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A B S T R A C T

The transition to a low-carbon economy stands as one of the most pressing global challenges today. Developing 
innovative, more efficient, and sustainable material systems for energy generation, conversion, or storage are 
key-enabling technologies to solve this challenge. Perovskites, with their unique structural and functional 
properties, emerge as next-generation materials capable of addressing various energy-related applications. This 
review focuses on recent progress in their synthesis via sintering and emphasizes how processing parameters 
modify their microstructure and consequently, can enhance their performance in diverse energy storage tech
nologies, including capacitors, supercapacitors, batteries, and energy conversion systems. Moreover, by identi
fying current challenges of sinter-based perovskites and outlining future directions this review offers a 
comprehensive overview of the latest advancements and potential of sinter-based perovskites in the field of 
energy materials research.

1. Introduction

Perovskite is a general term used to denote a class of complex com
pounds characterized by the standard molecular formula ABX3 and 
where the elements share the same crystallographic structure [1]. This 
family’s materials can be categorized into two main subsets: inorganic 
oxide perovskites and halide perovskites. The perovskite structural 
flexibility allows for substantial cationic substitutions within their 
network, which give rise and access to unique properties. This structural 
versatility enables various applications [2] ranging from piezoelectric 
elements [3], sensors [4], and capacitors [5,6] to solid oxide fuel cells 
for energy generation [7,8].

The synthesis of perovskite materials is decisive for their intended 
application because the perovskites’ (micro-)structure and morphology 
dictate their functional properties [9–18]. Various synthesis methods 
have been reported for perovskites including the classical route of 
powder fabrication followed by sintering [14,18]. Moreover, recent 
developments apply thin film deposition techniques such as pulsed laser 
deposition, chemical vapor deposition, atomic layer deposition, and 
solution-based spin coating for fabricating perovskite films [12,14,18, 
19]. Additionally, combustion synthesis and spray and freeze drying 
gain increasing interest for fabricating complex perovskite structures 
[18,19]. Despite the recent developments of applying new synthesis 

methods, the classical fabrication route is widely used for perovskites for 
energy-related applications [12,14]. Furthermore, precise optimization 
and fine-tuning of the two involved steps – powder fabrication and 
sintering – can significantly enhance the functional properties of pe
rovskites synthesized via this route.

The perovskites’ microstructure is largely influenced by the sintering 
process. Sintering in general denotes a thermal treatment applied to 
densify powders by diffusion-controlled mechanisms below the mate
rials’ melting point [20]. Sintering conditions, namely sintering method, 
temperature, heating rate, dwell time, and atmosphere, are crucial pa
rameters for controlling grain growth, phase composition, and porosity 
evolution of the perovskites [21]. These morphological and micro
structural characteristics determine the functional properties of perov
skites, e.g., conductivity, mechanical strength, and chemical stability, 
and consequently their performance in energy-related applications [14, 
16]. Progress in sintering methods have expanded the possibilities to 
tailor perovskites for increasing their performance. While conventional 
solid-state sintering is still widely employed, it often requires prolonged 
treatments at elevated temperature which can result in undesired 
structural changes such as grain growth and secondary phase formation 
[20,22–24]. Emerging sintering techniques such as liquid phase sinter
ing and spark plasma sintering enable material densification at lower 
temperatures and shorter times [20,25–29]. Hence, nanoscale features 
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of perovskite materials are often preserved whereby the mechanical 
properties and electronic/ionic conductivity are enhanced. A detailed 
understanding of structure-function relationships in sinter-based pe
rovskites is crucial to improve their performance in energy-related ap
plications, for instance batteries, capacitors, supercapacitors, solid oxide 
fuel cells, and solid oxide electrolyte cells.

This review provides an overview of sinter-based perovskites as 
functional materials in energy-related applications as schematically 
outlined in Fig. 1. Section 2 summarizes the general structure of pe
rovskites and explains the special features of layered perovskites and 
halide perovskites. Since sinter-based perovskites are prepared by a two- 
step process involving powder fabrication followed by sintering, syn
thesis methods for perovskite powders are explained in Section 3. In 
Section 4, the key characteristics of three different sintering methods – 
conventional solid-state sintering, liquid phase sintering, and spark 
plasma sintering, are briefly summarized and examples of perovskite 
fabrication with these methods are given. Section 5 focuses on sinter- 
based perovskites applied in energy storage applications, namely bat
teries, capacitors, and supercapacitors. Applications of sinter-based pe
rovskites in energy conversion and generation as solid oxide fuel cells 
and solid oxide electrolyte cells are presented in Section 6. Finally, 
Section 7 summarizes the reviewed studies and outlines future per
spectives of sinter-based perovskites in energy-related applications.

2. Structure of perovskites

An ideal perovskite, as the one with the structure of CaTiO3, exhibits 
cubic symmetry, as illustrated in Fig. 2, where larger ions are accom
modated in the A-site and smaller ions in the B-site. Generally, the A-site 
contains ions with an A2+ charge, such as rare earths, alkali metals, 
alkaline earth metals, and other ions with larger particle radius [10]. 
Meanwhile, the B-site typically contains ions with a B4+ charge, mainly 
composed of transition metal from the third, fourth, and fifth periods, 
and the X is composed by an oxygen group or halogen [30]. In the ABO3 
crystal, the A-site is coordinated with twelve oxygen atoms and occupies 
the central position within the cube, whilst the B-site adopts a coordi
nation arrangement involving six oxygen atoms in an octahedral 

configuration [BO6] [1,31].
Nonetheless, the ABO3 configuration depends on two main criteria: 

electroneutrality and ionic radii size. To achieve electroneutrality in 
ABO3, ions A and B can be categorized into five distinct groups based on 
the charges at sites A and B represented by the following pairs of ions: 
(+1, +5), (+2, +4), (+3, +3), (+4, +2), and (+5, +1). In theory, there 
are 2346 potential combinations for ABO3, but only about 265 have 
been reported experimentally in the literature [10,32].

Given the extensive range of metallic elements capable of success
fully incorporating into A and B sites with diverse oxidation states, the 
vast chemical space results in several possible compositions. The geo
metric configuration of an ideal cubic perovskite can be lowered to an 
alternative crystal arrangement (e.g., orthogonal, tetragonal, etc.) due 
to rotation and tilting of the [BO6] octahedra [33]. To maintain the 
geometrical configuration of an ideal perovskite structure, A and/or B 
substitution candidates should possess similar ionic radius within 
Goldschmidt’s tolerance factor (t), calculated according to the formula 
shown in Eq. 1, where RA, RB, and RX are the ionic radii of A, B and X, 
respectively. 

t =
RA + RB
̅̅̅
2

√
(RB + RX)

(1) 

Normally, at ambient temperature, the structure remains cubic if t is 
in between 0.85 and 1. If the ionic radius of element A is smaller than its 
ideal value, t decreases below 1 resulting in orthorhombic, tetragonal, or 
rhombohedral deformations [33,34]. However, when the t exceeds 1 
due to a large or a small atom at an A and B sites, respectively, a 
tetragonal structure is typically observed. These lattice distortions and 
alterations are common among perovskites [35], influencing their 
physicochemical properties such as dielectric, electrical, magnetic, and 
optoelectronic properties, thus influencing these materials’ applications 
[34]. Therefore, the investigations regarding their crystal structures and 
resulting properties constitute a research field in constant evolution 
within materials science.

In addition, the structural and compositional flexibility of perov
skites can also induce the appearance of spontaneous polarization of 
other types of crystal structures [36]. However, substantial deviation 
from this ideal ratio can be tolerated at the expense of geometrical 
distortions, the interatomic lengths (A-X and B-X) in the cubic perovskite 
structure are congruent 

( ̅̅̅̅̅̅̅̅̅̅̅̅̅
2dB− X

√
= dA− X

)
[37]. In some instances, when 

the distortion reaches a critical level, some of the three-dimensional B-X 
bonds can break [32] and consequently disrupt the network, forming 
new bonds that are one-dimensional (1D) or two-dimensional (2D) 
rather than the original 3D configuration [38]. This phenomenon gives 
rise to perovskite derivatives with altered structural dimensionalities, 
such as layered perovskite materials (Ruddlesden-Popper, Aurivillius, 
Dion–Jacobson) [31,39] and oxygen-deficient brownmillerite 

Fig. 1. This review focuses on sinter-based perovskites for energy-related ap
plications from their synthesis (inner and middle ring) towards the application 
(outer ring). The influence of sintering parameters on the functional properties 
is highlighted in this article.

