factor (o and/or S) or high thermal conductivity (k);
the latter is the limiting factor for SrTiOs; based TE materials while CaMnO3; based materials
suffer from both problems. Thus, the primary challenges are to increase ¢ and reduce «; which
are directly linked.

In order to increase o, donor doping on the perovskite A, B or A+B sites is typically undertaken
(Figure 7) to increase the carrier concentration (n). However, the dependency .of the Seebeck
coefficient on n requires the doping concentration to be optimised; the low carrier mobility (1)
for perovskite oxides means that relatively high carrier concentrations (102%-102* cm-%)'may be
needed to maximise the PF [5]. Moreover, the limited solubility of the.dopantsirestricts the
level of doping that can be utilised. Another approach is to adjust the degree of oxygen
deficiency and the microstructure of the materials through control ofqprocessing route (Figure
7). An increase in oxygen deficiency provides additional carriers, which increases PF.
However, high levels of oxygen deficiency may limit the maximum operating temperature of
the materials [6]. Conversely, there are opportunities through combinations of processing
techniques to design microstructures such as core-shell type grains'; nanostructures with
nanoporosity and novel GB characteristics , to enhancesthe electronic transport properties
[3]. The high thermal conductivity k of the inorganic perovskitesis linked to the relatively simple
crystal structure and the presence of light elements.

Strategies to reduce k have often been based on the introduction of phonon scattering centres,
e.g. heavy atoms or structural defects. Layered structured compounds, such as A-site deficient
perovskites [3], offer inherent benefits of low kiin directions. For oxides such as SrTiOs, the
mean free path of phonons (lpn) is quite small,,<10:am. This requires the presence of atomic
scale defects (typically oxygen ands;A-site cation vacancies) for the reduction of thermal
conductivity. In general oxygen vacancies arexbeneficial for optimising both electronic and
thermal transport. However, A-site vacancy,concentrations need to be carefully adjusted for
effective reduction of k without degrading electrical conductivity.

Advances in Science and Technology'to Meet Challenges

As noted above the main challenges for' thermoelectric inorganic oxides are to develop ways
to overcome the inherent limitations of low electrical conductivity and high thermal
conductivity, and to decouple the two transport processes. Advances in processing
technologies allow “the preparation of materials with nanostructures containing high
concentrations of phonon,_ scattering centres, which yields perovskites with thermal
conductivities close to the.theoretical minimum [7]. The real breakthrough will come when we
have materials with both low thermal conductivity and high electrical conductivity and therefore
high ZT (ideally"above,1.0) over a wide temperature range, since high average ZT is much
more valuable than peak ZT. Recent work on composites involving the incorporation of two
dimensional _additives in perovskite oxides, enabling simultaneous improvement in PF and
reduction in k over a range of several hundred degrees [8] is very promising. Furthermore,
new models suggest that suppression of grain boundary resistance by utilising 2D additives
could lead to=ZT>0.7 over a wide temperature range in perovskite oxides [4]. A better
understanding of grain boundaries and routes to fabricate materials with optimised defect
structures are essential if oxides are to reach their full potential.
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Another aspect of TE inorganic perovskites which is ripe for development is the discovery of
new candidate materials by computational modelling (Figure 7). Groups of potential
candidates could be identified and screened before commencing detailed experimental
investigations. Recent work on sulphide based inorganic perovskites and the obser of
low Kk in BaZrSs [9] suggest that these materials could be promising candidates for T
generation; however, our understanding of the transport properties of these sulphi
an early stage. Finally, there is increasing evidence that ZT values reaching
achieved for a range of inorganic perovskites including oxides, chalcogenid
stannates (e.g. BaSnO3) [10]. With tailored fabrication technigques and i
understanding structure-property relationship of these inorganic perovskite
significant improvements in their transport properties.

A-site (Sr,,La,TiO;)
B-site (SrTiy \Nb, O,
A+B site (Sr,La Ti
Dual A-site (Sr. . LaL;

Doping Dual B-site (S iy N
Strategies bl

gl

Metallic Inclusions (Fe, Cu, etc.)
Minor additives (B,O3, ZrO,, etc.)
2D additives (Graphene, GO)
Eutectic phases (SrTiO;+TiO,)

- . Processing
AddltIYeS/ Inorganl.c TE ( Approach/
Inclusions Perovskites

\f‘_onditions

Powder Preparation:
« Solid State Reaction

* Sol-Gel Method
* Hydrothermal Synthesis
Mod<lling Densification:
* Understanding structure- » Conventional Sintering (1 atm)
property relationship « Spark Plasma Sintering
» Suggesting new approaches + Hot Pressing
* New material candidates Atmosphere Control:
(BaSnOQ;, BazrS;, efc) * Air / Hy-Ar / No-Ar / Vacuum

Figure 7 Summary of the research
thermoelectric applications

or the developments of inorganic perovskites for

Concluding Remarks
As clean energy sou ing importance it is clear that thermoelectrics can make

industrial sectors and indeed domestic environments.

| and electrical transport performance are urgently needed to allow the
ites to reach their full thermoelectric potential. The understanding of
e desired tuning of electrical and thermal conductivity will be a key aspect of
breakthrough.
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Inorganic Perovskite Oxides for Solid Oxide Air Electrodes
Ozden Celikbilek and Stephen J. Skinner*

Department of Materials, Imperial College London, Exhibition Road, London
SW7 2AZ, United Kingdom

Status

Offering tremendous flexibility to design the physical and chemical properties of materials,
inorganic perovskite oxides of the general formula ABOs_s are central to the design ofair electrodes
for solid oxide cells (SOC). The composition can be tailored to obtain a large number‘of compounds
through partial or total substitution of one or more cations at both the A-and B-sites'[1]. While new
compositions with enhanced properties continue to be explored, substantial.efforts are also made to
understand the reaction mechanisms at interfaces, microstructural effects and long-term degradation
issues.

In terms of electrode designs, an exciting developmentsin the field/came with the concept of
interface engineering. With advances in thin film technologies such as,pulsed laser deposition (PLD)
and atomic layer deposition (ALD), interfacial designs have reached new heights. By controlling the
strain, which originates from the lattice mismatch between the thin film and the substrate, it was
shown that oxygen non-stoichiometry, surface chemistry and charge-transfer kinetics could be
significantly modified. In this way, orders of magnitude fastemion-diffusion kinetics were obtained [2],
[3]. Studies have also shown increased catalytic activity at the heterointerface of two inorganic
perovskite-related oxides, both in the porous electroede microstructure and in the strained thin films
[4] as illustrated schematically in Figure 8. Microstructural optimisation such as reducing particle sizes
to the nanometre length scale, and surface decoration by infiltration techniques to improve catalytic
activity and the durability, have become common routes in the design of SOC air electrodes.

The fact that SOC technology can be' used reversibly for both energy and fuel production is
increasing its importance [5]. .Power-to-X(X, e.g. fuel) applications are expected to play a significant
role in addressing the utilisation‘of surplus renewably generated power. Here, we focus on the
current goals and challenges of developing inorganic perovskites for air electrodes in this sector and
discuss future developments in the science and technology needed to overcome the challenges
associated with large scale deployment of these devices.
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(a) (b)

(c) (d)

~

Figure 8. Schematic representation of different heterostructures a) multilayers, b) vertically aligned
nanocomposite, ¢) composite structure and d) infiltrated porous structure: Reproduced from [4] C.
Zhao et al., Energy Environ. Sci., vol. 13, p. 53, 2020.

Current and Future Challenges

Despite many advantages such as high efficiency and fuel flexibility, SOC systems are mainly
considered for stationary applications. For this technology to br@ak into commercial markets, the
application areas of these devices should expand towards portability and reversible usability. The
current challenges of implementing the technology in portable applications arises from the low
efficiency of existing materials at low temperaturessand the lack of current technology for
miniaturisation. This is a particular challenge.in the area of multicomponent oxide ceramics where
production of devices relies on advanced depositiontechniques (PLD, ALD). Preparation of arrays of
solid solution series by PLD is possible, but these are typically at research laboratory level with the aim
of identifying new high performance perovskite compositions. This leads to a further challenge in the
effective screening of materials properties (ionic transport, catalytic activity etc).

A further issue is the scalability of ﬁ?ese new devices. Interesting and exciting results continue to be
shown at the single-cell scaleiin laboratories; however, questions remain whether similar performance
can be obtained at large scale both'in terms of cost and applicability. It will take more time to
encourage existing commercial entities to adopt next-generation materials and incorporate them into
their product ranges. Future research should focus on the integration of our existing knowledge in
nanotechnology, developed for electronics, to ceramic materials. Increased collaboration between
the fields of solid-state ionics and other nanotechnology communities is essential.

In terms of-reversible use, studies continue to investigate whether or not the same electrode materials
can efficiently work in power-to-fuel and fuel-to-power operations over an extended period. As
mentioned previously, reduced operating temperatures offers several advantages in terms of long-
term operation, lower elemental interdiffusion between layers and more options for chemically-stable
materials [6].
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Advances in Science and Technology to Meet Challenges

To move towards effective low temperature devices high performance air electrodes based on the
perovskite framework are required. Single perovskites of composition ABO3; have proven effective in
conventional devices, but as requirements shift to lower temperatures of operation, materials with
higher catalytic activity, higher ionic and higher electronic conductivity are necessary.

In terms of the materials developments it is essential that new materials are identified, and\this may
include a wide range of perovskite-related compositions. Double perovskites of formula AA’BB’Os.q,
layered perovskites (An+1BnOsn+1) [7], BaNdInOs-type and more recently hexagonal perovskites, Figure
9, with compositions of BasNbMOgs and Ba;NbsMoO,o have been proposed as materials that have
excellent ionic conductivity at low temperatures, both oxide ion and protonic [8]. To date there has
been little optimisation of the mixed conducting properties of these classes of materials, but they do
highlight the drive to develop new Sr free materials as a route to prevent surfaces\egregation and thus
degradation of performance.

In developing these new inorganic perovskites, it is clear that there'is,also a drive to produce
compositions that exhibit a combination of oxide ion, proton andielectronic species, with optimum
mobility for all three species at low temperatures (300-400 2C). Unambiguously distinguishing these
charge carrying species has proven demanding but would prove extremely beneficial for development
of SOC electrodes, particularly in the area of electrolysis.

One further route with great potential that has yet to be explored~is the field of high entropy oxides
[9], [10]. In these materials multicomponent compositionsiare found to entropically stabilise oxides
and provide enhanced physical properties, and, have already been reported in the field of ion
conductors. This nascent field offers considerable opportunity to develop novel high-performance
ceramics for low temperature operationand may:find application in thin film devices.

Figure 9. Schematic representation of the series of hexagonal perovskites as discussed as
potential new air electrode materials. Reproduced from [8] Tarakina et al, J.Phys.: Conf. Ser. 644
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3 Concluding Remarks

4

5 Research on SOC air electrodes has revealed well-understood reaction mechanisms and factors
g affecting catalytic activity from the atomic to micro-scale. Engineering of defect structures atsurfaces
8 and (hetero-)interfaces will continue to lead the design of improved electrodes at reduced
9 temperatures. Transforming these research concepts into a technologically viable design will provide
10 opportunities for significantly improved air electrodes.

11

12 o . .

