Introduction to Hybrid Organic-Inorganic Perovskites

1.1 Perovskite Oxides

Perovskite is a calcium titanium oxide mineral, which has the chemical formula
of CaTiO;. It was discovered in 1839 by the Prussian mineralogist Gustav
Rose in a piece of skarn collected from the Ural Mountains and named in
honour of the Russian Count, Lev A. Perovskiy [1]. Nowadays, perovskites
broadly denote any materials that have the same type of structure as CaTiO,,
and their general chemical formula can be expressed as ABX; [2]. The A and
B represent two metal ions that have different ionic radii, and the X denotes
an anion that is six-coordinated to the B-site. Adjacent BX, octahedra are
three dimensionally linked via sharing their corners to generate a framework
structure in which the A-site counterbalancing cations are located in the
framework cavities (Figure 1.1). The perovskite structure can also be considered
as a cubic close-packed system in which the A- and X-sites are stacked in a
cubic-close-packed manner along the body-diagonal direction.

Perovskite oxides have diverse compositions, which can accommodate a great
deal of elements in the periodic table, and the corresponding chemical variations
enable many physical properties that have important industrial applications
[3]. Perovskite materials were only limited to applications as pigments initially;
however, the surge of military need for ferroelectric materials during the 1940s
led to the invention of BaTiO, and the start of the electronic era of perovskites
[4]. The crystal structure of BaTiO; was solved by Helen D. Megaw in 1945, and
this seminal work initiated the fundamental understanding of structural evolu-
tion and associated properties of synthetic perovskite oxides [5]. As illustrated
in Figure 1.2a, the B-site Ti*" displaces from the centre of TiO, in the ambient
trigonal phase of BaTiO, (R3m), which induces the occurrence of spontaneous
polarization and therefore ferroelectric ordering. BaTiO; is one of the most
commonly used ferroelectric ceramics in a variety of industrial fields nowadays.
Research in 1950s led to the invention of another important perovskite ceramic,
lead zirconate titanate (PbZr,Ti,_,O,, PZT, 0 < x < 1), which is a solid solution of
PbZrO, and PbTiO, (Figure 1.2b) [6]. PZT shows a striking piezoelectric effect
in addition to its intrinsic ferroelectricity and has been being widely utilized
as transducers, capacitors, and actuators in industry. Lanthanum manganite
(LaMnO,, Figure 1.2c) is another very important perovskite oxide, which
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(b)

Figure 1.1 Structure of perovskite mineral, CaTiO;. (a) The pseudo-cubic unit and (b) the 3D
framework structure. Source: Sasaki et al. 1987 [30]. Reproduced with permission of
International Union of Crystallography.

Figure 1.2 Structures of some prototypic perovskite oxides at ambient conditions. (a) BaTiO,
tetragonal, and P4Amm. Source: Megaw 2001 [5]. Reproduced with permission of Springer
Nature; (b) PbTiO,, tetragonal, and PAmm. Source: Glazer and Mabud 1974 [6]. Reproduced
with permission of International Union of Crystallography; and (c) LaMnO,, orthorhombic, and
Pnma. Source: Norby et al. 1995 [7]. Reproduced with permission of Elsevier; (d) BiFeO,,
trigonal, R3c. Source: Frank and Hans 1990 [8]. Reproduced with permission of International
Union of Crystallography.
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exhibits multiple degrees of freedom induced by the substitution of La®* by Sr**
or Ca?* on the A-site [7]. Such a doping introduces Mn?* in addition to the
original Mn** on the B-site, and these discrete magnetic ground states enable the
colossal magnetoresistance effect, which has promising applications in memory
devices. In addition to the singular electric or magnetic properties, bismuth
ferrite (BiFeO,) can exhibit both ferroelectric and magnetic ordering at ambient
conditions to give rise to multiferroicity promising for applications in spintronics
[8]. Overall, the enormous chemical availability of perovskite oxides gives rise to
their diverse magnetic and electronic properties and corresponding applications.

