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ABSTRACT: Cesium lead iodide (CsPbl,) perovskite
has shown great potential as a light absorbing material for
solar cell applications. Despite intense research leading to
increasing power conversion efficiency, a major problem
concerning CsPbl; lies in the long term stability and
interconversion between different CsPbl; polymorphs, a
subject barely studied from the thermodynamic perspec-
tive. We report the formation enthalpies of two CsPbl,
polymorphs, a and 6 CsPbl;, using a combination of room
temperature solution calorimetry in dimethyl sulfoxide
(DMSO) and differential scanning calorimetry. We show
that both polymorphs are stable with respect to their
binary halides and confirm that the a-phase is a high
temperature polymorph, metastable under ambient
conditions. This work sheds light on patterns in
polymorphism, possible decomposition reactions, materi-
als stability, and compatibility within halide perovskites
and related systems. Thermodynamic instability near
ambient temperature of functional perovskites may be a
general phenomenon related to their vibrational density of
states.

norganic halide perovskite (IHP) materials have captured

broad research interests and shown increasing power
conversion efficiency (PCE) in perovskite solar cells
(PSC).'™* The generic formula for a 3D-structured inorganic
halide perovskite is ABX,, where A = Cs*, Rb*; B = Pb**, Sn**;
and X = I, Br7, and CI". Compared to hybrid organic—
inorganic perovskites (HOIP) where A is usually methyl-
ammonium (CH;NH;", MA*') or formamidinium (HC-
(CH,),*, FA*), IHPs exhibit superior thermal and chemical
stabilities under exposure to external humidity, oxygen and
heat, which is rendered by the replacement of organic with
intrinsically more stable inorganic cations.”

Among various inorganic halide perovskites, cesium lead
iodide (CsPbl;) draws special attention for its desirable
bandgap, ease of synthesis and tunable optical properties.””~’
Tremendous efforts have been devoted to the synthesis,
modification and application of CsPbl; materials. Despite this,
studies on the thermodynamic properties of CsPbl; materials
remain scarce. Yet the underlying thermodynamic properties
determine thermal and atmospheric stability, possible decom-
position reactions, and materials compatibility.®

There appear to be several polymorphs within the cesium
lead iodide system, whose interconversion and thermodynamic
and thermal stabilities have not been well characterized."” ™"
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The one used as a light harvesting material in perovskite solar
cells is a-CsPbl; (E, = 1.73 eV, black), which adopts a cubic
perovskite crystal structure (space group: ngm). However, a
nonperovskite, 6-CsPbl; with wide band gap (E, = 2.82 eV,
yellow) and orthorhombic crystal structure (space group:
Pnma), was reported to be thermodynamically more stable
below ~320 °C. When exposed to ambient conditions, a-
CsPbl; undergoes an immediate phase transition to its
orthorhombic polymorph (5-CsPbl;). A spontaneous phase
transition from - to a-CsPbl; was also reported when the
temperature was ramped to ~320 °C."”' Thus, the a-phase
appears to be the high temperature stable polymorph, but this
hypothesis needs thermodynamic verification.

Here we report the formation enthalpies of a- and -CsPbl,
polymorphs from lead iodide (Pbl,) and cesium iodide (CsI)
using a combination of room temperature solution calorimetry
and differential scanning calorimetry (DSC), confirming the
energetic stability of both polymorphs with respect to their
binary halide components and the energetic metastability of a-
CsPblj; relative to the d-phase. We propose some energetics—
structure correlations in different polymorphs in perovskite-
forming halide systems.

The schematic crystal structure and powder X-ray diffraction
pattern of the synthesized orthorhombic 5-CsPbl; are shown
in Figure 1, the latter confirming phase pure product.
Structural details of 6-CsPbl;, as well as those of a-CsPbl,,
are shown in Table 1.

The measured enthalpies of solution in dimethyl sulfoxide
(DMSO) of 5-CsPbl; and constituent iodides are given in
Table 2. The thermochemical cycle used to calculate enthalpy
of formation is also shown. The formation enthalpy of 6-
CsPbl; from binary iodides (Pbl, and CsI) is significantly
exothermic, —16.93 + 0.87 kJ/mol, in contrast to the positive
value for the hybrid perovskite MAPbI,."* This more favorable
formation enthalpy of CsPbl; indicates the greater stability
rendered by the symmetrical, spherical Cs* ion compared to
the volatile MA" ion due to its polarity and asymmetry. Indeed
in general organic—inorganic hybrid perovskites are less
thermodynamically stable than purely inorganic ones, giving
the latter advantages in long-term use. Furthermore, the
“yellow phase” with edge sharing polyhedra seems to be
confined to the inorganic systems and does not appear to occur
in the hybrid systems. This energetic stability is unlikely to be
counteracted by entropy terms for formation from binary
iodide constituents. Therefore, 6-CsPblj; is expected to have a
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Figure 1. (A) Schematic crystal structure and (B) simulated and experimental powder X-ray diffraction patterns of 6-CsPbl;.

