
Michael Stuer (Empa) - Andrea Testino (PSI)

Week 5 – Perovskites

MSE 495 – Advanced Ceramics Technology 

1



Perovskites*
Calcium titanate, CaTiO3 or perovskite1, is a natural mineral, prototype of a class of mineral with general formula ABX3.

This class of materials has interesting properties, such as dielectric, piezoelectric, ferroelectric. In addition, there are examples 
of magnetic ordering, multiferroic properties, electronic conductivity (even superconductivity) and thermal and optical 
properties.

They are used in electrode material for SOFC due to high oxide ion conductivity and electron conductivity (and the 
combination thereof). 

In addition, they show catalytic properties and redox behavior. 

There are two major aspects that make these class of material interesting:

1. The crystal structure embrace a huge range variants from cubic (such as SrTiO3), to hexagonal (such as BaNiO3);
2. The properties can be tune over a wide range by substituting A, B or X. These allow a virtual infinite combination of 

compounds, including organic molecules, such as methylammonium lead iodine, a class of metal organic perovskites well-
known in the recent years for their applications in photovoltaic cells.

Furthermore, thin films, superlattices, and nanoparticles shows unexpected response, when compared to bulk material of the 
same composition.

* R.J.D. Tilley “Perovskites. Structure-Property Relationship”, Wiley, 2016 (ISBN: 9781118935668)
1 Russian mineralogist Count Lev Aleksevich von Petrovski 2



Mercury: crystal structure visualization

Software download: https://www.ccdc.cam.ac.uk/solutions/software/free-mercury/

Brief introduction on View Symmetry Elements and Operation https://youtu.be/umx-CcRFDds

SrTiO3_19794.cif

BaNiO3_264690.cif

Cubic, Pm-3m (221) 

Hexagonal, P63/mmc (194)

BaTiO3_cubic_34900.cif

BaTiO3_tetra_19801.cifTetragonal, P4mm (99) 

https://en.wikipedia.org/wiki/List_of_space_groups List of space groups:
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Orthorhombic, Pbnm (62) CaTiO3_19790.cif

KCuF3 _tetra.cif

https://www.ccdc.cam.ac.uk/solutions/software/free-mercury/
https://youtu.be/umx-CcRFDds
https://en.wikipedia.org/wiki/List_of_space_groups


SrTiO3, BaTiO3, cubic BaNiO3, Hexagonal4CaTiO3, Orthorhombic BaTiO3, tetragonal

distortion
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Assuming simple ionic compounds, we might have 

A, B = 1, 2  with X= -1 

A, B = 1, 5  with X= -2
 2, 4
 3, 3

A, B = 4, 5  with X= -3 

where usually 

A is a large-size cation and (Ca, Ba, Sr, …) 
B is a mediums-size cation (Ti, Zr, Ni, …)
X anion (O, halogen, … )

giving a neutral ionic structure.



SrTiO3 – the aristotype* perovskite 
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* Aristotype: High-symmetry crystal structure, ideal version of other structure with lower symmetry / higher complexity 

Origin on Sr2+

Origin on Ti4+

Sr2+ is coordinated with 12 O2- 
Ti4+ is coordinated with 6 O2-

2 𝐵𝐵 − 𝑋𝑋 = 𝑎𝑎

2 𝐴𝐴 − 𝑋𝑋 = 2𝑎𝑎

𝐴𝐴 − 𝑋𝑋
2 𝐵𝐵 − 𝑋𝑋

= 1

Goldschmidt, 1926 

A-X : bond distance A – X
B-X : bond distance B – X 



Symmetry axes
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3 tetrad axes 6 dial axes

4 triad axes



The Goldschmidt tolerance factor (t)
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𝐴𝐴 − 𝑋𝑋
2 𝐵𝐵 − 𝑋𝑋

= 1

In order evaluate the tolerance factor, the ionic radii are needed. 

t = 𝑟𝑟𝐴𝐴+𝑟𝑟𝑋𝑋
2 𝑟𝑟𝐵𝐵+𝑟𝑟𝑋𝑋

Where 𝑟𝑟𝐴𝐴 is the radius of the cage site cation, 𝑟𝑟𝐵𝐵 is the radius of the 
octahedrally coordinated cation, and 𝑟𝑟𝑋𝑋 is the radius of the anion. 

