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ABSTRACT

Cesium lead iodide with cubic perovskite structure (a-CsPbI3) is gaining sig-

nificant interest in photovoltaic applications due to its excellent absorbance of

the visible solar light and other attractive optoelectronic properties. However,

the synthesis of stable a-CsPbI3 poses a significant challenge. Mechanochemical

synthesis is emerging as a suitable method for the preparation of cesium lead

halides. This work investigates the ball milling-induced synthesis of cesium lead

halides perovskite phase using halide mixing or doping approaches. The syn-

thesis in the CsI ? PbI2, CsBr ? PbBr2, CsBr ? PbI2, and CsI ? PbI2 ? NdI3
mixtures and halide exchange reactions in the CsPbBr3 ? 3KI and

CsBr ? PbBr2 ? 3KI systems are investigated to elucidate the mechanism of this

process. Then, CsPb(I1-xBrx)3 and CsPb(1-y)NdyI3 materials with different x and

y ratios are prepared, and their stability is probed in the air using light

absorption spectroscopy. These results suggest that Nd doping is more efficient

in the stabilization of the perovskite structure than partial replacement of iodine

with bromine. Microstructure observations reveal the existence of two different

product formation mechanisms depending on the mechanical properties of

reactants. The results reveal that the milling temperature has a significant

impact on the reaction kinetics. The produced particles nucleate and grow at the

reactant interface and retard the synthesis reaction by creating a diffusion bar-

rier. Extended milling reduces the product particle size and creates fresh contact

between reactants, thus facilitating reaction completion.
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Introduction

Lead halide perovskites with the general formula of

APbX3 containing organic or inorganic monovalent

cation, where A can be methylammonium, for-

mamidinium, or cesium and the X can be halogen (Cl,

Br, I) anions, have demonstrated an impressive

increase in photoconversion efficiency [1–5]. Among

these materials, CsPbX3 are gaining significant inter-

est due to their high absorptivity, high charge carrier

mobility, defect tolerance, tunable optical property,

high photoluminescence quantum yield, as well as

low volatility [5–9]. These exciting properties make

CsPbX3 materials ideal for solar cells and solar con-

centrators, light-emitting devices, as well as pho-

todetector applications [10–12].

a-CsPbI3, with a bandgap of 1.73 eV, is a very

suitable candidate for photovoltaic application in

tandem solar cells due to its excellent absorbance of

solar light [6, 7, 13, 14]. However, the synthesis of a-
CsPbI3 poses significant challenges, as it is stable only

at high temperatures. In bulk form, a-CsPbI3 trans-

forms to other phases under different conditions

[8, 11, 14]. For example, Marronnier et al. [15] and

Sutton et al. [16] have demonstrated that a-CsPbI3
exists only above 370 �C. At lower temperatures, it

converts to the b-tetragonal and then c-orthorhombic

metastable phase. The latter transforms into the

orthorhombic non-perovskite yellow d-CsPbI3 phase.
The heating of the d-CsPbI3, however, results in the

direct transition to the a-CsPbI3 [15]. The perovskite

to non-perovskite transformation is rapid when

moisture is present. The underlying mechanism of

moisture-assisted polymorph change is not fully

understood [8]. Relatively large (100–200 nm) a-
CsPbI3 nanocrystals degrade into the d-CsPbI3
rapidly, while the smaller (5–15 nm) colloidal

nanocrystals are relatively stable at ambient temper-

ature due to the presence of surface capping agents or

organic solvent environment [17].

A general strategy to enhance the phase stability of

cubic a-CsPbI3 involves the modulations (doping,

alloying, or mixing) of A, B, and X sites by tuning the

Goldschmidt tolerance ( s ¼ rAþrX
ffiffi

2
p

rBþrXð Þ

� �

) and octahe-

dral l ¼ rB
rX

� �

factors, where rA and rB are the radii of

Cs and Pb cations and rX is the radius of halogen

anion [14, 18]. As a rule of thumb, the cubic

perovskite phase is stable if s and l are higher than

0.875 and 0.41, respectively [18]. Another work sug-

gests that the s value between 0.8 and 1.0 is more

favorable for the cubic perovskite structure stability

[19]. The values of these factors for a-CsPbI3
(s = 0.81–0.89 and l = 0.47) are close to the above

limits, thus making it a metastable material [14, 19].