Table 1. Structural Details of §-CsPbL,* and a-CsPbL,”

CsPbl; Polymorph Space group Crystal system 74
6-CsPbl, Pnma Orthorhombic 4
a-CsPbl, Pm3m Cubic 1

“From ref 12. YFrom ref 13.

a

10.4342(7)
6.28940(19)

b

4.7905(3)
6.28940(19)

c

17.7610(10)
6.28940(19)

Density (g-cm_3)
5.3929
4.8111

Table 2. Thermochemical Cycle to Calculate the Formation Enthalpies of @- and §-CsPbl,; at Room Temperature (25 °C)

5-CsPbl, (x, 25 °C) — Pbl, (sln, 25 °C) + Csl (sln, 25 °C)

Reaction Scheme”

Csl (x, 25 °C) — Csl (sln, 25 °C)
Pbl, (xl, 25 °C) — Pbl, (sln, 25 °C)
Csl (x, 25 °C) + Pbl, (x, 25 °C) — 6-CsPbl, (x, 25 °C)

5-CsPbl, (x, 25 °C) — a-CsPbl, (x, 25 °C)

CsI (x, 25 °C) + Pbl, (x, 25 °C) — a-CsPbl, (x, 25 °C)
“State symbol: sln (DMSO solution), x| (crystalline solid). YThe mean of values calculated from solution calorimetry or differential scanning

calorimetry, unless otherwise specified. Uncertainty is two standard errors of the mean. Numbers of measurements indicated in parentheses.
“Calculated from solution calorimetry. Temperature: 25 °C. Solvent: 25 g of 99.9% anhydrous DMSO. ?Approximated to AHj;_, (CsPbl,, xI, 320

AH, = AH,

sol

Enthalpy Measurements
(6-CsPbl;, 1, 25 °C)

AH, = AH,, (Cs, x, 25 °C)
AH,; = AH,,; (Pbl,, x], 25 °C)
AH, = AH; (6-CsPbl,, x, 25 °C)

AH, = AH;_, (CsPbl,, xl, 25 °C)
AH, = AH; (a-CsPbl,, xl, 25 °C)

AH (kJ/mol)”

—46.12 + 081 (8) ¢

—12.64 £ 021 (8) ¢
—5041 + 024 (8) ¢

-16.93 + 0.87 (8)
1410 + 024 (4) d
—2.83 + 0.90 (4)

Note

AH, = (-AH,) + AH, + AH,

AHg = AH, + AH,

°C) from differential scanning calorimetry.

negative free energy of formation from its iodide components,
which explains the long-term stability of §-CsPbl; with no
obvious decomposition or change in color or morphology
when held in ambient conditions for months.

The black cubic perovskite phase (a-CsPbl,), with a
desirable band gap, transforms rapidly to 6-CsPbl; below
~320 °C. Thus, a-CsPbl; can not be obtained for room
temperature solution calorimetry. However, the thermody-
namics of the phase transition from 6—a CsPbl; near 320 °C
can be measured directly by differential scanning calorimetry
(DSC), providing a means of relating the energetics of the two
phases.

The DSC thermogram of 5-CsPbl; (Figure 2) shows an
endothermic peak starting at 320 °C and centered at 325 °C,
corresponding to the 6- to a-CsPbl; phase transition with an
enthalpy change of 14.10 + 0.24 kJ/mol. The entropy of
transition is 14100/593 = 23.78 J/mol-K. By neglecting the
difference in heat capacities between the two phases, these
values can also be taken as a good approximation of the
enthalpy and entropy of transition at ambient conditions. The
heat capacity of the a-phase cannot be measured below the
transition (as it does not exist), but the DSC curve (Figure 2)
suggests a continuous curve could relate the heat capacity of
the O-phase below the transition and the a-phase above,
supporting similar heat capacities. Similar heat capacities are
expected as there are no phase transitions or disordering
phenomena between 25 and 320 °C, and the vibrational heat
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Figure 2. DSC thermogram of §-CsPbl;. Endothermic peak appears
at 320 °C and centers at 325 °C

capacities of the two phases are expected to be similar in that
range. With these approximations, the enthalpy of formation of
the a-phase at ambient conditions is —2.83 + 0.90 kJ/mol,
making it just barely stable energetically. However, the large
positive entropy of the é—a transition clearly stabilizes a-
CsPbl; above 320 °C. Thus, the d-phase is confirmed to be
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thermodynamically stable with respect to its binary iodides
below 320 °C and the a-phase above that transition
temperature. Because of the rapid reversibility of the transition,
the a-phase with desirable solar cell applications is metastable
and generally not attainable under ambient conditions.