Fig. 2. Schematic of an ABO3 perovskite cell. Figure adapted with permission 
[9]. Copyright 2001, Elsevier.
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compounds [30,40].

2.1. Layered perovskites

Layered perovskite materials are derived from the ideal cubic 
perovskite oxides, having 2D layers of ABO3 configuration forming a 
structure composed of corner-sharing BO6 octahedra and 12-coordi
nated A cations located at the interstitial lattice sites [38]. In essence, 
the compositional model of layered perovskite materials can be eluci
dated through several general formulas, each defining a unique phase of 
these structures, where n represents the number of BO6 octahedra 
spanning a layer. Aurivillius phase can be described as (Bi2O2) 
(An-1BnO3n+1), Ruddlesden-Popper phase as An+1BnO3n+1 or 
A’2An-1BnO3n+1, and Dion–Jacobson phase as A’(An-1BnO3n+1) [1,40].

The flexible layered configuration facilitates the development of 
hybrid systems, creating a broad spectrum of new potential applications. 
Moreover, some layered perovskites exhibit remarkable stability and 
possess conduction bands significantly above the H+ reduction poten
tial, thus holding promise for hydrogen (H2) generation [38]. For 
Aurivillius phases, their structure contains n (1 to 5) perovskite octa
hedral layers (An-1BnO3n+1)2- sandwiched between sheets of 
bismuth-oxygen (Bi2O2)2+ [31]. Ruddlesden-Popper (RP) 
A2An-1BnO3n+1 is characterized by a repeating sequence of perovskite 
and rock-salt-like (A’O) layers. The layered structure combined with the 
versatility in chemical composition due to the variable ’A’ and ’B’ cat
ions can lead to interesting properties such as magnetoresistance, su
perconductivity, ferroelectricity, and catalytic activity [41]. For 
example, La0.6Sr1.4MnO4 [42] and Li2NiO4 [43] exhibit mixed ionic and 
electronic conductivity, appropriate electrochemical activity, and suit
able chemical and mechanical compatibilities with solid oxide fuel cell 
components [44,45].

2.2. Metal halide perovskites

Halide perovskites, a subject of research spanning over six decades 
since Møller’s pioneering work in 1958 [46], have gained significant 
attention in recent years due to their interesting properties, such as 
considerable absorption coefficient, long diffusion length, small exciton 
binding energy, and tunable energy band-gap [47]. These attributes 
enable their potential use in energy conversion technologies, including 
solar cells, supercapacitors, light-emitting diodes, photodetectors, and 
field-effect transistors [48]. Consequently, both halide perovskites forms 
have attracted much research attention: hybrid organic-inorganic halide 
perovskites (HHPs) and inorganic halide perovskites (IHPs). The 
chemical nature, organic or inorganic, of the ions in the A site of the 
perovskite indicates the difference between both [49].

Halide perovskites can also be described using the general structure 
ABX3. An ideal organic–inorganic perovskite possesses a cubic cell with 
the general formula AMX3, where A represents a monovalent organic or 
inorganic cation (e.g. Cs+, methylammonium MA+ or formamidinium 
FA+), M represents a bivalent cation (e.g. Sn2+, Pb2+), and X represents 
halide anion (e.g. Cl-, Br-, I-) [49,50]. The crystal structure MAPbI3 ex
emplifies a configuration wherein the eight corners of the cubic struc
ture are occupied by methylammonium ions (MA+ = CH3NH3+), and the 
X lattice sites are filled with iodide ions (I-), effectively maintaining 
charge neutrality within the PbI6 network. This composition of 
lead-based hybrid perovskites (CH3NH3PbI3) stands out in the family of 
organic-inorganic metal halide perovskites [51] due to its bandgap 
value around 1.5–1.6 eV associated with a more extended light ab
sorption spectrum (wavelength > 800 nm). Therefore, these materials 
have found widespread applications in photovoltaic systems and as 
photocatalysts for energy generation [52]. However, MAPbI3 exhibit 
low formation energy, making them susceptible to degradation and 
lacking environmental stability, particularly when exposed to heat, UV 
radiation, and humidity [1,39]. Moreover, they can adversely affect the 
environment due to the presence of elements that can contaminate the 

soil and water reservoirs when leached [48]. While this characteristic 
poses a clear disadvantage, it also paves the way for research to improve 
their stability.

3. Synthesis of perovskite powders

Precise control over perovskite structure and morphology is crucial 
to optimizing their performance in energy systems. These characteristics 
depend highly on the synthesis method and potential further processing 
steps. Various synthesis techniques have been utilized to fabricate 
perovskite materials, including solid-state reaction, co-precipitation, 
sol-gel, and hydrothermal synthesis [13]. As the review focuses on 
sinter-based perovskites, this section presents the most common syn
thesis routes for fabricating perovskite powders, which can be later 
shaped and sintered.

3.1. Sol-gel method

The sol-gel method involves forming an amorphous gel, followed by 
particle nucleation and growth, gel dehydration, and calcination at 
relatively high temperatures (1000 ◦C) [13,53]. 
Ethylene-diaminetetraacetic acid (EDTA) is often used as a chelating 
agent to prevent the partial segregation of metallic components, which 
can result from the varying interactions between metal cations in the 
solution [19,54,55].

The synthesis’ basic mechanism entails the complexation of metal 
ions with EDTA/citric acid, followed by water evaporation and thermal 
decomposition of the solvent and complex, leading to the subsequent 
formation of the perovskite phase [13,56]. The resulting powder is 
typically non-porous, coarse, irregularly shaped, and exhibits a broad 
particle size distribution, with low specific surface areas [19,57], 
sometimes requiring post-processing for the comminution of agglom
erates or particle size screening. Nevertheless, this method has been 
widely adopted due to its advantages, such as relatively chemically 
homogeneous compounds, compared to reaction-based methods [55, 
57].

3.2. Solid-state reaction method

The solid-state reaction is widely used for the synthesis of perovskite 
materials. It involves directly mixing solid starting materials (powders) 
and then subjecting the mix to a calcination process to diffuse elements 
and promote solid-state reactions towards the final perovskite compo
sition [18]. Such calcination is sometimes performed after shaping the 
powders, which is then directly followed by sintering, i.e., the solid-state 
reaction step is combined within the sintering process. This is generally 
considered a facile method, as it does not require complex equipment or 
chemical labs. Nevertheless, the chemical homogeneity of the final 
product depends on strict control of the process parameters, such as 
temperature, dwell time, and atmosphere. If those are not adequately 
controlled, it can negatively affect the perovskite properties and, thus, 
their final application [12]. Iriani et al. [36] recently reported synthe
sizing Ba0.95Sr0.05TiO3 ceramic capacitors in solid state and 
co-precipitation routes with different sintering temperatures. While the 
solid-state route guarantees pure phase formation at 1000 ◦C, the 
co-precipitation method requires temperatures above 1200 ◦C. Howev
er, the analysis of structural and electrical properties of the material 
synthesized by the solid-state process demonstrated that less dense ce
ramics with larger grains were obtained when using lower sintering 
temperatures, leading to poorer dielectric properties with larger hys
teresis. In other words, seemingly simple parameters such as dwell time 
and temperature can directly affect properties such as pore size distri
bution and surface area, which are essential for high-energy-density 
applications.
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3.3. Hydrothermal method

In the hydrothermal method, a solution-based reaction approach is 
employed, wherein precursors are heated within an autoclave at 
elevated temperatures and pressures in the presence of H2O as solvent 
[19,58]. Typically, the temperature utilized in the hydrothermal process 
is chosen based on the water’s boiling point and the solution’s critical 
temperature, often ranging from above 60 ◦C to about 400 ◦C [19,59, 
60]. The high temperature applied to the sealed vessel results in high 
pressure within the vessel, enhancing the reactants’ solubility [60]. This 
technique allows reasonable control over the particle size distribution 
and is considered easy operation, keeping in mind that the temperature 
is the sole parameter to be regulated. At the same time, pressure is 
directly dependent on it and thus only measured [61–63].