The B-site (Pb) modulation significantly influences

both s and l values. Many iconic species (such as

Mn2?, Sr2?, Sn2?) are capable of substituting Pb.

Incorporation of Mn2? enables significant stabiliza-

tion of nanoscale a-CsPbI3 without modification of

the bandgap energy [20, 21]. Doping or alloying with

Sr2? or Sn2? shows stabilization of the perovskite

structure, but also changes the bandgap energies of

resulting materials [22, 23]. Several trivalent ions

(Bi3?, Sb3?, Eu3?) are also reported to replace the Pb

sites [24–26]. That changes the charge neutrality and

influences the optical properties. The X-site modula-

tion (halide mixing) is explored [27–29] more

broadly. Partial replacement of I with Cl or Br sig-

nificantly enhances the stability of nanoscale per-

ovskite systems by tuning the octahedral factor. This

modification also allows fine-tuning of the bandgap

energy of resulting mixed perovskites.

The primary synthesis method for most lead halide

perovskites is based on solution processing of halide

salts dissolved in dimethylformamide or dimethyl

sulfoxide, followed by the deposition of thin films by

spin coating [1, 4, 5, 12, 14, 20, 22, 24, 26]. Even

though this method has proven to form excellent

materials, there are several drawbacks which include

the limited choice of solvents, the toxicity of some of

the solvents, a limited possibility for upscaling, and

difficulty in controlling the composition and stoi-

chiometry. Recently, mechanochemical synthesis has

emerged as a suitable solvent-free method for the

preparation of lead halide perovskites [2, 30–33]. The

process is simple and can be performed even by

manual grinding of the halides using a mortar and a

pestle [31, 32, 34–40]. This approach is especially

useful in the preparation of complex perovskites

[34, 40–43], which are difficult to produce by the

solution processing methods due to the limited

choice of suitable solvents capable of dissolving the

multiple reactants [32, 44–46]. The mechanochemical

synthesis also provides versatile pathways for mod-

ulation of B- or X-sites in perovskites

[31, 38, 40, 45, 47–50]. The use of mechanical ball mills
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also permits large-scale synthesis of these materials

[30, 34, 51].

The mechanistic aspects of the process, however,

remain mostly unknown. There are only a few works

reported on attempts at ball milling-induced struc-

tural and morphological transformations which take

place during the synthesis. For example, in the CH3-

NH3I ? PbI2 system, the product (CH3NH3PbI3)

forms gradually without any intermediate com-

pounds during the milling [30, 52]. The milling in all-

inorganic CsBr ? PbBr2 mixture forms CsPbBr3,

CsPb2Br5, and Cs4PbBr6 at the early stages [53]. Then,

further milling results in the transition of non-stoi-

chiometric compounds to the CsPbBr3 phase. These

results suggest that more works should be conducted

to increase our understanding of the mechanisms that

govern the reaction, as well as structural and mor-

phological refinements taking place during milling.

Furthermore, the factors that influence the uniformity

of small amounts of dopants during their in situ

incorporation into the perovskite matrix are also

unknown.

This work aims to investigate the preparation of

stable cesium lead halides perovskites under the

mechanochemical synthesis conditions using either

B- or X-site modulations. To understand the mecha-

nism of the reactions in the CsI ? PbI2,

CsBr ? PbBr2, CsBr ? PbI2 and CsI ? PbI2 ? NdI3
systems and halide exchange reactions in the

CsPbBr3 ? 3KI and CsBr ? PbBr2 ? 3KI are investi-

gated under different conditions. Then, CsPb(I1-x-

Brx)3 and CsPb(1-y)NdyI3 materials preparation is

studied depending on the x and y ratios. The stability

of the CsPbI2Br and CsPb0.9Nd0.1I3 material is probed

using absorption spectroscopy. A general mechanism

of mechanochemical reactions and their relations to

stabilization of the perovskite phases are discussed.

