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ABSTRACT: Structural degradation of all inorganic CsPbBr; in
the presence of moisture is considered as one of its major
limitations to use as an active component in various light-
harvesting and light-emitting devices. Herein, we used two similar
molecules, H,O and H,S, with similar structures, to follow the
decomposition mechanism of CsPbBr; perovskite nanocrystals.
Interestingly, H,O acts as a catalyst for the decomposition of
CsPbBr;, which is in contrast to H,S. Our experimental
observations followed by density functional theory (DFT)
calculations showed that the water molecule is intercalated in
the CsPbBr; perovskite whereas H,S is adsorbed in the (100)
planes of CsPbBr; by a weak electrostatic interaction. According to
Pearson’s hard—soft acid—base theory, both cations present in
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CsPbBr; prefer soft/intermediate bases. In the case of the water molecule, it lacks a soft base and thus it is not directly involved in
the reaction whereas H,S can provide a soft base and thus it gets involved in the reaction. Understanding the mechanistic aspects of
decomposition can give different methodologies for preventing such unwanted reactions.

B INTRODUCTION

The search for new materials for efficient and cost-effective
harvesting of light energy has been hovering around lead halide
perovskites for the past decade, owing to their high extinction
coefficient, absorption in a broad wavelength range, and large
exciton diffusion lengths.'™® More interestingly, the emission
of lead halide perovskites can be tuned in the entire visible
region, by postsynthetic anion exchange reaction, in an easier
manner.””"" The emission quantum yield of the lead halide
perovskites is close to unity and also shows an exceptional
electroluminescent yield with a fairly narrow emission
profile.'””~"* Thus, lead halide perovskites are proposed as an
alternate material for the fabrication of light-emitting diodes
(LED), display devices, and sensors.”'*~*" Apart from this,
lead halide perovskite is the one of the materials that showed a
commendable efficiency for solar cells, so far, in the
laboratory.”' > Many of the interesting properties of lead
halide perovskites are attributed to their peculiar crystal
structure.”*™>” Even though lead halide perovskite proved its
efficiency for various applications, the stability under ambient
conditions is a major concern.”*”** Lead halide perovskites are
known to decompose in the presence of small molecules like
water.”” Water is also known to be used as a greener solvent for
© 2024 The Authors. Published by
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the synthesis of lead halide perovskites at moderately high
temperatures.””*® In order to improve the stability of lead
halide perovskites under ambient conditions, especially in
humid atmospheres, the exact mechanism of moisture-assisted
decomposition needs to be understood. One way to analyze
the mechanism is to use structurally and chemically similar
molecules and treat them with a lead halide perovskite lattice
under identical conditions. Herein, we have chosen two
molecules, H,O (water) and H,S (hydrogen sulfide), and the
structural transformations of cesium lead halide perovskites in
the presence of these molecules are investigated. All inorganic
CsPbBr; is known for its exceptional properties and various
applications.”**” H,0 and H,S molecules are hydrides of the
chalcogen (XVI™ group in the periodic table) group elements
and have similar chemical structures. In the case of CsPbBr;, it
decomposes to PbBr, and CsBr in the presence of water
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molecules.”” During the decomposition of three-dimensional
CsPbBr; perovskites, a CsPb,Brg sheet is formed as the
intermediate.** "> Walsh and co-workers theoretically demon-
strated that the surface adsorption (hydration) followed by the
intercalation of water/solvent molecules in the interstitial sites
is the reason for the structural degradation of methylammo-
nium lead halide perovskites upon moisture exposure.*>**
Some of the structural transformations of perovskites are
reversible, and the physical insights on such equilibria can give
better understanding of the formation/decomposition of lead
halide perovskites. For the current investigation, all inorganic
CsPbBr; perovskite is taken, as it is known for exceptional
properties, and its decomposition in the presence of water and
hydrogen sulfide molecules is investigated experimentally and
theoretically.