Goldschmidt proposed that a perovskite structure would form if t ≈ 1

To make this estimation, it is necessary to use the radii of the appropriate coordination*, 
which has to be 12 for A, 6 for B, and linear (2) for X. 
Since many perovskites are described, it is in use to consider the bond lengths in the 
crystal structure rather than the ionic radii and consider the observed tolerance factor: 

*https://en.wikipedia.org/wiki/Coordination_geometry  

𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐴𝐴 − 𝑋𝑋

2 𝐵𝐵 − 𝑋𝑋

It is a simple but powerful method. If t in the range 0.9 - 1 a cubic perovskite structure is plausible. For t > 1, hexagonal 
packing is preferred. For 0.7 < t < 0.9, lower symmetry can be predicted. This works reasonably well for oxides. For chlorides 
and sulphides, the t values are lower with cubic structure for t = 0.8-0.9.    

https://en.wikipedia.org/wiki/Coordination_geometry
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The Goldschmidt tolerance factor (t)

For complex perovskites, e.g., with different cations in A-site and different cation in B-site, the average bond lengths can 
be considered.  

𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐴𝐴 − 𝑋𝑋

2 𝐵𝐵 − 𝑋𝑋

In addition to the coordination*, the ionic radii dependent on the spin state** for the metals from Cr to Ni.

For instance: Fe3+ Fe electronic configuration: 4s2 3d6

* https://en.wikipedia.org/wiki/Ionic_radius 
** https://en.wikipedia.org/wiki/Spin_states_(d_electrons)  

Fe3+ electronic configuration : 4s0 3d5

Low spin High spin

Fe3+,coord. 6, low spin = 55 pm
Fe3+,coord. 6, high spin = 64.5 pm

https://en.wikipedia.org/wiki/Ionic_radius
https://en.wikipedia.org/wiki/Spin_states_(d_electrons)


Electroceramics: concepts recall
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Dielectric: insulator that can be polarized by an applied electric field (linear)

Paraelectric: non-linear P vs. E (centrosymmetric structures)

Ferroelectric: in analogy with ferromagnetic material, is a material that have 
a spontaneous electric polarization that can be reversed by the application of an 
external electric field. They show hysteresis.

 Piezoelectric materials: applying a displacement 
 we got a potential; applying a potential 
 we got a displacement. E.g., lead zirconate titanate,
 (PZT, Pb(Ti,Zr)O3) or lead-free ceramics, potassium sodium niobate,
 (KNN,(K, Na)NbO3-based) materials.

 Pyroelectric materials (thermoelectric): applying a potential, 
 we got a heat (cool) flow; applying a heat flow, we got a potential, 
 e.g., lithium tantalate (LiTaO3). 

If a material shows ferroelectric and ferromagnetic properties is called multiferroic.

Typically, material demonstrate ferroelectricity only below a certain temperature, 
called Curie temperature, Tc. They become paraelectric above Tc.    

Dielectric

Paraelectric

Ferroelectric

Magnetic_orders.webm.480p.vp9.webm

Antiferroelec.

P

P

P

E
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d0

d1

d2

d3

d4

d5

d6

d7

d8

d9

d10

1. d orbitals “shape”

2. Hund’s and Pauli’s rules

Ti4+

Ti3+

V4+

Cr2+

Mn3+

Co2+

Ni3+

Cu2+

Zn2+

Ni2+

Fe2+

Mn2+

V2+

V5+

Mn5+

Cr3+

eg

t2g
t2g

eg

Fe3+
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d4
High spin
eg degeneration

d5 hs

d6 ls

d7 ls
eg deg.

d9
eg deg.

d4
Low spin
t2g degeneration

d5 ls
t2g deg.

d6
hs
t2g deg.

d7
hs
t2g deg.