Whereas the synthesis of “simple” perovskites is somewhat estab
lished, the synthesis of complex or high entropy multioxides is still in its 
infancy. For example, high-quality CaTiO3 can be prepared by the hy
drothermal method at 150 ◦C, followed by calcination at 1300 ◦C, pre
senting a homogeneous perovskite phase and no impurities [64]. 
Meanwhile, the research on hydrothermal synthesis at 240◦C for 48 h of 
complex perovskites such as LaxCa(1-x)MnO3 and LaxSr(1-x)MnO3 shows 
that the final powder presented unreacted La(OH)3 probed by X-ray 
diffraction (XRD). An increase in the calcination temperature from 900 
◦C to 1100 ◦C generated a perovskite-type phase but still contained 
impurities [61]. In another work, the perovskite electrode Nd0.7Co0.3

FeO3 achieved a pure crystalline compound at 900 ◦C. However, even 
with an increase in the calcination temperature to 1100 ◦C, 2.7 % of 
impurities associated with Co2O3 were detected [65]. Similar behavior 

Fig. 3. Overview of different sintering mechanisms. (A) Solid-state sintering involves grain boundary formation and increasing grain sizes. These processes are 
associated with particle necking and reduction of pore sizes. Adapted with permission [70]. Copyright 2023, Elsevier. (B) Liquid phase sintering of powders results in 
grain growth and densification of the initial powder. Adapted with permission [26]. Copyright 2009, Springer. (C) Spark plasma sintering utilizes a pulsed power 
source to apply resistive heating to the component of interest resulting in while simultaneously applying a uniaxial mechanical load. Adapted with permission [72]. 
Copyright 2017, Elsevier.
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was observed in other reports [63,65,66].

4. Sintering process routes for perovskites

After shaping the powders using different methods, which are 
outside the scope of this review, sintering is an established method for 
perovskites fabrication, consolidating the shaped powders into parts for 
a device or full components [67]. The sintering research field experi
enced a notable boost in the early 20th century, when electromagnetic 
fields, electrical currents, and radiation were introduced as facilitating 
tools [20,68]. Currently, both traditional and advanced sintering pro
cesses are used in many areas of research and industry, including 
energy-related applications.

Sintering is an essential step for manufacturing bulk as well as porous 
perovskites [21]. Besides providing mechanical strength, the sintering 
process can also be used to tailor the functional properties [21,25,69]. 
The most used methods to sinter perovskite materials are solid-state 
sintering (SSS), liquid phase sintering (LPS), and spark plasma sinter
ing (SPS). Fig. 3 illustrates the primary differences among these routes. 
The following subsections present concise descriptions of these sintering 
routes and focus on examples of perovskites processed by each route and 
subsequently utilized in energy-related applications. Please refer to 
books and review articles for more detailed explanations of the sintering 
processes in general [20,21,23–26,28,29,68,70,71]. An overview of the 
three different sintering routes is given in Table 1 at the end of this 
section.

4.1. Solid-state sintering

The traditional solid-state sintering process – also denoted as con
ventional sintering – involves heating shaped powders at temperatures 
typically ranging from 0.5 to 0.9 of their respective melting points. 
During this process, atomic diffusion in the solid state leads to particle 
necking, reduction in porosity, and densification, followed by grain 
growth in the final stage [22]. Aside from densification and porosity 
reduction, solid-state sintering can significantly alter relevant properties 
for energy-related applications.

A variety of research groups worldwide have dedicated their 
research efforts to understand the morphological changes and micro
structural evolution of perovskites depending on the sintering parame
ters [22,42,73,74]. Those involve investigations focused on the 
densification process, e.g., the numerical study by Ni et al. [75] simu
lated the solid-state sintering process of MgTiO3 dielectric ceramics, as 
well as fundamental investigations to uncover microstructure-properties 
relationships. Bah et al. have monitored the sintering of piezoelectric 

K0.5Na0.5NbO3 particles in situ, showing that the shrinkage was directly 
related to the grain boundary migration during sintering [3]. A detailed 
microstructural analysis performed by Han et al. [76] uncovered distinct 
cubic phases within different grains for BaZr0.8Y0.2O3-δ and 
Ba0.9Zr0.8Y0.2O3-δ, sintered at 1600 ◦C due to Ba-deficiency. Meanwhile, 
Shirpour et al. [77] reported Ba losses for BaZrO3 samples sintered with 
very long dwell times of around 60 h, significantly reducing both vol
ume and grain boundary conductivities. Stevenson et al. observed that 
(La0.9Sr0.1)xGa0.8Mg0.2O3− δ and (La0.8Sr0.2)xGa0.8Mg0.2O3− δ, presented 
swelling due to volatilization of Ga2O from the perovskite structure at 
1550 ◦C [78]. Some of the scientific investigations aimed at mitigating 
undesirable effects such as partial phase evaporation, swelling, and 
uncontrollable or extensive grain growth [73,74].

For the fabrication of highly-dense bulk perovskites’ components, 
elevated temperatures are imperative in the solid-state sintering 
method, with the undesirable effect of grain growth. Not only the me
chanical properties, but also the electrical and magnetic properties of 
perovskite-type structures can be adversely affected by grain growth 
[24]. Consequently, several alternative methods have been proposed to 
attain fine microstructure and highly dense ceramics at lower 
temperatures.

4.2. Liquid phase sintering

One suggested approach to reduce sintering temperatures is to use 
sintering aids that form a liquid phase during heating, leading to liquid 
phase sintering [79]. The presence of small amounts of liquid leads to 
the rise of capillary forces that promote densification by allowing solid 
dissolution away from high-energy surface regions, followed by repre
cipitation [26,80]. LPS can be classified into two groups, i.e., transient 
liquid phase sintering and persistent liquid phase sintering. In transient 
liquid phase sintering, the liquid remains present only in the early stages 
of sintering. In contrast, in the persistent liquid phase, the liquid phase 
remains present throughout the sintering process [71,80].

Recently, Charan et al. [81] fabricated SrTiO3 with different addi
tives (Al2O3, CuO, and ZnO) at varying concentrations (1–5 wt%) by 
liquid phase sintering. LPS enhanced the electrical conductivity of sin
tered components due to the higher densification. A modified 
liquid-phase-assisted sintering mechanism has been employed to 
enhance the sintering characteristics of La0.8Sr0.2Cr1− xFexO3− δ used as 
an interconnect in solid oxide fuel cells. The prefabricated powder cal
cinated at 1000 ◦C was sintered using LPS at 1400 ◦C for 4 h. However, 
samples with lower Fe content (x = 0.1 and 0.2) exhibited shape 
distortion and irregular surface features indicative of an excess of liquid 
phase, negatively influencing the material’s conductivity [82]. The 
latter study shows that albeit LPS enables densification at lower tem
peratures compared to solid-state sintering, it can present some disad
vantages such as dimensional distortion, compromised mechanical 
properties due to solidification of brittle phases along grain boundaries, 
and restrictions in high-temperature applications and alloying element 
choices due to thermodynamic factors [26,71].

4.3. Spark plasma sintering

Many perovskites’ compounds have been produced using spark 
plasma sintering (SPS) [83–86]. SPS is an advanced electrically activa
ted/assisted technique that uses a pulsed electric current to generate 
resistive heating while applying a uniaxial mechanical load [20,68]. In 
the SPS process, the sample is placed under a controlled atmosphere (e. 
g., vacuum, air, or argon) within a mechanical system operating as a 
high-power electrical circuit and press [87].

The SPS method can synthesize new compounds and/or densify 
materials in a single step, eliminating the need for long periods at high 
temperatures, greatly simplifying the manufacturing process, and 
lowering costs. This technique provides improved control over the 
microstructure and composition, as it can aid in avoiding undesired 

Table 1 
Summary of sintering routes including their requirements and process 
parameters.

Sintering route Solid-state 
sintering

Liquid phase 
sintering

Spark plasma 
sintering

Setup 
requirements

Furnace with 
heating and 
atmosphere 
control

Furnace with 
heating and 
atmosphere 
control, additives 
for powder

Furnace with 
temperature and 
atmosphere control, 
graphite die and 
punches, DC power 
supply, pyrometer

Maximal 
temperature

~2000 ◦C ~1500 ◦C 2400 ◦C

Maximal 
Heating rates

~10 ◦C/min ~150 ◦C/min 1000 ◦C/min

Process 
duration

Several hours to 
days

Several hours < 1 h to few hours

Microstructure Grain 
coarsening, 
isolated pores 
evolution

Grain coarsening, 
pore elimination

Retains grain 
structure during 
densification

Ref. [20,22,23] [26,28,79] [20,29]
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reactions or excessive grain growth [28,29]. In this context, mitigating 
grain growth can significantly impact the performance of 
perovskite-based electrochemical devices, such as solid oxide fuel cells. 
Ricote et al. [88] reported that sintering BaZr0.9Y0.1O3-δ using the SPS 
technique at 1700 ◦C for 5 min not only prevented barium evaporation 
but also resulted in a significant densification rate (99.8 %), improving 
the conductivity in comparison to earlier reports. Hence, the fuel cell 
efficiency for energy conversion is enhanced. Also, the sintering envi
ronment’s composition and its constituents’ partial pressure exert a 
significant influence on defect structure [89,90] and perovskite sinter
ing diffusivity [29].

