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ABSTRACT: Room-temperature solid-state synthesis of halide perovskites is a
simple, single-step, efficient, and cost-effective method to synthesize halide
perovskite precursors that can be subsequently used to deposit thin films by
using various techniques. Solid-state methods also reduce and, in some cases,
eliminate additional time-consuming treatments and purification steps.
Therefore, understanding the reaction mechanism is crucial to the controlled
synthesis of various perovskite systems. This study explores the reaction
mechanisms and associated kinetics of room-temperature solid-state halide
perovskites synthesized by using a planetary ball-milling system. A CsPbBr;
system (ABX;) is used as a reference to study the exchange of A, B, and X sites
with methylammonium (MA"), Cd*", and CI, respectively. Various character-
ization techniques, including X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), ultraviolet—visible (UV—vis) spectroscopy, and field
emission scanning electron microscopy (FESEM), are used to analyze the
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resulting materials at different reaction times. The findings highlight the significance of factors such as perovskite formation energy,
the particle size distribution of precursors, bond dissociation energy, molecular weight of the A cation, and the size and mobility of
the X~ ion in influencing the mechanism and kinetics of the reactions. Furthermore, the conversion of precursors to perovskites is
investigated using XPS, which provides valuable information on the chemical shifts of the precursors and perovskite materials and

can serve as a reliable source for future studies.

Bl INTRODUCTION

photo rechargeable batteries,”’ light emission diode (LED)

Halide perovskite materials have the analogous crystalline
structure of the mineral calcium titanate (CaTiO;) and the
general formula ABX;." In halide perovskites, the “A” site can
be occupied by alkali metals such as K*, Rb*, Cs*,””* or
organic cations such as methylammonium (MA") or
formamidinium (FA*).>® In contrast, the “B” site is occupied
by alkaline or transition metal cations (Mg**, Ca**, Cd*", and
Ni**)’~'% or divalent cations from group IV of the periodic
table, such as Pb** and Sn**.''~" Lastly, the “X” site is
typically occupied by halogen ions (Cl7, Br~, and I")."* Several
criteria must be fulfilled for materials with the ABX; formula to
form a perovskite crystalline structure. First, the overall charge
of the cations and anions must be electronically neutral or
zero."” Second, the s = Ry/Ry must be between 0.44 < u <
0.9.'° This octahedral factor range enables the appropriate
geometric arrangement that results in a structurally stable
perovskite crystal lattice. Lastly, the Goldschmidt tolerance
factor (t),' given by t = (R, + Ry)/~/2 (R + Ry), should be
0.8 <t < 1, where Ry, Ry, and Ry represent the ionic radii of
A, B, and X sites, respectively.m’18

Halide perovskites have gained significant interest in recent
years for a diverse range of applications, including solar cells,"”
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devices, lasers,”" and X-ray detectors** due to their high atomic
number (Z) and absorption coefficient.”>** Additionally,
halide perovskites offer the unique ability to dynamically
adjust their band gap, which is crucial for semiconductor
applications.”>*® Furthermore, halide perovskite materials
exhibit high charge carrier mobilities (1—100 cm?/(V s)),”’
considerable diffusion lengths (>10 ym),”® and relatively short
charge-relaxation times spanning from tens to hundreds of
picoseconds.” These unique characteristics position halide
perovskites as promising materials for advanced optoelectronic
devices.'**°

Numerous reports suggest that the synthesis method plays a
crucial role in the properties of the halide perovskites and can
impact their composition, morphology, purity, and stabil-
ity.>' ™% Solution-based methods have been widely used to
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prepare various halide perovskites and typically involve
precursor solutions at elevated temperatures, stabilizing agents
or surfactants, postsynthesis treatments, and subsequent
purification steps.”~>” Solution-based methods have some
unresolved issues, such as partial solubility of specific
precursors in standard solvents, limited solution stability, low
yield, and complex purification procedures.””~* To overcome
these challenges, solid-state methods have emerged as a
promising alternative for synthesizing halide perovskites. Solid-
state methods offer advantages such as simplified synthesis
processes, enhanced long-term stability, and potentially higher
yields. They are promising routes to address the limitations
associated with solution-based approaches and achieve better
composition control, favorable morphology, and purity of
halide perovskite materials.*®

Several solid-state methods have been used for the synthesis
of halide perovskites, including thermal annealing,ﬂr4 melt-
solidification,” and mechanochemical methods.*™" Among
these techniques, mechanochemical methods have gained
particular attention for the synthesis of polycrystalline halide
perovskites. Mechanochemical methods offer several advan-
tages, including room temperature synthesis, reduced synthesis
steps, improved stoichiometric control, elimination of complex
purification steps, and compatibility with a wide range of halide
perovskite compositions.4 972 One of the most promising
mechanochemical methods is ball milling. Ball milling involves
the dynamic grinding of precursors using suitable balls in a
reaction vessel.”” The balls utilized in the ball-milling system
play a crucial role as they interact with the precursors,
facilitating the reduction of powders to smaller particles and
supplying the necessary energy for precursor reactions.*** In a
planetary ball milling system, high energy is acquired by rapidly
rotating the jar and disk, which generates a strong centrifugal
force on the milling balls.”* The impact energy can be
controlled by adjusting the rotation speed and direction to
achieve the desired outcome.