In terms of synthesis [3], polycrystalline perovskite oxides are normally
prepared by high-temperature solid-state reactions by mixing oxide reactants.
In this process, some toxic starting oxides, especially PbO, could vaporize
during the long reaction time and the generated volatile substances would
cause serious safety and environmental problems. To overcome this issue,
sol—gel, hydrothermal, and microwave synthesis methods are used to prepare
various perovskite oxides. For synthesizing perovskite thin films, which can be
integrated into silicon circuits, costly physical vapour deposition and pulsed
laser deposition methods are often required.

1.2 Evolution from Perovskite Oxides to Hybrid
Organic-Inorganic Perovskites

The A-, B-, and X-sites of the perovskite architecture are not limited to metal
cations and oxygen anions, and they can accommodate versatile compositions
if the charge balance and lattice match can be maintained. Replacing the
A- and/or X-site metal ions with organic amine cations and/or molecular
bitopic linkers leads to a sub-class of perovskite materials, namely hybrid
organic—inorganic perovskites (HOIPs, Figure 1.3) [9]. Specifically, by intro-
ducing the organic molecular cations on the A-site and bitopic inorganic
single or molecular anion on the X-sites, several families of hybrid perovskites
can be formed, which include halides, azides, cyanides, hypophosphites, and
borohydrides [9]. For example, the assembly of methylammonium iodide
(CH;NH;]I) and lead iodide (Pbl,) in hydroiodic acid gives rise to the formation
of MAPbI; (MA = methylammonium) with striking photovoltaic properties
(Figure 1.3b) [10]. Additional introduction of bitopic organic molecular linkers
on the X-site leads to several families of metal-organic perovskites, which
include metal-formate and metal-dicyanamide perovskites with formate and
dicyanamide group on the X-site, respectively. For example, mixing methylamine,
manganese salt, and formic acid gives rise to magnetic [MA][Mn(HCOO),],
which has organic components on both the A- and X-sites [11].

Importantly, the incorporation of organic components in the HOIP structures
gives them significantly different electronic nature and structural flexibility com-
pared with their oxide counterparts. These unique features could enable striking
properties and associated functionalities that are not available in perovskite
oxides. In addition, the enormous structural diversity and chemical variability
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(a) Ca?* Tit+ 0%
i+ ® 0 — %
(b) CHgNHg* Pb2* -
I + ‘ + .{ —
() CH3NHg* Mn2*  HCOO-~ [CH3NH5][Mn(HCOO),]

Figure 1.3 Evolution from perovskite oxides to hybrid organic-inorganic perovskites.

(a) Perovskite oxide, CaTiO, [30]; (b) hybrid perovskite with the organic A-site, [MA][Pbl,] [10];
and (c) hybrid perovskite with the organic A- and X-site, [MA][Mn(HCOQ),][11]. Colour
schemes: C, black; N, blue, O, red; and H, grey. Source: Li et al. 2017 [9]. Reproduced with
permission of the Nature Publishing Group.

of HOIPs would be expected to enable versatile physical properties and open up
huge opportunities for tuning functionalities via facile bottom-up synthesis.

1.3 Classification and Chemical Variations of HOIPs

In terms of structure, hybrid perovskites can be categorized as several
sub-classes, which include ABX; perovskites, A,BB’X, double perovskites, A;BX
anti-perovskites, ABX, hexagonal perovskites, and ABX, post-perovskites. The
B-site metal ions in many HOIPs are divalent, replacing them with mixed
monovalent and trivalent metal ions leading to diverse compounds with the
A,BB'X, double-perovskite structure, which include halides, azides, cyanides,
and formates. Figure 1.4a shows a typical example of hybrid double perovskites,
[TMA],[KSc(HCOO)4] (TMA = tetramethylammonium), in which both the
K* and Sc** ions are on the B-site [12]. Hybrid anti-perovskites have also been
reported, although they are relatively rare. Known examples include a few
halides [13, 14] and a family of ternary tetrathiafulvalenium salts (Figure 1.4b)
[15]. In addition, there are many ABX,-type hexagonal perovskites, in which the
BX, octahedra exhibit a face-sharing mode to form a one-dimensional struc-
ture [16]. These hybrid hexagonal perovskites are mainly halides, and Figure 1.4c
shows a typical example, [DABCOH,][KCIL,;] [16]. Furthermore, recent studies
demonstrate two very rare examples of hybrid ABX,-type post-perovskites,
(C5H;3NCl)[M(dca);] (CsH,3NCl = chlorocholine, M?* = Mn** and Cd?**, and
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Figure 1.4 Prototypical examples of hybrid organic-inorganic perovskites with double
perovskite, anti-perovskite, hexagonal perovskite, and post-perovskite structures. (a) Double
perovskite, [TMAL, [KSc(HCOO),]. Source: Javier et al. 2015 [12]. Reproduced with permission of
American Chemical Society; (b) anti-perovskite, (TTF*);[(X)(MogX,,)]