Jahn-Teller distortion (first order) – applied to octahedrally coordinated transition metal B‐site cations
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Jahn–Teller theorem*: “Any molecule with a symmetrical atomic configuration and a degenerate electronic ground state is 
unstable and will distort so as to remove the electronic degeneracy.” 
In the spherical filed, the 5 d orbitals have the same energy level. In an octahedral field, the degeneration is reduced, giving 2 
energy levels: eg (2 levels) and t2g (3 levels). When electrons occupy these levels, we might have degeneracy in the eg (with 
significant distortion) and t2g (not significant distortion).

*H. Jahn and E. Teller (1937). "Stability of Polyatomic Molecules in Degenerate Electronic States. I. Orbital Degeneracy". Proceedings of the Royal Society A 161 (905): 220–235

Common case in perovskites
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Jahn-Teller distortion (first order) – applied to octahedrally coordinated transition metal B‐site cations

A cation with odd number of electron in the eg level, for instance Cr2+ (hs), Co2+ (ls), or Cu2+ will undergo distortion, 
compression  or elongation, along one of the equivalent tilt axis.  The energy difference in t2g is rather small, may induce a 
negligible distortion. Instead, in the eg case is significant and does lead to distortion. In perovskite, the distortion is generally 
elongation.  This distortion does not influence, in general, the A and B positions but the cell symmetry drops to tetragonal or 
orthorhombic. 

An example is given by KCuF3. The J-T ion Cu2+ show 
degeneration of the eg level. It is tetragonal at 295K and 
ambient pressure. At high pressure the distortion  
decreases. 

low pressure                              high pressure 

KCuF3 tetra The J-T distortion is temperature and pressure sensitive, 
so high pressure and/or high temperature contrast the 
distortion, promoting the high symmetry configuration 
(cubic).  



BaTiO3: Cation displacement - second order Jahn-Teller distortion (or pseudo J-T distortion)

In the 1940s the dielectric and ferroelectric properties of BT were discovered. What is the reason for the 
spontaneous electric polarization in BT?
Ti4+ : d0 so it is not J-T ion. A symmetry change is provided by cation displacement along one of the symmetry 
axis of the octahedron (see slide 6). 
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dial axestriad axis

tetrad axis

2 longer; 
2 shorter; 
2 interm. 

3 longer; 
3 shorter. 

1 longer; 
1 shorter; 
4 interm. 



BaTiO3: phase transformation
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Above Tc, BT shows a cubic structure. The tolerance 
factor is slight larger than 1 and distortions take place.

R.D. Shannon, Acta Cryst. (1976). A32, 751

Orthorhombic

Cubic or 
tetragonal
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BaTiO3: distortion

cubic tetragonal

As the crystal cools through the cubic – tetragonal 
transition temperature, the cubic cell expands slightly 
along one edge to produce the tetragonal c‐axis and is 
slightly compressed along the other two edges to form the 
tetragonal a‐ and b‐axes. The change in the Ba2+ positions 
is almost negligible. The Ti4+ displacement is accompanied 
by a slight change in octahedron dimensions so that two  
equatorial oxygen atoms move parallel to the +c‐axis and 
two move in the opposite direction. These displacements 
give rise to electric dipoles, p, one in each octahedron that 
are the source of the ferroelectric properties of tetragonal 
BaTiO3. There is no preference as to which of the original 
cubic axes becomes the polar direction, and so this can 
take one of six equivalent directions, so that a single crystal 
invariably becomes heavily twinned on cooling. Other 
distortion take place at lower temperature but without 
practical relevance. 

As for first order J-T distortion, also these 
are P sensitive in the GPa range.
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BaTiO3: ferroelectric tetragonal structure.

It is evident that if the central Ti4+ ion is closer to one of the O2- ions marked A, it 
will be energetically favorable for the Ti4+ ion on the opposite side of A to be located 
more distantly from that O2- ion, thus engendering a similar displacement of all the 
Ti4+ ions in a particular column in the same direction. Coupling between 
neighboring columns occurs in BaTiO3 so that all the Ti4+ ions are displaced in the 
same direction.
An immediate consequence of the onset of spontaneous polarization in a body is 
the appearance of an apparent surface charge density and an accompanying 
depolarizing field ED (a).