Moreover, SPS has been shown to impact other perovskite com
pounds’ properties significantly [91–93]. For instance, SPS has proven 
effective in enhancing the electrical conductivity of BaCe0.4Zr0.5Y0.1O3-δ 
solid oxide fuel cell at lower temperatures (400–500 ◦C), compared to 
the traditional method [94]. Song et al. [92] also found that SPS can 
improve the ferroelectric, magnetic, and dielectric properties of BiFeO3. 
Similarly, SPS has been explored to enhance the dielectric properties of 
CaCu3Ti4O12 [90] and BaTiO3 [95], resulting in improved electric 
breakdown fields and reduced dielectric loss, which are desirable at
tributes for energy applications. Overall, these findings highlight the 
versatility of SPS as a promising method of fabricating perovskite with 
superior properties, making it a valuable tool in energy transition and 
other technological advancements.

5. Applications in energy storage

Notably, perovskites have found substantial application as solar cells 
and photodetectors [96–98]. However, their unique properties also hold 
promise in the domain of energy storage. Recently, energy storage 
technologies have received a lot of attention because of the irregular 
availability of energy resources, which highlights the need for novel and 
efficient ways to store, capture, and release electrical power on demand 
[5,99,100]. Lithium-ion solid-state batteries, supercapacitors, and solid 
capacitors have emerged as the prevailing electrochemical energy 
storage devices [101,102]. The following sections depict the research of 
sinter-based perovskites for application in those distinct domains.

5.1. Capacitors

A conventional capacitor stores energy by static electricity through 
the polarization of a dielectric electrode material placed between the 
capacitor’s plates. This polarization results in the accumulation of 
electric charges on opposing plates, generating an electric field between 
them [103]. The composition and properties of the dielectric material 
assume a pivotal role in determining the final performance of the device 
since there are limitations of solely increasing the size of the conductive 
plates to store a substantial amount of energy [104]. Against this 
background, the search for high-performance dielectrics has driven the 
research of perovskites as a component in capacitors for high-energy 
storage. Due to their varied chemical compositions and acceptance of 
doping described in Section 2, perovskites can be customized to have 
optimized electrical properties. This flexibility enables the development 
of perovskite capacitors, offering a wide range of dielectric constants 
due to their diverse crystalline forms [5,105–108]. In fact, one of the 
primary advantages of “capacitor-type” perovskites over other common 
dielectric materials, such as aluminum oxide (Al2O3), is their relatively 
higher dielectric constant (ε). A high dielectric constant allows capaci
tors to store more electric charge in a smaller volume [109,110]. This 
characteristic is particularly attractive for the development of compact 
capacitors, such as the ones employed in microelectronic devices [110, 
111].

In this context, several studies report an increase in the dielectric 
constant with the sintering temperature [111–115]. The dielectric 
constant rise is generally associated with a space charge’s polarization at 
the heterointerfaces between grains and grain boundaries [114,116]. 

However, dielectric loss can also be observed during high-temperature 
sintering, which is attributed to the loss of oxygen in the crystal lattice 
or additional defects that allow the conduction jump of electrons 
(multivalence, for example, Fe2+ and Fe3+ ions), making the grains more 
conductive [111,112]. Moreover, previous studies have shown that it is 
possible to increase the material’s permittivity by optimizing their sin
tering. Through the sintering, it is possible to introduce relaxing 
behavior and control the grain size and density of the perovskites [117]. 
Sintering process parameters, predominantly temperature, significantly 
impact the resistivity and resilience of grain boundaries. Therefore, it is 
essential to carefully regulate and optimize the sintering process (tem
perature, time, atmosphere, and pressure) to produce the appropriate 
electrical properties. Table 2 provides a compilation of sintered perov
skites employed as capacitors.

Some studies have highlighted the superior energy storage capacity 
of perovskite materials produced by novel sintering methods compared 
to conventional sintering. While solid capacitors are known for their 
high temperature stability and fast charge-discharge speed, their energy 
storage densities are relatively low [101,117]. Sintering at lower tem
peratures but with densification assured by SPS has been reported to 
obtain homogenous perovskite materials with a higher energy storage 
density (W) [121,135]. CaTiO3 perovskite produced by SPS exhibited 
fine, uniform microstructures with a W of 6.9 J cm− 3 and a higher 
dielectric strength (Eb) of 910 kV cm− 1, greatly overperforming the 
material produced via conventional sintering, which had a W of 
1.5 J cm− 3 and an Eb of only 435 kV cm− 1115. According to Wu et al. 
[121], SPS can also enhance the energy storage performance of 
Ba0.3Sr0.7TiO3 (Fig. 4(A) and (B)).

In comparison, the material produced by conventional sintering 
presented a W of 0.57 J cm− 3, while the one produced via SPS had a 
much higher value of 1.13 J cm− 3. Regarding energy storage efficiency, 
these results show an improvement from 69.3 % to 86.8 % with SPS. A 
similar improvement in W was reported by Mishra et al. [119] in a 
complex perovskite (Na, Bi, Ba)0.5(Ti, Fe)0.5O3, which presented values 
0.77 J cm− 3 and 1.37 J cm− 3 for conventional sintering and SPS, 
respectively (Fig. 4(C) and (D)).

In general, the prospect of higher energy density is exciting. 

Table 2 
Summary of sintered perovskite oxides for application in capacitors. The 
following sintering methods are used for fabricating the perovskites: conven
tional sintering (CS), which is also denoted as SSS, sintering with hot pressing 
(HPS), SPS, LPS, and transformation superplastic sintering (TSS).

Material Sintering 
method

W (J 
cm¡3)

Ref.

Ba(Mg1/3Nb2/3)O3 CS 5.90 [5]
{Bi0.5[(Na0.8K0.2)0.90Li0.10]0.5}0.96 

Sr0.04(Ti0.975Ta0.025)O3

HP 2.42 [118]

BaBiFeTiO6 CS 6.01 [106]
(Na, Bi, Ba)0.5(Ti, Fe)0.5O3 CS 0.77 [119]

SPS 1.40
CaTiO3 SPS 6.90 [120]
Ba0.3Sr0.7TiO3 SPS 1.37 [121]

CS 0.57
BaTi0.85Sn0.15O3/MgO SPS 0.51 [122]
Ba0.4Sr0.6TiO3/MgO SPS 1.50 [123]
0.9(K0.5Na0.5)NbO3–0.1Bi(Mg2/3Nb1/3)O3 LPS 4.02 [124]
0.8(K0.5Na0.5)NbO3− 0.2 Sr(Sc0.5Nb0.5)O3 LPS 2.60 [125]
Na0.5Bi0.5TiO3 CS 1.91 [126]
Srx(Bi1− xNa0.97− xLi0.03) 0.5TiO3 (x = 0.30) CS 1.70 [127]
Na0.46Bi0.46Ba0.05La0.02Zr0.03Ti0.97-SnxO3 

(x = 0.03)
CS 1.53 [128]

Bi0.5Na0.5TiO3-xSr0.7Bi0.2TiO3 CS 2.20 [129]
Bi0.5Na0.5TiO3 TSS 2.74 [130]
AgNbO3 LPS 6.10 [131]
Ca0.5Sr0.5TiO3-SiO2 CS 2.00 [132]
SrTiO3 CS 1.86 [133]
CaCu3Ti4O12 SPS 10.11 [134]
Ba0.4Sr0.6TiO3 SPS 1.23 [121]
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Improvements in their volumetric efficiency can significantly broaden 
the range of applications for capacitors, enabling easy integration, low 
cost, and miniaturization [136]. Further, by carefully choosing the sin
tering method and controlling the sintering parameters, researchers can 
optimize the perovskites’ microstructure to improve their electrical 
properties and enhance their energy storage performance in capacitors 
[16,137].