B RESULTS AND DISCUSSION

The CsPbBr; perovskite nanocrystals are prepared by following
a previous report with slight modifications.”> The details of the
preparation and purification of all inorganic CsPbBr; perov-
skite nanocrystals are provided in Experimental Section.
Oleylamine (OAm) and oleic acid (OA) are the capping
agents used for the preparation of nanocrystals, which
facilitated the dispersion of CsPbBr; nanocrystals in nonpolar
organic solvents.*”*” Furthermore, the purified CsPbBr,
perovskite nanocrystals are characterized using spectroscopic
methods, X-ray diffraction, and electron microscopy. The
quantum confined nature of the CsPbBrj nanocrystals is
confirmed by the presence of the excitonic peak in the UV—vis
electronic absorption spectrum (Figure 1A). Nanocrystals used
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Figure 1. Characterization of CsPbBr; perovskites: (A) absorption,
(B) emission spectrum taken in chloroform, (C) schematic
representation of the crystal structure of CsPbBr; perovskite
nanocrystals, (D) high-resolution TEM image that contains the d-
spacing analysis, and (E) X-ray diffraction pattern.
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in the present investigation exhibited the first excitonic peak at
508 nm, which is the measure of minimum energy electronic
transition. Furthermore, the nanocrystals are characterized by
emission spectroscopy. The emission spectrum of the purified
CsPbBr; nanocrystals exhibited a symmetrical Gaussian-like
profile centered at 517 nm, with a full width at half-maximum
(FWHM) of 19 nm (Figure 1B). The red shift in emission
from the excitonic absorption is well known in the literature.*®
The emission spectrum is recorded by exciting the samples at
350 nm by keeping the slit widths in the emission and
excitation chambers at 1 nm. The shorter FWHM is a clear
indication that the synthesized nanocrystals are monodispersed
with fewer surface defects.” ™ Furthermore, the emission
yield of the perovskite nanocrystals is obtained by following a
relative method. The aqueous solution of fluorescein dye in 0.1
N NaOH (quantum yield 0.925) is used as the standard, and
the quantum yield of the present perovskite nanocrystals is
estimated as 0.55. The details of the quantum vyield
measurements are provided in Experimental Section. All the
electronic UV—visible spectroscopic measurements are carried
by dissolving CsPbBr; nanocrystals in chloroform by using
quartz cuvettes having a path length of 1 cm. Furthermore,
transmission electron microscopy (TEM) is used to image the
perovskite nanocrystals. The low-resolution TEM analysis
confirms the crystallinity and monodispersity of the perovskite
nanocrystals (Figure S1A, SI). The average size of the
nanocrystals can be obtained by a size distribution histogram.
It is determined as 8.1 nm for the present CsPbBr; perovskite
nanocrystals. The details are given in Figure SIB of the
Supporting Information (SI). The schematic representation of
the crystal structure of CsPbBry perovskite is presented in
Figure 1C. Furthermore, high-resolution TEM analysis is
carried out and the results are presented in Figure 1D and SL
The d-spacing value along the z-axis is estimated with high-
resolution TEM using Gatan DigitalMicrograph software. The
d-spacing value obtained from the high-resolution TEM is 0.58
nm, which corresponds to the (100) planes of the cubic
perovskite structure. Furthermore, the crystalline nature of the
samples is characterized using powder X-ray diffraction
(PXRD) (Figure 1E). The perovskite samples are found to
be particularly monocrystalline, providing a significant
diffraction domain that establishes good crystalline nature.
The powder XRD pattern of the sample is found at 26 values
15.4 and 31.08° which are the perfect matches to the (100)
and (200) crystalline planes of the cubic perovskite crystals
(Figure 2A). The obtained values are in good agreement with
the XRD spectrum of the cubic CsPbBr; perovskites as per
joint committee for powder diffraction standards.*’