13 On the other hand, the field is going to expand towards reversible power-to-fuel and fuel-to-power
14 applications at reduced temperatures. The increased desire to develop environmentally sustainable
15 electrode compositions that do not contain rare-earth or carcinogenic elements will lead to the
1 . . . . .
1? discovery of unconventional electrode compositions. Approaches such as’ high entropy materials
18 development, combined with theoretical techniques such as molecular dynamics and density
19 functional theory will advance materials discovery and optimisation of “devices. Numerous
;? opportunities for future development of inorganic air electrodes and an exciting research future await.
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Status

Materials with perovskite structure have been widely used in devices for enefgy generation,
conversion and storage. Among these devices, solid oxide fuel cells (SOFCs) are important devices to
convert chemical energy in hydrocarbons or other fuels into electricity at high efficiency. Solid oxide
electrolysis cells (SOECs) can split steam into H, and O, for green H, production. The combination of
SOFCs and SOECs enables a solid oxide to be operated in either SOFC or SOEC mode, which is called
reversible SOFCs, having potential applications in renewable energy storage. SOFCs and SOECs are also
classified as solid oxide cells (SOCs). SOECs can split CO, into CO and O,<for CO, utilisation while
valuable syngas can be produced through co-electrolysis of H,O and"CO,. SOFCs/can also be used for
co-generation of electricity and valuable hydrocarbons to be used as chemical feedstock. The
conventional anodes for SOFCs are metal-oxide cermets such as Ni-YSZ. The catalytic activity of Ni to
the decomposing of CH4 is so high that coking happens at the anode causing carbon deposition,
blocking the anode pores. Volume change between NiO andNi at the anode also causes delaminating
of the anode/electrolyte interfaces, leading to cell degradation. Therefore it is desired to replace the
cermet anode with materials able to tolerate redox changes withdut mechanical or electrochemical
degradation. Particular focus has been on peroyskite structures/containing redox active mid-transition
ions such as Mn, Fe, Mo. The first redox stable anode for SOFCs is the simple perovskite oxide
(Lao.75Sr0.25)Cro.sMngs03.5 (LSCM) which exhibits comparable performance to the Ni-YSZ anode at high
temperature [1]. Later on, it was foundthat'ka—and Mn- doped SrTiOs, LasSrsTi1aMno sGao.sOs7.5, also
exhibits excellent redox property and performance when carefully engineered and used as anode for
SOFCs [2]. B-site ordered doubleferovskite Sr,FeNbOs was also investigated as potential anode for
SOFCs but the conductivity is not_high enough [3]. Double perovskite oxides SroMgMoQOes and
SryFe15Moo.sOs-s (SFM) have been reported as good redox anodes for SOFCs [4, 5]. Layered oxygen
deficient perovskite oxide PrBaMn\OM (PBMO) was also found as a good anode for SOFCs [6]. To
further increase the activity/ oxides with exsolved metal particles on the surface exhibits excellent
performance as anode for SOFCs [7]. For reversible SOFCs, oxides which are redox stable and exhibit
high conductivity in both. reducing and oxidising atmospheres, such as SrFepsCuoi1Nbo103.5 are
important for real applicationsiof symmetrical SOCs [8].
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Figure 10 The crystal structure of some different candidate perovskite oxide fuel-electrodes (a) B-site
disordered Lag.755r0.25Cro.sMnosOs.s, (b) B-site ordered double perovskite SraMgMoQss, (c) layered
PrBaanosﬁs

Current and Future Challenges
Current and Future Challenges

Reversible solid oxide fuel cells are ideal high temperature électrochemical devices which can be used
in both SOFC and SOEC modes. The perovskiteroxide LSCM is has been reported as the electrode in
the first symmetric SOFC and also reversible SOFC [9]. A key requirement for symmetric reversible
SOFCs is that, the electrode must exhibit high electronic conductivity in both anode (a strong reducing
atmosphere) and cathode (a strong oxidising;atmosphere) at high temperature. Among the redox
stable oxides, some primitive perovskite oxides such as SrFegoCuo.1Nbo103.5 and double perovskite
oxide PrBaMn,0s exhibits reasonable conductivityiin both reducing and oxidising atmospheres [6, 8].
However, the ionic conductivity of these redox perovskite oxides are normally not high enough to
reduce the polarisation resistance at the electrodes. Therefore they are normally mixed with an
electrolyte to form a composite eleQrode for enhanced ionic conductivity as well as matched thermal
expansion coefficient (TEC) with the electrolyte to maintain good electrolyte/electrode interfaces. It
is necessary to introduce suitablé transition elements at the B-sites to improve the catalytic activity in
order to reduce the polarisation resistance. Exsolving small metal particles on the surface of redox
oxides is a promising strategy to.improve the catalytic activity of the perovskite oxide electrodes when
used as negative electrode and exposing in a reducing atmosphere [7, 10]. Cation segregation from
the oxide electrode, may form unwanted non-conductive phases at the triple phase boundary (TPB).
Therefore it is‘fnecessary to.identify perovskite oxides which have sufficient catalytic activity for low
polarisation resistance at reduced temperature in order to minimise the cation segregation. It is also
required to reducerthe sintering temperature of the electrolyte in order to co-fire electrode and
electrolyte together. Infiltration of the perovskite can avoid high temperature firing but it is time-
consuming and not always easily applied to for fabrication of SOCs. When used for cogeneration or
trigeneration; some special catalysts which can facilitate the reaction for desired product pathways
should,be incorporated into the composite electrodes or, exsolved after being exposed in a reducing
atmosphere. Most redox stable perovskite oxides have good anti-coking properties when
hydrocarbons are used as the fuels. However, the resistance to sulfur poisoning is not ideal when high
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concentration of sulphur is included in the fuels. To develop new perovskite oxide negative electrode
which can sustain higher level of sulphur containing compounds remains a big challenge.

Advances in Science and Technology to Meet Challenges

As a good perovskite anode for SOFC or cathode for SOEC, the fuel electrode must be redox stable in
a strong reducing environment at high temperatures. Some primitive, double perovskite oxides-and
perovskite related oxides with Ruddlesden-Popper type layered structure have shown excellent redox
stability. High electronic conductivity of these redox stable oxides in both reducing and oxidising
atmospheres has been achieved in some oxides, mainly through doping«at’ A and/or B-sizes.
Introduction of multi-valent elements in the lattice normally improve the electronic conductivity and
catalytic activity. The ionic conductivity of popular perovskite fuel electrodes from titanates,
chromites to recently developed ferrites, should be enhanced to accelerate char\ge transfer over the
electrodes and the interface between electrodes and electrolyte, anddowerthe polarization resistance
of the whole cell. Materials with high ionic conductivity normally contain'a. large quantity of oxygen
vacancies while the lattices of these oxides can be less stable, leading to poor stability in a reducing
atmosphere. Doping to increase the concentration of oxygeh vacancy or suppress oxygen vacancy
ordering thereby introducing Sr and Y into the A site of titanate perovskite or transition metal (Mn,
Fe, Co, Ni, Cu) into the B site of chromite and ferrite perovskite. The electrocatalytic activity can be
significantly enhanced through the exsolution of nano-sized.metal particles from the bulk [7].
Reducing the level of ordering of oxygen vacancies in Brownmillerite oxide such as Sr,Fe;0sss5, making
the oxygen vacancy mobile can also be a good strategy. In some specially designed oxides, nano-sized
electronic conducting metal and ionic conducting oxide:can be simultaneously exsolved, which is an
ideal option. Under a reducing atmosphere, the exsolution process may take a long time. A new
technology by applying a small DC voltage across the electrode can shorten the exsolving process from
hours/days to minutes, a big step.forward for application of the exsolvation technology [7]. Unless
methods for reducing the sintering temperature of existing electrolyte materials, co-sintering of
perovskite oxide electrode and electrolyte can be difficult. Cation segregation from perovskite
electrode can be reduced if the operating temperature of the SOCs can be reduced. Redox perovskite
oxides which can tolerate some level of sulphur have been identified too. In general, after over 15
year development, negative electrodes based on redox stable perovskite oxides already meet the
basic requirements for SQCs.
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Figure 11. (a) schematic representations of redox exsolution; (b) SOC gas reduction (5% H2/N>) (c)
electrochemical switching (by applying 2 V across the céll) and a typical exolved Ni on titanate

electrode structure [7], see also section 14.

Concluding Remarks

Redox stable perovskite oxides possess high electronic/ionic conductivity in both reducing and
oxidising atmospheres, suitable TECs'close to the electrolyte materials, good chemical compatibility
with electrolyte and interconnector can be chosen as the ideal fuel electrodes for SOECs. Exsolving
nano-particles from oxides with perovskite or perovskite related structure through reducing at high
temperature or applying a voltage upte»2:3V for just a few minutes, can significantly improve catalytic
activity, reducing the polarisation resistance thus enhancing the performance of fuel cells and
electrolysers. Due to their crystal structure, perovskite oxides (ABOs) from titanates, chromites to
ferrites are normally highly conductive, combining with the transition element dopants, which are
widely used as fuel electrodes of SOCs. It is necessary to develop new perovskite oxides, which can be
operated at reducéd temperature to minimise the cation segregation and extend the stability. In order
to reduce the SOCs’ fabrication cost, co-sintering of the electrode with oxide electrolyte is another
challenge, required tofreduce the sintering temperature of electrolyte materials. Symmetrical
reversible SOFCs basedredox perovskite oxides as the electrodes will be a promising electrochemical
device for both energy conversion and storage.
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Status

Exploring the widespread use of oxide ion conductors for solid-oxide fuel cells, iongpumps, and.various
sensors leads us to anticipate advanced and efficient energy conversion and storage technologies.in
the near future. Oxide ion conductors mainly consist of two categories: fluorite-based oxides (AO3)
and perovskite oxides (ABOs). Over the past few decades, yttria-stabilised zirconia (YSZ), a fluorite-
based oxide ion conductor, has been extensively used as an electrolyte in solid electrochemical
devices. However, its high operation temperature and lower conductivity in the lower temperature
ranges for such devices were major drawbacks [1, 2]. Nowadays, alternative oxide'conductors with
lower operating temperatures are under continuous investigation such as,doped ceria and lanthanum
gallate perovskite oxides, which critically rely on novel, higher-performance,and lower-cost dopant
materials. These efforts have confirmed superior solid-state electrolytes for:chemical-to-power and
power-to-chemical applications such as solid oxide fuel cells (SOFCs), solid oxide membrane
electrolysis, hydrogen generation, syngas production, and CO; reduction [3-7].

Perovskite oxides are described by the general formula ABOs, where the A cation is conventionally
larger than the B cation and the total cation charge of Afand B'is 6+, where A is a divalent (2+) or
trivalent (3+) cation and B is a tetravalent (4+) or'trivalent (3+) cation. The typical lattice structures are
corner-sharing BOs octahedral with small-sized\ cationic 6-fold coordination, in which the A site
occupies the resulting cub-octahedral cavities in\the 12-fold coordination arrangement. In the
perovskite lattice, both the A and B sites can bespartially substituted with cations of lower valence,
which can easily form large amounts of extrinsic vacancies in the oxygen sub-lattice to maintain
electro-neutrality and thereby promote the migration of oxygen ions through the lattice [8,9]. For
example, Ishihara et al. reported-in,1994 that the Sr**- and Mg?-doped LaGaOs (LSGM:
La(Sr)Ga(Mg)0Os.s) perovskites showed fast, ionic conduction in the extrinsic vacancies [3].
Subsequently, several groups have eptimised and investigated this novel perovskite electrolyte for use
inintermediate-temperature SOFCs [10], since the oxide ion conductivity of synthesized LSGM is three
times higher than that of YSZ'[3].

