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The halogen chemistry of halide perovskites

Roc Matheu @, Julian A. Vigil

The oxygen chemistry of oxide perovskites has been studied for decades, reveal-
ing reactivity, transport, and electronic properties enabled by the oxide anion.
Similarly, the halide anion dictates the properties and unusual phenomena
observed in halide perovskites. Manipulating the halide site has improved the
performance and stability of halide perovskites in a range of optoelectronic
technologies, most commonly as components in solar cells and light-emitting
diodes. Further, the redox activity of the halides allows for controlled electronic
doping and halide exchange, as well as for the capture and separation of halogen
gases. Herein, we summarize the key aspects of the chemistry of the perovskite
halide site. We close with a discussion of pseudohalide perovskites, which hold
commonalities with the halide perovskites.

Halide perovskites

Perovskites are crystalline solids with the general formula ABX3, where Xis an anionic ligand such
as oxide, chalcogenide, or halide. Historically, oxide perovskites have received the most attention in
this family of materials. Although halide perovskites are also not new—dating back to the 1800s [1—
4]—their study has recently been invigorated through the discovery of their outstanding semicon-
ducting properties. The lead-halide perovskites have emerged as candidates for high-efficiency
and low-cost solar absorbers [5-7], while other applications such as phosphors [8,9], light-
emitting diodes [10,11], and scintillators [12] have also shown promise.

The halide site dictates many of the defining characteristics of halide perovskites: solution-state
self-assembly, stabilization of low-valent metals, soft lattices with bulk moduli (see Glossary)
that can be as small as those of organic molecules, structures that exhibit fast and slow dynam-
ics, and electronic structures that commonly yield shallow trap states. Indeed, manipulating the
halide site has enabled key optoelectronic properties to be optimized [e.g., optical bandgap
and photoluminescence (PL) color, electronic transport, and defect chemistry], has explained un-
usual phenomena observed in perovskite-based devices (e.g., halide conductivity and light-
induced halide segregation in mixed-halide compositions), and has resulted in new materials
and applications (e.g., radioactive |, capture, halogen gas separation). Here, we compile our un-
derstanding of the halogen chemistry of halide perovskites. We describe the role of the halogen in
dictating perovskite structure, optical absorption and emission, electronic and ionic transport, de-
fect chemistry, and reactivity with small molecules. We conclude by briefly reviewing the closely
related pseudohalide perovskites. We refer interested readers to recent reviews on halide con-
ductivity [13], photo-induced phase segregation [14,15], pseudohalide perovskites [16], and
halogen gas capture and separation in perovskites [17].

The oxygen chemistry of oxide perovskites

Halide perovskites are structural analogs of oxide perovskites, such as CaTiO3. Substitutions at
the A- and B-sites of ABO3; oxide perovskites have led to important applications in
electroceramics, including dielectrics and piezoelectrics [18]. Non-stoichiometry at the oxide
site (e.g., ABOs.5) and oxygen point defect reactions, however, are appreciated for their role in
modern discoveries, including high-temperature cuprate superconductors [19]. A detailed
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treatment of the chemistry of the oxide site has afforded a good understanding of the bonding
and electronic structure, electronic and ionic transport, and reactivity of oxide perovskites. As
members of the same materials family, parallels in the role of the X-site can be made between
the oxide and halide perovskites.

The critical temperature (T,) for superconductivity in YBa,CuzO_s is sensitive to the local Cu-O
coordination changes induced by oxygen non-stoichiometry [20]; further, interactions between
electronic charge carriers and oxygen defects influence the T, upon aliovalent doping of
La,CuQy (i.e., Las_M,CuO,, M = Ba?*, Sr?*) [21,22]. The proposed mechanism for superconduc-
tivity in these two perovskites involves holes forming O™ (0%~ + h™) or O3~ peroxo dimers [21]. Con-
versely, at elevated temperatures, oxygen-vacancy—-mediated transport enables oxide conductivity
in solid electrolytes such as alloyed and doped LaMO3 (M = Ga®*, AP, In®*, Sc*, Y*) perovskites
[23]. The electronic and ionic transport properties of halide perovskites are similarly sensitive to hal-
ogen point defects and halide site occupancy.

Oxygen exchange is a critically important defect reaction that describes the equilibrium between
the oxide lattice, oxygen vacancies, electrons, and gaseous O,

20% = 2V +4¢€' + Oy (1]

where O is the pristine oxygen lattice site, V&' is a dicationic oxygen vacancy, and €' is an
electron (given in the Kroger-Vink notation). Manipulating this equilibrium through the O, partial
pressure and temperature (generally >700 K) has improved our understanding of oxide diffusion
and the thermodynamics of ionic and electronic conductivity [22]. The rational design of complex
oxide perovskites, for instance to promote or resist oxygen exchange, has been informed by
composition-dependent diffusion kinetics and thermodynamic modeling of dopants. Halide pe-
rovskites exhibit analogous point defect reactions, with particularly low activation barriers for
the formation of halogen vacancies, calling for similar chemical approaches to improve stability.
Thus, uncovering the parallels between the chemistry of oxide perovskites and that of their halide
congeners should promote a deeper understanding of the latter (see Outstanding questions).