Numerous research reports have highlighted the successful
use of ball-milling techniques for synthesizing a diverse range
of halide perovskites. These compositions span CsPbBr;,™
MAPbBr;,”° MAPbL,”” CsSnBr;,”> (MA, FA)PbL,** and
CsPbCl,,>” and more, with the intention of exploring various
applications.

Despite advancements in the ball-milling synthesis of halide
perovskites, a significant gap persists in comprehending the
underlying kinetics and mechanisms.’>°" This gap is
particularly crucial when considering the potential of this
technique in synthesizing a diverse array of perovskites. To
fully utilize this synthesis method and surpass the limitations of
solution-based approaches, a thorough understanding of the
effective factors in the kinetics and mechanism of these
reactions is essential. Gaining insights into these factors
enables researchers to optimize the synthesis process, enhance
material quality, and expand the potential applications of halide
perovskites.

In this work, we aimed to study the kinetics and mechanism
of the solid-state synthesis of halide perovskites. To accomplish
this, we optimized the ball-milling synthesis parameters to
produce large (gram) scale of CsPbBr;, MAPbBr;, CsCdBr;,
and CsPbCl; compounds, demonstrating exceptional humidity
and air stability. Through the successful synthesis of these
target compounds, we delved into the influence of A, B, and X
sites during the room-temperature solid-state synthesis of
halide perovskites. The investigation into the reaction
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mechanism and kinetics for different perovskite compositions
was carried out using different characterization techniques,
including XRD, XPS, UV—vis, PL, and FESEM. XRD analysis
enabled the identification of impurities and byproducts, while
XPS provided insights into the binding energy of elements
within the precursors and the resulting perovskite systems.
FESEM imaging was employed to analyze the size and
morphology of the precursor materials and products. Our
study utilized XPS to carefully follow the kinetics of precursor-
to-perovskite conversion and correlated these findings with
XRD analysis. Additionally, the chemical shifts identified by
XPS can be used as reliable sources for assessing the purity of
the perovskite materials. Based on the data collected and
analyzed, we proposed a plausible mechanism for the synthesis
method under investigation. Our study suggests that the
precursors’ decomposition, the B—X bond energy in the
[BX;]™ octahedral framework, the diffusion rate of A cation,
and the formation energy of the desired perovskites all play
critical roles in the kinetics and mechanism of solid-state
synthesis of halide perovskites.

B EXPERIMENTAL SECTION

Materials. Cesium bromide (CsBr, ultradry, 99.9%) and cadmium
bromide (CdBr,, anhydrous, 98%) were acquired from Alfa-Aesar.
Lead(II) bromide (PbBr,, 99.999%), lead(II) chloride (PbCl,
99.999%), cesium chloride (CsCl, 99.999%), and methylammonium
bromide (MABr) were acquired from Sigma-Aldrich. The stainless-
steel balls (2 mm), stainless-steel milling jars, and the high Energy
Vertical Planetary Ball Mill were acquired from MSE Supplies LLC.

ABX; Synthesis. For each reaction, 2.5 mmol of AX (either CsBr,
CsCl, or MABr) and 2.5 mmol of BX, (either PbBr,, PbCl, or
CdBr,) and S g of stainless-steel balls with a diameter of 2 mm per
gram of precursors were first added to the jars. The jars were then
placed in a vertical planetary ball-milling system. Pre-eliminate results
suggested that the order in which the precursors and balls are added
to the jar plays an essential role in the resulting material and indicated
that more pure products are obtained when the precursors are added
before the balls. This process was followed for all experiments
described in this study and the solid-state reaction time varied from 0
to 12 h at a constant rotational velocity of 700 rpm. Samples were
collected at several time intervals and characterized using various
methods. The materials were weighed accurately and introduced into
the ball milling jar under atmospheric ambient conditions. Samples
labeled as t = 0 h were prepared by gently mixing the precursors in air
at room temperature to ensure a homogeneous distribution of the
materials.

Material Characterization. The crystalline structure of the
samples was studied by powder X-ray diffraction (XRD) methods in
the Bragg—Brentano®' geometry with a theta/2-theta goniometer.
The XRD analyses were carried out in a Rigaku SmartLab X-ray
diffraction system equipped with a copper CuKa radiation source (4
= 1.5406 A) and obtained using a current of 30 mA at a voltage of 40
kV and a scan speed of 3 deg/min. X-ray photoelectron spectroscopy
(XPS) was used to conduct the chemical analysis in a PHI 5600
system with a monochromatic Al Ka X-ray source (hv = 1486.7 eV)).
The XPS spectra were recorded with a pass energy of 29.35 eV and a
step size of 0.125 eV. The X-ray incidence angle relative to the sample
surface was 45 deg. The spectra were recorded under ultrahigh
vacuum conditions (~107° mbar) for 45 min in the dark. UV—vis
measurements were performed using an Agilent UV—vis-NIR system
equipped with a Mercury arc lamp and multiangle reflection (R)
capability. The photoluminescence (PL) was recorded utilizing the
Ocean Optics QE65000 spectrometer, with an excitation source of a
405 nm constant-wave laser and a 450 nm long-pass filter. Finally, a
field emission scanning electron microscopy (FESEM) Zeiss Supra40
device was used for the morphological and size analysis of the
powders. The analysis of the area distribution from SEM images for
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Table 1. Calculated Tolerance and Octahedral Factors for CsPbBr;, MAPbBr;, CsCdBr;, and CsPbCl; Compositions