Following the pioneeringwork onlSGM as a superior ionic conductor, several groups have contributed
significantly to developing and applying not only perovskite electrolyte but also novel perovskite
electrodes for state-of-the-art next-generation SOFCs [4,5,10]. However, a few essential requirements
must still be /addressed for. the widespread use of commercial perovskite-based electrolytes in
electrochemical, applications, such as designing cost-effective compositions and improving the
mechanical properties, ionic conductivity, and chemical compatibility between electrolyte and
electrode materials. Nevertheless, the La;..Sr«Gaz.,Mg,03.5, in which the stoichiometry of the A/B sites
is adjusted by:Srand Mg, is still the most interesting perovskite electrolyte system.

Current.and Future Challenges
In the decades since LSGM was successfully validated for intermediate-temperature SOFCs, perovskite
oxide electrolytes have rapidly emerged. However, their lower mechanical strengths and higher
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reactivity with electrodes compared to the YSZ electrolyte makes it difficult to find compatible
materials and remain major challenges. To improve perovskite electrolytes, several goals have been
recognised: (i) stable chemical compatibility, (ii) improved ionic conductivity, (iii) suitable mechanical
properties, and (iv) cost-effective compositions. In this regard, effective strategies including the.design
of compositions completely distinct from traditional perovskite cubic structures, tuning of existing
compositions, and finding new approaches to manufacturing and device configuration must be
established.

In terms of the phase stability and mechanical strength of LaGaOs-based structures, stoichiometry.
issues at the Ga site with partial substitution must be considered. To date, few efforts have addressed
the high difficulty of obtaining pure-phase LaGaOs perovskites because of theslightly volatile Ga site
balance during high-temperature manufacturing, although it has a negligible impact on the overall
electrochemical performance. The design of stoichiometric or non-stoichiometric A/B/sites in LaGaOs
could improve the conductivity and chemical stability of the LSGM electrolyte because such changes
tend to maintain the perovskite structure while affecting the defect balance and structural parameters
of the host lattice [10]. A recent report showed that composition control by tuning the non-
stoichiometry of the A and B sites or Ga excess in the LSGM structure leads to more oxygen vacancies
in the perovskite lattice and thus an improved oxide ionic conductivity [21]. Furthermore, the loss of
oxygen and subsequent formation of oxygen vacancies, which are related to changes in the lattice
volume, might involve a structural phase transition between cubic (LaosSro2GaosMgo.0s [12]),
orthorhombic, and rhombohedral at high temperatures. \Hewever, for the same vacancy
concentration between non-stoichiometric A and B sites, it has been reported that B-site defects
improve the thermal stability by maintaining the lattice structure and suppressing the diffusion rate
of A-site cations [16]. In any case, it is clear that improved properties can be obtained by non-
stoichiometric A/B sites in the perovskite,oxide electrolyte. However, it is still essential to further
understand the defect chemistry, charge carrier mechanism, and phase stability in the LSGM lattice.

From the perspective of manufacturing, the major difficulty with the LaGaOs-based electrolyte is its
incompatibility with commercial electrodexmaterials during high-temperature processes. Especially,
Ni-based materials result in the formation of an insulating impurity phase at the interface between
the electrolyte and electrode; which blocks ionic pathway. Thus, several interlayers to prevent the
reaction between LSGM and other electrodes have been introduced for LSGM commercialisation [10].
A-site cation diffusion into electrode.materials is associated with Ga excess phases such as LaSrGas0y,
which is an insulating impurity ,at the interface in these electrolytes [13]. This has hindered
developments towards a high performance even by reducing the thickness of the perovskite
electrolyte, using‘state-of-the-art electrode materials, and adopting new manufacturing processes.
Recently, the feasibility of‘a thin LSGM on a ceramic anode support, which exhibits no serious
interfacial reactions betauserof the non-stoichiometric Sr/Mg balance and Ga-excess B sites, was
demonstrated for (Lao.gSro.1)0.08(Gao.sMgo.2) 3.5 with a maximum power density of 1.12 W-cm™in a thin-
film perovskite SOFC [14]. However, the performance degradation from interfacial reactions with Ni-
based.and other electrodes remains a major drawback for perovskite oxide electrolyte applications in
the'near future. Therefore, by establishing strategic stoichiometric/non-stoichiometric approaches,
not only to improve the electrolyte thermal/mechanical stability but also to avoid Ni diffusion and
insulatingiimpurities by better understanding the thermodynamics and crystal structure details would
greatly.aid in the development of efficient next-generation energy conversion and storage devices.
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Furthermore, technical engineering approaches to realise a practical superior electrochemical
performance with perovskite electrolytes as a new pathway for innovative manufacturing (low-priced
additives, thin films, high-speed sintering, in-situ exsolution on the electrolyte surface, low-
temperature sintering, etc.) and novel cell configurations are also strategies for solving the discussed
issues.

Advances in Science and Technology to Meet Challenges

Improving the ionic conductivity, mechanical properties, and chemical compatibility of perovskite
oxide electrolytes would allow their use to be extended to a wider range of applications including
SOFCs, solid oxide electrolysis cells (SOEC), hydrogen production, syngas réactors, membrane
reactors, and CO, conversion. Despite the continuous exploration of brand<new perovskite oxide
compositions, no promising alternative to LSGM as an intermediate-temperature electrolyte has yet
been found. For instance, a new disordered hexagonal perovskite conductor exhibiting both ion and
proton conductivity was recently reported by Fop et al.[15]. Lately, protomi: perovskite oxide
electrolytes have gained interest as next-generation materials, and related protonic oxide electrolytes
will be covered in detail in section 7. Recent A/B-site non-stoichiometric tuning and understanding of
the lattice structure have led to improvements to the chemical/thermal compatibility, conductivity,
and thermodynamic understanding [11,16]. Especially, Ga‘richnimpurities including LaGaO4 and
LaGas0; were identified in detail through studies on the.thermodynamics of ternary systems [9],
interstitial oxides with melilite structures [1722] and the-thermo-mechanical properties of A/B-site-
deficient compositions [16]. However, a full understanding of the defect chemistry mechanism in the
lattice and the mechanical properties remains necessary to improve the commercial aspects.

Scientific efforts to solve the above issues continue, butithe manufacturing and engineering design of
new perovskite oxide electrolytes mustalso_be approached for practicality. In particular, LSGM has
mostly been demonstrated in intermediate-temperature SOFC applications. Going forward, it is
necessary to improve the commercialisation ofielectrolyte materials, and if the above-mentioned
strategies are achieved, the value of perovskite electrolytes will be extended to solid oxide electrolysis,
CO; reduction, and the syngas sector. For this progress, in addition to upgrading current processes,
state-of-the-art approaches such as.in-situ exsolution of functional electrodes (see section 13) must
also be attempted through newly cksigned devices or novel manufacturing processes. Barnett et al.
suggested a good example of potential reversible solid oxide cells as large-scale energy storage and
conversion devices using the LSGM electrolyte[18,19]. However, in terms of marketing and
considering the manufacturing and engineering level of LSGM, large-scale powder synthesis
processing, efficient sintering, and other procedures must be addressed together. Advanced
strategies, such 4@s scientific approaches, simulated composition designs, and manufacturing
innovations with Al technigues, could solve the various discussed problems. For this, a fundamental
understanding of the thermodynamics, crystalline material chemistry, and physical properties must
first be achieved.
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Concluding Remarks

As these technologies come to commercial reality, the durability and reliability of solid
electrochemical devices operated at high temperatures become more important. Consequently,
efforts to reduce the operating temperature have/been macLe through alternative fast ionic
conductors, which benefit the life cycle of all surrounding.components by lowering the temperature.
Particularly, the discovery of LSGM as a perovskite oxide electrolyte has provided a stepping stone for
next-generation SOFCs/SOECs. Perovskite oxides havesignificant promise as alternatives to oxide ion
conductors, and as-discussed above future approaches are expected to contribute greatly to
developing better perovskite systems. It remains:a.major challenge to concurrently understand the
defect chemistry in the tuned lattice and design.the electrochemical and physicochemical properties,
especially regarding incompatibility. with NiO and cost-effective manufacturing designs for the
commercial industry. Superior electrochemical performance has to be achieved with the commercial
devices, which have succeeded in developingithin perovskite electrolyte by applying an inexpensive
large-area coating process enablerof.suppressing reaction with other electrodes through outstanding
robust tuned composition from the previous one including LSGM and should be studied.
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Protonic Solid Oxide Cell Electrolytes
Shuangbin Li and John Irvine
School of Chemistry, University of St Andrews, KY16 9ST, United Kingdom

Status

Proton-conducting oxides are considered to be potential next-generation materials for energy
conversion and storage with the advantage of high proton conductivity at intermediate temperatures
of 350-650°C[1, 2]. Unlike oxygen ion conducting oxides and proton-conducting polymers, proton-
conducting oxides (so-called protonic ceramics) possess the distinctive feature that(protons can rotate
and transfer around the lattice oxygen ion, in lieu of accommodation in the lattice, with low activation
barriers under reducing or humid conditions. This transport peculiarity poténtially enables proton-
conducting oxides to serve as solid-state electrolytes for chemicals-to-electricity and electricity-to-
chemicals (including hydrogen evolution and purification, syngas production, ammonia synthesis, and
methane dehydroaromatization) applications[3-6].
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Figure 13. The timeline of main discoveries in proton-conducting perovskite oxides.
N

Since lwahara’s discovery, of proton/conduction in perovskite oxides in 1980[7], state-of-the-art
protonic oxide electrolytes.tend to converge towards cerate and zirconate based simple perovskite
oxides (A**B*0s), asthisterically illustrated in Figure 13. The essential requirements have been
established to engineer protonic oxide electrolyte: low distortion from cubic structure and large unit
cell allowing more.oxygen vacancies to favour proton formation and mobility upon hydration; high
basicity of Bssite cations (or low electronegativity) facilitating proton incorporation; chemical
compatibility with anode and cathode compositions, and chemical resistance to acidic atmospheres
(such as HsS, H.0 and CO,). Following these principles, the strategy of non-stoichiometry created by
20 atom % Y incorporation into the B site within the solubility limit show the most promising acceptor
doping-among:Sc, Ho, Pr, Sm, Nd and other rare earth candidates, offering extrinsic oxygen vacancies
and thus improving proton conductivity. The further partial substitution of Yb for Y could enhance
protonrconductivity and chemical stability against H,O and CO, atmospheres. Despite advances in
proton-conducting electrolyte design, manufacturing and processing need to be improved to achieve
a‘dense electrolyte. Due to the poor sinterability of BaCeOs-BaZrO; based ceramics, a small amount
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of sintering aid (such as ZnO, CuO, CoO and NiO) is added to densify the electrolyte, as well as lowering
the sintering temperature on the premise that the sintering aids have little detrimental effect on
proton conductivity.

Apart from BaCe0Os-BaZrOs; simple perovskites, complex perovskites like double perovskites and
derivatives, including BazIn,0s, SrySc1+xNb1.xOs.5, BazCa1+xNb2xOg.5, and BaszCai.xTaz«0q.5, are proton-
conducting alternatives in current and near-term researches[8]. Unfortunately, doped. Ba;In,0s
materials suffer decomposition under reducing atmospheres, especially at elevated temperatures,
which impedes the electrochemical application for electrolytes. Among themj, the best-known
members of perovskite derivatives, BasCa.1sNb1.5:09.5 (BCN18) and BasCa1.1sTa1.5:09:5 (BCT18), exhibit
conductivities comparable to BaCe0s3-BaZrOs; systems, but also are resistant 'to COz and humid
atmospheres, indicating a potential proton-conducting electrolyte. Very recently, the newly
developed hexagonal perovskite Ba;NbsMoO;o shows high oxygen ion and'proton conductivity (the
bulk conductivity is 4.0 mS cm-1 at 510 °C), as well as excellent chemical and electric stability[9]. Note
that an acceptable ionic conductivity of electrolyte for a ceramic fuel’cell'should be more than 0.01 S
cm-1. Obviously, most proton-conducting perovskite families perform superior conductivity than
oxide ion conductors in the intermediate temperature range, especially for highly textured BZY films
that can be achieved by PLD processing[10], as shown in Figure 14
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Figure 14. Arrhenius plots of total conductivities of state-of-the-art oxygen oxide and proton

conductors[11].