Halide contribution to the perovskite structure

Halide perovskites that adopt the 3D ABX; structure feature B-sites with octahedral coordination
to six halides (X); each halide bridges two B-sites to afford an anionic BX3 framework of corner-
sharing octahedra. Organic and/or inorganic A-site monocations reside in the cuboctahedral
voids, providing charge compensation (Figure 1A). The B site is occupied by a 2+ metal in the
ABXj single perovskites (e.g., Pb?*, Hg?*, Mn?* [9]), whereas two distinct B and B’ sites alternate
in the A,BB'Xs double perovskites, affording an average charge of 2+ (e.g., Ag* and Bi®* or Sn**
and a vacancy; Figure 1B) [24]. The 2D perovskites are related to the 3D structure through the
formal addition of an AX salt (ABX3 + AX = AsBX,), resulting in both bridging and terminal halides
as the inorganic sheets are separated by larger A-site cations (Figure 1C) [25,26].

Linus Pauling’s radius ratio rules dictate the size of the cation that can support octahedral coor-
dination of a given halide. Thus, as the anion/cation radius ratio increases, lower coordination
numbers are preferred. For example, we are not aware of iodide perovskites with B-site cations
as small as Mn?* or Cd?*. However, CsCdXs (X = CI~, Br-) and KMnCl; crystallize as perovskites
with the smaller halides [27-29]. Similarly, the Goldschmidt tolerance factor [30], also derived
from geometric considerations, identifies limits to A-site—cation radius based on the B-
site—cation and halide radii [31,32]. Compositions that deviate from the tolerance factor for
an ideal, undistorted perovskite, with 180° B-X-B angles (Figure 1B), will either adopt a
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Glossary

Bulk modulus (Kj): the bulk modulus
at ambient pressure, a measure of a
material’s susceptibility to compression.
Color rendering index (CRI): a
measure of a light source’s ability to
accurately reproduce illuminated colors.
Correlated color temperature
(CCT): the temperature at which an
ideal blackbody emits light of the same
color as the emission.

Frenkel disorder (defect reaction):
the displacement of an ion from an
occupied lattice site to an unoccupied
interstitial site; anti-Frenkel disorder
refers to this defect reaction occurring in
the anionic sublattice.

lonic point defect: localized intrinsic
(vacancies, interstitials, antisite defects)
or extrinsic (e.g., substitutional
impurities) defects in an ionic crystal,
often characterized as zero dimensional
and non-interacting.

Phase segregation: the separation of
a single thermodynamic (or kinetically
trapped) crystallographic phase into
multiple distinct phases.

Schottky disorder (defect reaction):
the formation of two oppositely charged
vacancy defects.
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Figure 1. Crystal structures of halide perovskites exhibiting a range of dimensionality, symmetry, and
composition. (A) A 3D halide perovskite in a tetragonal space group, (CHsNHz)Pbls. (B) A 3D halide double perovskite in
a cubic space group, Cs,AgBIBre. (C) A 2D halide perovskite, (EDBE)PbCI,. (D) A 2D halide-pseudohalide perovskite,
(CH3NH3)-Pblo(SCN),. Octahedra comprising Pblg [including Pbl4(SCN),], PbCls, AgBre, and BiBrg are shaded in purple,
green, white, and orange, respectively. Disordered atoms and hydrogen atoms are omitted for clarity. Key: pink, Cs; blue,
N; red, O; gray, C; yellow, S. Abbreviation: EDBE, 2,2'-(ethylenedioxy)bis(ethylammonium).

lower-symmetry perovskite structure (e.g., with tilted octahedra) (Figure 1A) or a non-
perovskite structure [33].

In analogy to the effects of hydrostatic pressure or temperature, the halide composition can also
direct preferential crystallization of desired crystallographic phases. For example, Cs-substitution
has been shown to induce a cubic-to-tetragonal phase transition in [CH(NH,),],Cs1_,Pb(Bry -3
perovskite thin films [34]. Further increasing the effective radius of the A-site cation separates the
metal-halide octahedra. This is often achieved with organoammonium cations and their effective
size, charge, and shape determines the dimensionality (OD, 1D, 2D) and connectivity (corner-,
edge-, face-sharing) of the metal-halide octahedra [26]. Halogen bonding can also template
the crystallization of 2D perovskites. For example, interactions between organohalogens and in-
organic halides direct the assembly of some 2D perovskites [35,36]. Lighter halides are reported
to preferentially occupy the bridging sites in mixed-halide 2D perovskites, whereas heavier halides
tend to occupy the terminal sites [37,38].

Halide contribution to the perovskite electronic structure

The electronic structure of halide perovskites is mainly set by the B-site metal and the halide. In lead-
halide perovskites, lead s-orbitals and halide p-orbitals compose the valence band, whereas the
conduction band primarily comprises lead p-orbitals (Figure 2A) [39,40]. The presence of lead, iodine,
and other high-atomic-number elements in the perovskite structure necessitates treatment of spin—
orbit coupling effects for accurate band structures and has motivated the study of various relativistic
phenomena, including Rashba-Dresselhaus spin-splitting at the band edges [41]. Alloying at the
halide site in 3D perovskites produces solid solutions of CI™/Br~ perovskites and Br™/I™ perovskites,
evidenced by powder X-ray diffraction measurements showing a continuous lattice expansion as
larger halides are alloyed. Further, the absorption spectra of mixed-halide perovskites show a
continuous shift in absorption onset with halide ratio for most compositions, although a discontinuity
has been observed for x = 0.5 in (CHyNHg)Pb(Br,l1_,)s films, attributed to imperfect mixing (Figure 2B)
[42]. Because of the larger halide contribution to the valence band, the bandgap can be increased by
substituting more electronegative halides (Figure 2A). For example, the bandgaps of 3D lead-halide
perovskites can vary between 1.5 (for iodides) and 3.0 eV (for chlorides), while mixed-halide
compositions show intermediate gaps (Figure 2B) [26].