(TTF** = tetrathiafulvalenium; X = C1, Br, and ). Source: Batail 1991 [15]. Reproduced with
permission of John Wiley & Sons; (c) hexagonal perovskite, [DABCOH,][KCI,]. Source: Paton
and Harrison 2010 [16]. Reproduced with permission of John Wiley & Sons; (d) post-perovskite,
(C;H,5NCh[Mn(dca),]. Source: Wang et al. 2019 [17]. Reproduced with permission of American
Chemical Society.

dca = dicyanamide), in which adjacent M(dca), octahedra are connected to
generate anionic layers by sharing their edges and corners two dimensionally and
the charge balancing A-site organic cations are intercalated between adjacent
layers [17].

1.4 Structure, Symmetry, and Property Features of
HOIPs

1.4.1 General Trend

The enormous diversity in organic cations on the A-site, metal ions on the
B-site, and bitopic linkers on the X-site offers various combinations of HOIPs,
which lead to more than a hundred hybrid perovskites covering a large part
of the periodic table. The possible A-site organic groups are summarized in
Figure 1.5, which demonstrate that most of them are organic amine cations with
monovalent charge [9]. However, there are some organic diamine cations that
can also be suitable as the A-site. In addition, few other types of organic cations
can also serve as the A-site; for example, triphenylsulfonium is able to template
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Figure 1.5 Structural diversity of the A-site and X-site ions of hybrid organic-inorganic
perovskites. Colour schemes: N, blue; O, red; C, black; H, grey or light pink; Cl, purple or green;
Br/l, purple; S, light yellow; P, yellow or purple; M = Ag or Au, yellow; B, turquiose; and F, pink.

the dca perovskites [18]. In terms of the X-site, they are all monovalent and
can be monoatomic ion, biatomic group, and multi-atomic linkers (Figure 1.5).
These X-sites include inorganic halide ion (Cl~, Br~, and I7), cyanide ion (CN™),
azide ion (N;7), dicynametallate ion ([Ag(CN),]™ and [Au(CN),]"), borohydride
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ion (BH,™), and organic formate (HCOO™) and dicyanamide (dca™) groups.
Moreover, some ABX;,-type perchlorates and tetraborates can be topologically
regarded as the perovskite-like compounds in which the perchlorate (ClO,")
and tetraborate (BF, ™) serve as the B-site [19]. With respect to the B-site, most
of them are divalent metal ions or mixed monovalent/trivalent metal ions,
although few are monovalent metal ions because of the existence of organic
diamine cations on the A-site. Interestingly, NH,* can also serve as the B-site by
octahedrally interacting with six halide ions to form metal-free perovskites with
the templating organic diamine cations, [A][(NH,)X;] (A?* = organic diamine
cation, X~ = Cl~, Br—, and I") [20].

