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ABSTRACT: Instability of hybrid organic−inorganic halide
perovskites hinders their development for photovoltaic
applications. First-principles calculations are used for evalua-
tion of a decomposition reaction enthalpy of hybrid halide
perovskites, which is linked to experimentally observed
degradation of device characteristics. However, simple criteria
for predicting the intrinsic stability of halide perovskites are
lacking since Goldschmidt’s tolerance and octahedral geo-
metrical factors do not fully capture formability of those
perovskites. In this paper, we extend the Born−Haber cycle to
partition the reaction enthalpy of various perovskite structures
into lattice, ionization, and molecularization energy compo-
nents. The analysis of various contributions to the reaction
enthalpy points to an ionization energy of an organic molecule and an inorganic complex ion as an additional criterion for
predicting chemical trends in stability of hybrid halide perovskites. The ionization energy equal to or less than that for cesium and
the size comparable to that of methylammonium define the design space for cations A+ in the search for new perovskite
structures APbI3 with improved chemical stability that are suitable for photovoltaic applications.

■ INTRODUCTION

The efficiencies of hybrid organic−inorganic perovskite solar
cells have already increased to over 20%.1−4 Fabrication of
hybrid organic perovksite is based on a low temperature
solution method, thus offering a low-cost alternative to
crystalline thin-film photovoltaic devices. The main obstacle
hindering the commercialization of hybrid organic perovskite
solar cells is the instability of the active material. Hybrid
perovskites are prone to a phase separation that takes place
instantly under the ambient environment (moisture, UV
radiation, atmospheric oxygen, etc.).5−7 The detrimental role
of moisture in creating a degradation pathway for halide
perovskites was previously discussed from acid−base chem-
istry,8 molecular dynamic simulations,9,10 hydrolysis reaction,11

and thermodynamic12 perspectives. Encapsulation of the
perovskite cells does not prevent their degradation either.
The active layer of encapsulated hybrid organic perovskites
eventually decomposes after a period of time that ranges from
several days to a month.13,14

Intrinsic instability of hybrid halide perovskite structures can
be captured at the level of first-principles calculations15−17 by
evaluating the enthalpy of the reaction

+ →AX BX ABX2 3 (1)

based on the total energy of the solid compounds involved.
Here, A represents an organic cation, B and X are the metal and
halide elements, respectively. The negative reaction enthalpy
ΔHr indicates stable products. The lower the value of ΔHr, the
more stable the structure is against decomposition. For
example, the reaction enthalpy for tetragonal CH3NH3PbI3 is
within the range of −0.1 to 0.06 eV per formula unit,7,12,15

which renders the structure to be at the boundary between
weakly stable and unstable, agreeing with experimental
observations.7 Despite the success of first-principles calculations
in predicting formability of hybrid halide perovskite structures,
the origin of intrinsic instability and avenues for its improve-
ment remain unclear.
Geometrical factors such as the Goldschmidt’s tolerance

factor18 and octahedral factor successfully explain the
formability of various inorganic perovskite structures.19 The
tolerance factor t measures compactness of the perovskite
structure. The value of the tolerance factor for CH3NH3PbI3 is t
= 0.91,20 which is within the range of acceptable values t = 0.8−
0.95.19 Li et al.19 pointed out that the tolerance factor alone
does not fully capture the formability of perovkite structures
and proposed to add Pauling’s octahedral factor21 rB/rX (rB and
rX are the ionic radii of cation B and anion X, respectively) as an
additional geometrical criterion. In the case of CH3NH3PbI3,
the octahedral factor rPb/rI = 0.54 is within the allowable range
of 0.414−0.732.21 This analysis suggests that geometrical
factors are not sufficient to explain the instability of hybrid
halide perovskites.
Frost et al.8 attributed the instability of hybrid organic halide