The energy associated with the polarization in the 
depolarizing field is minimized by twinning, a 
process in which the crystal is divided into many 
oppositely polarized regions, as shown in
(b). These regions are called domains and the 
whole configuration shown comprises 180° 
domains. Thus, the surface consists of a mosaic of 
areas carrying apparent charges of opposite sign, 
resulting in a reduction in ED and in energy.
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BaTiO3: ferroelectric domains
Schematic illustrating the changes accompanying the application 
of electrical and mechanical stresses to a polycrystalline 
ferroelectric ceramic: 
(a) stress-free – each grain is non-polar because of the 

cancellation of both 180° and 90° domains; 
(b) with applied electric field – 180° domains switch producing 

net overall polarity but no dimensional change; 
(c) with increase in electric field, 90° domains switch 

accompanied by small (1%) elongation; 
(d) domains disorientated by application of mechanical stress. 

Polished and 
etched unpoled 
ceramic.
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BaTiO3: ferroelectric domains

Single domain Ceramics

The detailed geometry and dynamics of changes in domain configuration in a single crystal accompanying changes in 
applied field are complex and there is marked hysteresis between induced polarization and an applied field of sufficient 
strength. Conditions in a crystallite clamped within a ceramic are even more complex.

Domain wall (≈10 nm)

Higher coercive filed

Lower remanent polariz.



Tuning Tc
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One very significant advantage of ceramic ferroelectrics is the 
ease with which their properties can be modified by adjusting 
the composition and the ceramic microstructure. Additions and 
the substitution of alternative cations can have the following 
effects:

1. shift the Curie point and other transition temperatures;
2. restrict domain wall motion;
3. introduce second phases or compositional heterogeneity;
4. control crystallite size;
5. control the oxygen content and the valency of the Ti ion.
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Grain size effect

Cations that have a higher valency than those they replace, when 
present at levels exceeding about 0.5 cation percent, e.g. La3+ in place of 
Ba2+ or Nb5+ in place of Ti4+ , generally inhibit crystal growth. This has the 
effect of raising the permittivity level below the Curie point as shown in 
the figure. Crystal size is also controlled by sintering conditions. It has 
important effects on the electro-optical behavior.



Kröger–Vink defect notation
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Examples:

1. in SrTiO3, the symbol VSr would represent a strontium 
atom vacancy;

2. a Ba substituent on an Sr site in SrTiO3 is written as 
BaSr

3. Oi would represent an interstitial oxygen atom in 
La2CuO4+δ

4. Associated lattice defects are in parentheses
5. The superscript ′ is used for each unit of effective 

negative charge; the superscript • is used for each 
unit of effective positive charge: La substituent on an 
Sr site in SrTiO3 would have an effective charge of +1 
and be written La•

Sr. The charge balance would be 
maintained by the creation of a Ti3+ cation in place of 
a Ti4+ cation, written Ti′Ti

6. Electrons and holes are denoted by the symbols e′ 
and h•

7. Oi″ would represent an interstitial O2− anion in 
La2CuO4+δ

8. A defect that has no effective charge can be given the 
(optional) superscript x



Ion incorporation in BT into A-site
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The mechanism of dopant incorporation into BT has been extensively investigated and the behavior of some transition-metal 
ions as well as that of the larger rare-earth ions has been well elucidated. The ionic radius is the parameter which mainly 
determines the substitution site. La3+ (1.15 Å) and Nd3+ (1.08 Å) are exclusively incorporated at the Ba2+ (1.35 Å) site, as their 
size is incompatible with that of Ti4+ (0.68 Å). In fact, it has long been known that La3+ and Nd3+, when added in small amounts 
(<0.5at.%), behave as donors and lead to room-temperature semiconducting ceramics (electron compensation) with positive 
temperature coefficient of resistivity (PTCR).