The importance of halide—halide interactions is evident in double perovskites with vacant B sites
(o), such as A.SnoXg. Although these materials are structurally OD, they display small bandgaps

and large band dispersion. Their 3D electronic structure arises from 90° interactions between
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Figure 2. Influence of the halide site in the optoelectronic properties of halide perovskites. (A) Schematic block

band diagram for 3D Pb—X perovskites (X = CI~, Br~, I") highlighting the halide orbital contribution to the bandgap and the

band extrema. (B) Absorption coefficient (a) for (CHzNHg)Pb(Br,l1_,)s measured by diffuse reflectance and transmission

measurements of thin films and photocurrent spectroscopy of solar cells (MA = CHzNH3). Inset: photographs of (CHgNHz)
Pb(Br.l1_,)s photovoltaic devices from x = 0 to x = 1 (left to right). (B) Reproduced, with permission, from [42].

halides across vacant B sites [43]. For 3D perovskites, monovalent cations that fit the A-site cavity
[e.g., CH3NH3, Cs*, CH(NH,)3] are few and only contribute to the electronic structure by inducing
structural distortions in the inorganic framework. Varying the A-site composition can either in-
crease the optical bandgap by tilting the BXg ™ octahedra, or decrease the bandgap upon lattice
contraction [44].

The 2D perovskites exhibit similar orbital contributions to the band edges as their 3D counterparts
[39], but due to electronic confinement effects, photoexcitation produces excitons (bound
electron-hole pairs) instead of free charge carriers. Excitons manifest as sharp peaks below the
bandgap absorption onset. With halide alloying, the excitonic absorption peak also shows a
continuous blueshift from ~2.3 eV for the pure Pb—I to ~3.6 eV for the pure Pb—Cl 2D perovskites
and the excitonic PL tracks similarly [45]. The width of the excitonic absorption peak has been
used as an indicator of local halide variation in (PEA).PbCI,Br,_, and (PEA)-PbBrl4_x (PEA =
phenethylammonium) [45,46]. Here, the pure halides show narrow peaks, and the broader peaks
seen in mixed-halide compositions have been attributed to locally disordered halides that change
the potential energy landscape sampled by the exciton. Most 2D lead-halide perovskites show
intense, narrow excitonic PL with high color purity, promising for phosphor applications, with the ha-
lides modulating the emission color [45]. For example, in (PEA).PbX,4, X = I~ produces green light,
whereas X = Br™ yields blue light. Certain 2D perovskites also emit broadband white light [47]. Here
too, halide mixing can tune the color rendering index (CRI) and correlated color temperature
(CCT) of the emission. For example, in the prototypical white-light—emitting perovskite (N-MEDA)
PbClBr._, (N-MEDA = N'-methylethane-1,2-diammonium), the CRI was improved from 82 (x =
0) to 85 (x = 0.5) with halide mixing in isostructural analogs [48]. Likewise, the chloride and bromide
derivatives of (EDBE)PbX, (Figure 1C) afford "cold" (CCT = 5509 K) and "warm" (CCT =
3990 K) white light, respectively, although here the chloride perovskite adopts the flat (001) perovskite
sheets and the bromide perovskite adopts the corrugated (110) perovskite sheets [49].

Halide conductivity

Many of the phenomena highlighted in this review require significant halide conductivity, particu-
larly for bulk reactions in 3D perovskites where, unlike in many 2D perovskites, there is no organic
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layer to facilitate ion transport or volume expansion. Indeed, halide conductivity is invoked to ex-
plain anomalous behavior observed in 3D perovskite-based devices including current-voltage
hysteresis [50,51], switchable photovoltaic effects [52], large low-frequency dielectric responses
[44,53,54], and band bending and alignment at interfaces [55,56].