perovskites to a relatively low electrostatic lattice energy of their
ionic structure as compared to non-halide perovskite
compounds. For instance, traditional inorganic perovskites of
the II−IV−VI3 family, e.g., PbTiO3, have the lattice energy of
−119 eV. This value is much lower that the lattice energy of
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−28 eV for CH3NH3PbI3 perovksite, which belongs to the I−
II−VII3 family. This argument suggests that I−II−VII3
perovskites have intrinsically lower electrostatic energy and
thus weaker chemical stability. On the other hand, the
experimental reaction enthalpy for PbTiO3 is only −0.38
eV,22 which is orders of magnitude less than its lattice energy. It
is also known that the CsPbI3 perovskite structure is indeed
stable up to the temperature of 460 °C,23 above which the
material melts without decomposition, despite its higher lattice
energy of −27 eV. These observations indicate that the lattice
energy alone cannot be used as a criterion for stability of ionic
structures.
The Born−Haber cycle is traditionally used for analysis of

formation enthalpies. It allows one to break the formation
energy into the following components: atomization enthalpy,
ionization enthalpy, and lattice enthalpy.24 In this paper, we
extend the Born−Haber cycle to the analysis of energy
components of the reaction enthalpies for various perovskite
structures using the density functional theory (DFT). It will be
shown that, in I−II−VII3 organic and inorganic perovskites, the
lattice energy contribution is largely canceled by the
molecularization energy, leaving the ionization enthalpy to
determine the direction of the reaction. The instability of
hybrid organic lead−iodine perovskites can be attributed to the
high energy associated with ionization of organic molecules and
[PbI3]

−.

■ METHODS
Basic Concepts. The Born−Haber cycle was originally

proposed by Max Born and Fritz Haber as a way to measure
formation energies of ionic structures.24 The cycle also provides
a method to determine the lattice energy of the structures,
which otherwise cannot be directly measured experimentally.
Here, we will explain the essence of the Born−Haber cycle and
its utilization for analysis of reaction enthalpy components
using the CH3NH3PbI3 perovksite structure as an example.
The formation process of CH3NH3PbI3 from solid CH3NH3I

and PbI2 compounds can be subdivided into several
consecutive steps illustrated in Figure 1. The initial step
molecularization (similar to the atomization in the original
Born−Haber cycle)involves breaking the CH3NH3I and PbI2
lattice structures and formation of CH3NH3 and PbI3 molecules

+ ⎯ →⎯⎯⎯⎯ +
Δ

CH NH I(s) PbI (s) CH NH (g) PbI (g)
H

3 3 2 3 3 3
mo

(2)

The rational for using CH3NH3 and PbI3 radicals as the
smallest units in the Born−Haber cycle is justified by the
existence of the corresponding free-standing ions,25−28 and will
be discussed in the next section.
The next step is the ionization of the CH3NH3 molecule

+

⎯ →⎯⎯⎯⎯⎯ + +
Δ + −

CH NH (g) PbI (g)

CH NH (g) PbI (g) e
H

3 3 3

3 3 3
ion,1

(3)

followed by the ionization of PbI3

+

⎯ →⎯⎯⎯⎯⎯ + +

+

Δ + − −

CH NH (g) PbI (g)

CH NH (g) PbI (g) e
H

3 3 3

3 3 3
ion,2

(4)

It can be seen from the diagram in Figure 1 that the formation
of [CH3NH3]

+ ion is an endothermic process, whereas the
ionization of PbI3 is an exothermic process. The resultant
ionization energy is an additive of two enthalphies

Δ = Δ + ΔH H Hion ion,1 ion,2 (5)

Finally, electrically charged [CH3NH3]
+ and [PbI3]

−

complex ions are combined to form CH3NH3PbI3 crystalline
structure

+ ⎯ →⎯⎯⎯⎯+ − Δ
CH NH (g) PbI (g) CH NH PbI (s)

H
3 3 3 3 3 3

latt
(6)