composition R, (pm) R (pm) Ry (pm) tolerance factor ¢ octahedral factor
CsPbBr, Cs* (188) Pb* (119) Br~ (196) 0.862 0.607
MAPbBr, MA* (180)%° Pb* (119) Br~ (196) 0.844 0.607
CsCdBr, Cs* (188) Cd> (95) Br~ (196) 0.933 0.484
CsPbCl, Cs* (188) Pb* (119) I (181) 0.870 0.657
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Figure 1. XRD patterns of ball-milled CsPbBr; (a), MAPbBr; (b), CsCdBr;, (c), and CsPbCl; (d) for different milling times.

precursors and perovskites was performed using Image] software.
VESTA Ver.3.5.8 software® is employed to visualize the crystalline
structure of the precursors and perovskites.

B RESULTS AND DISCUSSION

This article has two objectives. The first objective is to
investigate the effects of replacing the A, B, and X sites in the
ABX; formula during the ball-milling synthesis of halide
perovskites. The second objective is to identify the associated
reaction mechanism. These objectives are accomplished by
carefully analyzing the evolution of the crystalline structure,
chemical composition, and morphology of the synthesized
perovskite materials. Four perovskite compositions were
synthesized to accomplish these objectives. Comparing
CsPbBr; (CPB) with MAPbBr; (MPB) provides insights
into the role of site A while comparing CPB with CsCdBr;
(CCB) helps understand the role of site B. Similarly,
comparing CPB with CsPbCl; (CPC) provides information
about site X. The following sections show the results of each of
these comparisons, aiming to elucidate the impact of A, B, and
X on the evolution of chemical and structural properties of
ABX; as a function of milling conditions.

Table 1 shows the tolerance and octahedral factors for the
selected perovskite compositions. These values were calculated
using the Shannon effective ionic radii,®® which are compatible
with the accepted theoretical ranges for halide perovskites. The
tolerance factors for CsPbBr;, MAPbBr;, and CsPbCl, are all
below 0.9, confirming their orthorhombic structure. In
contrast, the tolerance factor for CsCdBr; is 0.933, suggesting
its potential to adopt a cubic structure. This suggestion, which
supports the likelihood of CsCdBr; adopting a cubic structure
is also supported by a few references.”*"° However, it is
noteworthy that most studies agree on CsCdBr; adopting the
hexagonal structure at room temperature.67’68
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Role of A-Site Components Cs and MA in the
(A)PbBr; System. The ABX; crystalline structure of halide
perovskites consists of B (II) atoms surrounded by six halogen
ions (X7), forming [BX,]*~ octahedral units. These octahedra
can arrange through corner-sharing, face-sharing, or edge-
sharing in the [BX;]™ octahedron framework. To maintain
charge balance, the “A” cations occupy cavities within the
[BX,]~ octahedron network." The ideal crystalline structure of
perovskite materials is cubic; however, distortion of these
[BX4]*™ octahedra leads to lower symmetry phases, such as the
orthorhombic structure.”””" Within the perovskite family,
various structural arrangements have evolved beyond the cubic
structure. These structural variations are defined by the ABX;
formula and are closely associated with the cubic framework.
For instance, the hexagonal perovskite structure, as exemplified
by the BaNiO; chain structure, features one-dimensional
structures formed by the face-sharing of [BX,]*™ octahedral
units.””

Figure la shows the XRD patterns of ball-milled CsPbBr;
precursors as a function of time (t). The XRD patterns for ¢ =
0 h show only the presence of the CsBr and PbBr, precursors.
For samples processed for t = 1 h, two additional peaks, at
12.78° and 15.1°, are detected. The peak at 12.78°
corresponds to the (012) plane of the trigonal phase of
Cs,PbBrs” as shown in Figure Sl. The peak at 15.1°
corresponds to the (100) plane for the orthorhombic CsPbBr,
perovskite structure. For ¢ = 3 h, in addition to the precursors
and CsPbBr; perovskite peaks, an additional peak appears at
11.85°. This peak indicates the presence of the (002) plane of
the tetragonal phase corresponding to CsPb,Brs’* (see Figure
S1). The presence of the precursors for short reaction times (1
and 3 h) is expected. However, the unexpected presence of the
Cs,PbBrs, and CsPb,Brg phases can be attributed to a
nonuniform distribution of CsBr and PbBr, precursors at the
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early reaction stages. This inhomogeneity leads to variations in
the molar ratio from the nominal 1:1 (CsBr:PbBr,), resulting
in the formation of these undesired phases. The large
inhomogeneity of precursors at the beginning leads to the
formation of CsBr and PbBr,-rich regions that promote
favorable conditions for the formation of Cs,PbBrs and
CsPb,Br; phases. As a result, for reaction times shorter than 3
b, the large degree of inhomogeneity in the ball milling results
in the presence of byproducts alongside the CsPbBr;
perovskite phase. With a milling time of S h, the XRD pattern
of CsPbBr; precursors shows the presence of a more
prominent (100) plane corresponding to the orthorhombic
perovskite structure of CsPbBr;. This implies that extending
the reaction time facilitates improved mixing of the precursors,
resulting in a greater propensity for the formation of CsPbBrs;.
Finally, the XRD analysis demonstrates that all the precursors
completely convert into CsPbBr; perovskites within 12 h. The
convergence of secondary phases into CsPbBr; is achieved due
to the initial precursor ratio of 1:1 (CsBr:PbBr,) in a ball-
milling jar.