Current and Future Challenges

The majoriissue encountered in protonic electrolytes is ascribed to low grain boundary conductivity,
which is lower by two orders of magnitude than bulk conductivity. This behavior is primarily due to
the refractory nature of Zr, leading to small grain size and poor sinterability. Despite the increase of
Ce/content increasing conductivity and sintering improvement, the presence of Zr allows a tradeoff
between performance and chemical stability. Efforts to further reduce grain boundary resistance have
focused on introducing sintering aids to decrease the grain boundary density and enhance grain
growth;,associated with lowering sintering complexity. Nonetheless, full understanding of these
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sintering aids still needs to be achieved due to the fact that these can accumulate in grain boundary
regions. Note that no best effective strategy has yet been imposed to thoroughly eliminate the grain
boundary barriers.

The desirable proton-conducting electrolyte should remain stable under various conditions for
practical applications, involving in chemical stability when exposed to high concentration of CO> and
H,0, chemical compatibility with anode and cathode components, negligible degradation during long-
term fuel cell and electrolysis cell operation. The truth is that impurity phases emerge after stringent
treatment of CO; and H0, and ions readily diffuse between air electrode and electrolyte under harsh
environments, even though BaCeo 7Zro.1Y0.1Ybo.10s.5 electrolyte seems stable withhextremelylow fuel
stream during > 8000 h operation [12]. In addition, the hydration and dehydration reactions occur
over an operating temperature range rendering the changing thermal expansion coefficients. It is
difficult to seek a suitable air electrode to match with the electrolyte.
~

As mentioned above, oxygen vacancies in oxides are necessities for pfotontransport, implying proton
conduction is associated with oxide ions and electron holes relying onhoperating conditions. For
example, pure proton conduction only exists under wet reducing environments and low temperatures.
That means handling in dry and oxidizing conditions could suppress proton transport, leading to high
activation energy and cause electron leakage. Though some thermodynamic calculations determine
three charge carriers, it is a great challenge to quantifysthemnin terms of current characterization
technologies. We aim to build strategies to maximize/proton conduction and avoid electron leakage
by understanding the correlation of defect, chemistry and transport properties, tailoring the
compositions of the electrolyte, optimizing ‘manufacturing parameters and adjusting operating
conditions.

Advances in Science and Technology to Meet Challenges

Current efforts have yet to establish approachesito deliver significant roll-out. Despite various well-
established synthesis technologies, the pursuit of suitable sintering aids and the strategies of non-
stoichiometry have been developed to improve proton conductivity, promote grain growth and
thereby reduce high resistive grain boundaries. For instance, recently reported BaCeo.7Zro.1Y0.1Yb0.10s-
s electrolyte fabricated by NiQ%assistedsolid-state reaction has demonstrated excellent performance
and durable stability in both fuel cell and electrolysis cell mode[13]. Meanwhile, a modified
BaCeo.4Zr0.4Y0.1Ybo.103.5 composition-but with dense cathode interlayer by pulsed laser deposition
shows an exceptional peak power density of 1.3 W cm™ at 600 °C in lab scale-up dimension[14].
Interestingly, the electrolyteiproduced by solid-state reaction tends to be rather more stable than that
in wet chemical synthesis, largely due to larger grain size and low grain boundary density achieved in
solid-state reaction. In thiswregard, these advances provide deep understanding of manufacturing and
processing to/drive protonic electrolyte step forward.

A- and B-site non-stoichiometry on parent perovskites can control the correlation of structural,
stability, transport and catalytic properties. Doping strategies with Pr, In, Gd and Nd into B site have
been reported to improve the conductivity and stability moderately[15]. Especially, simultaneous
substitution of 10 mol% Y and 10 mol% Yb for Ce and Zr show the optimal result, though a full
understanding of defect chemistry mechanism is not well completed. Likewise, NiO-assisted solid-
statereaction leads to the formation of Ni-doped BCZY composition, readily enabling in situ exsolution
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of Ni nanoparticles anchored on the BCZY surface under reducing conditions that is responsible for
the enhancement of performance and durability[12]. Creatively, an electron doping strategy is able to
introduce protons into SmNiOs perovskite via hydrogenation without oxygen vacancies and
demonstrate a promising electrolyte for proton ceramic fuel cells[16]. This strategy may break the
bondage of conventional Grotthuss mechanism, providing a new pathway to guide “further
exploration.

Given the fact that the strategy of non-stoichiometry creates more oxygen vacancies to enable proton
incorporation and transport but impart unnecessary mixed oxygen ion and hole conduction, it is not
easy to accurately distinguish three charge carriers in proton-conducting oxides: Fortunately, both
experimental and calculational findings [17, 18] verify the strong influences_.of temperature, vapor
partial pressure (Pu,0), and oxygen partial pressure (Poz) on transport properties. Thus, the
fundamental understanding of the relationship between thermodynamic quantities and defect
equilibrium modelling can establish concise principles to map the concentration,t\ransference number
and conductivity measurement of each charge carrier.
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Figure 15. A schematic of sustainable protonicelectrochemical cells.

Concluding Remarks

Oxides with perovskite-type structures show great potential as protonic electrolytes. Recent advances
have been focused on simple A2*B#0s perovskites (BaCeOs3-BaZrOs systems), and other new perovskite
derivatives should continue todeseught. By control of non-stoichiometry and screening techniques,
innovative solid-sate perovskite/ materials with suitable proton conductivity at much lower
temperatures (<400 °C) are urged to be sought. With advances in material science and deep
understanding of compasition-structure-property relationships, some critical technologic issues
should be overcome to meet practical requirements. Current research evidences suggest that proton-
conducting perovskites are the most envisioned materials for the near-future SOFC commercialization
(Figure 15). To this-end; Optimization of manufacturing, sealing, thermal cycling, system design, fuel
choice and balance<of-plant.are key concerns.
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Status

As described in the preceding section, the relatively recent (~1980) discovery oftoxides that permit
solid-state proton conduction has led to the exciting emergence of several potentially transformative
electrochemical technologies, including protonic-ceramic fuel cells (PCFCs) and electralysis cells
(PCECs), electrochemical sensors, and proton-based membrane reactors [1]. The unigue intermediate
temperature regime (~350-650°C) of protonic oxides (as compared to low-temperature liquid or
polymeric ion conductors and high-temperature solid oxide oxygen-ion conductors) confers important
advantages: high efficiency, stability, electrochemical versatility, and low materials'cost. However, in
nearly all applications, device performance and functionality are currently limited by the lack of
electrode materials expressly designed for protonic oxide integration.

State-of-the-art electrode materials for these devices are predominantly/perovskite oxides (ABOs),
which are well-suited to the requirements of electrodes: they readily accommodate high
concentrations of ionic and electronic defects, and their properties can be tuned via both cation and
anion substitution. Negative electrodes must be electrochemically stable under highly reducing
conditions and at low potentials (typically -0.2 to 0.2 V vs. SHE), while positive electrodes require
stability under highly oxidizing conditions and at elevated potentials (typically 0.5-1.5V vs. SHE).
Ceramic-metal composites, typically comprising of Ni_and a proton-conducting perovskite such as
BaZri«Y«0s.s (BZY) or Ba(Ce,Zr,Y,Yb)Os.s (BCZYYb), serve as fuel-flexible, coke- and sulfur-resistant
negative electrodes [2]. State-of-the-art positiverelectrodes often exhibit mixed electron, proton, and
oxide-ion conduction. These materials, known,as triple ionic-electronic conductors (TIECs), enable
high oxygen reduction and oxygen evolution reaction (ORR/OER) activity [1], [3].

Despite rapid progress in PCFCs and PCECs, further advances in electrode materials, especially for the
positive electrode, are necessaryitofully realize the benefits of their unique operating temperature
range. Improving the positive electrode’s low-temperature performance and stability under varying
conditions could enable commercially viable protonic ceramic devices for efficient power generation
and renewable hydrogen production. In addition, though most work to date has focused on fuel cells
and electrolyzers, néxtgeneration protonic ceramic electrochemical devices present diverse
opportunities for chemical production, fuel upgrading, and energy storage, as highlighted in Figure 16
[1]. Protonic ceramic electrode materials have even shown promise in other energy applications, such
as alkaline fuel cells and Li-air batteries, presenting opportunities for cross-cutting learning and
development.
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Figure 16. Current and envisioned applications of protonic ceramic devices. PCFC = protonic ceramic fuel c;ﬂ‘,' PCEC = protonic ceramic
electrolysis cell; HC-PCFC = hydrocarbon PCFC; HOR = hydrogen oxidation reaction; ORR = oxygen reduction reaction; WGS = water-gas shift;
HER = hydrogen evolution reaction; CRR = carbon dioxide reduction reaction; NRR = nitfogen reduction/reaction; MDA = methane
dehydroaromatization. Reproduced from [1].

Current and Future Challenges

In PCFCs/PCECs, the overpotential at the positive electrode tends,to dominate polarization losses,
especially at relatively low temperatures, due to the highactivation energy of the ORR/OER [1], [4],
[5]. The ORR/OER and water evolution/uptake depend_ on'the rates of surface oxygen exchange and
defect transport. In the absence of ionic conductivity in the positive electrode, these reactions are
constrained to triple phase boundaries (TPBs) between the electrode, electrolyte, and gas phases. In
principle, TIEC positive electrodes expand the electrochemically active area to the entire gas-electrode
surface, as illustrated in Figure 17. Although this incentive has stimulated extensive study of TIEC
positive electrodes, the positive electrode. remains the limiting component of intermediate-
temperature ceramic cell performance.

The lifetime of protonic ceramic cellsiis limited by the stability of the electrodes. The high steam
concentrations present at the positive electrode under realistic operating conditions are particularly
challenging to chemical stability. State-of-the-art electrode materials usually employ Ba and/or Sr at
the A-site, taking advantage’of their basicity, which promotes proton uptake but also decreases
chemical stability [6]. Meanwhile, Co isioften substituted for the B-site in positive electrodes to impart
ORR activity and electronic conductivity due to its facile transition between 3+ and 4+ oxidation states.
Unfortunately, this same redoxasbehavior yields poor chemical stability coupled with thermal
expansion coefficients exceeding those of standard electrolyte materials [4], threatening mechanical
stability. These stability-performance tradeoffs limit the potential of existing materials.

Design of improved electrode materials is hindered by a lack of understanding of the physicochemical
mechanisms in protonic ceramic electrodes. This is largely because it is challenging to deconvolute
transport of three distinct charge carriers, especially when considerable electronic conductivity masks
ionic.contributions [3]. Additionally, coupling between surface reactions and transport pathways
makes it difficult to isolate and probe these processes experimentally [7]. One outstanding enigma is
the'role of proton conduction in the positive electrode: mixed oxide ion and electron conducting
positive electrodes perform effectively in PCFCs despite their lack of proton conductivity [1],
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suggesting that our understanding of the active mechanisms is incomplete. This lack of fundamental
knowledge makes it difficult to effectively develop new electrode materials or tune existing materials.