The amount of energy ΔHlatt released in this reaction is called
the lattice energy of the hybrid organic perovskite structure.
This concludes the Born−Haber cycle of CH3NH3PbI3. The
total reaction enthalpy is compiled from enthalpies of individual
steps of the cycle

Δ = Δ + Δ + ΔH H H Hr mo ion latt (7)

Computational Details. Electronic structure calculations
have been performed in the framework of DFT29 and Perdew−
Burke−Ernzerhof generalized gradient approximation30 (GGA-
PBE) for the exchange-correlation functional. Total energies of
all compounds were obtained using the Vienna Ab initio
Simulation Package (VASP) and projector augmented-wave
(PAW) potentials.31−33

All crystal structures of compounds studied here are taken at
their most stable polymorph at ambient conditions. Among
perovskite structures, CH3NH3PbI3 adapts a tetragonal β-phase
at the ambient temperature, CH3NH3PbBr3 and CH3NH3PbCl3

Figure 1. Born−Haber cycle of methylammonium (MA) lead iodide obtained with [CH3NH3]
+ and [PbI3]

− ions as elementary species.
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have a cubic phase,34,35 and C(NH2)3PbI3 and (CH3)4NPbI3
favor hexagonal structures.36−38 HC(NH2)2PbI3 adopts a
hexagonal δ-phase.39 CsPbI3, CsPbBr3, and CsPbCl3 prefer an
orthorhombic (Pnma) δ-phase.23,40 The crystal structures of
CH3NH3I, CH3NH3Br, and CH3NH3Cl organic salts corre-
spond to α′-tetragonal (P4/nmm) phase at room temper-
ature.41−43 Szafran ́ski and Jarek44 reported the structures of
guanidinium iodide C(NH2)3I, and the structure of tetrame-
thylammonium iodine (CH3)4NI was obtained using
(CH3)4NAu

45 as a parent structure, followed by full relaxation
of their structural parameters. The structure of HC(NH2)2I was
obtained from orthorhombic (Pbca) C(NH2)3Cl

46 with full
relaxation of the structural parameters. Cubic crystal structures
of CsI, CsBr, CsCl, and NaCl as well as hexagonal PbI2 and
orthorhombic PbBr2 were taken from Wyckoff47 and Gerlach.48

The crystal structure of orthorhombic PbCl2 was derived from
the structure of PbBr2. Crystallographic information files
(CIFs) with atomic structures used in calculations can be
accessed through the Cambridge Crystallographic Data Centre
(CCDC deposition numbers 1549654−1549681).
For reciprocal space integration, a 4 × 4 × 4 Monkhorst−

Pack grid49 was used for cubic phases, 3 × 3 × 2 was used for
tetragonal phases, 4 × 4 × 3 for hexagonal phases, 3 × 6 × 2 for
orthorhombic CsPbX3 phases, and 4 × 8 × 4 for orthorhombic
PbBr2 and PbCl2. The convergence of reaction enthalpies with
respect to the k-mesh density is better than 5 meV, which was
tested by doubling the density for several perovskite structures
and their parent compounds. The cutoff energy for a plane-
wave expansion was set at 400 eV. The lattice constant and
atomic positions were optimized such that residual forces acting
on atoms did not exceed 2 meV/Å, and the residual hydrostatic
pressure was less than 50 MPa.
Gaseous phases, such as Cs, [CH3NH3]

+, and [PbI3]
−, were

modeled as an individual atom/molecule surrounded by 20 Å
of vacuum. All calculations related to gaseous phases were
performed in conjunction with optimization of internal degrees
of freedom. Only the Γ-point was used in the Brillouin zone.
The ionization energy of positively charged ions was calculated
by subtracting the total energy of cations (e.g., Cs+,
[CH3NH3]

+, [C(NH2)3]
+) from the energy of neutral atoms

or molecules (e.g., Cs, CH3NH3, C(NH2)3). Similarly, the
electron affinity of negatively charged ions was modeled by

adding one electron to PbCl3, PbBr3, or PbI3 molecules to form
[PbCl3]