Figure 2 shows the ternary phase diagram for the Cs, Pb, and
Br mixture under constant temperature and pressure

(a)t=0h

(b) t=1h

PhBr)
Cs,PbBr

60 / CsBr

100

20 40 60

Pb

(d) t=12h

20 40 60 100

Pb

80

Figure 2. Ternary phase diagram for the mixture of Cs, Pb, and Br at
0h (a), 1h (b),3h (c), and 12 h (d). The black, blue, red, green, and
purple symbols correspond to Cs,PbBrs, CsPbBr; and CsPb,Br;,
CsBr, and PbBr,.

conditions. The phase diagram shows the presence of CsBr
and PbBr, precursors at 0 h (see Figure 2a). After 1 h, Cs-rich
(Cs,PbBrg) and CsPbBry phases appear in addition to the
precursors (see Figure 2b). Subsequently, at £ = 3 h, the Cs-
rich phase disappears and a Pb-rich phase (CsPb,Br;) appears
alongside CsPbBr; and the precursors (see Figure 2c). At t =
12 h, only the CsPbBr; phase is present (see Figure 2d). The
results obtained from the XRD analysis are further supported
by the chemical analysis shown in the XPS section.

Next, the impact of MA as an A-site component is analyzed.
Figure 1 shows the XRD patterns of MAPbBr; as a function of
ball milling time. Initially, at t = 0 h, only the diffraction peaks
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corresponding to the precursor materials would be expected.
However, the presence of the peak at 15.1°, corresponding to
the (100) plane of the orthorhombic phase of MAPbBr;,
provides evidence that a reaction has occurred between the
precursor materials (MABr and PbBr,) even after manual
mixing. Moreover, diffraction peaks corresponding to MABr
and PbBr, precursors are also observed for 0, 1, and 3 h of
reaction time. The complete conversion of precursor materials
into a pure MAPDbBr; perovskite structure is achieved after S h,
which is significantly faster compared to that of CsPbBr; (t =
12 h). Based on the results obtained from the A-site behavior,
we can conclude that the kinetics of formation of the APbBr;,
perovskite structure depend on the concentration of available
A cations. This availability is influenced by two key factors.
The first factor involves the decomposition of the A-Br
precursor. When comparing the decomposition of the A-Br
bond, MA (CH,;NH,") cations are more readily available than
Cs* due to the lower bond energy in MA-Br (CH;NH;Br)
compared with the bond energy between Cs and Br in Cs—Br.
The second factor involves the diffusion of the A cation into
the cavities of the [PbBry]” framework. Due to the lower
molecular weight of MA* compared to Cs*, MA" diffusion is
more favored compared to Cs*.”> These two factors result in
faster reaction kinetics and a substantially shorter conversion
time for MAPbBr; compared to CsPbBr; during the room-
temperature solid-state synthesis of halide perovskites.

Figure 3a shows the XPS regions for Cs 3ds,,, Pb 4f, and Br
3d for CsPbBr; and Figure 3b shows the N 1s, Pb 4f, and Br 3d
for MAPDBr; at various milling times. These regions are used
to obtain the elemental composition for each milling time.
Furthermore, each peak is deconvoluted to distinguish the
contribution of elements in the precursor from those in the
formed perovskite (product). This is achievable by using the
chemical shift, i.e, a change in the orbital binding energy
associated with the bonding environment in each compound.
Through this approach, it becomes possible to determine
unreacted precursors at different milling times and simulta-
neously calculate the amount of perovskite formed.