Advances in Science and Technology to Meet Challenges
Researchers are pursuing a variety of innovative electrode design strategies to address stability and
performance challenges. Positive electrode-electrolyte interlayers formed by pulsed laser/deposition
can enhance charge transfer between the electrolyte and positive electrode and provide a thermal
expansion buffer [5]. Carefully engineered composite electrodes can maximize TPB,area andrallow
tailoring of bulk and surface properties [1]. Additionally, layered perovskite electrodes may enhance
oxygen transport via high-diffusivity pore channels [8], although there remains some doubt regarding
whether or not these materials retain their layered structures under operating€onditions. There are
also some efforts to develop Ni-free, fully ceramic negative electrodes, which are discdssed in greater
detail in Section 5.

~
Neither a comprehensive understanding of electrocatalysis in protonic oxide electrodes nor an
efficient technique to probe the contributions of different charge carriers and reaction pathways has
yet been developed. Beamline techniques, isotope tracer studies, and in-situ spectroscopy can be of
great utility here, but they are time-consuming and expensive. Electrochemical impedance
spectroscopy (EIS) has long been the standard in electrochemical characterization of electrodes, but
the interpretation of results using equivalent circuit models is eften ambiguous. EIS analysis via the
distribution of relaxation times (DRT) provides greater resolutionyof convoluted physical processes
and may contribute to improved physical models [9]. Non-linear EIS, which has recently been applied
to solid oxide fuel cells and Li-ion batteries, provides complementary information to conventional EIS
that may help more definitively identify the appropriate physical model, though it requires complex
analysis [7]. These emerging analytical techniques present a pathway to greater understanding of
electrode processes without requiring exhaustive, multi-tool characterization.

Despite intensive investigation of TIECelectrodes, the lack of clear design principles for these materials
has largely constrained TIEC development to empirical modifications of known mixed or triple ionic-
electronic conductors. However, some current efforts take a more extensive and systematic approach,
harnessing high-throughput compL}ation and experimentation to rapidly screen large numbers of
candidate materials [3]. Theintegration of machine learning models with these techniques may help
uncover important composition-structure-property relationships and guide further exploration [10].
This data-driven screening process promises to accelerate the pace of TIEC development.
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Figure 17. Possible transport and reaction pathways in a positive electrode particle contacting the electrolyte in a PCFC. Each panel considers
different mobile charge carriers in the positive electrode. Electronic charge carriers are represented as holes. (a) Electronic conduction only:
the ORR and water formation can proceed only at the triple phase boundary between electrolfte, electrode, and gas phases. (b) Mixed proton
and electronic conduction: protons can travel to the electrode surface to react with adsorbed oxygen and form water. (c) Mixed oxide ion and
electronic conduction (MIEC): oxygen can be reduced at the electrode surface, but must travel to the triple phase boundary to react with
protons and form water. (d) Mixed proton, oxide ion, and electronic conduction (TIEC): oxygen can be fully reduced and react with protons at
any point on the electrode surface. Reproduced from [3].

Concluding Remarks

Perovskite oxides provide a versatile framework for tailoring electrocatalytic activity in protonic
ceramic devices, but the expertise toseffectively manipulate performance must be further developed.
Concerted efforts to engineer [ electrode 'microstructures and develop an understanding of
degradation and rate-limitingmmechanisms are driving steady improvements in performance.
Meanwhile, systematic studies of composition-property relationships are beginning to establish
design principles that may.soonallow leaps in materials discovery. Leveraging these developments to
improve the stability and loew-temperature activity of electrode materials will be key to realizing the
full advantages of protonic.ceramics for energy conversion.
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Status

The efficiency of renewable-energy technologies that rely on the electrochemistry/f oxygen, suchas
rechargeable metal-air batteries and regenerative fuel cells is hindered by the kinetic limitations of
the oxygen electrocatalysis, i.e., the oxygen reduction reaction (ORR) andfthe oxygen evolution
reaction (OER), occurring at the electrodes of these devices (ORR: cathode of a battery/fuel cell, OER:
anode of an electrolyser) [1]. Most studies focus on either the ORR or OER reactions; but for battery
applications, such as Zn/air or Li/air, and regenerative fuel cells the ideal ele\ctrocatalyst will be
suitable for both reactions. Achieving efficient bifunctional catalysissrequires minimisation of the
overpotentials for both reactions and is commonly determined by measurement of the difference
between the potentials required to attain a desired current density for both reactions [2].

Perovskite oxides of the general formula ABOs, wheré A'is a.large-radius rare-earth ion and B
is a transition metal ion, have attracted increasing interest.and hold great promise as efficient OER
electrocatalysts to replace noble-metal-based catalystss@specially in alkaline media, owing to their
high intrinsic catalytic activity, abundant variety, and low cost, and'rich resources [3]. They generally
have lower ORR activity, but their capability of ./accommodating partial substitution at the A and/or B
sites (A1x A'xB1.,B,03), introducing changes in the valence states of the metal cations and oxygen
vacancies, provides a compositional landscape that continues to be explored in an effort to find the
most active/durable/economic electrocatalysts. Materials are prepared both as thin films deposited
on to a substrate and as (nano)particulate materials. The latter have been prepared using a range of
methods including solid-state synthesis, combustion, precipitation, hydro/solvothermal synthesis, sol-
gel synthesis, and polymer-assisted approaches [2]. As the compositional landscape continues to be
explored, greater understanding/of the fundamental structure-property relationships for these
materials increases. Exploration of preparation methods will deepen understanding of the role of
particle size and texture in/determining activity and durability of the materials. In addition the
preparation of composite materials, lincorporating conductivity enhancers and co-catalysts may
enable some of the inherent limitations of the materials to be overcome.
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Figure 18. lllustration of the perovskite structure and the compositional/structural landscape that may be explored in seeking the most
active/durable/economic bifunctional ORR/OER electrocatalysts.
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Current and Future Challenges

The fundamental understanding of bifunctional ORR/OER electrocatalysis at perovskite electrodes has
developed rapidly in the last decade. Such work has been dominated by exploration of the
compositional landscape, with the aim of either finding the most active materials by screeninga’large
number of materials or to establish activity descriptors, such as eg orbital filling, metal-oxygen
covalency, number of d electrons, position of the d-band centre, the p-band centre ©of bulk»O,
equilibrium potential of the B-site cation redox, etc. to facilitate such exploration [4]. Assmentioned
above, most studies focus on either the ORR or OER, and thus neglect to consider. the additional
challenges posed to achieve efficient bifunctional electrocatalysis. In addressing this, particular
challenge further work should address the following aspects:

e Mechanistic understanding: The study of most perovskite based electrocatalystsiis carried out
on (nano)particulate materials and the electrodes themselves contain binders and
conductivity enhancers (see below). To fully understand the mechanisms of both reactions,
including the effects of the state of the electrocatalyst surface (orienta%n, defects, surface
enrichment, etc.) further studies on well-characterised carbon-free preferentially oriented
films are required, supported by the development of theoretical medels [5]

e Roles of oxygen vacancies: Whilst it is well established that the B-site cations are the redox
active sites for ORR and OER the role of lattice oxygen in the mechanisms is less well
established [6] and warrants further investigation for both reactions, both experimentally and
computationally. Effective strategies to introduce,.and. manage oxygen vacancies include
thermal reduction, the introduction of an A-site cation.deficiency or substitution of A-site
cations with a cation with a lower oxidation state/ [7]

e Anionic defect engineering: In addition to,considering the lattice oxygen atoms as active
participants in the ORR and OER mechanisms anion dopants (S/N/P/F) can be introduced to
enhance activity by modifying the bulk electronic structure, transport properties, surface
adsorption and the formation  of sub-surface active phases. Greater fundamental
understanding is required_ as greater control of the generation and stability of desired anionic
defects. [7]

e Promoters and co-catalysts: Theygains in activity, measured as the reduction in the
overpotential required to'achieve a desired current density, achieved for either the ORR or
OER reaction, is often off-set by an increase in the overpotential for the other reaction.
Adopting the approach ©f using promoters and co-catalysts from thermal catalysis may
represent a means of overcoming this apparent limitation in the design of bifunctional
electrocatalysts.

e Conductivity enhancers: Due to the low electronic conductivities of perovskite-type oxides,
electrodes often also contain carbon materials, accelerating electron transport [5, 8]. By
mixingthe oxidesiwith carbon materials, the specific surface area also increases. Many forms
of carbonincluding graphene, doped graphene, and carbon nanotubes have been explored
in.recent years: However, greater consideration should be given to the tendency of carbon to
corrosiondin strong alkali conditions at the potentials for OER as well as recognising the
contribution of carbon to the ORR, where it may serve as the active electrocatalyst in alkaline
media reducing O3 to H,0..

e Scaling up the preparation of high surface area materials: Most published studies to date have
only considered the preparation of small (10s of g at most) batches of materials. Whilst the
use of small reactors enables greater control over the morphology and nanostructure of the
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resulting catalysts, considerable effort now needs to be invested in scaling up preparation
methods if the materials are to cross over to practical applications.

e Practical electrode structures: Performance of perovskite oxides as bifunctional oxygen
electrocatalyst at practical current densities has been scarcely reported, with most studies
being carried out on thin film electrodes or as thin (nano)particulate catalyst inks deposited
on to rotating disc electrodes. To truly operate as a bifunctional electrode at high current
densities, the electrocatalyst must be placed into gas diffusion electrode (GDE) structures that
allow both a high flux of O, to the catalytic sites during ORR and an effective removalof'O,
away from these sites during OER. An important aspect of work in this area is the effective
management of the hydrophilicity of the composite electrode structure(to prevent flooding
during ORR and drying out during OER.

Advances in Science and Technology to Meet Challenges

Much of the fundamental understanding of the properties of perovskite\based bifunctional
electrocatalysts originates in silico through the application of density:functional theory and materials
simulations. A greater application of multi-scale methods is required to.describe the evolution of
oxygen vacancies and any accompanying structural disorderhon the “electronic and transport
properties of the materials.

Advances are required in the preparation of both model materials, to further fundamental
understanding of the mechanisms of ORR and OER and the'relative contributions of the B-site cations
and surface or lattice oxygen atoms, and (nano)particulatermaterials using preparation methods that
can be scaled up to enable practical applications. Simultaneously further development of in situ and
operando spectroscopic and structural characterisation methods [9, 10]. In particular advances in near
ambient pressure XPS and X-ray Raman spectroscopy enable.characterisation of the environments of
the surface and lattice oxygen atoms, whilst high energy resolution XANES and X-ray emission
spectroscopies probe the effects of applied potential on the oxidation states and coordination
environments of the A- and B-site cations.ln.conducting such measurements the effects of limited
mass transport, of O,, water, protons and hydroxide ions, and any additional effects of increased
electronic resistance brought about by the compromises that arise from the modifications to the
electrochemical cell design required te enable in situ or operando measurements must be taken into
account when interpreting the spectra.