5.2. Supercapacitors

Supercapacitors outperform traditional capacitors and batteries, 
representing a significant advancement in energy storage technology. 
They also have low internal resistance, a longer service life, and a wide 
application temperature range [138–140]. According to the principle of 
electrical energy storage, supercapacitors are divided into three groups. 
The first type is known as a double-layer electrical capacitor (EDLC). It 
relies on the charge-discharge (electrosorption) process in a double layer 
of electrical charges on porous electrodes separated by a monolayer of 
solvent molecules (molecular dielectric). EDLC is often composed of 
porous and spongy materials, such as carbon-based materials with a high 
specific surface area and good electrical conductivity [109,139–141]. 
Unlike EDLC, pseudocapacitors (PC) store electrical charge through 
oxidation-reduction (redox) reactions at the electrode-electrolyte 
interface and an intercalation mechanism, which allows ions to be 
adsorbed and desolvated within the electrode’s structure. This system 
enables pseudocapacitors to improve overall capacitance, however 
producing less power density energy than EDLCs [141]. Transition ox
ides (MnO2 and RuO2), conductive polymers, and other redox-active 
materials can be used as electrode materials in pseudocapacitors. The 
last form is a hybrid system that combines the strengths of both EDLC 
and PC. Hybrid supercapacitors (HS) often comprise an asymmetric 
combination of a Li-doped graphite anode and an activated carbon 
cathode [104,109,139,141]. The choice of supercapacitor type depends 
on the specific requirements of each application, considering factors 
such as energy density, power density, life cycle, and cost-effectiveness. 
The energy storage capacitance of supercapacitors largely depends on 
the nature of the materials present.

Ongoing research focuses on optimizing and exploring chemical re
action mechanisms to develop novel electrode materials with high 
specific capacitance to enhance supercapacitor performance [140,142]. 
In this context, perovskite materials are widely recognized for their 
suitability as pseudocapacitance electrode materials, as the inclusion of 
multivalent cations in their structural framework facilitates redox re
actions, which are imperative for pseudocapacitance charge storage 
[143,144]. Additionally, the capacity to intercalate and deintercalated 
ions within the crystal structure, or the introduction/increment of ox
ygen vacancies to uphold charge neutrality, holds substantial potential 
for improving pseudocapacitance and results in enriched energy density 
[143,145–147]. These approaches have been employed in several 
different perovskite compositions, namely LaAlO3 [148], 
SrCo0.9Mo0.1O3-δ [14] and SrFexCo1-xO3-δ [100], all focusing on utilizing 
the perovskite as an electrode in supercapacitors.

While the sintering process is widely used to improve dielectric ca
pacitors’ density and electrical resistivity [134,149], its application in 
supercapacitors is still in its infancy. This discrepancy is attributed to the 
distinct requirements of supercapacitors, namely, the imperative for 
high charge transfer rates and minimal electrical resistance, which can 
be adversely affected by conventional sintering techniques. However, 

Srither and Dhineshbabu [150] reported that the electrochemical 
properties of FeTiO3 perovskite nanoparticles can be positively affected 
by low-temperature solid-state sintering. After sintering the material at 
350 ◦C and 500 ◦C, the authors observed higher values of capacitance 
and discharge capacity (42 F g− 1 and 129 mA hg− 1, respectively) for the 
samples sintered at higher temperatures in comparison to the ones sin
tered at 350 ◦C (22 F g− 1 and 90 mA hg− 1). These differences result in a 
50 % higher charge storage capacity associated with a longer lifetime. In 
addition, Karki and Ramezanipour [151] recently reported the synthesis 
and solid-state sintering of Ca3GaMn2O8 and SrCa2GaMn2O8 
oxygen-deficient perovskites as supercapacitor. The as-fabricated sym
metric PC cells presented a combination of a high energy density 
(10.69 Wh kg− 1 for Ca3GaMn2O8 and 1.23 Wh kg− 1 for SrCa2GaMn2O8) 
and a power density of 1400 W kg− 1 for a current density of 0.5 A g− 1. 
Both materials have demonstrated excellent stability and structural 
integrity without collapse or phase transformation after 1000 
charge-discharge cycles.

Furthermore, Chung et al. [152] used amorphous SiO2 coating and 
SPS sintering to fabricate core-shell BaTiO3 perovskite structures. The 
SPS facilitated the formation of a highly dense microstructure while 
maintaining SiO2 in an amorphous state. This synergy yields a material 
exhibiting supercapacitor behavior characterized by low dielectric los
ses and high thermal stability. The reoxidation barrier and dielectric 
property conferred by the SiO2 layer enable this behavior, which allows 
the reversible reduction of the Ti4+ core and the optimal balance of 
internal grain conductivity.

These recent works highlight the great potential of sinter-based pe
rovskites for supercapacitors, with a compelling need for collaborative 
research and development efforts to unlock their full potential.

5.3. Batteries

Batteries are made of stacked cells that convert chemical energy into 
electrical energy [153]. Each cell consists of two electrodes, an anode 
and a cathode, separated by an electrolyte. When a battery is connected 
to an external circuit, a chemical reaction occurs at the electrodes, 
causing a flow of electrons from the anode to the cathode, creating an 
electric current that can power various devices [153,154]. Among the 
many battery technologies [153], lithium-ion batteries with liquid 
electrolytes are widely used in portable electronics and electric vehicles 
due to their excellent performance [99,155]. However, this type of 
battery presents low thermal stability and safety hazards attributed to its 
leakage probability and high flammability, including self-ignition. 
Moreover, adverse electrode interactions can cause overheating and 
even catastrophic chemical fires [99,155]. Batteries with solid-state 
electrolytes have gained considerable attention in recent years [156]
to address these issues. They offer broader electrochemical stability and 
aid in mitigating risks due to their non-flammability nature, dramati
cally reducing the probability of thermal runaway events [99,156,157]. 
The ionic conductivity of solid conductors is an electrical property that 
generally determines the performance of an all-solid-state battery. 
Achieving high total ionic conductivity, ideally greater than 10− 3 S 
cm− 1, is imperative for any battery application. Perovskite-type Li-ion 
solid electrolytes, including Li3xLa2/3− xTiO3 [158] and (Li, Sr)(B’, B”)O3 
(B’ = Zr, Hf, Ti, Sn, Ga, etc., B” = Nb, Ta, etc.) [96], have emerged as 
promising candidates due to their high capacity, high ionic conductivity 
and stable cycling [99,157,158].

In this context, sintering plays a fundamental role in optimizing ionic 

Fig. 4. Spark plasma sintering (SPS) improves the energy storage performance of perovskites compared to a sample prepared with conventional sintering (CS). (A 
and B) Ba0.3Sr0.7TiO3 perovskites prepared by SPS feature higher energy density and discharge efficiency. Adapted with permission [121]. Copyright 2017, Elsevier. 
(C and D) The energy storage performance of (Na, Bi, Ba)0.5(Ti, Fe)0.5O3 perovskites depends on their composition and the sintering process. The highest energy 
density is obtained for SPS samples fabricated from 50 % NBTBT (pseudo-binary alloy 0.8(Na0.5Bi0.5TiO3)-0.2(BaTiO3)) and 50 % BFBT (pseudo-binary alloy 
0.75BiFeO3-0.25BaTiO3). This sample is denoted 0.5NBTBT-0.5BFBT. Doping with K0.5Na0.5NbO3 (KNN) results in increased discharge efficiency. Figure adapted 
with permission [119]. Copyright 2017, Elsevier.
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conductivity in perovskite materials by microstructural control. As 
recently reported by Lin et al. [159] and depicted in Fig. 5(A-C), the 
application of mechanical pressure (440 MPa) to a low-temperature 
FAST/SPS process could increase ionic conductivity in electrolytes of 
the Li0.33La0.55TiO3 (LLTO) perovskite type to acceptable levels, from 
5 × 10− 6 S cm− 1 to 7.7 × 10− 6 S cm− 1. In contrast, the LLTO material 
obtained by the conventional sintering method (1200 ◦C for 10 h) pre
sented improved ionic conductivity values of 1.3 × 10− 4 S cm− 1. Ac
cording to the authors, the increased total ionic conductivity of 
traditionally sintered perovskite is related to grain coarsening, which 
removes grain boundaries. Likewise, Wu et al. [160] have shown that 
smaller grain sizes in SPS-sintered Li0.3La0.57TiO3 (LLTO) resulted in 
smaller conductivity accounting to 1.9 × 10− 6 and 9.8 × 10− 10 S cm− 1 

at 0 ◦C for grain sizes of 860 and 25 nm, respectively (Fig. 5(D and E)). 
This was associated with the fact that interfaces such as grain boundaries 
can hinder the flow of ions. A change in the perovskite composition was 
explored by Huang et al. [157] who employed solid-state synthesis and 
sintering at 1300 ◦C for 10 h to prepare Li3Sr7/16Hf1/4Ta3/4O3, reporting 
a high density of 6.5 g cm− 3 and an impressive total Li-ion conductivity 
of 3.8 × 10− 4 S cm− 1 at 25 ◦C, coupled with a notably low activation 
energy of 0.36 eV. Different authors have explored other sintering ap
proaches aiming at improving ion conductivity, including hot pressing 
[161], cold sintering [162], flash sintering [163], microwave sintering 
[164], and sintering additives incorporation [157,165,166].