Materials and methods

Cesium iodide (CsI, 99.9%, BeanTown Chemicals),

lead iodide (PbI2, 99.9985, Alfa Aesar), cesium bro-

mide (CsBr, 99.999%, Aldrich), lead bromide (PbBr2,

99.999%, Aldrich), potassium iodide (KI, 99.9%, Alfa

Aesar), and neodymium iodide (NdI3, 99.9%,

Aldrich) were used as reactants for mechanochemical

synthesis without further purification. The desired

quantities of reactants were measured inside a glove

box filled with inert gas and then transferred into

stainless steel (25 ml volume) jar, followed by adding

stainless steel balls (with 10 mm diameter). The ball-

to-powder ratio in all experiments was 15:1. Ball

milling was conducted in CryoMill (Retsch) with or

without liquid nitrogen cooling at 30 Hz shaking

frequency. The milling time was varied from 5 to

180 min. After treatment, the milling jar was opened

in a glove box, and the products were collected and

stored in a dry inert gas atmosphere.

Differential scanning calorimeter (DSC) from Met-

tler Toledo was used to determine phase transition in

reactants and investigate the reactions between them

in heating conditions. In these experiments, mixtures

of reactants were prepared by manual mixing. Then,

the mixtures were transferred into Al crucibles and

sealed under an inert atmosphere. DSC experiments

were performed in the 25–380 �C temperature range

with a 40 C/min heating rate.

The phase composition of materials in ambient

conditions was determined by powder X-ray

diffraction (XRD) analysis with Ni-filtered CuKa

radiation using the D8-Advance (Bruker) diffrac-

tometer operated at 40 kV and 40 mA. XRD patterns

of samples were measured at ambient conditions in

the 2H = 10�–50� angular range with a step size of

0.01�. In some cases, a small quantity of material was

inserted into Pyrex capillary tubes (200 lm inner

diameter with a wall thickness of 50 lm) and sealed

under an inert atmosphere. XRD patterns of these

samples were obtained by rotating the capillary

tubes. The morphology of the products was investi-

gated with a field emission scanning electron micro-

scope (Magellan 400) equipped with secondary and

backscattering electron detectors and energy-disper-

sive X-ray spectrometer (EDS, Bruker).

Absorption measurements of the synthesized

materials were conducted in the ultraviolet–visible

near-infrared (UV–Vis–NIR) range (800–300 nm)

using the Jasco V-670 double-beam spectrophotome-

ter. A Jasco ISN 723 integrating sphere attachment

was used, where the samples were illuminated under

a small angle. The light from the sample is collected

and directed to the detector (diffuse reflectance

spectra). Baseline measurements allowed the deter-

mination of the absorbance of the various samples.

The 850-nm grating and 1000 nm/min scan rate were

used in all measurements.
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Results

Mechanochemical synthesis
in the CsI 1 PbI2 system

Figure 1 shows XRD patterns of materials prepared

at different milling times in cryogenic (Fig. 1a) and

room (Fig. 1b) temperatures for the CsI ? PbI2 mix-

ture along with patterns of the initial reactants. The

sample that was milled for 5 min at cryogenic tem-

perature shows peaks for both reactants and the

orthorhombic d-CsPbI3 phase. The peaks for reactants
are broader compared to the non-milled CsI and PbI2
powders and shifted toward the lower angular range

by 0.15�–0.25�, indicating significant lattice distor-

tions. The XRD pattern of the sample milled for

25 min in cryogenic temperature shows intense d-
CsPbI3 peaks together with some weak lines for

reactants. After 60 min of milling, the lines for d-
CsPbI3 become broader, while no peaks for reactant

can be detected.