Concluding Remarks N

The wide compositional landscape¢offered by transition metal perovskites provides great
opportunities in terms,of materials discovery for ORR and OER electrocatalysts. Greater consideration
needs to be paid to the possible bifunctional nature of such electrocatalysts if they are to find practical
application in batteriés and.reversible fuel cells.
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Electrocatalysis at Perovskite Thin Films
Hugo Nolan, Brian E. Hayden, University of Southampton
Status

The need to exploit renewable energy sources has resulted in novel approaches to improving
renewable energy technologies. Mixed valence metal oxides are of particular interest for a,variety.
electrochemical energy storage and conversion techniques. In particular, inorganic perovskites with
the structure ABOs; (where A and B are metal cations) are experiencing increased research activity as
electrocatalysts for the oxygen reactions involved in fuel cells, electrolysers, and metaliair batteries.[1]

The limiting component of the overall efficiency of a fuel cell is the cathodicOxygen Reduction
Reaction (ORR). The best performing electrocatalysts for this are based on carbon supported Pt
nanoparticles. Not only is this material extremely expensive, thus driving the device costwup, Pt is also
very prone to catalytic poisoning, which reduces the stability of the catalyst with continuous use.
Electrolysers are a related electrochemical technology which can be used to\generate H, gas by
splitting of water. In this process, H; is formed via the cathodic Hydrogen Evolution Reaction (HER),
but it is the sluggish anodic Oxygen Evolution Reaction (OER) which limits overalldevice performance.
The best OER electrocatalysts are materials such as RuO, and IrO,, whose expense and scarcity render
this technology impractically expensive for widespread use. Bifunctional OER/ORR activity is also
necessary in unitised fuel cells, which are used for distributed power generation, and in metal-air
batteries. OER and ORR have reaction mechanisms specific. to acidic or basic media. Metal oxide
electrocatalysts exhibit poor stability in acid, necessitating significant improvements in stability, or
optimising devices towards alkaline operation. v

Mixed valence oxides such as inorganic perovskites are an inexpensive class of materials
whose catalytic performance for the OER and ORR can be tailored to rival expensive platinum group
metals, at a fraction of the cost. Key to their suitability are the mixed valance cation states and their
robust crystalline structure. Rational materialdesign such as substitutional cation doping or formation
of anion vacancies can be used to induce cations with specific valence states or electronic
structures.[2], [3] This enables the formation of specific surface catalyst sites which are optimised
towards a specific reaction (figure 19).
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Figure 19. Relationship/between (a) OER and (b) ORR overpotential and eg electron occupancy on B site transition metal for various
perovskite catalysts. (c) Influence of Mn valence on ORR activity. (a) reproduced from [3], (b) and (c) adapted from [2]. Activities
determined experimentally; electron occupancy and nominal Mn-valence are determined through a combination of experimental and
computationalitechniques.

Current and Future Challenges
Perovskite synthesis takes place via a number of possible avenues including thermal
decomposition, hydrothermal, solid state chemistry, and sol-gel. While these approaches can be
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readily scaled to produce gram scale quantities of material, the catalyst must be supported on a
conductive material to fabricate electrodes for electrocalytic applications. In this context, thin film
deposition approaches can be advantageous, as the perovskite layer can be deposited directly on to
the conductive support. To this end, a variety of thin film deposition techniques have/been
investigated; including Chemical Vapour Deposition (CVD),[4] Atomic Layer Deposition (ALD),[5]
Pulsed Laser Deposition (PLD),[6] and Physical Vapour Deposition (PVD).[7]

CVD and ALD proceed via the reaction of organo-metallic precursors with oxygen, water,
ozone or other oxidising agent at elevated temperatures (approx. 200-600° C). The synthesis’of
precursor compounds and differences in their volatility can complicate the overall“process. PLD
typically uses highly crystalline perovskite targets whose preparation require temperatures in’excess
of 1000° C. Evaporative PVD involves thermal heating of source materials”in “an, oxygen-rich
environment to grow the perovskite film on a variety of substrates. In all cases above, elevated
temperatures are required during deposition in order to form highly crystalline films, additional post-
growth annealing is also often employed. These approaches are also best sdited to producing only
single or a small number of compositions per deposition run. Furthermore, the vast majority of
perovskite thin film research to date has focused on photovoltaics, magnetic, superconducting, and
dielectric materials, rather than electrocatalysis. Much of the research into thin film deposition of
perovskite compounds is focused on hybrid organic-inorganic halide compounds which are widely
used in photovoltaic applications, which is outside the scope of this discussion.

Advances in Science and Technology to Meet Challenges &

Evaluating the electrocatalytic performance “of /ternary substituted perovskite thin films
requires ease of control over composition. RF plasma technigues have been used to produce atomic
oxygen radicals which have a much higher reactivity than molecular O,. Co-deposition of metals and
atomic oxygen in PVD allows the formation of crystalline perovskites on a variety of substrates at
relatively low temperatures. This has been demonstrated for a variety of perovskite systems such as
Ba[Sr,Ti]Os,[8] Sr[Ti,Fe]0s,[9] and La[Mn,Ni]03.[10] Furthermore, the use of compositional gradients
and combinatorial approaches has facilitated the development of High Throughput-PVD, in which
large compositional spaces of ternary perovskite systems can be rapidly explored.[7] When deposited
on appropriate electrode arrays and coupled with high throughput voltametric measurements, the
electrocatalytic performance/of Iake numbers of ternary and quaternary substituted perovskite
compounds can be rapidly assessed.

Measurement‘ofactivity (in.alkaline media) along the pseudo-binary perovskite tie-line from
SrTiOs-SrFeOs; revealed that SrTipsFeosOs.s exhibited the best performance in terms of OER catalysis
and electrode stability (figure 20(a)). Higher Fe content resulted in greater OER activity, at the cost of
electrode stability, with lattice oxygen participating in the reaction for SrFeOs. These mechanistic
insights are important asilong-term stability under operational conditions is crucially important for
any candidate electrocatalyst: An anti-correlation in OER and ORR activity was observed along the
LaMnOs-LaNiOs pseudo-binary tie-line, with highest OER activity found in Ni-rich compounds of
LaxMnyNii,Os.s. Off this tie-line, it was found that Ni substitutes into both A and B sites for La-deficient
compounds. The' best performing bifunctional catalyst was found in this region; specifically,
LaoissMno7Nig4503.5. Bifunctional OER/ORR activity was found to correlate with the presence of the
Mn3** redox couple (figure 20 (b) and (c)). The substitution of Ni?* into the A site of La-deficient
compounds creates a mixture of Mn3 and Mn*" through charge balancing, and it is the latter cation
which.is key to bifunctional activity. This highlights that it is perovskite compounds which lie away
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from the pseudo-binary tie-line that exhibit the multiple oxidation states which imbue them with great
potential in electrocatalysis.

Onset Potential / V.
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Figure 20. (a) OER onset potential as a function of composition for Sr[Ti,Fe]Os. Reproduced from [9]. (b).Bifunctional OER-ORR activity
and (c) charge associated with the Mn3*/** redox couple as a function of composition for La[Mn,Ni] Q3. Reprodu@d from [10]. Red dashed
line indicates pseudo-binary perovskite tie-line in each.

Concluding Remarks

While various thin film deposition approaches have! been used to produce inorganic
perovskites, there has been relatively little research into electrocatalytic applications of materials
produced in this manner, with other synthesis routes |favoured: Development of deposition
techniques which allow for accurate control over compositioniand growth at reduced temperatures
has enabled the exploration of many ternary substituted doped perovskites as electrocatalysts. This
has enabled the untangling of various surface effects and the rational design of novel electrocatalysts
tailored to specific reactions. A complimentary approach using computational screening of ternary
compounds for desired oxidation states and highthroughput experiments will allow for the continued
development of the novel inorganic perovskites requiredto address specific shortcomings in energy
conversion and storage technologies.
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Heterogeneous catalysis
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Status

The inorganic perovskite oxides with a general formula of ABO3 can display.a wide range of
oxygen nonstoichiometry and offer great flexibility in redox active sites, oxygen vacancies and
physico-chemical properties as a result of the numerous possible substitutions with different
sizes and valences at both A and B sites. Via tuning the composition and calcination
temperature, inorganic perovskites may also be arranged as double perovskite or layered
perovskite. With such wide possibilities of compositions and structure; inaganic perovskites
have wide applications in many fields as a result of excellent,redox.ehaviour, oxygen
mobility, and high electronic/ionic conductivity [1].

Up to now, inorganic perovskites with tunable properties /have been extensively
investigated in catalysis fields (e.g., photocatalysis, electrocatalysis and traditional
heterogeneous catalysis) due to their extraordinary variability of compositions and structures
[2]. In the heterogeneous catalysis field, inorganic perovskites with high thermal and
hydrothermal stability, tunable acid-base sites and stoichiometries, good redox ability and
oxygen mobility have great potential eithersfor gas or solid chemical reactions at high
temperatures, or liquid-phase catalytic reactions at:low temperatures.

Besides the influence of compasition of inerganic perovskites based catalysts on their
catalytic performance, their morphologyalso plays a critical role on catalytic performance in
the heterogeneous catalysis field due to its direction to the accessible active sites, such as
surface oxygen species, transiton.metal ions as well as the loaded components on the surface.
In the past several decades, various nanostructured inorganic perovskites have been reported
and demonstrated to exhibit'better performance than their bulk counterparts in catalytic
performance, such as for/ gas/oxidation (e.g., CO, CHa, volatile organic compounds), soot
oxidation, reformingaeaction for hydrogen and syngas production, selective reduction of NOx
‘, whereas their catalytic application in the conversion of biomass to value-added chemicals is still at its
early stage (Figure/21) [3].. Besides, the improved performance of inorganic perovskites in
liquid-phase catalytic reactions has also been reported, such as the selective oxidation of
benzyl alcohols, benzylation, esterification, alkylation, hydrogenolysis, aldol addition [4].
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PEROVSKITES IN HETEROGENEOUS CATALYSIS

Biomass... Ao 4 Syngas

Figure 21. Perovskites in heterogeneous catalysis. Reprinted by permission from American Chémical Society [3], Copyright 2014.

Current and Future Challenges

The research of inorganic perovskites for heterogeneous catalysis has been developed for

several decades, however there are still some challengesito be further addressed.

1)

2)

3)

A key challenge is the difficulty in formation of‘nanostructured inorganic perovskites due
to the usually required high temperature for /perovskite-type phase formation and
uncontrollable growth paths. Although various methods have been developed to obtain
nanostructured perovskites with increasedsurface areas via the design of particle size and
morphology in order to effectivelysimprove their catalytic performance, the preparation
of nanostructured perovskites withnmulti-elements and with desirable morphology,
particle size and exposed facets is still challenging, especially for the synthesis of inorganic
perovskites with particle size smaller than several nanometers. The accurate synthesis of
perovskites with exposed facets andparticle size could help precisely understand the
influence of perovskite facets.and particle size on their catalytic performance.

Another key challenge is to determine the real active species, and the interaction between
inorganic perovskites and reactants for specific reactions. Nowadays, the catalytic
mechanism or process are usually proposed based on the traditional characterization
results (such fas X=ray photoelectron spectroscopy (XPS), Transmission electron
microscopy (TEM), temperature programmed reduction (TPR), temperature programmed
oxidation (TPO)) and-¢catalytic performance, but these are generally insufficient to provide
hard evidence. The surface composition and active species of inorganic perovskites would
also take irreversible change during the catalytic process. To understand the detailed
reaction mechanism and the relationship between composition and catalytic activity,
more techniques to detect the active species and intermediates for understanding the
mechanism are strongly desirable.

Tofind@and design the most effective heterogeneous catalysts via cost-effective strategies
is another challenge. Up to now, lots of inorganic perovskites and their supported
catalysts have been reported for specific catalytic process, however the comparison and
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database on the catalytic performance of those inorganic perovskites-based catalysts is
still lacking. As a result, scientists and engineers still have to spend a lot of time and cost
to try to find the best inorganic perovskite-based catalysts for specific catalytic reactions.