The symmetries of HOIPs span all seven crystal systems, which are largely
dependent on the size, shape, and nature of the A-site organic cations (Table 1.1).
Specifically, organic amine cations with high symmetries (i.e. TMA) often lead
to perovskite structures with high-symmetry space groups. In addition, the
change of ordering state of the A-site organic amine cations can also result in
symmetry alterations. For example, the switching from ordered to disordered
states of MA in MAPbI, upon heating induces the symmetry change from
orthorhombic to tetragonal, then to cubic. Like their inorganic counterparts,
HOIPs can also exhibit diverse physical properties depending on their distinct
compositions, which have been summarized in Table 1.1 [9]. Specifically,
perovskite halides show remarkable optoelectronic properties, which have been
intensively researched in the last 10 years. Perovskite formates demonstrate
versatile magnetic properties, ferroelectricity and multiferroicity, as well as
dielectricity.

Perovskite azides exhibit diverse magnetic properties and interesting ferroelas-
ticity. Perovskite cyanides display various dielectricity and unique ferroelectric
ordering. Dicyanamide perovskites show extraordinary barocaloric effects and
associated solid-state cooling potential, as well as significant thermal expansion.
All these striking properties of HOIPs are extensively discussed in the following
chapters.

1.4.2 lon Radius Matchability and Tolerance Factor

There are abundant variabilities of the A-, B-, and X-sites, and how to evaluate
their matchability is a critical issue. According to the established criterion in per-
ovskite oxides, the metric ratio of different ionic sizes, which can be tolerated
by the perovskite lattice, is expressed by the Goldschmidt tolerance factor (TF, £)
[21]. As the A-site and/or X-site in the HOIPs are not spherical ions but molecular
groups, the ¢ was adjusted to the following formula [22]:

t = (Fper + Txeft) /\/2(1”3 + 0.5 hy.q)

where ry represents the radius of the B-site metal ion, and 7.4, "yeq and fy.q
stand for the effective radius of the A-site molecular group, the effective radius of
the X-site molecular group, and the effective height of the X-site molecular group,
respectively. As can be seen in Table 1.1, the calculations of TFs by summarizing
all available A-site, B-site, and X-sites of known HOIPs demonstrate that most
of their TF span is between ~0.8 and ~1.0. These results approximate those of
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conventional perovskite oxides and therefore indicate that such a semi-empirical
rule can be extended to the hybrid systems. In other words, the lattice match-
ability and packing density primarily determine the formation of HOIPs. More
importantly, this simple way can be facilely utilized to design new HOIPs, in
which the rationally selected compositions with size compatibility can lead to
desired functionalities. An expanded study of all possible A-site amine cations,
B-site metal ions, and X-site anions across the periodic table reveals that several
hundreds of HOIPs were yet to be discovered [23]. Following successive experi-
mental discoveries of HOIPs with new physical properties have indeed demon-
strated the validation of this powerful tool in synthesizing new functional HOIPs.
For example, replacing toxic lead metal ion by mixed mono- and trivalent metal
ions with benign nature keeps the size compatibility, and the obtained hybrid
lead-free perovskite opens the possibility for addressing the environmental con-
cern required for future industrial applications [24]. Nevertheless, special caution
needs to be taken into account because such a simple metric is unable to fully
reflect the lattice energetics and hence structure stability because of its empirical
limitation.

1.4.3 Phase Transitions

As one of the most studied class of materials, perovskites exhibit almost all
known physical properties. Importantly, many of these phenomena, such as fer-
roelectricity and ferromagnetism, arise from their structural phase transitions.
The ideal perovskite has a very simple cubic O;, symmetry and is ina Pm3m space
group. This parent high-symmetry aristotype architecture can evolve into a
number of low-symmetry structures upon external stimuli, such as temperature
and pressure. For conventional perovskites, their transitions are primarily driven
by the displacement of the A- and/or B-site and the tilting of the BX, octahedral
units. According to these two primary driving forces, Glazer and some others
developed an appropriate group theoretical analysis to classify the symmetry
breaking and phase transitions of inorganic perovskites [25, 26]. Through this
approach, structure variations and the underlying mechanisms could be well
defined, which could give a fairly powerful guide to experimentalists.

