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Lead halide perovskite nanocrystals with different halide
ions can lead to color-tunable emissions in visible window with near-
unity photoluminescence quantum yields. Extensive research has been
carried out for optimizing the synthesis of these nanocrystals for the last
6 years, and thousands of research papers have been reported. However,
due to the ionic nature, these nanocrystals formed instantaneously and
hence, their growth kinetics could not be established yet. In most of the
reactions, the formation mechanism typically followed one reaction for
one size or shape principle, and their dimension tuning was achieved
predominantly with thermodynamic control. There is no clear evidence
yet on the decoupling growth from nucleations and monitoring their
growth kinetics. Hence, the progress of understanding the fundamentals
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of crystal growth faced road blocks for these halide perovskite nanocrystals. Keeping eyes on all such reports on one reaction for one
size and one reaction for tunable size of the most widely studied CsPbBr; nanocrystals, in this perspective, details of their size
tunability are analyzed and reported. In addition, comparison of the classical mechanism, obstacles for establishing secondary
growth, and possible road maps for controlling the kinetic parameters of formation of these nanocrystals are also discussed.
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ow do lead halide perovskite nanocrystals nucleate and

grow? Despite several successes achieved in designing
size- and shape-modulated halide perovskite nanocrystals, basic
fundamentals of their formation still remained elusive.'”® In
most of the leading reports, formation of each size or shape of
these nanocrystals typically required a separate reaction.”*™ "
This is because of the adopted ice-cool approach which
remained essential for obtaining phase-stable and bright
emitting nanocrystals. These lead halide perovskite nanocrystals
soon after their first report swiftly emerged as the leading optical
emitters in the field and provided an opportunity to obtain all
three leading colors, red-green-blue, with near-unity photo-
luminescence quantum yield (PLQY).'”">"*~*° Initially, only
six faceted cubes and platelets were reported but later extended
to several polyhedral shapes™***"** without compromising
their brightness. However, all of these successes were achieved
with varying reaction parameters and reagent modulations, but
not with the control of their growth kinetics. In fact, despite
thousands of reports, there is no growth kinetics established
until now that would provide the pathway of growth versus
monomer concentration or size variation in a standard reaction
time protocol. The classical mechanism of nanocrystal growth,
which typically follows the La Mer model,”® was mostly
established for covalent nanocrystals like metal chalcogenides.
Instead, for the ionic nature of the A-site ion bonds, these lead
halide perovskite nanocrystals form instantaneously, and hence
ion-adsorption-based successive growth could not be estab-
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lished.” Hence, the question arises whether monitoring the
growth kinetics would be practically possible or remain a
mystery. Slowing down the reaction and controlling secondary
growth remained critically important for studying the growth
doping and facet directive growth, shelling of these materials,
and also obtaining heterostructures, and all of these processes
were no successfully established yet.”” As this is a fundamental
issue and critically important for understanding the growth of
halide perovskite nanocrystals, details of the established facts on
formation of size and shape variability of nanocrystals, the
impact of temperature, precursors, and ligands for dimension
tunability and controlling reaction parameters for initiating
secondary growth remained important. Studying all of these
parameters from different established reactions, their details of
formation and possible establishment of growth kinetics in
comparison with classical mechanism are analyzed and reported
in this perspective. Moreover, several possible pathways to
establish the kinetics are also discussed.

Limiting the discussion only to CsPBr; nanocrystals, which
are most widely studied among all lead halide perovskite
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Figure 1. (a) Schematic of atomic models showing the growth of perovskite nanocrystals from one size to another with progress of the reaction. Models
show different polyhedral 3D CsPbBr; nanocrystals (6, 12, and 26 faceted) and platelets having different facets. The approach here is expected from a
classical nanocrystal growth model. (b) Possible size versus reaction time plot. The question mark indicates the unknown growth scale of these

nanocrystals.
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Figure 2. (a,c,e,g) Absorption and photoluminescence spectra and (b,d,fh) corresponding TEM images of CsPbBr; nanocrystals obtained at different
reaction temperatures with a Br to Pb ratio = 10-25. Scale bar for each case is 20 nm. Reproduced from ref 11. Copyright 2018 American Chemical
Society. (i,j) Absorption and PL spectra of different sized CsPbBr; nanocrystals obtained with different OLA-HBr added in the reaction system. (k)
Plot of size of CsPbBr; nanocrystals versus OLA-HBr concentration. (1—s) TEM images of CsPbBr; nanocrystals obtained with different concentration
of added OLA-HBr. In each case, the concentration of added OLA-HBr is mentioned. Scale bar for each case is 100 nm. Reproduced from ref 34.

Copyright 2018 American Chemical Society.

nanocrystals, size tuning of their isotropic 3D shapes in cubes,
dodecahedra, rhombicuboctahedra, and 2D-shaped platelets
was the focus. Standard growth protocol from one size to
another retaining their shapes is depicted schematically in Figure
1, in which atomic models of different shapes are presented in
Figure 1a and the assumed classical growth process is shown in
Figure 1b. From different literature reports, it is further revealed
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that sizes of CsPbBr; nanocrystals are typically governed by
varying
tion." '>**#33473% Figure 2a—h presents a typical case of size-
tunable CsPbBr; nanocrystals from 3.7 to 9.5 nm having a fixed
Pb/Br ratio and with varying reaction temperatures. This
pioneering work was reported by Son and co-workers in 2018.""
They also reported that with increasing halide [Br~]

the reaction temperature and halide concentra-
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Figure 3. CsPbBr; nanocrystals obtained in a single reaction and with temperature variation using seed cluster injection method. (a) Successive
absorption spectra obtained with an increase in reaction temperature at different time intervals and (b) corresponding PL spectra. Inset shows the
overlapped PL spectra obtained with almost the same amount of samples collected from the reaction. Excitation wavelength is 350 nm. (c—e) TEM
images representing wire/belt-like thinner and longer nanostructures, rectangular belt-like nanostructures, and cube-shaped CsPbBr; nanocrystals
obtained at different stages of the reaction. Reproduced from ref 40. Copyright 2018 American Chemical Society.