In addition to Li-ion solid-state batteries, perovskites also play a 
crucial role in developing metal-air batteries, which some researchers 
consider the future of energy storage technology [167,168]. These 
batteries are based on reactions between the metal component and the 
air, including oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER), which are crucial for the metal-air battery performance 
and efficiency [169]. Such reactions can occur at the air electrode 
interface, such as in Zn-air batteries, or at the cathode interface, such as 
in Li-air batteries [168,170,171]. Rechargeable metal-air batteries have 
several benefits, including lower costs, lower pollutant emissions, and 
high specific capacity and energy density [170,172]. Nevertheless, 
metal-air batteries also present significant limitations due to the same 
electrochemical oxygen reactions, such as delayed power response and 
high reaction overpotential [169,171,173,174]. As a result, current 
research focuses mainly on developing electrocatalysts that combine 
benefits such as low cost, high stability, and ideal activity for metal-air 
batteries to decompose discharge by-products [168,174]. In this context, 
perovskite oxides emerge as promising electrode candidates due to their 
high inherent activity, ability to adjust composition, and relatively 
simple synthesis [174–177]. Nonetheless, there are just a few studies 
regarding the application of sinter-based perovskite oxides in metal-air 
batteries. Recently, Christy et al. [178] investigated a La0.6Sr0.4CoO3− δ 
(LSC) perovskite as the cathode in a zinc-air battery. Their study com
pares perovskites produced by conventional sintering (1000 ◦C) and 
intense pulsed light technology (PLT). PLT significantly improved the 
bifunctional catalyst’s ORR and OER catalytic activity, surpassing more 
than twice that of conventionally sintered LSC. When applied as an air 
cathode, LSC-PLT showed stable performance for 200 cycles with a low 
voltage range (1.4 V). In comparison, LSC sintered by the conventional 
method shows stable performance for 64 cycles with a voltage range of 
~ 1.1 V. However, a separate, in-depth study is required to understand 
the mechanism behind the enhanced performance of the PLT material.

Fig. 5. Applications of sinter-based perovskites as battery electrodes are demonstrated for perovskite-type Li-ion solid electrolytes. (A-C) The microstructure of 
Li0.33La0.55TiO3 perovskites is quite different depending on the sintering method, where samples sintered by (A) conventional sintering at 1200 ◦C for 10 h and (B) 
Spark plasma sintering (SPS) at 750 ◦C and 440 MPa for 10 min are shown. (C) SPS sintered samples reveal increased ionic conductivity with increasing applied 
mechanical pressure during sintering. Figures adapted with permission [159]. Copyright 2023, Elsevier. The performance of the sintered Li0.30La0.57TiO3 perovskites 
also depends on (D) the operating temperature and (E) grain size. Figures adapted with permission [160]. Copyright 2017, Elsevier.
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6. Applications in energy conversion and generation

6.1. Solid oxide fuel cells

Solid oxide fuel cells (SOFC) are electrochemical energy conversion 
devices with the potential to provide high conversion efficiency with 
minimal environmental impact, thus playing an essential role in sus
tainable energy generation [28,179]. A conventional fuel cell configu
ration comprises two electrodes (cathode and anode) separated by an 
electrolyte [179]. In SOFC, ceramic membranes presenting oxygen ion 
conductivity, such as Yttria-Stabilized Zirconia (YSZ), are utilized as a 
“solid” electrolyte to transport the electrically charged ions (O2-) from 
the cell’s cathode to the anode. There, the O2- ions react with the fuel 
stored to release e-, heat, and water; If hydrocarbon fuels are used, 
carbon dioxide is also released into the external circuit [179–181]. In 
theory, as long as reactants are delivered to the electrodes, power con
version is made possible by the fuel cell [179,181]. This electrochemical 
device can employ various power sources, from traditional hydrocar
bons (methane, propane, or ethane) to the most modern formulations 
like hydrogen [180]. However, a conventional SOFC electrolyte must 
operate at about 800–1000 ◦C [182], which imposes significant chal
lenges for the development of fuel cell technology. Such operation 
temperatures require not only considerable energy input, but also the 
use of rare, expensive materials as interconnectors [179,183].

To address the challenge of reducing their operating temperature, 
researchers continually explore new solutions in materials’ composi
tions, membrane structure, or fuel cell design [182,184]. In this sense, 
developing novel electrolyte materials with high thermal and chemical 
stability, high corrosion resistance, and good oxygen conductivity holds 
promise to optimize SOFC performance [183,185]. Among the materials 
that meet the criteria, perovskite-type oxides (single-phase, composite, 
and complex heterostructures) have demonstrated outstanding perfor
mance and durability as SOFC electrolyte membranes at different tem
perature levels [186–188]. For example, solid electrolytes based on 
BaCeO3-δ have presented good electrical properties [183,189], where 
the partial substitution of Ce with other elements, such as Zr [190,191], 
Nb, Y [192], or In [193], has notably improved their chemical stability 
against CO2 and H2O. Additionally, these substitutions can mitigate the 
decrease in ionic conductivity with decreasing operation temperature 
[192,194–196]. For example, Taillades et al. [197] synthesized doped 
perovskite powders of BaCe0.7Zr0.1Y0.1Yb0.1O3-δ via flash combustion 
method, followed by solid-state sintering at 1300 ◦C to generate the 
electrolyte membranes. The SOFC mounted with this membrane showed 
superior performance, achieving a maximum power density of 
634 mW cm− 2 at 700 ◦C. As shown in Table 3, other sinter-based 
perovskite electrolytes have been considered for low-temperature ap
plications [198,199]. In recent studies, Strontium-based perovskite 
electrolytes have also been explored for SOFC applications, showing 
great potential for lower application temperatures. Significant progress 
has been made by Shah et al. [200], where solid electrolytes of 
solid-state sintered Fe-doped SrTiO3-δ (STO) perovskite have presented 

ionic conductivity of 0.17 S cm− 1 with a power density of 540 mW cm− 2 

for SOFC operating temperature of 520 ◦C. In another study, the authors 
have investigated the substitution of Fe by Nb in the STO composition, 
further increasing the ionic conductivity and power density to 0.22 S 
cm− 1 and 678 mW cm− 2, respectively [201]. Furthermore, the study 
conducted by Zainon et al. [42] delved into the influence of sintering 
temperature on the physical, electrical, and electrochemical properties 
of La0.6Sr1.4MnO4 double perovskite anode films. The highest electrical 
conductivity was reached when the anode films were solid-state sintered 
at 1300 ◦C. This outcome was attributed to enhanced film densification, 
reduced porosity, and enlarged grain dimensions. Conversely, the most 
favorable electrochemical performance was observed in the film sin
tered at much lower temperature of 1000 ◦C, exhibiting an Area Specific 
Resistance (ASR) of 1.52 Ωcm2. The authors associated this superior 
electrochemical performance with the larger film thickness of the sam
ples sintered at lower temperatures, facilitating the hydrogen oxidation 
reaction.

Furthermore, sinter-based oxide perovskites can also be used as a 
cathode material in SOFC. Some critical aspects of SOFC cathodes 
include having good catalytic activity, thermodynamic stability, and 
compatibility with the electrolyte [203]. Regarding electrochemical 
performance, cobalt-containing perovskites have been identified as a 
promising cathode material due to their high oxygen ion diffusivity and 
electrical conductivity for ORR [187,188,204]. Recently, Baek et al. 
[188] investigated the impact of varied solid-state sintering tempera
tures (1000–1150 ◦C) on the electrocatalytic properties of 
SmBa0.5Sr0.5Co2O5+δ (SBSCO) SOFC cathode material. As shown in 
Fig. 6(A-B), their study indicates a direct correlation between sintering 
temperature and electrical conductivity, highlighting a significant in
crease of conductivity of SBSCO from 215.27 S cm− 1 at 1000 ◦C to a peak 
of 772.68 S cm− 1 at 1150 ◦C. The associated microstructural analysis 
results revealed that the sintering temperature of 1150 ◦C led to an in
crease in grain size, which shortened the charge carrier pathways and 
thus increased conductivity. Such results emphasize the critical influ
ence of sintering conditions on perovskite electrocatalytic performance, 
where aspects often seen as detrimental (such as grain growth), actually 
could be used to optimize the SOFC performance.