lonic semiconductors exhibit varying degrees of ionic conductivity owing to structural disorder
and the mobility of ions and point defects (see Figure IA,B in Box 1). The mixed ionic-
electronic conductivity of inorganic halide perovskites was established in the 1980s [57]. The
initial work was motivated by oxide perovskite and antiperovskite analogs exhibiting oxide con-
ductivity, with structural data suggesting large displacements of the oxide anion. Mizusaki and
colleagues [57] reported significant halide conductivity for CsPbX5 (X = CI™, Br™) and KMnCls
and proposed halogen vacancies as the mobile species based on gravimetric changes of coulo-
metric reaction cells (see Figure IC,D in Box 1). The activation energy (E,) of halogen vacancy mi-
gration was relatively small for CsPbXgs (X = CI™, Br™; 0.25-0.29 eV) and for KMnCl3 (0.39 eV) [57].
Halide conductivity was later suggested in the hybrid perovskites: (CHzNH)MCls (M = Ge®*, Sn?*)
[68,59] and (CH3NHg)PbX3 (X = CI7, Br7) [60]. Halide conductivity in (CH3NHz)Pbls had been exten-
sively discussed [50,52,61]; however, bulk ionic conductivity measurements were not directly
revisited until 2015 by Maier, Gregori, and colleagues [44]. Polycrystalline (CHzNHz)Pbls exhibits
significant ionic conductivity in the dark and the iodine vacancy was established as the dominant
mobile defect from a reaction cell (see Figure ID in Box 1) [12,44]. lodine vacancies were confirmed
as the dominant mobile defect in (CHgNHz)Pbls based on the dependencies of the ionic conduc-
tivity on |, partial pressure [p(l»)] and acceptor doping, as well as various solid-state NMR measure-
ments [12,62,63].

Theoretical and experimental studies have converged on small £, values (0.1-0.7 eV) for halogen
vacancy formation and migration in halide perovskites [57,58,62,64,65]. By contrast, oxide pe-
rovskites exhibit higher E, values (>0.5 eV) [65,66] attributed to increased lattice energy due to

Box 1. Halogen point defects and mixed ionic-electronic conductivity in halide perovskites

Several halide perovskites are mixed ionic—electronic conductors. These perovskite semiconductors exhibit bandgap energies
greater than 1 eV (see Figure 2A in main text); thus, the dark electrical conductivity derives from intrinsic carrier concentrations
(Figure |A, left) or carrier concentrations modified through doping. The addition of donors generates an excess electron concen-
tration (n-type doping; Figure IA, middle), whereas acceptors generate an excess hole concentration (p-type doping; Figure IA,
right). Bulk ionic conductivity in the halide perovskites is attributed to mobile point defects, particularly halogen vacancies, in
analogy to the well-established relationship between oxygen vacancies and oxide mobility in oxide perovskites. Halide (X7) loss
results in a positively charged vacancy or point defect, which must be compensated by another charged defect or charge car-
rier (holes or electrons). Among the possible halogen vacancy-based defect reactions, halogen off-gassing (positively charged
halogen vacancies compensated by electrons; Figure IB, top left), Schottky disorder (positively charged halogen vacancies
compensated by cation vacancies; Figure IB, top right), and anti-Frenkel disorder (positively charged halogen vacancies com-
pensated by negatively charged halogen interstitials; Figure IB, bottom) have been the focus of investigation in the defect chem-
istry of the halide perovskites. Bulk halide conductivity occurs due to the presence of halogen vacancies and has been
proposed to follow a vacancy-assisted hopping mechanism (Figure IC). lonic conductivity was established using solid-state
electrochemistry techniques, particularly electrolysis of coulometric reaction cells based on CsPbBrs (Figure ID, top) [57],
CsPbCly (identical construction and measurement as CsPbBrs; not shown) [57], and (CHsNHz)Pbls (Figure D, bottom) [44].
Direct current is applied to the cell, and the three possible outcomes indicate the nature of ion conduction. For example, (i)
if the perovskite CsPbBr is an anion conductor, Br~ migration from the perovskite produces PoBr at the Pb—perovskite in-
terface (the bromide is replenished by the AgBr layer) and a gravimetric gain of Br occurs on the left-hand side of the cell; (ii) if
the perovskite is a cation conductor, Cs* or Pb?* migration from the perovskite produces CsBr or PbBr,, respectively, at the
perovskite—AgBr interface and a gravimetric gain of Cs or Pb occurs on the right-hand side of the cell; (i) if the perovskite is
not an ion conductor, no change is observed. Analysis of the CsPbBr5 cell after electrolysis indicated a gravimetric gain of the
left-hand side of the cell, indicating that bromide was the dominant mobile ion. Similarly, diffraction, spectroscopy, and mi-
croscopy evidenced a reaction at the Pb—perovskite interface (Pb®* + 21~ — Pbl,) after electrolysis of the (CHsNHz)Pbl; cell,
demonstrating that iodide was the dominant mobile ion.
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Figure |. Halogen point defects and mixed ionic-electronic conductivity in the halide perovskites. (A) Schematic
block band diagram for a semiconductor (with conduction and valence band-edge energies of Ec and E,, respectively) in
three states: intrinsic (left, with a Fermi level at Ex jntrinsic), N-type (middle, with an electron donor level at Eqonor), @nd p-type
(right, with an electron acceptor level at Eqxcceptor)- (B) Schematic of representative vacancy (top) and vacancy-interstitial
(bottom) defect reactions in the perovskite structure; top: beginning with a positively charged vacancy (center), charge is
balanced either with an electron (not shown) in the halogen off-gassing reaction producing 0.5X, per halogen vacancy
(left) or with a negatively charged cation vacancy (right, Schottky); bottom: the positively charged vacancy is charged bal-
anced by the formation of a negatively charged interstitial (anti-Frenkel). (C) Schematic of vacancy-assisted halide migration
inaslice of the 3D cubic perovskite structure, where X signifies the mobile halide. Turquoise, orange, blue, and gray spheres
represent Pb, Br, N, and C atoms, respectively. Hydrogen atoms are omitted for clarity. (D) Coulometric cell configurations in
solid-state electrochemistry and interfacial reactivity studies of CsPbBr3 [57] and (CHgNHg)Pbls [44], including the expected
direction of ionic drift for potential mobile ions; the CsPbBrg cell comprised three distinct pellets of CsPbBrs for separate
gravimetric analysis.

higher-valent metals in the oxides [66]. Apart from (CHsNHz)Pbls, facile formation and transport of
halogen vacancies have been calculated or observed indirectly in a number of 3D inorganic pe-
rovskites including CsMXs (M = Sn?*, Pb?*; X = CI~, Br~, I7) and double perovskites (Cs,AgBiBrg
[67,68], Cs2Snlg [69], and Cs,AgTIBrg [70]).