The Cs 3d;,, region has two chemical components, one at
725.8 eV that corresponds to Cs in the CsBr precursor (Cscgg,
peak) and the other at 724.25 eV that corresponds to the Cs in
the CsPbBr; perovskites (Cscps peak).”®”” To investigate the
evolution of MA in the MAPbBr; system, the N 1s XPS region
is used to estimate the concentration of MA as a function of
the milling time. The XPS analysis of the N 1s region shows
two distinct peaks, one at 402.80 eV which is assigned to N
atoms in the CH;NH,;Br precursor (Nya5, peak) and the other
at 401.58 eV that corresponds to N atoms in the MAPbBr;
perovskite (Nypp peak).”” The Pb 4f regions at the beginning
of the reaction for both CsPbBr; and MAPbBr; show a peak at
141.96 eV corresponding to Pb 4f; ,. This peak is attributed to
the presence of Pb atoms in the PbBr, precursors. Upon
formation of the perovskite, an additional peak emerges at
143.27 eV (Pb 4f,,,), which is attributed to the Pb atoms in
the CsPbBry and MAPbBr; perovskites’””” (see Figure 3).

The Br 3d has two chemical components, one centered at
68.8 eV that is attributed to Br in the precursors of MAPbBr;
(MABr and PbBr,) and CsPbBry (CsBr and PbBr,). The
second one at 68.45 eV is associated with the presence of Br in
the MAPbBr; and CsPbBr; perovskite structures.”” The peak
areas obtained from the deconvoluted peaks in Figure 3 were
used to determine the elemental composition for the different
orbitals and milling times.*’
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Figure 3. XPS results of ball-milled CsPbBr; (a) and MAPbBr; (b) precursors for different times. The red peaks correspond to the perovskites, and

the gray peaks correspond to the precursors.

The compositional analysis for the two A-sites (Cs and MA)
is shown in Figure 4. The evolution of unreacted precursors
and the formed perovskite was determined by analyzing the
atomic composition of Cs, Pb, and Br for CsPbBr; and N, Pb,
and Br for MAPDbBr;. Regardless of the element used to
determine the precursor/product composition in the reaction
as a function of the milling time, the evolution behavior is the
same.

The compositional analyses reveal distinct trends in the
conversion and kinetics of formation between MAPbBr; and
CsPbBr;. Specifically, the N, Pb, and Br regions in MAPbBr;
demonstrate faster precursor conversion to perovskites (t=0
h) compared to CsPbBr; samples (t = 1 h). Consequently,
pure MAPbBr; perovskites are achieved faster (t = S h), while
the formation of pure CsPbBr; perovskites occurs at a longer
time (t = 12 h).

The observed differences in conversion rates between
MAPDBr; and CsPbBr; precursors highlight the role of distinct
A-site cations in the perovskite formation process. The
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presence of weaker bonds in the MABr precursor materials,
coupled with the lower molecular mass of MA cations,
facilitates faster reaction kinetics in the direction of the
MAPDbBr; perovskite formation.

Role of B-Site Components Pb and Cd in the Cs(B)Br;
System. The XRD patterns for the ball-milled synthesis of
CsCdBr; as a function of time are shown in Figure lc. No
intermediate or perovskite phases are formed during the first 3
h. Only the characteristic peaks of the CsBr and CdBr,
precursors are detected. However, at t = 5 h, a new peak at
13.3° emerges, corresponding to formation of the (100) plane
of the hexagonal phase of the CsCdBr; perovskite. The
complete conversion of the precursors into pure CsCdBr;
perovskite occurs within 12 h.

During the investigation of the impact of the A site on the
synthesis of CsPbBr;, we observed that the initial formation of
the CsPbBr; perovskite occurs within 1 h. However, in the case
of CsCdBr;, the formation of the perovskite takes a
significantly longer time (t = S h).

https://doi.org/10.1021/acs.chemmater.3c01440
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Figure 4. Atomic percentages of MA, Pb, and Br in MAPbBr;
precursors and perovskites as a function of time (black) and atomic
percentages of Cs, Pb, and Br in CsPbBr; precursors and perovskites
as a function of time (red).

The slower formation rate of CsCdBr; compared to CsPbBr;
can be attributed to two critical factors. First, hexagonal
CsCdBr; has a higher formation energy (—1.477 eV/atom)
compared to that of orthorhombic CsPbBr; (—1.517 eV/
atom). These values are calculated using density functional
theory (DFT) and obtained from the open quantum materials
database (OQMD).*"** Second, the Cd—Br bond in CsCdBr,
is weaker, with a bond dissociation energy of 159 kJ/mol,*
while the Pb—Br bond in CsPbBrj; is stronger, with a bond
dissociation energy of 201 kJ/mol.** Importantly, the [BX;]~
octahedral network in the perovskite structure consists of
[BX,]* units. The higher bond dissociation energy of Pb—Br
with respect to Cd—Br promotes the formation and stability of
[PbBrg]*" units within the perovskite structure, rather than
[CdBrg]*" units. The higher stability of the products makes
them less likely to revert back to the original reactants, which
in turn leads to a higher formation rate of the desired product.

The observation that CsCdBr; takes longer to form (f = S h)
compared to CsPbBr; (t = 1 h), followed by a similar time
required for both compositions to achieve complete conversion
to pure perovskite (+ = 12 h), suggests that Cs* ions might
diffuse at a comparable rate within the [CdBr;]” chain
networks as they do within the cuboctahedra [PbBry]~
network to complete their respective perovskite structures.
Therefore, the formation of the [BX4]*™ octahedral units could
potentially be the rate-determining step that makes a difference
in the overall reaction process. These observations indicate
that a higher B-X bond dissociation energy in the [BXq]*
octahedral units and a lower formation energy of the perovskite
contribute to a higher rate of perovskite formation.