Other perovskites compositions have been explored as cathode ma
terial, where different authors have reported low operation tempera
tures in the 600–800 ◦C range [203,206,207]. The SOFC containing 
La1.4Ca0.6CoMnO5+δ as a cathode material reported by Li et al. presented 
conductivity values ranging between 166 and 228 S cm− 1 for low 
operation temperatures between 600 and 850◦C. Notably, the SOFC 
showcased a remarkable conversion efficiency of 543 mW cm− 2 at 800 
◦C, utilizing H2 as the fuel and oxygen as the oxidant [203]. Yang et al. 
[207] also reported the excellent power density of 625 mW cm− 2 at 700 
◦C for an SOFC with Sr0.95Ce0.05CoO3− δ as cathode material. Despite 
their remarkable performance, perovskites containing Co ion substitu
tion exhibit severe chemical stability issues and thermal tension be
tween cell components [208,209].

Furthermore, the high cost of cobalt associated with the potential 

Table 3 
Performance comparison of perovskite electrolytes in SOFC at various temperatures.

Electrolyte Sintering method Operating temperature 
(◦C)

Conductivity 
(S cm¡1)

Conversion efficiency 
(mW cm¡2)

Ref.

Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ SSS 850 - 1000 [195]
BaCe0.7Zr0.1Y0.1Yb0.1O3-δ Co-sintering 700 - 634 [197]
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ Microwave sintering 700 0.038 640 [202]
BaCe0.8Y0.1Ni0.04Sm0.06O3-δ SSS 650 0.01 - [192]
BaCe0.85-xY0.15NixO3-δ SSS 600 0.01 -
BaCe0.7In0.2Yb0.1O3− δ Co-sintering 600 0.0027 218 [193]
BaCo0.2Fe0.1Ce0.2Tm0.1Zr0.3Y0.1O3 SSS 530 0.193 661 [191]
Fe-SrTiO3-δ SSS 520 0.17 540 [200]
Nb-SrTiO3-δ SSS 520 0.22 678 [201]
La0.9Sr0.1Ga 0.8Mg0.2O3–δ SSS 800 223 445 [203]
La0.6Sr1.4MnO4 SSS 800 3.73 - [42]
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environmental toxicity negatively affects the commercial attractivity of 
the material [210]. To overcome these challenges, scientists have been 
exploring alternative elements. Among them, Ferrite-containing perov
skite has been considered a more sustainable option [211], since sin
tered materials such as La0.5Sr0.5Fe0.9Mo0.1O3–δ [212], 
La1.2Sr0.8Ni0.6Fe0.4O4+δ [213], La0,5Ba0,5CuxFe1− xO3–δ [214], and 
BaFe0.95Nb0.05O3-δ [215] exhibit high electrochemical properties. 
Recently, Wang et al. [187] prepared a promising cobalt-free perovskite 
cathode composition, BaFe0.9Nb0.1O3–δ, that shows reasonably electro
chemical performance (Fig. 6(C and D)). In detail, the performance is 
evidenced by the polarization resistance of 0.102 Ω cm− 2 and the peak 

power density of 397 mW cm− 2 using H2 as fuel and ambient air as 
oxidant at 700 ◦C without significant degradation in cell performance 
detected over 30 h.

Sinter-based perovskites have also been extensively researched as 
possible SOFC anode materials. Similar to the basic requirements for 
cathodes, a suitable anode material should have high catalytic activity to 
achieve a high level of electrochemical oxidation of fuel under SOFC 
operating conditions [216]. Sinter-based perovskites composed of Cr, Ti, 
Ga, and Mn appear promising [17,204,217,218]. For example, Xia et al. 
[219] manufactured La0.57Sr0.15TiO3 perovskite under different 
solid-state sintering conditions. The results indicate that the optimum 

Fig. 6. Various sinter-based perovskites are applied as cathodes or anodes in SOFCs. (A-C) SmBa0.5Sr0.5Co2O5+δ cathodes reveal a significant influence of the 
sintering temperature on their performance shown in (A), which is associated with different microstructures shown in (B). Figures adapted with permission [188]. 
Copyright 2022, Elsevier. (C and D) A cobalt-free perovskite cathode consisting of BaFe0.9Nb0.1O3–δ features an adequate electrochemical performance (C) at different 
operating temperatures and (D) over 30 h operation time. Figures adapted with permission [187]. Copyright 2021, Elsevier. (E) Fluor doping of La0.5Ba0.5FeO3 (LBF) 
anodes improves the activity and stability of SOFCs utilizing (i) wet H2 and (ii) wet CH4 as fuels. The doped perovskite materials are denoted as LBFFx, where x 
displays the F content. Figures adapted with permission [205]. Copyright 2022, Elsevier.
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temperature for sintering to provide a good contact between anode and 
electrolyte was 1250 ◦C with an associated polarization resistance of 
0.73 Ω cm− 2 at 800 ◦C for 3 % H2O/H2. Interesting results have been 
obtained with another conventional composition for SOFC: 
La0.5Sr0.5Fe0.9Mo0.1O3–δ. A superior cell performance was achieved 
where maximum power densities of 722 mW cm− 2 and 513 mW cm− 2 

were measured at 800 ◦C operating temperature when using H2 and CH4, 
respectively [220]. Recently, Hou et al. [205] synthesized a La0.5Ba0.5

FeO3 anode with a La0.8Sr0.2Ga0.8Mg0.2O3 electrolyte layer and achieved 
power densities of 1446 and 691 mW cm− 2 at 850 ◦C using wet H2 and 
CH4 as fuels, respectively (Fig. 6(E)). In addition, they tested the 
incorporation of F into the La0.5Ba0.5FeO3 structure, which enhanced 
catalytic activity and led to a remarkable rise in power densities of 1860 
and 809 mW cm− 2 at similar conditions.

6.2. Solid oxide electrolyte cells

Solid Oxide Electrolysis Cells (SOECs) are advanced electrochemical 
devices that play an important role in energy generation and storage, 
particularly in the context of sustainable energy [221,222]. These de
vices are regarded as a promising technology to produce clean fuels, 
reduce CO2 emissions, and enable large-scale energy storage [221,223]. 
A SOEC is composed of three main components (electrolyte, oxygen 
electrode, and fuel/hydrogen electrode) that, combined with a power 
source, can electrochemically split steam and CO2 into H2 and CO or 
convert an H2O-CO2 mixture into synthesis gas (syngas; H2 and CO) 
[221,224,225]. SOECs are under continuous development, and previous 
studies have focused on improving cell components in terms of dura
bility, electroactivity, and selection of alternative materials to reduce 
device costs. Similar to SOFCs, a perovskite electrolyte with high ionic 
conductivity and negligible electronic conductivity could be applied to 
SOECs. La1-xSrxGa1-yMgyO3-δ (LSGM) sintered perovskite is a recurrent 
composition researched as potential SOEC electrolyte for H2 production. 
Recently, Kim et al. [226] investigated a combination of LSGM-sintered 
electrolytes with a sonic spray approach. During electrochemical elec
trolysis at 800 ◦C and 1.3 V, the cell attained a current density of 
1.15 A cm− 2 and a high ionic conductivity of 0.1 S cm− 1. Table 4 pre
sents an overview of reported electrolysis current densities of a few 
possible LSGM sintered perovskite investigated as SOEC electrolytes. 
Despite its outstanding performance, the LSGM can exhibit chemical 
incompatibility with nickel, the usual material used in fuel electrode 
composition (Ni-YSZ), and Ga3+ to Ga2+ reduction [227].

Therefore, hydrogen production requires more stable materials. 
Proton-conducting perovskites, such as doped BaCeO3 and BaZrO3, are 
interesting candidates for application in SOEC because of their high 
conductivity and stability [183,235–237]. The BaZr0.1Ce0.7Y0.1Yb0.1O3-δ 
(BCZYYb) perovskite composition has been widely adopted to combine 
both properties. However, Ba(Zr,Ce,Y,Yb)O3-δ often requires a long 
dwell time at high temperatures and assisted sintering to obtain high 
densification (>94 %) [238–240]. Unfortunately, high sintering tem
peratures can affect the composition of the material due to Ba evapo
ration, segregation of doped cations, and undesirable reactions with the 
electrode [183,240,241]. Hence, flash sintering [238], spark plasma 
sintering [94], and using sintering aids, such as liquid phase sintering, 
have been investigated to promote densification at lower sintering 
temperatures [237,239,240].