In order to understand the mechanism of decomposition, we
studied the reactions of CsPbBr; perovskite nanocrystals in the
presence of H,O and H,S The experiment was carried out by
bubbling the H,O and H,S gas, individually, through the
CsPbBr; perovskite taken in chloroform for S min. Both the
gases are slightly soluble in chloroform. The solubility of water
in chloroform is 8%, and that of H,S is 5%.*" In both cases,
CsPbBr; perovskite nanocrystals underwent decomposition. In
the presence of water vapor, the decomposed product is a
white precipitate whereas the decomposed product in the
presence of H,S is a brownish black precipitate.*”>® Photo-
graphs of the decomposed products are presented in the SI
(Figure S2). Under identical conditions, H,O is passed from a
pressure cooker and H,S is passed from the Kipps apparatus.
Both the residues obtained after the decomposition are
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Figure 2. (A) Schematic representation showing the reaction of CsPbBr; with water and hydrogen sulfide. (B) Absorption spectrum and (C)
powder XRD pattern of the PbBr, formed after the decomposition of CsPbBr; in the presence of H,0. (D) The absorption and (E) PXRD patterns

of the PbS formed after the decomposition of CsPbBrs;.

separated by centrifugation and washed with water. Fur-
thermore, the precipitates and the water washings are
characterized using qualitative techniques. Absorption spectra
of the products after the reaction with H,O and H,S are
presented as Figure 2B and D, respectively. The PXRD pattern
confirmed that the white residue formed after the decom-
position of CsPbBr; perovskite nanocrystals in the presence of
H,O0 is PbBr, (Figure 2C) and the precipitate formed in the
presence of H,S is lead sulfide (Figure 2D). The diffraction
patterns of PbBr, (card file no. 31-0679) and PbS (card file no.
05-0592) match those of the Joint Committee on Powder
Diffraction Standards. The XRD pattern of the decomposed
product after washing with chloroform in the presence of water
is presented in Figure S3. It clearly indicates the formation of
CsBr. In both cases, the aqueous washings showed the
presence of cesium and bromide ions by qualitative analysis.
Details of the analysis are given in the SI. Apart from this, the
pH of water washings of the decomposed product in the
presence of H,S is found to be slightly acidic, in contrast to the
decomposition in the presence of moisture. From the
experimental observations, the CsPbBr; perovskite nanocryst-
als decompose in the presence of H,O and H,S as per eqs 1
and 2, respectively.

CsPbBr; + H,0 — PbBr, + CsBr + H,0 (1)

CsPbBr; + H,S — PbS + 2HBr + CsBr (2)

Even though H,0 and H,S molecules have similar
structures, they react with CsPbBr; in a totally different
manner. In the case of H,0, it acts as a catalyst for the
decomposition of CsPbBry perovskite nanocrystals. At the
same time, H,S is involved in the reaction. However, in the
case of methylammonium lead halide perovskites, water is
involved in the reaction.’® Furthermore, the formation
enthalpies of the possible reactions are calculated. The
formation enthalpy of PbO is 438 kJ/mol, that of PbS is
—100.4 kJ/mol, and that of PbBr, is —278.7 kJ/mol. It is clear
that the formation of PbO is not preferred, from the formation
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enthalpy, in the presence of water, and the most stable product
is PbBr,. However, in the presence of H,S, the formed product
is PbS, even though the formation of both the PbBr, and PbS
is possible. Among PbBr, and PbS, the kinetically favored
product is PbS.

To understand the differential behavior of CsPbBr; toward
H,O0 and H,S, we employed DFT calculations using the
Vienna Ab initio Simulation Package (VASP).>™* The
electron—ion interaction was represented through the
projector augmented wave (PAW) method.*® The generalized
gradient approximation (GGA)-based PBE functional was used
to approximate the exchange correlation.”” Grimme’s dis-
persion corrections were incorporated into these calculations
to achieve a precise prediction of adsorption geometry of
molecules, in alignment with experimental results.”” The
solutions of Kohn—Sham equations are expanded in a plane-
wave basis set with a kinetic energy cutoff of 500 eV. A 3 X 3
supercell of the CsPbBr; (100) surface was used to calculate
surface adsorption, and a cubic structure (a=b=canda=f=
y = 90°) of CsPbBr; was taken in order to study the
intercalation interaction. A regular 10 X 10 X 10 and 4 X 4 X 1
mesh centered at the gamma point are used for sampling the
Brillouin zone for bulk and surface calculations, respectively. A
vacuum of more than 20 A is ensured along the c-axis to rule
out any interaction between the periodic images for surface
calculations.