The sample milled for 25 min (room temperature)

contains primarily d-CsPbI3 with insignificant quan-

tities of reactants (Fig. 1b). There is little difference

between XRD patterns of samples milled for 25 and

60 min, and the peaks for reactants are hard to detect.

Prolonged milling (120 min) results in the broaden-

ing of peaks for d-CsPbI3. For example, a closer look

at the (122) peak (see Supplementary information,

Figure S1) indicates a broader full wide half maxi-

mum compared to the same peak of the sample with

60 min of milling (Figure S1). This broadening can be

related to the decrease in particle sizes and/or lattice

strains due to extended mechanical treatment.

The precise evaluation of reactants’ conversion

during mechanochemical synthesis using XRD is

challenging due to the significant peak broadening

caused by intense lattice distortions. Therefore, we

also used UV–Vis absorption spectroscopy to follow

the dynamics of reactant conversion more accurately.

Figure 2 shows the absorption spectra of samples

prepared at different milling times and temperatures

in conjunction with initial reactants. The UV–Vis

spectra of reactants indicate absorption edges at *
400–450 nm and * 530 nm for CsI and PbI2,

respectively. The spectra of samples milled for five

min in cryogenic temperature contain two absorption

bands with onsets at * 530 nm and * 450 nm

(Fig. 2a). The band at * 530 nm is related to initial

PbI2, while the one at * 450 nm can be attributed to

the yellow d-CsPbI3 phase [54]. The increase in mil-

ling time from 25 to 60 min causes a decrease in the

PbI2 absorbance band. Although the XRD analysis of

the sample milled for 60 min (Fig. 1a) shows only the

d- CsPbI3 phase, the UV–Vis spectrum exhibits a

weak shoulder associated with PbI2 absorption, sug-

gesting the incomplete conversion of reactants. The

absorption band for PbI2 disappears in samples mil-

led at room temperature with longer milling times,

such as 60 min (Fig. 2b).

Figure 3 summarizes the results of the morpho-

logical investigation of the reactants and selected

milled samples. A typical CsI particle has an irregular

shape with a size of * 150 lm. The PbI2 particles are

relatively smaller (10–30 lm), but they also have

irregular shapes. SEM images of separately milled

Figure 1 XRD patterns of reactants and products prepared at

different milling times at cryogenic (a) and room (b) temperatures.
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(with 25 min) reactants at room temperature exhibit

few notable features. Although a significant portion

of CsI of particles fragmented into smaller pieces

(5–30 lm), some CsI particles deformed under the

dynamic collisions of the balls, resulting in thin

(* 5 lm) plates. Most of the PbI2 particles plastically

deformed to form flat disks. The CsI ? PbI2 mixture

that was milled both at cryogenic and room temper-

atures for 25 min exhibits relatively small aggregates.

A closer look at the morphology of the products

reveals the effect of temperature and milling time on

d-CsPbI3 particles (Fig. 4). SEM images show that the

majority of product particles produced at cryomilling

conditions exhibit near-spherical shapes except for a

few particles with faceted (cubic) shape and brighter

contrast. Based on the absorption measurements

presented in Fig. 2a, we can suggest that these par-

ticles can be the non-reacted precursors. The average

size of the individual crystallites in the agglomerates

of the cryomilled sample for 5 min is * 200 nm.

Further milling to 25 min results in a small increase

Figure 2 UV–Vis absorption of reactants and products as a function of milling times at cryogenic (a) and room (b) temperatures.

Figure 3 SEM images of CsI and PbI2, ball-milled pure reactants and their mixtures at cryogenic (CT) and room (RT) temperatures (25-

min milling). The scale bar is 100 lm.
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in particle sizes. The sample with a longer milling

time (60 min) shows some particle size reduction.

A sample milled at room temperature (25 min)

exhibits similar near-spherical particles with an

average size of * 150 nm (Fig. 4). Further milling to

60 min has little influence on the size of d-CsPbI3
particles, while prolonged milling with 120 min

results in significant distortion as well as some cold

welding of particles.