Both Schottky disorder [66,7 1] and anti-Frenkel disorder [64,65] (see Figure IB in Box 1) have
been proposed as the dominant defect reaction in first-principles modeling of (CHsNHg)Pbls. The
negative slope of the log(oion)—loglp(lo)] relationship (i = ionic conductivity) measured in cells with
ion-blocking electrodes in the dark and under illumination, however, was decisively consistent with
Schottky disorder [62,72]. Furthermore, conductivity measurements under p(l) and illumination
provide insights into the operational stability of perovskite-based devices, including halide segrega-
tion, space-charge formation, and accelerated degradation [12,72]. While changes in electronic
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conductivity are expected upon illumination, changes in ionic conductivity are more difficult to pre-
dict. Atwo-order-of-magnitude increase in the ionic conductivity of (CHzNHs)Pbls upon illumination
at only 15 mW cm™ intensity has been observed [72]. The authors proposed that, upon illumina-
tion, an iodine interstitial/vacancy defect mechanism explains the concomitant increase in ionic
and electronic conductivity, while the increased chemical potential of I~ drives accelerated degra-
dation. A subsequent observation of reduced ionic conductivity enhancements under illumination
in (CH3NH3)PbBrs and CsPbBrs was attributed to the lower polarizability of the bromide site (rela-
tive to the iodide) [73]. We expect that continued studies on the ionic conductivity of halide perov-
skites, as well as the separation of bulk, surface, and grain boundary transport processes, will
significantly advance the field.

Even still, defect passivation approaches involving halide coordination or halogen vacancy filling have
proven effective toward stabilizing and optimizing perovskite solar cells. Non-covalent halogen
bonding between iodopentafluorobenzene (halogen bond donor) and undercoordinated iodides
(halogen bond acceptor) at the surface of a (CHzNH3)Pbls film reduced hole trapping and charge ac-
cumulation at the interface with the hole transport layer [74]. Perovskite thin-filn devices prepared in
the presence of excess halide salt, particularly Kl, exhibit reduced non-radiative recombination
losses and halide migration instabilities [75]. The K appears to reside primarily at the grain bound-
aries (surfaces) and the improved performance and stability are attributed to halogen vacancy filing.

Halide substitution and halogen off-gassing

Varying the identity and ratio of halides in the precursors often allows for the crystallization of perov-
skites with targeted halide compositions. However, the precursor halide ratio is not necessarily
retained in the product, and we stress that elemental analysis on the bulk product is the best indica-
tor of overall halide composition. Several intriguing postsynthetic halide-exchange strategies have
also been developed (Figure 3A). Solid-liquid conversion reactions have proven efficient for halide
exchange in polycrystalline perovskites. Exposure of the perovskite to an excess halide precursor
solution, such as a dissolved lead-halide or ammonium-halide salt, affords complete or partial halide
exchange [76-78]. Trimethylsilyl-halides [[TMS)X] also react with perovskite nanoparticles to ex-
change the halide, driven by the thermodynamic stability of the Si—-X bond (bond strength: Si-Cl >
Si-Br > Si-l) [79]. Thus, chloride or bromide perovskites can be converted to iodide perovskites
using (TMS)I and chloride perovskites can be converted to bromide perovskites using (TMS)Br [79].

Gas—solid reactions can also exchange halides in perovskites. Exposing the perovskite to HX gas
enables full or partial halide exchange [80]. Reactions with halogen gas exploit the reduction

Cs,AgTIBrg

Trends in Chemistry

Figure 3. Halide substitution and halogen off-gassing in halide perovskites. (A) Schematic reaction for the halide
exchange reaction in APbX5 (X =17, Br) involving Br, gas or Br7/I™ precursors. Adapted, with permission, from [81].
(B) Schematic showing reversible Br, off-gassing from Cs,AgTIBrg and subsequent halogenation of crotonic acid.
Octahedra comprising Pblg, PbBrg, AgBre, and TIBrg are shaded in purple, orange, white, and gray, respectively. Cs
atoms are shown as pink spheres and the A-site cations in the lead perovskites are omitted for generality.
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potentials of the halogen gas/halide couples (E° Cl,/Cl™ = 1.36 V, E° Bro/Br™ = 1.07 V; E° I/l =
0.54 V) to drive the reaction between the halide in the perovskite and halogen gas (e.g., 21 + Bro
— |, +2 Br~, AE° = 0.53 V; where the positive potential difference indicates reaction spontaneity)
[81]. Thus, iodide perovskites can be converted to bromide or chloride perovskites using Brs or
Cl, gas, respectively, and bromide perovskites can be converted to chloride perovskites using
Cl, gas. Interestingly, the morphology of the parent film is preserved in the product despite the
large atomic rearrangement resulting from this reaction [81].