We calculated the intercalation energy by

Epn = ECstBg-HZX - (ECstBr3 + EH,_X) (3)

where Ecepup,, mxs Ecspopry and Epx are the total energies of

the intercalated bulk, the cubic bulk unit cell per formula unit,
and an isolated H,X (X = S, O) molecule, respectively.
The adsorption energy is calculated using the formula

Eads = Eﬁnal - (Esurf + EHZX) (4)

https://doi.org/10.1021/acsomega.3c09600
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Figure 4. Relaxed geometry of the CsPbBr; (001) surface, (A) top and (B) side views. The optimized geometry of (C) H,S and (D) H,O adsorbed

on the CsPbBr; (001) surface.

where Eg,, Eq,p and Ey x are the energy of the adsorbed state,

CsPbBry (001) surface, and H,X (X = S, O) molecules,
respectively.

The optimized lattice parameter of the cubic structure is
found to be 5.98 A. Initially, we considered the intercalation of
both H,S and H,O into the CsPbBr; unit cell and found that
both molecules successfully intercalate into the CsPbBr; bulk.
The intercalation energies for H,O and H,S were calculated to
be —0.70 and —0.12 eV, respectively. The geometry of the bulk
system after intercalation with H,O and H,S is shown in
Figure 3. The negative intercalation energy for H,O indicates
the intercalation of water molecules into CsPbBr; bulk
consistent with previous reports.*> The intercalation of H,S
induced significant disruption in the CsPbBr3 bulk with
23.68% expansion in volume. Conversely, H,O intercalation
led to a shrinkage of the volume by 6.57%.

To investigate the nature of the interatomic interaction
between the perovskite and the molecules, we calculated the
Bader charge on each atom. The Bader charges of Cs and Pb
atoms were calculated to be —0.88e and —1.07¢, respectively,

8420

while each Br shows a Bader charge of 0.64e. The H atoms of
the water molecule have Bader charges of —0.61e and —0.57e,
respectively, and the O atom has a Bader charge of 1.19e.
Consequently, the strong attraction between O atom and Cs
atom results in the compression of the volume of CsPbBr;
during intercalation of the water molecule. A significant
alteration occurred in the Cs—Br interaction distance,
decreasing to 3.61 A after intercalation, compared to that of
the pristine CsPbBr; where it was 4.23 A, falling within the
range expected for Cs—Br ionic bonds. This redistribution of
charges during intercalation might have caused the dissociation
of CsPbBr; to the observed products. However, in the case of
H,S, two H atoms have a very negligible Bader charge and S
has a Bader charge of 0.02e. The interatomic attraction
between H,S and CsPbBr; is relatively weak compared to
those of H,O and CsPbBr;. Hence, the unit cell expands to
accommodate the H,S molecule resulting in the expansion of
the volume upon H,S intercalation into CsPbBr;. To further
validate the assumption that both the size and the polarity of
the intercalating molecule are decisive factors in the

https://doi.org/10.1021/acsomega.3c09600
ACS Omega 2024, 9, 8417—-8424
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intercalation process, we conducted intercalation calculations
using D,O and SO,. A volume shrinkage of 6.36% was
observed during D,O intercalation, which is comparable to
that of water. Notably, despite SO, being a larger molecule
than H,S in size, the greater dipole moment of SO, leads to the
shrinkage in volume of CsPbBr; by 2.25%.