−, [PbBr3]
−, and [PbI3]

− anions. The electron affinity of
these ions was represented as an energy difference between
negatively charged complex ions and neutral species.
Monopole, dipole, and quadrupole corrections implemented
in VASP50,51 were used for eliminating leading errors and
acquiring accurate total energies of all charged ions.
VESTA 3 package52 was used to visualize crystal structures

and for computing the Madelung electrostatic energy using
oxidation state as formal charges. In these calculations, the
radius of the ionic sphere and the reciprocal-space range were
set at 1 Å and 4 Å−1, respectively.

■ RESULTS AND DISCUSSION

Lattice Energies of Halide Perovskites. Calculation of
individual energies associated with various steps in the Born−
Haber cycle requires subdivision of the ionic solid in question
into elementary species. In the case of alkali halides (such as
NaCl, CsCl, etc.), the atomization is an apparent choice.
Following the same strategy, Cs+, Pb2+, and I− ions can be used
to calculate the lattice energy, which yields ΔHlatt ≃ −29 eV
(Figure 2).
This value agrees well with the Madelung energy of −27 eV

obtained from the point charge model. Gopal53 noticed the
existence of a trend between the lattice energy ΔHlatt and the
melting point Tm of alkali halides with the proportionality
factor of −ΔHlatt/Tm ≈ 7.4 × 10−3 eV/K. Assuming that the
same proportionality holds for perovskite structures, the
melting point of I−II−VII3 perovskites would be near 3900
K, which is an order of magnitude greater than the actual values
of 733−888 K for group-I lead halide perovskites (CsPbI3,
CsPbBr3, and CsPbCl3).

54,55

Alternatively, we can separate the CsPbI3 perovskite structure
into two ions Cs+ and [PbI3]

−. The existence of the
corresponding free-standing ions was verified experimen-
tally.25,26 Using this approach, we re-evaluated the lattice
energy of CsPbI3 as −5.55 eV using the Born−Haber cycle
similar to that shown in Figure 1. This result translates into a
substantially lower melting point of approximately 750 K,
which is remarkably close to the experimental value of 749 K.
Similar calculations of the lattice energy were performed for

other inorganic I−II−VII3 and II−IV−VI3 perovksites. Results

Figure 2. Born−Haber cycle of cesium lead iodide obtained with Cs+, Pb2+, and I− ions as elementary species.
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are summarized in Table 1. NaCl was used as a benchmark for
comparison between calculated and experimental components
of the formation enthalpy. The agreement with experimental
values gives a confidence in the approach used. The discrepancy
in ΔHmo can be attributed to the use of non-spin-polarized
calculations for individual atoms and ions. The plot of the
melting point vs the lattice energy of those compounds is
shown in Figure 3. From this figure, we can see that the melting

point of different ionic structures including alkali halides
follows a linear trend line. This suggests that that formation of
A+ cations and [BX3]

− complex anions is a plausible scenario
during melting of the perovskite structures.
Stability Analysis of Hybrid Organic Halide Perovk-

sites. Now we will utilize the Born−Haber cycle in order to
evaluate components of the reaction enthalpy of hybrid halide
perovskits. The lattice energies of CH3NH3PbCl3, CH3NH3-
PbBr3, and β-CH3NH3PbI3 perovskites are listed in Table 1. All
three compounds have similar values of the lattice energies
(∼10% max−min difference). However, their stability charac-
teristics are quite different. Buin et al.7 demonstrated that,
under ambient conditions, CH3NH3PbCl3 and CH3NH3PbBr3
do not undergo a spontaneous phase separation, unlike β-
CH3NH3PbI3. Both CH3NH3PbCl3 and CH3NH3PbBr3 remain
stable up to the temperature of approximately 520 K, above
which they decompose.20 Lattice energies of the corresponding