The result presented in this section indicates that

the temperature influences the reaction kinetics of the

CsI ? PbI2 system. At cryogenic conditions, the

reaction processed slower than at room temperature.

XRD analysis and UV–Vis absorption measurements

suggest that initial reactants gradually transform to d-
CsPbI3 without the formation of any intermediate

products. The process temperature has little effect on

the d-CsPbI3 particle sizes.

Mechanochemical synthesis
in the CsBr 1 PbBr2 system

The initial stages of the mechanochemical synthesis

of CsPbBr3 were investigated earlier [53]. Two inter-

mediate compounds, CsPb2Br5 and Cs4PbBr6, were

identified during the first 5 min of milling. In this

work, we study the ball milling in the stoichiometric

CsBr ? PbBr2 mixture at longer milling times. Fig-

ure S2 shows XRD patterns for the samples prepared

at 60- and 180-min milling times at room temperature

along with XRD patterns of reactants. These results

indicate that reactants fully converted into the pure

orthorhombic CsPbBr3 (orange-color) phase for both

milling times. The product prepared at 60 min of

milling exhibits relatively sharp and well-resolved

diffraction peaks. Prolonged milling leads to some

broadening of peaks.

Figure 5 presents the microstructures of CsPbBr3
powders, while SEM images of CsBr and PbBr2 are

shown in Figure S3. Both reactants consist of coarse

(100–300 lm) irregular particles. The low-magnifica-

tion image of 60-min milled sample shows porous

particle agglomerates (Fig. 5). The higher-magnifica-

tion image shown as an inset in Fig. 5 displays that

the particle sizes of CsPbBr3 vary between 200 and

2000 nm. Further mechanical treatment (180 min)

leads to the formation of large (hundreds of

micrometers) densely packed but brittle agglomer-

ates (Fig. 5). We can assume that such agglomerates

may form by a cold-welding process similar to

reported in all metallic and metal–non-metal systems

[55, 56]. The size of individual particles, however, is

smaller (200–500 nm), as shown by an SEM image

inset presented in Fig. 5. Thus, prolonged milling

allows decreasing the sizes of individual CsPbBr3
particles, but simultaneously increases the agglom-

erate size by enhancing the cold welding. UV–Vis

measurements of CsPbBr3 products prepared at
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Figure 4 SEM images of d-CsPbI3 products prepared at different milling times and temperatures. The scale bar is 1 lm.
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60 min of milling show a sharp absorption edge at

550 nm wavelength (Figure S4), indicating the full

conversion of the reactants into the desired product.

Mechanochemical synthesis
in the CsBr 1 PbBr2 1 3KI
and CsPbBr3 1 3KI systems

We also investigate the mechanochemical reaction in

the CsPbBr3 ? 3KI and CsBr ? PbBr2 ? 3KI mix-

tures. Both these samples have brown-black color

after room-temperature synthesis (60-min milling

time). The dark color of the samples suggests that

such halide exchange offers some potential to prepare

materials with perovskite structure that could absorb

visible solar light.

The color of both samples, however, turns to the

yellow quickly, and products show a similar phase

composition of d-CsPbI3 and KBr (Fig. 6). d-CsPbI3
obtained from the CsPbBr3 ? 3KI mixture has shar-

per diffraction peaks compared to the material pre-

pared from the CsBr ? PbBr2 ? 3KI sample.

SEM images taken by a backscattering electron

detector for both samples show particles with

brighter contrast (d-CsPbBr3) mixed with darker

(KBr) phase (Fig. 7). The sample prepared from the

CsPbBr3 ? 3KI mixture exhibits coarse (Fig. 7) d-
CsPbBr3 particles (primarily in the 200–600 nm

range). These d-CsPbBr3 particles have similar sizes

as the CsPbBr3 initial material (see Fig. 5). The

material prepared from the CsBr ? PbBr2 ? 3KI

mixture exhibits narrower particle size distributions

(50–300 nm) for d-CsPbI3 (Fig. 7). These results sug-

gest that such direct and indirect halide exchange

reactions allow tailoring of the particle sizes for the

products.