In terms of HOIPs, their phase transition mechanisms are complicated because
of the existence of molecular ions on the A- and/or X-sites compared with their
conventional counterparts. For hybrid perovskite halides, their X-sites are still
monatomic anions; therefore, their octahedral tilting modes are reminiscent with
the scenarios in oxide perovskites. However, the octahedra are not corner-shared
any more when the X-site becomes a diatomic or multi-atomic linker, which sig-
nificantly complicates the structural transition mechanisms. As expected, the
long and large X-sites in HOIPs could lead to additional structural freedom for
the octahedra and A-site organic amine cations to distort and shift. For example,
neighbouring octahedra can distort along the same direction in some azide per-
ovskites, and such an unusual octahedral tilting is impossible to occur in con-
ventional perovskites [27]. Nevertheless, in most HOIPs, the octahedral tilting
modes resemble those in oxides because the X-site molecular linkers are fairly
rigid, which do not allow special rotation of adjacent octahedra.
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Compared with the conventional perovskites, the displacements of the A- and
B-sites in HOIPs are broadly similar, which usually involve the off-centre shift.
However, the existence of organic molecular groups on the A-site complicates
the situation as additional bonding interactions, such as hydrogen bonding and
van de Waals forces, have to be taken into account. Such additional structural
degrees of freedom often significantly affect the phase transition scenarios.
Moreover, the A- and/or X-sites can also show dynamic motions, which involve
significant entropic effect and hence being a strong phase transition driving
force. The dynamic movement over different sites of the molecular group
(including both the A- and X-sites) is defined as disorder, and many phase
transitions of HOIPs are primarily driven by such an order—disorder process
because of its aforementioned energetic effect. Notably, such an order—disorder
process often involves alterations of hydrogen bonding and dispersion forces
between the A-site and anionic perovskite framework, which could synergisti-
cally influence the symmetry breaking process [28]. Figure 1.6 shows the phase
transition of [AZE][Cu(HCOO),] (AZE = azetidinium), as a typical example to
showcase the synergistic mechanism. For the high-temperature Pnma phase, the
AZE group exhibits a planar configuration with very large atomic displacement
parameter of the side C2 atom (indicating a possible disorder of AZE at two
sites over the N1-C1-C3 plane) and CuO, octahedra show a tilting system of
a~b*a~. Upon cooling, the structure evolves into the low-temperature P2,/c
phase in which the AZE is fully ordered and the CuOq tilting becomes to
a~b*c™. During this symmetry breaking process, the order—disorder of AZE
is the main driving force, and the associated hydrogen bonding changes also
play a role. This kind of orthorhombic Pnma to monoclinic P2,/c transition
is very rare as it requires the uncommon X-point modes in the Brillouin zone
(while most transitions in conventional perovskites only involve the M- and
R-point modes). Overall, the complex cooperation of various driving forces
including displacement, octahedral tilting, and order—disorder leads to far more

Pnma, a b*a” P2,/c, ab*c™

284 K

Figure 1.6 Phase transition mechanism in [AZE][Cu(HCOO),]. Colour schemes: N, blue; O, red;
C, black; H, grey; and Cu, cyan. Source: Zhou et al. 2011 [31]. Reproduced with permission of
John Wiley & Sons.
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complicated phase transition mechanisms in HOIPs, in marked contrast to their
inorganic counterparts [9].

More importantly, some special A-site organic amine cations are intrinsically
polar so that bulk electric ordering could be obtained if they align in an ordered
way through occurrence of phase transitions. This phenomenon is in marked dif-
ference to the displacive origin of electric ordering responsible for perovskite
oxides. In addition, the alterations of hydrogen bonding and dispersion forces
across phase transition play an important role in achieving such an ordered elec-
tric state. As expected, the obtained ferroelectric or anti-ferroelectric ordering
strongly depends on the dipole moments carried by the A-site cations, along with
other cooperative influences. Furthermore, the intimate cooperation of different
bonding interactions from all sites in the structures of HOIPs during the symme-
try breaking process could lead to ferroelasticity, multiferroicity, and many other
novel properties, which are not possible in their conventional counterparts. These
multiple bonding forces also play a pivotal role in modulating physical properties
of HOIPs, which include magnetism, conductivity, and dielectricity [9, 29].
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