inorganic perovskites (CsPbI3, CsPbBr3, and CsPbCl3) are very
similar to their organic counterparts. In fact, these inorganic
perovskites are chemically stable under the ambient environ-
ment. Remarkably, the lattice energies of β-CH3NH3PbI3 and
δ-CsPbCl3 structures are identical, in spite of the distinct
stability characteristics. Therefore, we can conclude that the
lattice energy cannot be used as a criterion to predict the
chemical stability of compounds.
The analysis of various contributions to the reaction

enthalpies of hybrid halide perovskites (Table 1) shows that
the molecularization and lattice energies largely cancel each
other. The molecularization energy in reaction 2 is largely
governed by the methylammonium iodide bond strength as
evident from Figure 4. The energy consumed to separate

PbI2(s) to PbI2(g) and the energy gained from adding an I
atom to PbI2(g) to form PbI3(g) roughly cancel each other. We
estimated the Madelung energy of CH3NH3I to be −6.8 eV/f.u.
by placing +1e and −1e on the nitrogen and iodine atoms,
respectively. This lattice energy of CH3NH3I includes −1 eV/
f.u. associated with the ionization energy of I− and [CH3NH3]

+.
Therefore, the lattice energy of CH3NH3PbI3, −5.61 eV/f.u.
(Table 1), is inherited from the lattice energy of the parent salt,
CH3NH3I.
The ionization energy of [CH3NH3]

+ and [PbI3]
− is the

remaining contribution to the reaction enthalpy in eq 7 that

Table 1. Components (eV) of the Reaction Enthalpies Extracted from Born−Haber Cycle as Well as the Melting Temperature
and Stability against Spontaneous Decomposition for Halide Perovskites and Other Ionic Structures

compounds ΔHmo ΔHlatt ΔHion ΔHr Tm (K) stabilitya

δ-CsPbCl3 6.23 −5.95 −0.67 −0.39 88855 Y23

δ-CsPbBr3 5.80 −5.72 −0.46 −0.39 84054 Y23

δ-CsPbI3 5.72 −5.55 −0.34 −0.17 74923 Y23

CH3NH3PbCl3 6.20 −6.03 −0.32 −0.15 Y7

CH3NH3PbBr3 5.80 −5.81 −0.11 −0.11 Y7

β-CH3NH3PbI3 5.66 −5.61 0.01 0.06 N7

δ-HC(NH2)2PbI3 5.40 −5.47 −0.23 −0.29 Y39

C(NH2)3PbI3 5.43 −5.43 −0.38 −0.39 Y37

(CH3)4NPbI3 5.47 −4.79 −1.05 −0.37 Y38

CsCl 2.59 −6.64 0.14 −3.91 91856 Y
NaClb 3.01 −8.22 1.46 −3.76 107757 Y

aStability data here are from experiments: “Y” refers to materials that do not undergo spontaneous phase separation at the room temperature
(excluding environmental factors, such as moisture, oxygen, UV light). bExperimental values for NaCl:24 ΔHmo = 2.37 eV, ΔHlatt = −8.15 eV, ΔHion
= 1.52 eV, ΔHr = −4.26 eV.

Figure 3. Correlation between the lattice energy and melting
temperature of ionic compounds. The line is a guide to the eye.

Figure 4. Components of the molecularization energy in the reaction
2. MA stands for the methylammonium CH3NH3.
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ultimately controls the balance of the reaction. The lower ΔHion
is, the more stable the compound.
Let us examine the chemical trends in ionization energy of

various perovskites. The total ionization energy (eq 5)
comprises two components: the ionization energy for the
cation (Cs+ or [CH3NH3]

+) and that for the complex ion
([PbI3]

−, [PbBr3]
−, or [PbCl3]

−). Cesium has a lower
ionization energy than CH3NH3 (Table 2), which explains
trends in the higher chemical stability of Cs-based perovskites
as compared to their CH3NH3-based counterparts.