Halogen redox chemistry can also influence the electronic conductivity, carrier concentration, and
fermi level of halide perovskites [12,70,82]. The double perovskite Cs,AgTIBrg displayed an in-
crease in electronic conductivity upon spontaneous Br, off-gassing (Figure 3B), where the Bro
was identified through the bromination of crotonic acid [70]. The increasing conductivity of the
Cs,AgTIBrg crystal upon Brs, loss is consistent with n-type self-doping, or the defect reaction
analogous to oxygen exchange

2Brg, =2V3, +2¢ + Bry(g) 2]

where two bromine atoms leave the perovskite as Bro, generating two monocationic bromine
vacancies (Vg,) and two electrons. Notably, this process is reversible, and the conductivity de-
creases upon exposing the perovskite to Br, gas. Similarly, I, exposure can modify the conduc-
tivity and fermi level of p-type (CH3NH3)Pbls [82]. Overall, halogen off-gassing in halide
perovskites resembles doping of oxide perovskites via the oxygen exchange equilibrium [21],
but at significantly lower temperatures.

Halide segregation under illumination

Bandgap tunability through halide mixing was initially considered a major advantage of perovskite
photovoltaic absorbers. However, the higher-bandgap lead—bromide-iodide perovskites did not
produce higher voltages than the pure-iodide perovskite absorbers [83]. McGehee, Karunadasa,
etal. [42] showed that illumination causes transient changes in (CHzNHs)Pb(Br 1 _)s (0.2 <x < 1),
evident in PL, transient absorbance spectra, and powder X-ray diffraction . These data were ex-
plained as a photo-induced phase segregation of the mixed-halide perovskite into I™- and Br™-rich
domains (Figure 4A). Here, the smaller-gap iodide-rich domains acted as traps that reduced the
open-circuit potential and red-shifted the PL (Figure 4B). Surprisingly, the material restored its ini-
tial, homogeneously mixed composition after a few minutes in the dark. Further, bright
nanodomains were identified after several seconds of illumination using cathodoluminescence,
attributed to iodide-rich regions, starting at the grain boundaries (Figure 4C) [83]. While photo-
induced halide segregation is now a well-accepted phenomenon, its origin and mechanism are
still under investigation [13,14]. Models that explain halide segregation under illumination attribute
the phenomenon to the metastability of mixed-halide perovskites [85], to polaron formation
(photogenerated charge carriers and their accompanying lattice distortions) [84], or to
photogenerated carrier gradients or electric fields at defects or interfaces [86-88].

Because of the importance of achieving a 1.7-1.8-eV bandgap perovskite as the top absorber in a
tandem solar cell with Si, efforts have been devoted to eliminating photo-induced phase segregation
in bromide-rich bromide—iodide perovskites. Increasing grain size and film crystallinity reduced this
effect, further suggesting that halide mobility is highest at grain boundaries [13]. Introducing multiple
A-site cations [CHsNH3Z, CH(NH,)s, Cs*, and/or Rb*] in mixed-halide perovskites can also
reduce photo-induced halide segregation [34,89-93]. PL spectra of (CH3NHz)Pb(Bri_,)3
obtained at high pressures suggest that halide segregation is reduced with compression in
the ambient-pressure a phase (0-0.9 GPa), and may be entirely suppressed in the high-
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Figure 4. Photo-induced phase segregation in halide perovskites. (A) Schematic depiction of the reversible halide
segregation under illumination that transforms a mixed-halide perovskite into Br™- and I”-rich domains, shaded in orange
and purple, respectively. A-site cations are omitted for clarity. Adapted, with permission, from [114]. (B) Schematic of the
proposed band diagrams of the mixed-halide perovskites in the dark and under illumination. The band diagrams of the
Br~- and I"-rich regions are displayed in orange and purple, respectively, showing how |I™-rich domains act as traps for
photogenerated holes and electrons. Adapted, with permission, from [42]. (C) Cathodoluminescence images of
polycrystalline (CH3NH3z)Pb(Brg olo.1)3 after sequential light exposure in 30-s increments. The scale bar is 2 um. The yellow
regions are attributed to be iodide rich. Adapted, with permission, from [84].

pressure [3 phase. Thus, a stiffer lattice may kinetically suppress halide migration, or pressure
may change the thermodynamics of halogen defect formation [94]. Indeed, the effects of
mixed A-site cations on halide segregation may be a consequence of chemical pressure
[12]. Recently, McGehee, Xu, and colleagues [93] explored triple-halide perovskites as stable
absorbers. Single-phase perovskites with up to 15% CI™ at the X-site were prepared by mixing
[CH(NH.)2]0.75Cs0.25Pb(Brg 2lg.g)3 with (CH3NH3)PbCls [93]. The resulting perovskite showed a
bandgap (1.67 eV) close to the ideal value for a tandem device, while containing less bromide than
bromide—-iodide perovskites with similar bandgaps that show phase segregation. Thus, the triple-
halide perovskite was resistant to phase segregation under 100-sun illumination [42,93].