Advances in Science and Technology to Meet Challenges

Up to now, several different methods (e.g., combustion, electrospinning |, thermal
spray, template and hydrothermal methods) have been reported to prepare
nanostructured inorganic perovskites, which display better catalytic performance than
their bulk counterparts. Even though these methods all have their,advantages and
disadvantages, suitable synthesis methods can be adopted to obtain nanostructured
inorganic perovskites with increased surface areas and [enhanced catalytic
performance via optimizing the conditions.[5] In addition, «€ven:though it is still
challenging, the synthesis of perovskites with tailored crystal face\ts has also been
reported, which could provide some guidance for better design of inerganic perovskite
catalysts [6]. To increase the stability of supported metal nanoparticles, exsolved metal
or metal oxide nanoparticles can be synthesized via high-temperature reduction and
chemical reduction methods [7].

The research and development in advanced in-situ/operando characterization
techniques, such as in-situ TEM, diffuse reflectance. Fourier transform infrared
spectroscopy (DRIFTS), in-situ XPS, in-situ X-ray/absorption spectroscopy, operando
space-resolved and time-resolved DRIFTS-Raman, make it possible to detect the slight
but quick changes of surface species and morphology of inorganic perovskite-based
heterogeneous catalysts during thescatalytic process [8]. Combined with in-situ and
ex-situ characterization, as well as the catalytic performance, the reaction mechanism
and the relationship between inorganic perovskites and their catalytic performance
can be better understood, which could further promote the development of effective
catalysts.

Furthermore in recentiyears, the development of computer techniques (e.g.,
machine learning, high throughput screening) and theoretical calculation approaches
enable optimisation .of composition of inorganic perovskites for specific catalytic
process. Building uponthis and the known mechanism and knowledge, might greatly
reduce the cost and time to find the next generations of catalysts. For example, high-
throughput DFT calculations have been used for the calculation of formation energies,
oxidation states, thermodynamic stability and oxygen vacancy formation energy of
ABOs3 perovskités, as shown in Figure 22 [9]. In addition, the development of high
throughput synthesis and analysis techniques also contribute the further applications
of inorganic perovskites in heterogeneous catalysis [10].
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Figure 22. Workflow to calculate all the properties in the current dataset. Reprinted by permissionfrom Springet Nature [9], Copyright
2017.

Concluding Remarks

In Summary, the surface species and composition in inorganic,perovskites mainly determine
the intrinsic activity while the apparent catalytic activity could”be further improved by
constructing nano/micro structures with higher surface areas, more exposed active sites, and
enhanced mass/heat transfer ability. With advances in the research and development of
synthesis techniques, the synthesis of nanostructured inorga’nic perovskites with controlled
morphology and exposed facets is possible; which could provide deeper understanding about
the relationship among composition, morphology:and catalytic activity. In addition, modifying
the surface with other metal/oxide nanoparticles via deposition or exsolution methods also
provides potential strategies for the design of.effective inorganic perovskite catalysts with
excellent performance. With the development of in-situ/operando instrument and computer
technique, it is also possible to clearly reveal the changes of the active sites on the perovskite
catalysts during the catalytic process and help design more efficient catalysts with low cost,
high activity and long durability er special reactions.
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Chemical Looping
lan S Metcalfe, Department of Chemical Engineering and Advanced Materials,
Newcastle University, UK

Status

Chemical looping (CL) can be defined as a methodology in which an individual reaction can, be split
into separate subreactions. Each subreaction can be performed in distinct reactors; or in the same
reactor at different times. At least one chemical intermediate is transferred, or carried, between the
multiple reactors by a carrier material. As such, CL is an ‘unmixed’ reaction process whereby, e.g., an
oxidant and a hydrocarbon can essentially undergo reaction without ever being mixed. Although CL
need not be restricted to carrier materials in the solid phase, it is beneficial for products and carriers
to be in different phases for ease of separation. o
Around 120 years ago a CL process, the steam-iron process (Figure»23), was'employed for most
hydrogen production. Iron oxide is contacted with a reducing gas, usuallya reformed hydrocarbon in
the form of syngas (carbon monoxide and hydrogen):

Iron oxide + CO + H; = iron + CO, + H,0

Iron is produced along with carbon dioxide and water  (with Unreacted carbon monoxide and
hydrogen). In a second step the iron is reoxidised by steam to produce hydrogen (with unreacted
water) that is free of any carbon oxides and thus easily separated:

Iron + H,0 = iron oxide + H,

In this example solid iron/iron oxide acts as an oxygen carrier material (OCM) and it remains true that
most CL processes studied have relied upon the use of such OCMs.

The recent resurgence of interest iRCL is driven by the benefits of inherent product separation such
as that of carbon dioxide from flue'gas.. This topical concern has resulted in the publication of timely
texts concerned with energy'conversion [1, 2] and beyond [3]. Additionally, progress has been made
on improving the stability.of OCMs'by using more complex, non-stoichiometric oxides, particularly
perovskites. Non-stoichiometric perovskites have also been employed in CL processes that, for the
first time, have permitted conversions in excess of that allowed by conventional ‘mixed’ reaction
equilibria [4]. Furthermore, CL may allow reactions to be performed under improved operating
conditions (see recent waork on low pressure ammonia synthesis [5]).
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Figure 23. The Steam-Iron process performed in a fixed bed reactor. In the first stage,(A) iron oxide is reduced to iron by a reducing
syngas. In the second stage (B) the iron is oxidised by water to produce hydrogen in.unreacted water.
. 4

Current and Future Challenges

There is no doubt that CL processes could. be employed beneficially for a much wider range of
reactions. Potential reactions will need to be.identified and the contribution of CL evaluated.
However, there are as yet no established methodologies for performing such an analysis. Modes in
which CL can be utilised have not been fully.explored and there is a lack of information on the nature
and properties of potential carrier systems. Demonstration of novel modes of operation will require
work on e.g. pressure-swing CL (the}ndividual subreactions do not occur at the same pressure), multi-
step CL (there are more than two individual steps), the control of fluid-solid contact patterns (fixed
beds of carrier can allow.equilibrium imitations to be overcome), the use of controlled oxidation and
reduction (control of the oxygen chemical potential of a carrier and thus the selectivity of the reactions
in which it is involved e.g. partial oxidations). Furthermore, we must deliver carriers of high capacity
(i.e., high contentf the species to be transferred between subreactions) and high stability. Capacity
will need to bedreadily available (so sufficiently high surface exchange and diffusion coefficients) at
the chemical potential required by the process. Modelling will have a role in the prediction of carrier
thermodynamic_behaviour. Employing composite carriers may allow for systems with more
favourable properties but will lead to its own challenges in terms of stability and properties prediction.
It may also.be necessary to explore the surface modification of carriers in order to enhance surface
exchange kinetics.

Finally‘there will need to be testing under realistic conditions to evaluate the structural and chemical
evolution of carriers. Methods for eliminating modes of degradation or reducing their effect will be
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developed. Reactor and process models will be required to allow testing at scale and prediction of
the economic benefits of commercial operation.

Advances in Science and Technology to Meet Challenges

Scientific advances will be required in the areas of in-situ and operando techniqu:g, the use

Understanding the way in which carriers function and evolve during operati i re the
development of methods to measure local state of the carrier operando. Syn sed XRD has
been used to measure local oxygen content of perovskites [4]. Such techniq expensive,
investigating
oxygen content. Tomographic techniques and imaging at different
explore how carriers evolve with time on stream. Recent work (Fi as investigated the

could be used more widely. There is also an opportunity to exploit neutron il

evolution of a composite iron oxide-perovskite (Lao.7Sro3FeOs) particle u dox cycling and shown
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Figure 24. Microstructural evolution of a single composite particle during 200 redox cycles. Phases denoted by red and yellow colours
correspond to a majority iron oxide (Fe/FeOx) phase and Lao.sSro3FeOs while blue denotes porosity. Microstructure and Fe/FeOx particle
size and porosity analysis by X-ray CT for a single composite particle after (a) 0, (b) 70, (c) 140 and (d) 200 redox cycles. Below:
Schematic diagram of the evolution of composite particles during redox cycling. Adapted from [6] and licensed under CC BY.

New methods need to be developed for measuring rates of surface exchange and diffusion in situand
operando. It is likely that the kinetic behaviour of carriers, and particularly composite carriérs, could
be dominated by the role of interfaces. Thus, work with carrier systems where grain boundary
composition and density is controlled in model and real structures would be beneficial. The evolution
of interfacial properties should be studied. Insights developed should aid design of impreved carriers
(e.g. composite and core-shell structures [7, 8]) and new synthetic routes for carriers, e.g., the use of
exsolution processes [9]. Carrier behaviour should be studied through kinetic work covering model to
realistic conditions; there may be a role for high throughput screening.

Perhaps the ultimate scientific advance would be a modelling approeach that-could fully predict
materials behaviour and evolution. We will for some time rely on classical'modelling combined with
empirical insights into how parameters are affected by e.g. conditions‘and duration of operation and
this will lead to hybrid modelling approaches when combined with property prediction. Interactions
with other disciplines such as solid state ionics and catalysis will undoubtedly be important. In the
long term data analysis and machine learning may aid carrier design.

Concluding Remarks

There is little doubt that the application of chemical looping promises a future in which we will be able
to operate much more efficient chemical conversions with reduced environmental impact. Such
‘unmixed’ reaction processes are thermodynamically. distinct from conventional ‘mixed’ reaction
processes and these differences will be exploited to deliver radically different and improved
processes. However, key to the exploitation of chemical looping is good scientific work in both carrier
development and the study of carrierevolution under the demanding conditions of repeated reaction
cycling. This will need to be combined with good process engineering in order to develop strategies
for reactor operation that capitaliseson. the'benefits of chemical looping while mitigating against loss
in carrier performance. In fact, to be most effective, carrier development, process engineering and
modelling across the lengthscales must advance as an integrated whole whilst also interacting with
related disciplines.
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Emergent nanoparticles
Dragos Neagu, Department of Chemical and Process Engineering, University of
Strathclyde, United Kingdom

Status

Exsolution, the process by which a solid solution phase unmixes into two separate,phasesinithe solid
state, has been known in geology for many decades. However, it was not until the last{decade that the
utility of such a process for creating new nanostructured materials was revealed.(By controlling the
defect chemistry of a perovskite lattice containing reducible ions (as a solid solution), and exposing it
to reducing environment at temperatures where ions become mobile, those'reducible ions emerge
(exsolve) into nanoparticles at the surface of the perovskite lattice.[1]

As compared to nanoparticles prepared by conventional deposition/assembly\methods, emergent
nanoparticles form in a single step, simplifying manufacturing, are moere uniform in size and
distribution and are epitaxially socketed within the surface, exhibitingintriguing new physico-chemical
properties such as enhanced carbon deposition and sintering resistance, or strain-enhanced
activity.[2] These, along with the possibility to tune size, population, composition or shape, have
rendered exsolution as a powerful method for functionalising the surface of perovskites with catalytic
activity. Recently, nanoparticles have also been exsolved within the perovskite bulk, causing mutual
strain within themselves and the surrounding host lattice, thus opening new opportunities for strain
engineering and tuning of bulk transport properties.[3] 4
Exsolution has grown to be not only an alternative route to the decades-long history of deposition/
assembly preparation methods, but has set us on.a completely new line of thinking in material design,
implementation, unlocking unprecedented levels of functionality, reactivity and durability across a
range of catalytic and energy conversion applications (Figure 25). Emergent nanomaterials promise to
deliver exciting opportunities on multiple fronts (Figure 26): integrated functionality — creation of
systems that combine multiple functional properties tailorable for desired applications (e.g. electron,
ion transport, surface activity etc); emergent functionality — due to the diverse, highly correlated
phases, interfaces and properties possible, unique new physics and chemistry are expected to be
discovered; dynamic, self-adaptive Qaterials —most of the perovskite design is currently static, i.e. the
as-prepared structure and function are also final, but exsolution opens the way to create perovskites
that can rearrange to desirable/structure and function during device integration, operation or can

reset to initial structure if degradation occurs over time.
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Figure 25. Publications using “exsolution” as keyword over the last decade. Curated by using Google Scholar and “Publish or Perish”
software by Harzing, A.W. (2007), available from https://harzing.com/resources/publish-or-perish. This is not an exhaustive list and only
contains about 200 journal papers. “Other” includes sensor, thermoelectric and magnetic applications.