Switching halides in the complex ions from PbI3 to PbCl3
lowers their electron affinity (Table 2) and, thus, leads to the
lower total ionization energy. This explains the increase of the
chemical stability when changing the inorganic cage from PbI3
to PbBr3 and PbCl3 as illustrated in Figure 5.
In order to achieve chemically stable hybrid halide perovskite

structures, the necessary requirements are favorable geometrical
factors (t-factor and octahedral factor) in conjunction with the

low ionization energy (ΔHion ≲ 0 eV). Two strategies can be
used to achieve this goal: (i) find a cation with the low
ionization energy or (ii) select an inorganic cage with the low
electron affinity. The second avenue is not very promising,
since the band gap of PbBr3- and PbCl3-based hybrid
perovskites (2.3 eV60 and 2.9 eV,61 respectively) is outside of
the favorable range for single-junction solar cells.
Since cesium has the lowest ionization energy in the periodic

table, it is a challenging task to find molecules with smaller or
similar ionization energy. Among the variety of organic cations
listed in the Table 2, [C(NH2)3]

+, [HC(NH2)2]
+, and

[(CH3)4N]
+ have the ionization energies lower than that for

[CH3NH3]
+ cation, making them favorable candidates for

perovskites with improved stability. However, the size of
C(NH2)3, HC(NH2)2, and (CH3)4N molecules is significantly
greater than CH3NH3, which raises the tolerance factor above
the upper formability limit of 0.95 (Table 3).

The structures C(NH2)3PbI3, HC(NH2)2PbI3, and
(CH3)4NPbI3 show favorable reaction enthalpies of −0.39,
−0.29, and −0.37 eV, respectively (Table 1). A large size of the
organic molecule hinders formability of C(NH2)3PbI3, HC-
(NH2)2PbI3, and (CH3)4NPbI3 perovksite structures in the
cubic or tetragonal phases. They all adapt a hexagonal structure
at ambient temperature.37−39 However, this phase tends to have
a wider band gap, which impairs its prospects for use in
photovoltaic applications. Nevertheless, we discuss the link
between our calculations and experimental evidence for stability
of C(NH2)3PbI3, HC(NH2)2PbI3, and (CH3)4NPbI3 com-
pounds.
Marco et al.65 successfully synthesized and characterized

C(NH2)3PbI3 perovskite solar cells. It was found that the power
conversion efficiency of the C(NH2)3PbI3 solar cell degrades
over time. Interestingly, the rate of the efficiency decay is
slower for C(NH2)3PbI3 as compared to CH3NH3PbI3.
Szafran ́ski66 observed that C(NH2)3PbI3 crystals transform
from orange-reddish phase to yellow phase after several hours
at ambient pressure and temperature. The optical bleaching is
associated with a phase transformation that yields the hexagonal
phase rather than the phase separation.66 HC(NH2)2PbI3
prefers a cubic phase at the high temperature (160 °C) and
takes a hexagonal phase at the ambient temperature.39,67

The question is if there are any organic cations of the suitable
size that fulfill the requirements on the low ionization energy.
The ionization energies of onium ions in Table 2 correlate with
the proton affinity of the corresponding molecules.68 Molecules
with the low ionization energy exhibit strong proton affinity
and vice versa. For instance, the proton affinity of PH3 is 785 kJ/
mol, which is much lower than 901 kJ/mol for CH3NH2. It
turns out that methylamine has one of the strongest proton
affinity among organic compounds. There are very few organic
molecules (including (CH3)2NH studied here) with stronger

Table 2. Ionization Energies (eV) of Atoms and Molecules
Calculated with DFTc

ions ΔHion,1/2

[(CH3)4N]
+ 3.15

[C(NH2)3]
+ 3.81

Cs+ 3.85
[HC(NH2)2]

+ 3.97
[CH3NH3]

+ 4.20
[NH4]

+ 4.78
Na+ 5.17a

[CH3PH3]
+ 5.20

[CH3SH2]
+ 5.30

[PH4]
+ 5.36

[HCNH2PH2]
+ 8.36

[CH3]
+ 10.0b

[PbCl3]
− −4.52

[PbBr3]
− −4.31

[PbI3]
− −4.19

a5.20 eV experimental ionization energy.24 b9.84 eV experimental
ionization energy.58,59 cLower values favor formability of perovskites.