Halogen capture and separation

Despite their close-packed structures, layered perovskites can intercalate various molecules
through an ‘accordion-like’ expansion along the stacking direction of the inorganic sheets.
Early work evidenced a reversible expansion when (C4oH»1NH3)-CdCl, was exposed to
1,2-dichlorobenzene or 1-chloronaphthalene [95]. Similarly, |, gas can intercalate into the
2D perovskite (I-CH>CsH+1oNHz)2Pbl, with a 33% lattice expansion along one axis (Figure 5A,B)
[96]. Here, the polarizable |, molecules increase the dielectric constant of the organic
layer, greatly reducing the binding energy of excitons in the inorganic sheets. The intercalated |»
in (I-CH>CsH1oNHz3)oPbl,-2l5 is stabilized by halogen—halogen interactions between the terminal in-
organic iodides and the organoiodides, producing a structure reminiscent of the triiodide ligand (I3)
in a 2D halide-pseudohalide perovskite [NHs(CHo)7NHs]oAUslg(l1)2 [97].

Halogen gas can also react with the molecules in the organic layers. Upon exposure to
l> gas, the alkyne-perovskite [HC=C(CH,)oNH3]oPbBr, generates the alkene-perovskite
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Figure 5. Halogen gas capture and separation in 2D halide perovskites. (A, B) I, gas intercalation in a 2D halide
perovskite containing iodoalkane cations. (C-H) I», Bro, or Cl, gas chemisorption in 2D halide perovskites containing
organic cations with alkyne and alkene functionalities. Structures were determined by (A, C, D, E, G, H) single-crystal X-ray
diffraction, (B) geometry optimization, or (F, the figure is a model) powder X-ray diffraction [81,96,98]. Octahedra
comprising Pblg, PbBrg, and PbClg are shaded in purple, orange, and green, respectively. Purple, orange, blue, and gray
spheres represent |, Br, N, and C atoms, respectively; H atoms are omitted for clarity.

[IHC=CI(CH_)oNH3]-PbBr, (Figure 5C,D) [98]. This |, chemisorption made [HC=C(CH,),NHz].PoBr,
a promising candidate for radioactive '?°l, gas capture from nuclear power plants. The
perovskite showed an excellent volumetric capacity for I, gas (1.48 g cm™) and maintained
90% capacity under simulated operating conditions with moisture and NO, gases.

Similarly, Bro and |, gas can convert the alkene-perovskite [H,C=CH(CH,)oNHz]-PbBr, to the
corresponding dihaloalkane-perovskites (Figure 5E-G) [81,98]. Akin to the solution-state stability
of dihaloalkanes, the dibromoalkane-perovskite was stable (Figure 5G), whereas the
diiodoalkane-perovskite spontaneously lost |o (Figure 5F). Here, the length of the alkyl chain in
the diiodoalkane-perovskite could modulate the I, off-gassing rate through crystal packing effects
[98]. Although halide separation through selective precipitation in solution is straightforward,
gas-phase halogen separation is difficult. Irreversible Br, capture and reversible |, capture by
[HoC=CH(CH.)>NHz]-PbBr4 can be used to scrub Br, and IBr from |»/Br, mixtures, purifying
l> gas streams.

Halide exchange through X5/X™ redox chemistry can also yield unusual reactions in 2D perov-
skites. For example, upon Cl, exposure, the alkene-perovskite [HoC=CH(CH.)>NHz]-PbBr,4
does not produce the dichloroalkane-perovskite. Instead, Cl, gas oxidizes Br™ in the inorganic
sheets to Br,, which then brominates the alkenes to afford [BrH,C-CHBr(CHs).NH3]-PbCly
(Figure 5H) [81]. Postsynthetic reactions can also afford 2D perovskites that cannot be formed
in solution. For example, organoiodides cannot be incorporated into lead-bromide perovskites
because Br™ attacks organoiodides in solution to form organobromides. However, stoichiometric
Br, gas converts the 2D perovskite (I-CH>CsH1oNH3)oPbl, to (I-CHoCsH1oNH3)oPbBry,
presumably due to the faster exchange kinetics of halogen substitution in the inorganic frame-
work compared with halogen substitution at the organoiodides [96].

Halogen gas can also oxidize polymerized organic layers in 2D perovskites, increasing their
conductivity. For example, a recent study reported a 1000-fold increase in conductivity in a
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perovskite upon exposure to |, or O, attributed to hole doping of a conjugated polymer formed
with deca-3,5-diyn-1-ammonium cations in the organic layer [99].

Pseudohalide perovskites

Pseudohalide perovskites maintain the perovskite structure with the X-site occupied by
pseudohalides such as azides (N3) [100], cyanides (CN™) [101,102], dicyanamides [N(CN)5]
[108], formates (HCOO™) [104], thiocyanates (SCN™)[105,106], triiodides (I3) [97], or borohydrides
(BHz) [107]. The elongated anions allow for larger A-site cations such as tetramethylammonium
[(CH3)4N*T in [(CH3)4sNIMN(Ng)s (Figure 6A) [100]. Similarly, formate and dicyanamide perovskites
can incorporate cyclotrimethyleneamine [104] and benzyltributylammonium [103] as A-site
cations, respectively.