The ideal cubic perovskite structure of a-CsPbl; consists of
a three-dimensional network of corner-sharing BXy octahedra
([PbI¢]*") with the Cs* cation in the 12-fold coordination site
formed in the middle of the cube of eight such octahedra.>~"”
6-CsPbl; is not a perovskite. Its structure includes double
chains of edge-sharing [Pbls]*" octahedra linked by 9-fold
coordinated Cs* cations (Figure 1A)."°"" The edge-sharing
[PbI4]*" octahedra are tilted relative to the corner-sharing
octahedra in a-CsPbl,.'® The difference in structures is
manifested in the rather large enthalpy and entropy change
associated with the a—¢ transition, much larger than those
associated with typical distortional transitions in perov-
skites.'®'? It is interesting that, despite such structural and
energetic differences, the high temperature a-phase reverts
rapidly to the d-phase upon ambient cooling. The rapid
reversibility suggests the possibility of a concerted, rather than
reconstructive, mechanism for the transition, but this has not
been investigated.

An analogous stability trend was observed in CsSnl;,
CsPbly’s tin counterpart, which undergoes a phase transition
between orthorhombic and cubic polymorphs as temperature
changes.”® Likewise, cubic CsSnl; is a high temperature phase
while the orthorhombic polymorph is a low temperature one,
and a reversible displacive phase transition between the two
polymorphs was reported. Yet there is no comprehensive
investigation of CsSnl; from the energetics perspective,
suggesting a potential subject for future research.

This octahedral tilting in the d-phase CsPbl; may cause the
band gap (E,) to rise from 1.71 to 2.82 eV. Such octahedral
tilting is not uncommon: in hybrid organic—inorganic
perovskites, similar octahedral tilting and corresponding band
gap increase were also widely observed.”"””* Octahedral tilting
was reported to reduce metal-halide orbital overlap, moving
the valence band to lower energy and increasing the band
gap.”' However, since the §-phase is not, strictly speaking, a
perovskite, additional factors, including the edge-sharing of
octahedra, may be important in determining the band gap.

Clearly, as manifested in the 320 °C phase transition, there
is a thermodynamic competition between the high temperature
a-phase (more symmetrical and higher enthalpy and entropy
perovskite) and the low temperature S-phase (structurally
more complex and less symmetrical nonperovskite of lower
enthalpy and entropy).

Such low temperature instability of perovskites relative to
other phases may be a general phenomenon. Even within
perovskites, transitions to more distorted polymorphs at lower
temperature are common. Such distorted structures may have
desirable properties resulting from their lower symmetry
(including loss of a center of symmetry, leading, for example,
to ferroelectric behavior, or they may compromise desirable
band structure, as is the case for CsPbl;. The distorted
structures are of lower energy and lower entropy than the cubic
aristotype, making the latter a high temperature polymorph.
Similar arguments hold for stability relative to nonperovskite
polymorphs. Such thermodynamic relations have been studied
extensively in the context of high pressure geoscience, where
MgSiO; based perovskite dominates the mineralogy of the
Earth’s lower mantle. This silicate perovskite is of higher

enthalpy and entropy than polymorphs like MgSiO; ilmenite
(which contains edge sharing polyhedra).”® The reason for this
behavior arises in large part from the vibrations of relatively
loosely bound cations in the perovskite A-site which provide a
large contribution to the low frequency vibrational density of
states and lead to higher heat capacity and entropy.*~*° The
present study suggests similar behavior in halide perovskites.
Future computational studies could address this phenomenon
in CsPbl; perovskite despite the inability to maintain the
perovskite at low temperature. It is also possible that cryogenic
quenching in the absence of air and water vapor could preserve
enough perovskite for experimental studies by low temperature
heat capacity measurements, spectroscopy, and inelastic
neutron scattering.

In summary, by using a combination of room temperature
solution calorimetry and differential scanning calorimetry, we
have obtained the enthalpies of formation of - and §-CsPblj,
shown that both are stable with respect to their binary halides,
and obtained the thermodynamics of the a—¢ transition. The
desirable a-phase is metastable with respect to the &-phase
under ambient conditions. The effects of structural change on
the thermodynamics and band gap have been discussed. The
thermodynamic instability of perovskite phases at low
temperature, reflecting their high vibrational entropy, may be
a general phenomenon for halides as well as oxides.
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