To examine the potential formation of PbBr, and PbS
through H,O intercalation and H,S intercalation, respectively,
we calculated the formation energy for PbBr, (Eg(pppr)) and
PbS (Eg(pys)) using the following formulas:

EF(PbBrZ) = (ECsBr + EPbBrz + EHZO) - ECstBr3-HZO

(s)

sk
Egpbs) = (Ecer + Epbs + 2 Eptne) — Ecopvbe, s (6)

The formation energy of PbBr, was calculated to be —0.14
eV indicating the formation of PbBr, through H,O
intercalation by following the known literature report.”> On
the other hand, the positive value of 0.48 eV for the formation
energy of PbS suggests that the intercalation of H,S does not
result in the experimentally observed formation of PbS.
Therefore, we opted to explore the behavior of H,S and
H,O at the surface of CsPbBr;. We did the adsorption on
different phases of the CsPbBr; (001) surface, and the one that
supports the experimental observation is reported here. The
optimized geometry of the CsPbBr; (001) surface that
contains both Cs and Br atoms is shown in Figure 4. In the
bulk CsPbBr;, all Pb—Br bond lengths have the same bond
length, 2.99 A. However, in the CsPbBry (001) phase under
consideration, three distinct Pb—Br bonds were observed.

The in-plane Pb—Br bond length measured 3.04 A with two
distinct types of out-of-plane Pb—Br bond lengths that are
shorter than the P—Br bond length in the bulk. The out-of-
plane Pb—Br bond length exposed on the surface was found to
be 2.84 A, but the out-of-plane Pb—Br bond length inside the
network measured 2.91 A. Every Br atom in the CsPbBr; bulk
is bonded to two Pb atoms that results in a stable Pb—Br
network, but on the CsPbBr; (001) surface, only one Pb atom
is connected to the surface Br atoms. Hence, the Bader charge
on the surface Br atoms increased to 0.65e while the Bader
charge of Br atoms inside the network decreased to 0.60e. The
reduction in the coordination number of Cs atoms on the
surface also resulted in an anisotropic charge distribution in the
system.

The relaxed geometry of H,S and H,0 adsorbed on the
CsPbBr; (001) phase is shown in Figure 4C,D. The adsorption
of H,O on the CsPbBr; (001) surface distorted it significantly,
but the H,O molecule remained intact with an O—H bond
length of 0.98 A. Thus, the H,O molecule can intercalate into
the bulk with an increase in its concentration. The adsorption
energy for H,O on the CsPbBr; (001) surface was calculated
to be —2.16 eV. Upon adsorption, the H,S molecules undergo
dissociation on the CsPbBr; (001) surface leading to the
formation of PbS and two HBr molecules, as shown in Figure
4C, in agreement with the experimentally observed results. The
Pb—S bond length is found to be 2.33 A, and the H—Br bond
lengths are found to be 1.45 and 1.59 A. The formation energy
of the PbS unit was calculated using eq 7.

EF(PbS) = (EPbS + Eresidue) - ECstBr3+HZS

()

Since PbS is formed as an isolated unit after adsorption, we
have considered it as the major product and the rest we refer as
the residue. Here, Eg(pys) is the formation energy of PbS, Epyg is

8421

the energy of a single PbS unit, E,_ 4, is the energy of the
residue, and Ecppp, 41,5 iS the energy of H,S adsorbed on the

CsPbBr; (100) surface. The formation energy was calculated
to be —2.45 eV, which suggests the formation of PbS by H,S
adsorption on the surface. The anisotropic charge distribution
on the (001) surface could be the reason for the dissociation of
H,S on the (001) surface. These interactions can be explained
by employing Pearson's hard—soft acid—base (HSAB) theory.
According to this theory, the cations in the hard category
prefer to interact with the anions from the same category and
the soft cations form stable products with soft anions.”’ Based
on the charge and size of the ions, they are classified into hard
and soft. In CsPbBr;, Cs” is classified in the soft acid category
and the Pb*" in borderline acid inclines more toward softer. In
an earlier work, we have demonstrated the inclination of Pb**
ions in CsPbBr’, more toward the soft base side by taking
chloride and iodide ions.” In the presence of equal numbers of
Cl™ and I, the Pb** in the lead halide perovskites
preferentially interact with the iodide ions.”” In the case of
H,O, both the ion proton and the hydroxyl ions are known as
hard due to their high charge density and less polarizable
nature. For the decomposition reaction of CsPbBr; with water,
the anions present in the reaction medium are hydroxide and
bromide ions. Both the cations, Cs* and Pb**, prefer bromide
ions to form stable salts as a result of the HSAB principle.