Figure 5. Influence of halide element on the Born−Haber cycle of
hybrid halide perovskites. A comparison between CH3NH3PbI3 and
CH3NH3PbCl3. The following components are shown: the molecula-
rization energy (M.E.), the ionization energy (I.E.), the electron
affinity (E.A.), and the lattice energy (L.E.).

Table 3. Size of Organic Cations, the Tolerance Factor,
Volume of the Unit Cell, and the Band Gap of Selected
Perovskites

perovskite
cation radius

(pm)
tolerance
factor38,62

volume
(Å3/f.u.)

band gap
(eV)

β-CH3NH3PbI3 21738,62 0.91 262 1.62
δ-HC(NH2)2PbI3 25338 0.99 313 3.26
C(NH2)3PbI3 27838,62 1.04 326 3.38
(CH3)4NPbI3 32063,64 1.15 361 3.30
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proton affinity than CH3NH2, but none of them have a size
compatible with the PbI3 cage.

■ CONCLUSIONS

The Goldschmidt’s tolerance and octahedral geometrical
factors do not fully capture prerequisites for formability of
hybrid halide perovskites. Here, we used DFT calculations in
conjunction with a Born−Haber cycle to evaluate contributions
of the lattice, ionization, and molecularization energies to the
decomposition reaction enthalpy of hybrid halide perovskites. It
was previously assumed that the instability of halide perovskite
is due to a lower lattice energy of their ionic structure. We
observe a correlation between the lattice energies and melting
temperatures, but not with reaction enthalpies that are
ultimately linked to the chemical instability of the perovskites.
Analysis of the Born−Haber cycle components suggests that
the reaction enthalpy of hybrid halide perovskites is governed
by the sum of ionization energies of a cation, e.g., [CH3NH3]

+,
and an anion, e.g., [PbI3]

−. The lower total ionization energy,
the more stable is the structure, provided the geometrical
conditions are fulfilled (the tolerance and octahedral factors).
This explains chemical trends in stability of hybrid and
inorganic halide perovskites. For instance, the relatively high
stability of CH3NH3PbCl3 is attributed to a lower ionization
energy of the [PbCl3]

− complex ion, whereas the stability of
CsPbI3 is due to the lower ionization energy of Cs+. The
ionization energy of organic cations correlates with their proton
affinity. In the search for hybrid perovskite with improved
chemical stability and the band gap suitable for photovoltaic
applications, several cations were investigated. The promising
candidates are [C(NH2)3]

+, [HC(NH2)2]
+, and [(CH3)4N]

+

with the ionization energies even lower than [CH3NH3]
+. The

corresponding C(NH2)3PbI3 , HC(NH2)2PbI3 , and
(CH3)4NPbI3 structures have the decomposition reaction
enthalpy that is at least 0.35 eV more favorable than
CH3NH3PbI3. However, these ions have a prohibitively large
size and thus prefer a hexagonal structure that translates into a
large band gap (greater than 3 eV). It is the fact that CH3NH2
has the highest proton affinity among molecules of comparable
size that makes it challenging to find a cation suitable for the
PbI3 cage.
Our calculations do not include environmental factors, such

as degradation in water or oxidation in air. However, the
reaction enthalpy determines a saturation concentration of
[CH3NH3]

+ ions during dissolution of CH3NH3PbI3 in water.
12

Therefore, improvement in the reaction enthalpy will also
enhance the stability of perovskite structures in the moist
environment.
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