Another challenging but necessary step toward improving the 
SOEC’s catalytic performance is the development of novel electrode 
materials. Several sintering processes, including solid-state sintering 
[242–245], spark plasma sintering [246], and microwave-assisted sin
tering [247,248], have been employed to consolidate perovskites SOEC 
electrodes. Sintering conditions, in particular temperature, can influ
ence the cell components’ microstructure and polarization resistance 
(Rp) [249–252]. Some recent advancements on sintered perovskite for 
SOEC include the development of solid-state sintered Ba0.95La0.05FeO3-δ 
as an oxygen electrode by Yang et al. [253]. In CO2 electrolysis, the 

material achieved current density of 1.11 and 2.42 A cm− 2 under 1.5 V 
and intermediate temperatures of 700 and 800 ◦C, respectively. At the 
same temperature range, the electrolysis current density was between 
0.85 and 1.53 A cm− 2 under 50 %H2–50 %CO2 conditions. Overall, the 
cell’s stability performance was assessed for over 200 h with no 
detectable degradation. Also, Li et al. [254] prepared a promising 
perovskite material for SOEC oxygen electrode at low solid-state sin
tering temperature of 1100 ◦C (Fig. 7(A)). The samples comprised of 
Pr0.6Ca0.4FeO3-δ showed a current density of 277.14 mA cm− 2, which 
corresponds to a hydrogen production rate of 115.84 mL cm− 2 h− 1 at 
800 ◦C under 1.3 V. Furthermore, following a 10-hour short-term sta
bility test, the air electrode showed strong stability with no evidence of 
delamination.

Similar to the oxygen electrode, the fuel/hydrogen electrode is a 
porous structure that must permit rapid mass transport of steam and 
product gases (H2). As previously stated, Ni/YSZ is commonly used as a 
fuel electrode of oxygen-ion SOEC due to its availability and affordable 
cost. Unfortunately, Ni/YSZ cermets can show signs of degradation and 
suffer delamination at higher current levels (1.5 A cm− 2), which lowers 
cell performance [227]. Sintered perovskites, such as La1-xSrx

Cr1-yMnyO3 [243,256], La1-xSrxTiO3 [257], and La1-xSrxCr1-yFeyO3, 
[258] have been investigated as alternate fuel electrodes due to their 
high electronic conductivity, low polarization resistance, and chemical 
stability. In addition, Teng et al. [254] reported a successful case of 
solid-state sintered oxide electrolysis cells using 
La0.4Sr0.55Co0.2Fe0.6Nb0.2O3-δ hydrogen electrode (Fig. 7(B-D)). The 
introduction of A-site cation deficiency into the perovskite oxide lattice 
promoted the exsolution of Co and Fe. As a result, high water electrolysis 
was observed, and the cell produced 399 mL cm− 2h− 1 of hydrogen, 
corresponding to a current density of 0.956 A cm− 2 under 1.3 V at 850 
◦C.

Table 4 
Comparison of electrolysis performance of the various SOECs at 1.3 V.

Electrolyte Sintering 
method

Cell 
configuration

Test 
condition

Current 
density 
(A 
cm¡2)

Refs.

La1-xSrxGa1- 

yMgyO3-δ

Co- 
sintering

NiO-GDC/ LDC 
/LSGM/ SSC

50 % H2O, 
50 % H2, 
800 ◦C

1.15 [226]

Co- 
sintering

NiO-Y2O3/ 
ZrO2/ LSGM/ 
SSC

10 % H2, 
50 % CO2, 
40 % Ar, 
800 ◦C

1.682 [228]

SSS SFM/ LSGM/ 
SFM

40 % H2O, 
60 % H2, 
800 ◦C

0.48 [229]

SSS SFMNi-SDC/ 
LCO/ LSGM/ 
SDC-LSCF

42 % H2O, 
58 % H2, 
850 ◦C

1.26 [230]

Ba(Zr,Ce,Y, 
Yb)O3-δ

Co- 
sintering

PBSCF- 
BZCYYb/ 
BZCYYb/ NiO- 
BZCYYb/ 
PBSCF- 
BZCYYb55

40 % H2O, 
60 % Air, 
650 ◦C

0.744 [231]

SSS PNO/LCO/ 
BCZYYb/ 
BCZYYb-Ni

60 % H2O, 
40 % Air, 
600 ◦C

0.330 [232]

SSS 60 % H2O, 
40 % Air, 
700 ◦C

0.975

SSS PBSCF(PLD- 
modified)/ 
BCZYYb4411/ 
BCZYYb4411- 
Ni

3 % H2O, 
97 % Air, 
600 ◦C

1.80 [233]

SSS SLF/ BCZY53/ 
BCZY53-Ni

20 % H2O, 
80 % Air, 
700 ◦C

1.08 [234]
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Overall, continued research and optimization of perovskite sintering 
techniques will lead to further advancements in energy technology, 
bringing SOEC closer to a sustainable and renewable energy future.

7. Summary and perspectives

This review highlighted the impact of sinter-based perovskites on 
advancing energy-related applications. The versatile structure of pe
rovskites enables a wide range of cation substitutions, resulting in 
properties’ tunability and unique physicochemical properties. This 
range of structural flexibility renders the utilization of perovskites in 
various energy-related applications, with this review covering applica
tions ranging from energy storage solutions to energy generation and 
conversion techniques.

We have shown that such structural flexibility can be achieved 
already at the powder synthesis step, in which sol-gel chemistry, solid- 
state reactions, and hydrothermal methods are typically employed. 
For sinter-based perovskites – the main topic of this review – further 
properties’ tunability can be achieved by choosing a sintering method or 
optimizing the sintering parameters such as atmosphere, time, and 
temperature. It has been shown that solid state and liquid phase sin
tering are employed among all the covered application fields. Further
more, we have observed that spark plasma sintering is an emerging 

technique for fabricating perovskites, as it offers precise control over 
microstructure and composition, helping avoid unwanted reactions or 
excessive grain growth. The reviewed research demonstrated that the 
utilization of SPS can improve properties such as the perovskites’ elec
trical conductivity, ion, and electron transport, making it a promising 
method for advancing energy-related applications. Energy storage ap
plications of perovskites include their use in capacitors, solid-state 
batteries, and supercapacitors and approaches to use sinter-based pe
rovskites are summarized in Table 5. The high dielectric constants of 
perovskites make them ideal for capacitors, while their structural 
adaptability increases their suitability for charge storage in super
capacitors. In energy conversion, perovskites promise significant im
provements in SOFCs and SOECs as they serve as effective electrolytes 
and potential replacement materials for cathodes and anodes due to 
their excellent ionic conductivity.

Sinter-based perovskites are expected to play a crucial role in 
expanding energy applications in the future. Further advanced sintering 
techniques will enable greater control over perovskite microstructures, 
leading to improved efficiency and stability of devices. Efforts to 
improve ionic conductivity and interfacial stability through advanced 
microstructural design strategies should be prioritized to enable the 
integration of perovskites into compact, high-energy density devices. 
Further studies of new perovskite compositions – particularly those that 

Fig. 7. Sinter-based perovskites demonstrate promising performances for application in SOECs. Pr0.6Ca0.4FeO3-δ oxygen electrodes exhibit increased current density 
according to the operation temperature as depicted in (A). Figure adapted with permission [254]. Copyright 2021, Elsevier. (B-D) A-site cation-deficient 
La0.4Sr0.55Co0.2Fe0.6Nb0.2O3-δ (LSCFN) hydrogen electrodes show good water electrolysis results associated with the exsolution of Co2Fe alloy nanoparticles, 
which are visible in the SEM image shown in (B). The material reveals high current densities at different operating temperatures (C) and outperforms conventional 
Ni-YSZ electrodes, as shown in (D). Figures adapted with permission [255]. Copyright 2020, Elsevier.
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are cobalt- and lead-free or that contain environmentally friendly ele
ments – could pave the way for cost-effective, sustainable energy solu
tions. In this regard, the exploitation of complex or high-entropy 
perovskites offers many opportunities, however, it is associated with the 
challenge of single phase formation and phase stability during applica
tion. In energy conversion, perovskites can further optimize SOFC and 
SOEC technologies, which could reduce costs and expand the use of 
alternative fuels such as hydrogen. Future research should focus on 
improving perovskites’ electrochemical performance and longevity 
under real-world conditions while ensuring scalable manufacturing 
processes. Moreover, interdisciplinary research is required to overcome 
the inherent challenges and fully realize the potential of sinter-based 
perovskites to establish them as key components for sustainable en
ergy technologies.
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