Stabilization of perovskite phase
by modulation

The B- and X-site modulations are feasible ways to

stabilize the perovskite phase. In this work, we

investigate the mechanochemical synthesis of

CsPb(I1-xBrx)3 and CsPb(1-y)NdyI3 materials. Both

types of materials obtained at room-temperature ball

milling of CsI ? CsBr ? PbI2 and CsI ? PbI2 ? NdI3
systems yield black powders (Figure S5), indicating

the formation of the perovskite phase, which is also

confirmed by XRD analysis. For example, Fig. 8

shows XRD patterns of CsPbI2Br (x = 0.333) and

CsPb0.9Nd0.1I3 (y = 0.1) materials prepared at room

temperature. Both patterns suggest the formation of

Figure 5 SEM images of

CsPbBr3 prepared at different

milling times. The scale bars

are 100 and 1 lm in the large

panels and insets, respectively.

Figure 6 XRD patterns of d-CsPbBr3 prepared by room-

temperature milling of the CsPbBr3 ? 3KI and

CsBr ? PbBr2 ? 3KI mixtures for 60 min.
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the cubic (black) phase confirmed by three major

diffraction peaks. A broad hump at 15�–35� angular

range is attributed to X-ray scattering from the Pyrex

glass capillary sample holder.

SEM images show that the average particle size of

the CsPb(I1-xBrx)3 products is about 100 nm. Also,

the particle size is independent of the x ratio within

the 0 B xB0.333 range (Fig. 9). CsPb(1-y)NdyI3

sample, however, exhibits different morphological

features. For example, the CsPb0.9Nd0.1I3 sample is

uniform and primarily consists of near-spherical

particles with 100–150 nm sizes. The increase in the

Nd content (y = 0.2) results in non-uniform mor-

phology showing (Figure S6) near-spherical, faceted

particles, and rod-like crystals. Figure 9 suggests that

these faceted particles primarily exhibit cubic and

octahedral shapes. The EDS elemental mapping

indicates that iodine distribution in this sample is

uniform (Fig. 10). Distribution of metals, however, is

non-uniform, and excessive neodymium is observed

in the areas where the content of faceted particles

crystals is higher.

Meanwhile, in these areas, the amounts of Cs and

Pb are significantly lower. These observations allow

concluding that faceted particles are primarily neo-

dymium iodide, while near-spherical particles are

Nd-doped CsPbI3. These results imply that Nd suc-

cessfully incorporates into the crystal lattice of CsPbI3
at relatively small Nd quantities (y B 0.1).

The black color of these CsPb(I1-xBrx)3
(x = 0.1–0.333) and CsPb(1-y)NdyI3 (y = 0.1) remains

unchanged under the dry inert gas for many weeks.

To learn more about the stability of samples in air, we

investigated the UV–Vis absorption of the CsPbI2Br

and CsPb0.9Nd0.1I3 as a function of time. The results

of these investigations suggest that a freshly prepared

Figure 7 SEM

(backscattering electron

detector) images and particle

size distributions of d-CsPbBr3
prepared at room-temperature

milling of the CsPbBr3 ? 3KI

and CsBr ? PbBr2 ? 3KI

mixtures and 60-min milling

time. The scale bar is 1 lm.

Figure 8 XRD patterns of a-CsPbBr3 prepared by room-

temperature milling of the CsPbI2Br and CsPb0.9Nd0.1I3
materials prepared at room-temperature milling for 60 min. The

hump at 15�–35� range is attributed to X-ray scattering from the

Pyrex glass capillary sample holder.
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CsPbI2Br sample exhibits a sharp absorption edge

at * 700 nm (Fig. 11a). UV–Vis spectra were taken

during a 1–6-h period, exhibit a gradual blueshift of

absorption edge to 550 nm, and the emergence of a

new edge at * 450 nm. Further measurements up to

48 h show no significant changes.