Buscaglia et al, J. Am. Ceram. Soc., 85 [6] 1569 –75 (2002)

When the dopant concentration increases, the material becomes insulating, and the transition is accompanied by grain 
growth inhibition. In heavily doped materials, charge compensation takes place by barium (V’’

Ba) or titanium (V’’’’
Ti ) vacancies

Compensation defect: e 
(conductive)

Compensation defect: V 
(insulator)
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Ion incorporation in BT into B-site
The transition series ions Cr4+(0.55 Å), Fe3+(0.64 Å), Co2+ (0.78 Å), Co3+ (0.63 Å), Mn2+ (0.83 Å), Mn3+ (0.64 Å), Mn4+(0.53 Å), 
Ni2+(0.78 Å), Nb5+ (0.64 Å), and Ta5+ (0.64 Å),because of their small size, give exclusive substitution on the Ti (B) site.
In particular, Nb5+ is added as a donor in small concentrations(<0.3 at.%) to obtain semiconducting ceramics.

M2O5 + 2BaO ⟶ 2MTi
� + 2e′ + 2BaBa + 6Oo +

1
2

O2

while Ni2+, Co2+, Co3+, Fe3+, and Mn2+ act as acceptors and give insulating materials at room temperature. The positive
excess charge of the acceptor ion at the Ti site is mainly compensated by creation of oxygen vacancies (𝑉𝑉𝑂𝑂��)

Ion incorporation in BT into A&B-sites

For Y3+ and lanthanide ions of intermediate size, from Sm3+ (1.04 Å) to Er3+ (0.96 Å), there are some indications that the 
substitution site is not exclusive, but is affected by dopant concentration, sintering temperature, sintering atmosphere, 
and Ba/Ti molar ratio (which play a major role). Self-compensation is possible.

Compensation defect: e 
(conductive)

These dopants are called “magic dopants”: since they can be incorporated in both sites can adjust small stoichiometry 
mismatch and increase in general the stability of the material.
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Positive temperature coefficient resistors (PTCR)

In the figure  the material has the negative resistivity temperature 
characteristic associated with normal semiconductors up to about 100 °C 
(AB) and above about 200 °C (CD), while between these temperatures 
(BC) there is an increase of several orders of magnitude in resistivity.

The PTC effect is exhibited by specially doped and processed BaTiO3. 
Because the effect is not observed in the single-crystal form of the 
material, its cause must be assumed to lie in processes associated with 
grain boundaries. Attention here is focused on lanthanum-doped BaTiO3 
(BLT), although other donor dopants would be satisfactory, e.g. yttrium 
(A site) or niobium, tantalum or antimony (B site).



28

Positive temperature coefficient resistors (PTCR)

Electron acceptor states in the grain boundary together with nearby 
ionized donor states give rise to an electrical double layer.
Thus, conduction band electrons moving up to a grain boundary from
the interior of a grain are confronted by a potential barrier of height φ

The PTC effect is seen to have its origins in the resistance of the grain 
boundary region which increases exponentially with temperature 
above the ferroelectric–paraelectric transition temperature. It 
therefore depends on the number of grain boundaries per unit 
volume of ceramic, i.e. on the microstructure, and of course on the 
acceptor and donor state densities.
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Current voltage behavior of a PTCR body

At low voltages (EF) the relation is approximately ohmic (Fig. 4.20, AB); then, as 
the temperature of the thermistor reaches the regime of steeply rising resistance 
(Fig. 4.20, BC), its temperature rises only slowly with increasing voltage and the 
current falls to give a correspondingly slow increase in power dissipation. If the 
increase in voltage is sufficient to bring the temperature above the region of 
rising resistance (Fig. 4.20, CD), the temperature coefficient becomes negative 
and a rapid increase in current and temperature results.

If the rate of heat dissipation from the thermistor is changed, the location of FG 
will shift. The temperature of the element changes only slightly, but the power 
changes to a level corresponding to the new rate of heat dissipation. If the 
voltage is kept constant the current becomes a measure of the rate of heat 
dissipation, and this relation is used in a number of devices to sense a change in 
environment. There is a marked change in heat dissipation when a probe at 
thermal equilibrium in air is plunged into a liquid at the same temperature as the 
air. Devices for indicating the level of liquids in tanks are based on this change.