Figure Sa shows the XPS spectra for Cs 3d;,, Cd 3d, and Br
3d regions for ball-milled CsCdBr; samples as a function of
time. The deconvolution of the Cs 3ds,, peak area shows a
pattern similar to that observed in the CsPbBr; system, which
was previously discussed in detail. At t = 0 h, only a single peak
at Cd 3d;, regions is observed at 412.74 eV. This is attributed
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to the presence of Cd in the CdBr, precursor.”> At t = S h, a
new peak at 413.52 eV appears. According to previous
studies”™ and the observations from Figure 1c, this new
peak is ascribed to the inclusion of Cd into the perovskite
structure. In other words, this peak is attributed to the
integration of Cd atoms into the [CdBr;]” framework of
hexagonal CsCdBr; perovskites.

The behavior of Bromine (Br) in CsCdBr; samples closely
follows the observations discussed in the CsPbBr; and
MAPDBr; systems, as previously discussed.

Figure 6 illustrates the compositional XPS analysis for the
two B-sites (Pb, Cd). For the CsCdBr, system, regardless of
the elements present in the A, B, and X sites, the precursors
remain unreacted for the first 3 h. Conversely, in CsPbBr;
samples, the quantities of the elements in precursors
progressively decrease at an early stage (t = 1 h) as the
perovskite begins to form.

A surprising observation is that both the CsCdBr; and
CsPbBr; samples undergo complete conversion of all elements
into perovskite structures simultaneously, at an identical time
of t = 12 h. Once the [CdBr;]~ framework starts to form, Cs*
ions diffuse within the face-sharing chain of the [CdBr;]~
octahedral network at a similar rate to their diffusion within the
corner-sharing [PbBr;]™ networks to make a complete ABX;
perovskite structure. This resulted in the simultaneous
formation of pure CsCdBr; and CsPbBr; perovskites. As a
result, we can conclude that the difference in the formation
rate of the [BX;]™ network plays a determinant role in
governing the kinetics of perovskite formation.

Role of X-Site Components Br and Cl in the CsPbX;
System. This section discusses the impact of halogens in ball-
milled systems. The XRD results of the precursors for CsPbCl;
at different milling times are shown in Figure 1d. For t = 0 h,
the XRD patterns correspond to the initial precursors (CsCl
and PbCl,). After 1 h of reaction, the precursor peaks decrease
in intensity and a new peak emerges at 15.81°. This peak
corresponds to the (100) plane of the orthorhombic phase of
CsPbCl;. Interestingly, XRD analysis shows complete con-
version of precursors into CsPbCl; perovskite after S h, which
is considerably faster than that of CsPbBr; (12 h).

The faster reaction rate of CsPbCl; compared to that of
CsPbBr; can be attributed to three critical factors. First, the
smaller size of Cl” ions relative to Br~ ions facilitates their
mobility, allowing them to interact and bond with the PbCl,
precursor more effectively. Second, the bonding between Pb**
and ClI” exhibits a stronger ionic character compared to the
bonding between Pb>* and Br~. This leads to the more
favorable formation of the [PbCl;]™ network and, conse-
quently, the complete perovskite structure. Third, CsPbCl,
possesses a lower formation energy (=1.745 eV/atom)
compared to that of CsPbBr; (—1.517 eV/atom), which also
contributes to a faster conversion time.

In addition to the B-site, the X-site also plays a key role in
determining the formation rate of [BX¢]*" units in perovskites.
Stronger bonding between B and X, along with smaller size of
X" ions, and a lower formation energy of the resulting
perovskite, contribute to an accelerated formation rate of
[BX4]*™ units. This favorable combination of factors facilitates
the complete conversion of precursors to the desired
perovskite phase.

The XPS results for the Cs 3d;,,, Pb 4f, and Cl 2p regions of
the ball-milled CsPbCl; precursors at different milling times
are shown in Figure 5b. The Cs 3ds;, and Pb 4f regions in
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Figure S. XPS results of ball-milled CsCdBr; (a) and CsPbCl; (b) precursors for different times. The red peaks correspond to the perovskites, and

the gray peaks correspond to the precursors.

CsPbCl; show bands that align with those observed in
CsPbBr; for both the precursors and the perovskites. The Cl
2p region corresponds to the X-site in the CsPbCl; perovskites.
At t = 0 h, the band at 199.30 €V is attributed to the ClI in the
CsCl and PbCl, precursors. As the perovskite formation
progresses, a new band emerges at 198.5 eV, corresponding to
the presence of Cl in CsPbCly; perovskites. XPS analysis
confirmed full conversion of precursors into pure CsPbCl,
perovskites at t = S h, as demonstrated by the single band
centered at 198.5 eV. This is consistent with the observations
from the XRD analysis.