Current and Future Challenges

The challenges in achieving these could probably be summarised in four terms: complexity,
measurement, modelling and manufacture.

In order to enable exsolution and other additional functional properties, a complex set of design
requirements need to be fulfilled, leading to relatively complex perovskite formulations'which often
combine multiple elements and various defect chemistries. Such diversity has probably lured research
into a direction that favours outputting new compositions tailored for a range ofapplications, in favour
of more systematic characterisation of a few, reference or model systems. The lack of a
comprehensive structural, compositional, thermodynamic and kinetic dataforsuch reference systems
(which control key parameters including particle size, distribution of degrée of immersion, thus
underpinning physico-chemical properties), together with the difficulties .of computationally
modelling systems with high concentration of defects/dopants, have made it difficult to establish a
well-defined set of rational design principles, which remain largely empirical. [4] The lack of more
fundamental property investigation has also probably precluded exsolution from yet reaching other
fields like physics where, e.g. magnetic properties could be,of interest.

While exsolution is a relatively simple, single-step treatment, the fundamental transport processes
that make it happen are quite complex, involving lattice oxygen #emoval and subsequent electron
doping, nanoparticle nucleation and growth and diffusion/of oxide ions and cations across the surface
and bulk. Some of these processes, may nat only limit exsolution but also raise challenges for
understanding, monitoring and controlling “it. For example, perovskite surface
segregation/reorganisation limit cation transport to the surface, trapping ions in the bulk thus limiting
the amount of particles that can be formediat the surface. lon diffusion within the bulk itself can also
limit the rate and extent of exsolution leading ta the necessity of high temperatures or long durations.
Such a complex overlay of phenomena,.in the presence of many point defects and emerging interfaces
has not only made it difficult tomodel.computationally but has also difficult to monitor and
characterize in real time since a range of techniques would be required to probe structural changes
across length-scales and time-$calespinithe bulk and at the surface.

Advances in Science and Technologyto Meet Challenges

There are probably two different sets of parameters to design, control and investigate the structure
and function of exsolved materials: intrinsic (related to the material) and extrinsic (related to the
conditions in which'the mateérial is exposed to trigger exsolution).

Many intrinsic parameters are yet to be explored, including different perovskite-related crystal
structures_or.defect chemistries, less-explored elements, or different anion sublattice (e.g. halides,
nitrides or oxycarbides).[5]-[7] These could enable new classes of catalytic materials for photo/electro
catalysis, help alleviate surface and bulk transport limitations, lowering the exsolution temperature
and enabling ‘new opportunities in electrochemical applications at near-ambient conditions.
Diversifying the microstructures in which the crystal lattices are formed and deployed is also key,
investigating higher surface area powders, thin films or hierarchically structured perovskites. Finally,
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it is imperative to develop synthetic routes that allow the controlled preparation of such complex
perovskite lattices and microstructures at lab and pilot scale for transition to industry.

In terms of extrinsic parameters, we already know that chemical or electrochemical driving forces can
trigger exsolution, but other means (e.g. light-driven) should be explored to realize self-adaptive
capabilities for device implementation.[5], [8], [9] We also know that reduction temperature and time
control particle size and population, but more work is needed to rationalize the effect,/ultimately
enabling us to exsolve single atoms, one of the ultimate frontiers in efficient catalyst design and
function. Lastly, there is evidence that the pO; and the nature of the reducing atmosphere dictates
nanoparticle shape and composition, but more work is needed to control this effect.[10]

The combination of intrinsic and extrinsic parameters makes for virtually infinite structural and
functional diversity and understanding the interplay and overlay of these willtbe key'in discovering
new, emergent functionality. To monitor and characterize these, comprehensive, correlated
techniques will have to be more routinely employed or developed. A.range of X-ray techniques,
particularly at synchrotron scale, would be highly desirable: X-ray photoele\ctron spectroscopy
(surface), diffraction (bulk phase composition and crystal arrangement), absorption spectroscopy (ion
oxidation state and coordination environment), computed tomography. (microstructure and phase
distribution). Ideally these would be coupled with physical property.measurement such as electrical,
electrochemical and magnetic measurements. Such a correlated data set:could also greatly aid in the
computational efforts to rationalize these materials.

Exo-particles
(active sites)

Endo-particles
(strain sites)

Bulk transport
(e_l H+I Oz-l X)

Host lattice ;

Point defects

Figure 26. Schematic depiction of the exsolution concept, illustrating factors involved in control and functionality.

Concluding Remarks

[Include'brief contluding remarks. This should not be longer than a short paragraph. (150 words max)]
Exsolved emergent nanomaterials have already revolutionised the way we think about material design
and implemeéntation across multiple fields including catalysis and energy conversion. Undoubtedly the
field will continue to grow as this approach and the wealth of multifunctionality it brings continues to
be adopted by research groups across different fields. While the complexity of formulation,
rationalisation and underpinning fundamental processes remain challenging, they also breathe new
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life in the world of perovskites promising to deliver smarter, self-adaptive materials with emergent
properties and providing motivation to develop advanced correlated techniques.
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Li-perovskites: interest and future prospects
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Status

Li-batteries have led the revolution of device-systems to power portable electronics or electrical
vehicles and to storage energy from renewable sources. Higher energy density and improvements on
safety and cycling life are expected on all-solid-state-batteries (ASSBs) based"in,inorganicssolid
electrolytes [1]. Li-perovskites are among the most promising electrolytes for oxideand sulfide ASSBs.
Outstanding high Li-conductivity at room temperature in a perovskite was firstéeported in 1993 in
LaosLio34TiO2.94 0295k ~ 1 x 107 Sem™®) [2]. This discovery kicked off an intenseséarch for establishing
composition-structure-properties relationships in this type of perovskite-oxides. The study of the
stoichiometric range of the La(3)«LisxTiO3 system and its thermal stabilitywas crucial.to obtain single
phases [3] and full determination solving the crystal structure of these Li-perovaates [4]. The aim of
increasing Li-conductivity guided the study of other La/Li titanates with the perovskite structure and
so to optimize composition and properties, in such a way that the highest conductivity reported so far
has been in the oxide with composition Lag.seLio36Tio.s7Al0.0303 (0205¢2:2.95 x 10 Scm™) [5]. Yet, despite
the excellent Li-conducting properties of these perovskites, La/Lititanates face two major issues: high
resistance associated to grain boundaries in polycrystalline ceramics, which can decrease the total
conductivity more than one order of magnitude, and a narrow electrochemical window, since these
titanates are not electrochemically stable below 1.8 V vs. Li dué to the reduction of Ti** to Ti**.
Nonetheless, perovskite oxides present some advantages in comparison with the other studied Li solid
electrolytes such as higher chemical stability in‘airand widerelectrochemical window than Li;oGeP,S1>
and higher resistance towards humidity, although lowerelectrochemical stability than Li-garnets [1].
Interestingly enough, the high resistancérand capacitance associated to the grain boundaries, which
limits the application of these ceramics asielectrolytes, results in a “giant” dielectric permittivity
making these Li-perovskites to behave as barrier, layer capacitors [6]. Despite the aforementioned
inconveniences, the properties of Li-perovskites still place these materials among the most valuable
solid electrolytes for ASSBs.

Current and Future Challenges N
Widening the electrochemical wihdow and eliminating grain boundaries are the main challenges for
the practical implementation of Li-perovskites as electrolytes in ASSBs. Replacement of Ti by other
non-reducible metal atoms is,essential to increase the operating voltage range. In this context, the
pioneering work in/the Laguys)«LisxNbO3 system [7] led to interesting conclusions that started new
research on Li-perovskites with transition metals of the second and third rows of the Periodic Table.
In addition to a‘wider electrochemical window, the niobates reduces grain boundary effects, although
the total conductivity is'significantly lower than the bulk conductivity of the titanates. The decreasing
of the bulkrconductivity of these niobates seems to be related to the higher amount of A-cation
vacancies in thedsystem; these are concentrated in completely empty (001)-layers limiting the
conductionywithin the La/Li/vacancy-layers [8]. Improvements on Li-conductivity and operating
voltage range have, nevertheless, been achieved in tantalates and niobates doped with Zr and Hf; in
particular inthe Lis/sSr7/16Hf1/4Tas403 perovskite, which presents a total conductivity of 3.8 x 10* Scm
1 at room temperature and is stable above 1.4 V vs Li [9]. Therefore, synthesizing Li-perovskites with
the appropriate atoms to be electrochemically stable, with the optimum composition to achieve the
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highest ionic conductivity, that seems to be associated to around 8 mol% of vacancies within the A
positions [5], and minimizing grain boundary effects, although grain boundary resistances are
overcome for the case of thin film processing [1], are the main issues to be addressed currently.
Besides, Li-perovskites, like other solid electrolytes [10], face the challenges of electrode/eléctrolyte
interface stabilization and physical contact. Formation of high ion-resistive and/or electron-
conducting phases at the interfaces might avert a satisfactory battery performance, like for sure do.a
poor physical contact or mechanical stress.

LaosSLiOMTiOZ’94

LaO.IOLiO.IZNbos

- Lac,,bl:'io,;'{io,;Alo,osos
. 4

Figure 27. Li-perovskites with high bulk Li-ion conductivity

Advances in Science and Technology to Meet Challenges

Though rational thinking and search are,the essential tools to advance Science, the development of
characterization techniques has allowed discovering and dealing with research problems that were
not possible to solve decades ago. In this sensejin addition to advanced methods on powder X-ray-
including synchrotron-, neutron andyelectron diffraction (PXR, PND and ED), and high resolution
transmission electron microscopy (HRTEM), that have strongly contributed to elucidate the crystal
structure of Li-perovskites for the understanding of their Li-conducting properties [3], [4] and to study
their defect chemistry, complex structureés have been imaged with atomic resolution by STEM
(scanning-TEM) [8], which is a technique clearly called to play a significant role in the study of the
electrode/electrolyte intefrfaces. Worth noting, nuclear magnetic resonance (NMR) is, also, a powerful
tool to study the local structure and diffusion mechanisms in solid inorganic Li-electrolytes. In addition,
the development offexperimental setups such as “in situ” HRTEM, ND and NMR to identify phase
formation and evalution taking place during battery operation are obviously highly interesting. On the
other hand, computational.methods have demonstrated strong capacity to design new Li-materials.
And last, but not least, development of synthesis and processing routes will certainly help to optimize
particle size.and morphology, densification of materials, etc. for the best battery performance.

Concluding Remarks

Research on Li-perovskites is currently highly encouraged owing to their potential applications as solid
electrolytes in ASSBs. The excellent bulk ionic conductivity of the titanate-oxides has not yet been
surpassedby other Li-perovskite systems. However, their relatively narrow electrochemical window
has.moved the interest into Li-perovskites with transition metals of the second and third rows of the
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periodic table. Intensive research in the field, will eventually achieve to overcome major challenges
and the successful development of optimum Li-perovskites for applications.
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