Ohmic: R = V/I
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The relative constancy in the temperature of a PTC 
device, despite changes in both the voltage supply 
and ambient conditions, when it is maintained on 
the steeply rising limb of its resistance–temperature 
characteristic has led to its use as a heating element 
in miniature ovens for quartz crystals acting as 
constant frequency sources. It has also been made 
use of in hair-driers and space-heaters.

Air is blown through the perforations in a block of 
ceramic that is designed to heat the emergent air to 
a suitable temperature. Even when the fan is 
switched off the heater temperature only rises by 
about 20 °C so that no damage results.

PTC elements make useful temperature indicators 
because the sharp rise in resistivity above the Curie 
point is very easily detected or used to operate a 
control mechanism.

PTCR as heating elements or sensor

PTCR kit

PTCR for automotive
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Co-firing example: 5 layers active component



32

Thermomechanical analysis (TMA) / Dilatometry
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Co-firing: key (starting) points

A

B C

D
E

A: sintering onset
B: shrinkage speed
C: overall shrinkage
D: thermal expansion on cooling
E: eventually, phase transitions

A…E: parameters have to match between 
materials to be co-fired.
No match  cracks, delamination, failure

Baseline not 
corrected 



Hybrid Organic-Inorganic Perovskites
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The A‐sites in the perovskite structure are large enough to 
accommodate a number of complex ions including ammonium 
(NH4)+; methyl ammonium (CH3NH3)+ frequently written as MA; 
tetramethylammonium, [(CH3)4N]+, frequently written as TMA 
and formamidinium (NH2═CHNH2)+, written as FA.
The most important of these are the compounds formed with 
the Group 14 elements Ge, Sn and Pb, together with a halogen 
Cl, Br and I.

The structure of (MAPbCl3). One 
layer of the structure is shown. In 
preceding and succeeding layers, 
the organic molecules are rotated 
by 180° compared to that drawn.

Cubic 
transition

This class of materials is well-known for the assembly of 
perovskite solar cell (https://en.wikipedia.org/wiki/Perovskite_solar_cell)

https://en.wikipedia.org/wiki/Perovskite_solar_cell
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Structure‐Field Maps (related to the tolerance factor)

3:3 perovskites
2:4 perovskites

The radii appropriate to the y‐axis, associated with the A cations, should refer to 12‐fold coordination. As such radii are not 
widely available, the figures here use eightfold radii on this axis.

LaAlO3   : trigonal
GdFeO3 : orthorhombic
BiFeO3   : rhombohedral (anomaly)
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Perovskite vs. non-perovskites
Recent efforts have used plots of the tolerance factor against the ratio of the radii of the B‐site cation to the X‐site anion as an 
octahedral factor (𝜇𝜇) :

𝜇𝜇 =
𝑟𝑟𝐵𝐵
𝑟𝑟𝑋𝑋

radii of the B‐site cation to the X‐site anion

Although structure‐field maps do not predict the existence of the perovskite form with complete certainty, indicating that the 
factors that endow stability to this structure lie outside of simple radius correlations, the ease of the method makes it a 
simple and useful guide when unknown systems are being explored.



Perovskite: BT synthesis as example
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1. “Mixed oxide” or solid-state route

𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶3 + 𝑇𝑇𝑇𝑇𝑂𝑂2 ⟶ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 + 𝐶𝐶𝑂𝑂2 T ≈ 1100 °C

[1] J. Am. Ceram. Soc., 91 [9] 2862–2869 (2008)

In case of NPs, T can be decreased to 700 °C [1] 
obtaining ceramic BT with size ≈ 70 nm (!)