Figure 7 is used to discuss the composition of the samples
derived from the XPS results with a focus on the influence of
Br and CL The figure shows that a significant amount of Cs,
Pb, and Cl atoms (approximately 60%) in the CsPbCl,
precursors undergo conversion into the perovskite structure
after reaction for 1 h of reaction. In contrast, for CsPbBr;
precursors, only about 10% of its elements convert to the
CsPbBr; perovskite structure at ¢ 1 h. Furthermore,
consistent with the previously discussed XRD results, the
atomic percentages of Cs, Pb, and Cl elements after S h of
reaction indicate complete conversion of the precursors into
CsPbCl; samples, which is significantly faster than that of
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CsPbBr; (t = 12 h). This further highlights the importance of
the B-X bond energy within the [BX4]*" octahedral units, the
formation energy of the resulting perovskite, and the size of the
X" ions in determining the rate of [BX;]™ network formation
during the perovskite synthesis.

Perovskite Morphology Evolution. Figure 8 shows the
(FESEM) images of the initial precursors for CsPbBr; (a),
CsPbCl; (b), CsCdBr; (c), and MAPbBr; (d) followed by the
corresponding images after full perovskite conversion (Figures
8e—h). The precursor morphologies of CsPbBr;, MAPbBr;,
CsPbCl;, and CsCdBr; predominantly exhibit large particles
with varying shapes. However, upon complete conversion into
perovskite, the observed morphological changes reveal a
narrower area distribution for the grains across all of the
investigated perovskite systems.

Figure 8i shows the area distributions for the precursors and
perovskite structures. The particles of the precursors that have
not been subjected to ball milling exhibit a wide range of
particle areas. However, after the precursors are ball-milled and
the perovskite structure is formed, the area distribution
becomes much narrower. For all perovskite structures studied
(CsPbBr;, CsPbCl;, CsCdBrs, and MAPbBr;), the grain areas
are consistently within 1 ym?* < a < 3 um® The narrowing area
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distribution suggests that ball milling helps achieve uniform
grain sizes and promotes the formation of homogeneous
perovskite structures.

Proposed Mechanism. Based on the results discussed, a
mechanism is proposed for the solid-state synthesis of the
studied halide perovskites. The suggested mechanism is based
on the chemical composition and crystalline structure derived
from the systematic interchange of the A, B, and X sites within
the ABX; halide perovskite structure. Figure 9 illustrates the
proposed mechanism of CsPbBr;, MAPbBr;, and CsPbCl,
which form an orthorhombic crystalline structure at room
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Figure 8. FESEM images of the nonball milled precursor for CsPbBr;
(a), MAPbCI, (b), CsCdBr; (c), and CsPbCl; (d). FESEM images of
pure CsPbBr; (e), MAPbBr; (f), CsCdBr; (g), and CsPbCly (h)
perovskites. Area distribution analysis of nonball milled CsPbBr;,
MAPbBr;, CsCdBr; and CsPbCl; precursors, and their perovskite
structures. (i) The larger oval represents a wide area distribution in
precursors and the smaller oval represents a narrow area distribution
in the pure perovskites.

temperature. Figure 10, on the other hand, depicts the
formation mechanism of CsCdBr;, which is primarily known
for forming a hexagonal structure at room temperature.”” "
The mechanisms comprise four distinct steps, each of which is
elucidated and discussed next.

(I) A—X bond dissociation: This is the initial step in the
reaction and involves the dissociation of A—X bonds during
the milling of the precursors. As illustrated in Figure 9, the
structure of BX, (PbCl, or PbBr,) precursors exhibits a seven-
coordinated lead(II) ion arrangement, coordinating with either
chlorine (CI7) or bromine (Br~) ions. This results in an
orthorhombic crystalline structure with a Pnma space group.
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Figure 10. Proposed mechanism for the ball-milling synthesis of CsCdBr, perovskites. The A (Cs), B (Cd), and X (Br) sites are colored pink, red,

and blue, respectively.

Detailed examination of their space group reveals that
depending on the halogen used, the asymmetric unit cell
comprises either PbCl, or PbBr,. As a result, the BX, (PbBr, or
PbCl,) precursors lack sufficient halogens (X) to establish the
desired octahedral network, necessitating the introduction of
additional halogens into the BX, structure. Given that the
reaction takes place in the solid state, only the two precursors
(A—X and BX,) are available in the reaction environment.
Therefore, the breakage of the A—X bond is the sole source for
BX, to obtain the supplementary halogens. Furthermore,
achieving a complete perovskite crystalline structure requires
the presence of the A cations, necessitating the breaking of the
A—X bond and producing separate ions. As mentioned in the
role of the A-site, MAPbBr; perovskites form faster than
CsPbBr;. This discrepancy is attributed to the difference in the
bond strength between MA—Br and Cs—Br bonds. The weaker
MA-Br bond initiates the reaction at an earlier stage, leading
to the accelerated formation of the MAPbBr; perovskite
structure.