UV–Vis spectrum of CsPb0.9Nd0.1I3 sample exhibits

an adsorption edge at * 720 nm and two peaks

centered at * 750 and * 800 nm attributed to

absorption bands of Nd3? at the near-infrared region

(Fig. 11b). In contrast to CsPbI2Br, CsPb0.9Nd0.1I3
sample exhibited superior stability. UV–Vis mea-

surements show that the absorbance did not decrease

during the first 3 h of measurement. Furthermore, the

decrease in absorbance by * 20% and 40% is

observed at only 27 and 96 h, respectively. UV–Vis

spectra measured at 27 and 96 h show another

adsorption edge at 450 nm, in addition to the blue-

shifted main one, indicating the transformation of

perovskite structure to non-perovskite phase. These

results suggest that B-site modulation utilizing Nd

doping is more efficient in the stabilization of per-

ovskite structure than X-cite modulation by partial

replacement of iodine with bromine.

CsPb(I1-xBrx)3

CsPb(1-y)NdyI3

x = 0.17 x = 0.333

y = 0.1 y = 0.2

Figure 9 SEM images of

CsPb(I1-xBrx)3 and

CsPb(1-y)NdyI3 materials

prepared at room-temperature

milling for 60 min. The scale

bar is 1 lm.

Figure 10 EDS elemental mapping of CsPb0.8Nd0.2I3 sample prepared at room temperature and 60 min of milling. The scale bar is

20 lm.
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Discussion

Microstructure observations (Fig. 3) of CsI ? PbI2
samples allow concluding that during ball milling,

ductile PbI2 particles are plastically deforming to

form flattened disks, while brittle CsI particles are

primarily fracturing to smaller fragments. Under the

dynamic mechanical collisions of balls, fractured CsI

fragments penetrate ductile PbI2. Flattened disks can

also be cold-welded together, resulting in large lay-

ered PbI2/CsI/PbI2 composite particles, where the

small CsI fragments appear between PbI2 layers. The

colliding balls further plastically deform the com-

posite particles, resulting in their work hardening.

Eventually, composite particles fracture into smaller

pieces (Fig. 3) by a fatigue failure mechanism. Such

significant changes simultaneously increase the sur-

face area between reactants and produce dislocations

that accelerate nucleation of CsPbI3 particles at the

PbI2/CsI interface.

XRD analysis (Fig. 1) and UV–Vis absorption

spectra (Fig. 2) suggest that a significant amount of

reactants convert into CsPbI3 at the very early stages

(5 min) of the process. Further conversion of

remaining reactants takes a much longer time. For

example, the UV–Vis spectra (Fig. 2) of the sample

milled for 60 min at cryogenic temperatures still

show some traces of reactants. This result proves that

CsPbI3 formed at the CsI/PbI2 interface creates a

barrier between the reactants and significantly slows

the synthesis reaction. Extended (30–60 min) milling

results in continuous refinements, reduction in

product particle sizes, and creation of fresh contact

between reactants, thus facilitating reaction

completion.

The milling temperature has a significant influence

on the reaction kinetics. The reactants convert to

products faster at room temperature (Fig. 2). In gen-

eral, the temperature of the samples during

mechanochemical synthesis can increase due to

heating caused by transferring the kinetic energy

from the colliding balls and heat released from the

reaction itself. We performed DSC analysis of the

manually mixed (5 min) CsI ? PbI2 sample to reveal

the possible heat release due to the reaction. This

analysis indicates only an endothermic process (Fig-

ure S7). We should note that the XRD analysis of

manually mixed samples shows no CsPbI3 before

DSC analysis. Therefore, the endothermic process

observed on the DSC curve is ascribed to the

CsI ? PbI2 reaction. This result suggests that during

milling, the temperature increases only due to the

energy transfer from colliding balls.