2. Oxalate route

𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶2 + 𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 +  2𝐶𝐶2𝑂𝑂4𝐻𝐻2 + 4𝐻𝐻2𝑂𝑂 ⟶ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶2𝑂𝑂4 2 � 4𝐻𝐻2𝑂𝑂 ↓ +4𝐻𝐻𝐻𝐻𝐻𝐻

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶2𝑂𝑂4 2 � 4𝐻𝐻2𝑂𝑂 ⟶ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶2𝑂𝑂4 2 + 4𝐻𝐻2𝑂𝑂

2𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶2𝑂𝑂4 2 ⟶ 𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇2𝑂𝑂5 + 𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 + 4𝐶𝐶𝐶𝐶 + 3𝐶𝐶𝑂𝑂2

𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇2𝑂𝑂5 + 𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 → 2 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 + 𝐶𝐶𝑂𝑂2 

Overall reaction 

De-hydration 100-140 °C

Decomposition 300-350 °C

BT formation 600-800 °C

Advantages: lower T, smaller particle. But: care need to be taken during thermal treatment

Advantages: easy, large scale, very well established. But: relatively high T, milling needed to obtain an average size ≈ 1 µm
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Perovskite: BT synthesis as example

3. Alkoxide route Different alkoxide can be used, typically isopropoxide, butoxide

𝑇𝑇𝑇𝑇[OCH(CH3)2]4 𝑇𝑇𝑇𝑇(OCH2CH2CH2CH3)4

In general Ti(OR)4

𝐵𝐵𝐵𝐵 𝑂𝑂𝑂𝑂 2 + 𝑇𝑇𝑇𝑇 𝑂𝑂𝑂𝑂 4 + 𝐻𝐻2𝑂𝑂 → 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 + 4𝑅𝑅𝑅𝑅𝑅𝑅

The reaction can be strongly exothermic, additional mineralized (NaOH) might be used. Small particles can be produced, but 
relatively high-cost precursors. Butoxide route very interesting and largely tested. Very often a post-treatment is needed, such 
as a calcination step at relatively low temperature to convert the material into fully crystalline BT. This treatment induce a 
certain degree of aggregation. Gently milling would be required.

4. Hydrothermal route 

It is a relatively low-temperature method (100-250 °C) but autoclaves are needed (close pressured reactor). The pressure 
is typically the autogenous pressure generated in a closed reactor. Essentially, a Ba salt (such as chloride), a Ti precursor 
(such as TiOCl2) and a mineralizer (such as NaOH) are mixed in a reactor and let react under hydrothermal conditions for 
few hours. The quality of the material obtained strongly depends on the experimental conditions, but it is typically well 
crystallized, and no thermal treatment is required.

𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶2 + 𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 + 4𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 → 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 + 4𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝐻𝐻2𝑂𝑂 100 > T (°C) > 250     1 < P (bar) < 30     pH>12

An excess of mineralizer is needed to set the alkaline pH, which partially remain in the product (e.g., Na contamination)
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Consider for instance the example

Sr(Fe0.2Ti0.2Mo0.2Nb0.2Cr0.2)O3

5 cations on B-site, equal amount

Adapted t factor

A cubic phase is likely to be stable when 
0.9 ≤ t ≤ 1, while an orthorhombic or 
rhombohedral phase may form when 
t<0.9, and a tetrahedral or hexagonal 
phase may form when t>1. From the 
calculated tolerance factor, it is 
apparent that the stable cubic HEP 
crystal structure could be formed
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Configuration entropy: Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑅𝑅 �
𝑖𝑖=1

𝑁𝑁

𝑥𝑥𝑖𝑖𝑙𝑙𝑙𝑙 𝑥𝑥𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

+ �
𝑗𝑗=1

𝑀𝑀

𝑥𝑥𝑗𝑗𝑙𝑙𝑙𝑙 𝑥𝑥𝑗𝑗
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑅𝑅 �
𝑖𝑖=1

𝑁𝑁

𝑥𝑥𝑖𝑖𝑙𝑙𝑙𝑙 𝑥𝑥𝑖𝑖
𝐵𝐵−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Reduced to: in A (xi) O3

Being 𝐺𝐺 = 𝐻𝐻 + 𝑇𝑇𝑇𝑇 an increase of entropy due to the configurational contribution, leads to a thermodynamic 
stabilization. HEPs can therefore maintain negative values of G at high sintering temperatures, preventing phase 
transitions during cooling and forming energetically stable single-phase structures. These stable structures exhibit 
exceptional chemical and structural stability, making them highly suitable for energy applications.

Joule 7, 843–854, May 17, 2023
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