(I1) [BX;]~ octahedral network formation: Once sufficient
halogens are available, a structural transformation occurs in the
orthorhombic BX, compound. In this process, Pb (II) ions
undergo migration and reorganization, coordinated with six
halide ligands to create octahedral [PbBrs]* units. Eventually,
these units come together in a corner-sharing manner to form a
[BX;]™ octahedral framework. In the context of the role of
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Xsite, it is observed that pure CsPbCl; is obtained after 5 h,
whereas obtaining pure CsPbBr; requires 12 h. This can be
attributed to the higher bond energy of Pb—Cl compared to
Pb—Br, combined with the smaller size of CI~ compared to
Br™. The higher bond energy in the product leads to a more
stable product and reduces the possibility of reverting back to
the initial precursors. As a result, these factors collectively
make the transformation to the octahedral network easier for
CsPbCl; compared to CsPbBrs;.

(II1) Diffusion of the A' cations into the octahedral
network: After the structural transformation of BX, into the
octahedral network, the A cations start diffusing within the
cuboctahedra spaces of the [BX;]™ network, as depicted in
Figure 9. This diffusion process is influenced by factors that
affect the diffusion rate of A* cations within the octahedral
network including molecular weight, size, concentration, and
temperature. As previously explained, the initial formation of
MAPDbBr; perovskite occurs faster compared to CsPbBr;.
Furthermore, complete perovskite formation of MAPbBr; is
observed after only S h, which is significantly shorter than the
time required for CsPbBr; formation (12 h). In addition to the
previously discussed difference in the bond energy of MABr
compared to CsBr, this variation can also be attributed to the
higher diffusion rate of MA cations compared to Cs cations,
which is primarily due to the lower molecular weight of the
MA cation.

https://doi.org/10.1021/acs.chemmater.3c01440
Chem. Mater. 2023, 35, 8909—8921


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01440?fig=fig10&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(IV) ABX; perovskite formation: The primary role of the A
cation in the ABX; perovskite structure is to provide charge
balance and structural stability to the [BX;]™ octahedral
network. Once the diffusion of A cations is complete, a pure
ABX; perovskite structure is achieved. The time required to
obtain different perovskites varies due to the different
formation energies associated with each perovskite. These
formation energies directly impact the stability of the resulting
perovskites. Consequently, they determined the time required
to achieve pure perovskite structures.

Figure 10 illustrates the formation mechanism of the
hexagonal CsCdBr; perovskite structure. While the primary
steps for the formation of this structure are the same as those
in Figure 9, the resulting structure is characterized by a one-
dimensional hexagonal crystalline arrangement.

CdBr, crystallizes into a trigonal structure with the space
group R3m.”” Upon the breakage of the A-X bond, a structural
transformation occurs from the trigonal arrangement to a face-
sharing octahedral network of [CdBr;] ™. This network extends
infinitely along the crystallographic ¢- axis, resulting in a one-
dimensional perovskite structure.”® The distance between Cd
atoms within the [CdBr;]” chain is much shorter than the
distance between Cd atoms in different chains, thus giving rise
to this one-dimensional characteristic.

Since the [CdBr;]~ chains are anionic, Cs cations need to
diffuse between the chains to provide charge balance and
structural stability to the anionic framework. Once the
diffusion process is completed, a complete one-dimensional
hexagonal structure of CsCdBrj; is formed.

B CONCLUSIONS

In conclusion, our research aimed to investigate the kinetics
and mechanisms underlying the solid-state synthesis of halide
perovskites. To conduct this study, we utilized a CsPbBr;
system (ABX;) as a reference to study the exchange of A, B,
and X sites with methylammonium (MA*), Cd*, and CI,
respectively. First, through meticulous optimization of the
milling time, we successfully produced pure gram-scale
CsPbBr;, MAPbBr;, CsCdBr;, and CsPbCl;. These perovskite
materials demonstrated remarkable phase stability when
exposed to air and an average humidity of 48.5% for 21
consecutive days.

To gain insights into the kinetics and formation mechanisms
of the halide perovskites, we utilized various analytical
techniques, including XPS, XRD, FESEM, UV—vis, and PL
which provided valuable information about crystalline
structure, morphology, and spectroscopic characteristics of
the samples over time. XPS proved to be especially invaluable
in monitoring reaction kinetics and mechanisms, offering
insights into the conversion rate of precursors to perovskites,
material purity, and chemical shifts. These findings can serve as
a reference for future studies involving more intricate halide
perovskite compositions.

This investigation underscores the importance of key factors,
such as the bond energy of the AX precursor, perovskite
formation energy, the diffusion rate of “A” cations, and B-X
bond energy within the [BX;]™ framework, in influencing the
kinetics and mechanisms of halide perovskite formation during
solid-state synthesis. Based on the data collected, we proposed
a plausible mechanism for the ball-milling synthesis, involving
four phases: (I) precursor dissociation, (II) [BX;]™ octahedral
network formation, (III) diffusion of the A* cations into the
octahedral network, and (IV) ABX; perovskite formation. The
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outcomes of this study not only provide insights into the
intricate kinetics and mechanisms governing the room-
temperature solid-state synthesis of halide perovskites but
also open avenues to fine-tune the synthesis process and
enhance the material quality for more complex halide
perovskite compositions using this methodology.
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