The Prussian Blue analogs are a well-known family of coordination polymers with the generic
formula B[B'(CN)e] [102]. The structure, named after Fe""[Fe'(CN)glg/4:xH20 (Prussian Blue), is
analogous to that of 3D double perovskites, with vacancies in the A-sites and in one-fourth of
the B' sites (Figure 6B) [24,102]. Dimensional reduction of the Prussian Blue analogs produces
the Hofmann clathrates, typified by Ni(NHz)(CN),-CgHg (Figure 6C) [108]. This 2D structure,
analogous to 2D halide perovskites, consists of layers of octahedrally coordinated metals with
bridging cyanides and terminal amines, separated by benzene molecules [109,110].

Although halide and pseudohalide perovskites have evolved separately, materials with mixed li-
gands are beginning to be explored. The 2D double perovskite [NHg(CH,),NHs]oAuslg(ls)s [97] fea-
tures both I”and I3 ligands and I, intercalation into the iodide perovskite (I-CH>-CsH4oNH3)-Pbl, can
postsynthetically yield terminal I3 ligands [96]. In the 2D perovskite (CHsNH3)-Pblo(SCN)s
(Figure 1D), SCN™ ligands occupy the terminal X-site [105,106]. This Pb—I-SCN perovskite
shows a decreased bandgap compared with analogous Pb-| perovskites [105,111], which has
been partially attributed to decreased octahedral tilting [112]. Here, NH3 groups only interact
with SCN™ ligands, resulting in flat inorganic sheets. By contrast, typical 2D halide perovskites
often display H bonding between the NHZ groups and the bridging halides, inducing octahedral
tilting. This mixed-ligand perovskite also displays an unusually low exciton binding energy,
which may arise from an increased polarizability in the inorganic sheets due to the covalency in
the Pb-S bond allowing for some delocalization of the 1T electrons in the thiocyanate group
[105]. In addition, 2D infrared spectroscopy reveals ps-scale dynamics that occur in the inorganic

Fe" [Fe"(CN),], Ni(NH;)(CN), CsHe
Trends in Chemistry
Figure 6. Crystal structures of halide-perovskite analogs containing pseudohalides. (A) A 3D pseudohalide
perovskite, [(CH3)4sN]JMn(Ng)s. (B) Prussian blue, which can be considered a double perovskite with vacancies in the A sites
and 25% of the B' sites, Fe""4[Fe"(CN)gls. (C) A Hofmann clathrate, Ni(NHg)(CN),-CeHg, With analogies to 2D perovskites.
Transition metal-N/C octahedra are shaded in blue. Disordered atoms and hydrogen atoms are omitted for clarity. Key:

light green, Mn; dark green, Fe'"; orange, Fe'"; cyan, Ni; blue, N; gray, C.

216  Trends in Chemistry, March 2022, Vol. 4, No. 3

Trends in Chemistry


Image of Figure 6
CellPress logo

Trends in Chemistry

framework within the vibrational lifetime of the C=N stretch, indicating a highly fluxional structure
[113]. Indeed this perovskite exhibits an uncommonly low bulk modulus (K = 7.6 GPa) character-
istic of a very soft structure [105]. Altogether, the Pb—I-SCN perovskite exemplifies how
pseudohalide incorporation can substantially change the properties of a halide perovskite.

Concluding remarks

Oxide perovskites, often synthesized above 1000°C, exhibit O, loss and oxide anion conductivity
at similarly high temperatures. It is thus not surprising that halide perovskites, which typically as-
semble at ambient temperature and pressure, lose halogen gas and conduct halides closer to
room temperature. Furthermore, halide perovskites have softer lattices than the oxides, with
bulk moduli that are lower by an order of magnitude. Thus, lattice dynamics [113] and compres-
sion effects [114] should be more pronounced in the halides, as seen in recent experiments. As
the parallels between halide perovskites and their oxide analogs become clearer, we anticipate
that researchers can better target the halogen chemistry of halide perovskites to improve their
performance and stability in technological applications (see Outstanding questions). Further,
layered hybrid perovskites provide a platform for chemistry not yet available in the oxides.
Halogenation reactions enable halogen physisorption and chemisorption, halide exchange and
halide transfer between organic and inorganic layers, and the synthesis of new perovskite com-
positions, including those that cannot be formed in solution. These transformations exemplify
the richness of the halogen chemistry of 2D halide perovskites.
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Outstanding questions

Can we draw further parallels between
the well-known oxygen chemistry of
oxide perovskites and the halogen
chemistry of halide perovskites to im-
prove our understanding of how to
tune the halide site to access desired
properties?

How can we apply our understanding
of halide-based defects to synthesize
new materials that are resistant to de-
fects (e.g., materials that resist halogen
off-gassing or HX loss) as well as mate-
rials that promote the formation of de-
fects (e.g., materials that can be
controllably doped through halogen
loss or non-stoichiometry)?

Can pseudohalide perovskites and
mixed-halide-pseudohalide perovskites
show suitable bandgaps and band dis-
persion for optoelectronic applications?

Are complex postsynthetic reactions
between perovskites and small
molecules, where crystal packing
affords products that cannot be
isolated in solution, achievable by
exploiting the chemistry of the halide
site?
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