Bl CONCLUSIONS

In conclusion, our experimental observations along with DFT
calculations suggest that the structural degradation of CsPbBr;
perovskite nanocrystals follows different mechanisms, in
contrast to methylammonium lead halide perovskites, in the
presence of H,O and H,S molecules. The adsorption of H,S
on the surface of CsPbBr; perovskite degrades the crystal
structure and leads to the products PbS, HBr, and CsBr. The
mere adsorption of water on CsPbBr; (100) does not show
any evidence for the formation of experimentally observed
products. The decomposition of CsPbBr; perovskite by water
possibly involves adsorption, followed by intercalation. The
HSAB principle plays a crucial role on dictating the mechanism
of decomposition. Both of the cations present in the CsPbBr;
prefer to form salt with moderate/soft bases. In the case of
water-induced decomposition, the intercalation takes place,
which causes the structural degradation, whereas in the
presence of H,S, the decomposition of CsPbBr; takes place
at the surface by the adsorption. The mechanistic aspects
discussed in the structural degradation of CsPbBr; in the
presence of H,O and H,S can give new insights into stabilizing
lead halide perovskites in the presence of small molecules.
Better understanding of the decomposition mechanism can
lead to the formulation of new methodologies to stabilize
CsPbBr; perovskites.

B EXPERIMENTAL SECTION

Synthesis of CsPbBr; Perovskite Nanocrystals. The
synthesis of all inorganic cesium lead bromide perovskite
nanocrystals is carried out by following reported procedures
with slight modifications.”> The procedure involves two steps.
In the initial step, cesium-oleate is prepared by the reaction of
chemicals cesium carbonate and OA in a three-neck round-
bottom flask under an inert atmosphere. The reagents cesium
carbonate and OA are allowed to react in a 1:2 molar ratio at
120 °C to get an optically clear solution corresponding to Cs-
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oleate. High vacuum is applied in between to remove gaseous
byproducts carbon dioxide and water. In another R.B. flask,
lead bromide (PbBr,, 0.19 mmol, 69.73 mg) is heated with
capping ligands oleyl amine (1.14 mmol, 1.6 mL) and oleic
acid (0.5 mmol, 0.15 mL) in the solvent octadecene (3 mL),
under a nitrogen atmosphere of 150 °C to get the lead-oleyl
amine complex. The Cs-oleate (0.046 mmol), synthesized in
the initial step, is quickly injected to this complex at 170 °C to
get CsPbBr; perovskite nanocrystals. The perovskite nano-
crystals are purified by repeated precipitation and washing with
spectroscopic grade acetone followed by the centrifugation.

Emission Quantum Yield Measurement. The photo-
luminescence quantum yield of the present CsPbBr; perovskite
nanocrystals is estimated by a relative method. Fluorescein dye
dissolved in 0.1 M NaOH (®@gy: 0.9) is used as the standard.
The Equation 8 is used for the calculation of emission
quantum yield.

¢ = (DST(J[X /fST)(aST/aX)(an/nSTZ) (8)

where f, = emission area of the sample, f¢r = emission area of
the standard reference, n, = refractive index of the solvent used
for the emission measurement of CsPbBr;, ngp = refractive
index of the solvent used for the emission measurement of the
standard dye fluorescein, agy = absorbance of the reference
standard at the excitation wavelength, ay = absorbance of the
sample at the excitation wavelength, and ®g; = quantum yield
of the standard dye.
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