The milling time has a substantial influence on

product particle sizes. The prolonged milling

(60–120 min) allows decreasing the particle sizes, but

also increases the agglomerate size by the cold

welding mechanism (Figs. 4, 5). The use of process-

control agents could reduce the cold welding and

refine the particle sizes. Indeed, early works [34, 45]

show that the use of organic solvents in conjunction

with the ball milling allows producing dispersed fine

cesium lead halides.

Figure 11 UV–Vis absorption spectra of CsPbI2Br (a) and CsPb0.9Nd0.1I3 (b) as a function of time.
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The mechanochemical synthesis mechanisms for

CsI ? PbI2, CsBr ? PbI2, and CsBr ? PbBr2 mixtures

have many similar aspects. Moreover, DSC curves for

CsI ? PbI2 and CsBr ? PbI2 exhibit similar

endothermic peaks centered at 340 and 325 �C,
respectively (Figure S7). We can suggest that those

systems can be categorized into a general brittle-duc-

tile synthesis type.

The significant differences in product particle size

for the CsPbBr3 ? 3KI and CsBr ? PbBr2 ? 3KI sys-

tems (Fig. 7) point to different synthesis mechanisms.

d-CsPbI3 produced from the CsPbBr3 ? 3KI mixture

consists of larger particles similar to CsPbBr3 reactant

(Fig. 5, 60 min). We can suggest that the synthesis of

the CsPbBr3 ? 3KI mixture can be categorized in the

brittle–brittle system type. Large particles of KI frac-

ture into many smaller particles first, and then, the

halide exchange reaction takes place at the KI/

CsPbBr3 interface of fine reactant particles. The

interaction mechanism of the CsBr ? PbBr2 ? 3KI

system most likely is similar to the CsI ? PbI2 case,

and the reaction can be classified into the brittle-duc-

tile system type.

Adding small amounts of NdI3 into the CsI ? PbI2
mixture does not influence the morphological fea-

tures of the product (Fig. 9). The radius of Nd3? ion

(98 pm) is much smaller than that of Pb2? radius

(119 pm), and Nd incorporation into the product

lattice stabilizes (Figs. 8, 11) perovskite structure due

to the increase in the Goldschmidt tolerance factor.

DSC curve of the CsI ? PbI2 ? NdI3 system exhibits

several new endothermic peaks at lower tempera-

tures as compared to the CsI ? PbI2 mixture (Fig-

ure S7). The thermal analysis result (Figure S7) of

pure NdI3 shows a broad endothermic peak pre-

sumably related to its melting and/or decomposition

processes. We can assume that these processes sig-

nificantly change the reaction mechanism of the

CsI ? PbI2 ? NdI3 system. We do not know the

extent of localized temperature increase during mil-

ling, but we cannot rule out that the local increase in

the temperature could trigger the melting of NdI3.

The presence of the molten phase could accelerate the

reaction and facilitate the uniform distribution of the

Nd into CsPbI3 lattice. Future studies should be

directed to understand the mechanism of these pro-

cesses, the chemical states of Nd in the lattice, as well

as the origin of superior stability of Nd-doped CsPbI3
observed in this work.

Conclusions

Microstructure observations reveal the existence of

two different product formation mechanisms

depending on the mechanical properties of reactants.

The synthesis involving mixtures of iodides (CsI,

PbI2, and KI) and/or bromides (CsBr, PbBr2) can be

categorized into a general brittle-ductile mechanism,

whereas in the halide exchange reactions, the

CsPbBr3 ? KI mixture, can proceed via the brittle–

brittle mechanism. The results reveal that the milling

temperature has a significant influence on reaction

kinetics. The product particles nucleate and grow at

the reactant interface and slow the synthesis reaction

by creating a diffusion barrier. Extended milling

reduces the product particle sizes and creates fresh

contact between reactants, thus facilitating reaction

completion. The results suggest that Nd doping is

more efficient in the stabilization of the perovskite

structure than a partial replacement of iodine with

bromine. Future investigations are needed to under-

stand the origin of the superior stability of Nd-doped

CsPbI3.
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