concentration, the size of CsPbBr; decreases even at a fixed
reaction temperature. This work also stated that the size
variations were thermodynamically controlled rather than
followed the kinetic model. Typically, this remained an
unconventional pathway in comparison to traditionally reported
quantum dots. Absorption features of these nanocrystals
obtained in a halide-rich environment supported their strong
quantum confinements and remained unique among all such
reports. Prior to this work and in same year, Dutta et al. reported
the alkyl ammonium bromide (OLA-HBr) concentration
variable size variation of CsPbBr; nanocrystals.”* In this case,
the authors also observed that increasing ammonium bromide
concentration reduced the size of the nanocrystals. Whereas the
temperature variation was established as the key approach, this
was the first report in which OLA-HBr helped with size variation
even at a constant reaction temperature. Figure 2i,j presents the
absorption and photoluminescence spectra of OLA-HBr
variable concentrations of CsPbBr; nanocrystals. Although
these nanocrystals were synthesized at 180 °C, at a different
reaction temperature of 160 °C, similar OLA-HBr variable size
tuning observations, but in a different size regime, were also
observed. Figure 2k presents the plot of the amount of OLA-HBr
versus the size of CsPbBr; nanocrystals at 180 and 160 °C.
These results also suggest that with an increase of reaction
temperature, the size of the obtained CsPbBr; also increases.
Representative transmission electron microscopy (TEM)
images of different nanocrystals obtained at the constant
temperature at 180 °C and with OLA-HBr variation are
presented in Figure 21—s, and in each panel, the amount of added
OLA-HBr is mentioned. Both of these results suggested that
temperature and halide concentration played a crucial role in
size tuning of CsPbBr; nanocrystals, although in one case Zn—Br
and in another case OLA-HBr was used in respective synthesis
methods.
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However, none of these two cases showed the kinetics models
of nanocrystal growth, in which size tunability could be achieved
with progress of reaction time. To retain high PLQY, these
reactions were immediately quenched. Even though halide-rich
reaction systems restrict the phase change during annealing, the
final size of these nanocrystals was immediately achieved soon
after injection of the Cs(I) precursor. Hence, with variation of
either reaction temperature or halide concentration, the size
tunability followed here the one size from one reaction principle,
and this is primarily thermodynamically controlled.

In another case, the impact of thermal annealing on the
shape/size of CsPbBr; nanocrystals was reported, in which
smaller sized nanocrystals were transformed into larger sizes
with an increase of the reaction temperature.*’ It was started
with quasi-spherical-type particles being transformed first to
belt/wire-type nanostructures and being further transformed
into platelets and cube nanocrystals. These nanostructures were
synthesized by injecting seed clusters, which were initially
prepared at room temperature, and the shape transformations
were observed with annealing as well as an increase of reaction
temperature. Interestingly, a step growth of ~1.2 nm thickness
was reported during the progress of the reaction. Figure 3a
presents successive absorption spectra of CsPbBr; nanocrystals
obtained during the step increase of reaction temperature after
seed nanocrystals were injected (prepared at <18 °C) at 50 °C.
Dual absorption peaks for different confinements of nanocryst-
als could be clearly visible during transformation of one size/
shape to another. In each case, the size and thickness of these
nanocrystals are indicated near each spectrum. Figure 3b shows
the corresponding PL spectra of these nanocrystals, which also
showed the dual nature in the transition (or mixed) states.
However, after 3.0 nm, only cubes were formed and their size
also increased with the increase of reaction temperature. Three
representative TEM images obtained from intermediate samples
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Figure 4. Size-tunable CsPbBr; nanocrystals beyond the quantum confinement regime and obtained from one size for one temperature reactions.
TEM images of dodecahedron nanocrystals obtained at (a) 180, (b) 200, and (c) 220 °C reactions. TEM images of rhombicuboctahedron-shaped
nanocrystals obtained at (d) 180, (e) 200, (f) 220, and (g) 240 °C. (h) Absorption and PL spectra of polyhedron nanocrystals. Reproduced from ref 31.

Copyright 2020 American Chemical Society.

are presented in Figure 3c—e, and these confirmed that the shape
also varied from one dimension to another during annealing.

Analysis of these transformations clearly demonstrated that
thermodynamic equilibrium can lead to interconversion of
perovskite nanocrystals from smaller to larger dimensions. This
has been explained as Ostwald ripening but does not exactly
follow the ripening mechanism. Moreover, there is no evidence
on material transfer via solution from one particle to another nor
any proof on how the shape from platelets to cubes or even cubes
to larger size cubes was transformed. Certainly, more evidence
needs to be collected, though the confirmed growth could be
possible in one reaction with progress of the reaction time along
with increase of reaction temperature. Unfortunately, this also
could not establish the kinetic control of nanocrystal growth,
retaining a fixed number of nucleations and its original shape, as
established for the classical mechanism.

Apart from these standard cube shapes, size variations of other
recently reported polyhedral shapes of nanocrystals using
different ligands and reagents were also investigated.”" Figure
4 presents 12 faceted rhombic dodecahedron nanocrystals
(Figure 4a—c) and 26 faceted rhombicuboctahedron nanocryst-
als (Figure 4d—g) ranging from ~12 to >40 nm diameter. All of
these nanocrystals were obtained using phenacyl bromide as the
halide reagents and with injection of the Cs(I) precursor at
different reaction temperatures. Like the cube structures, herein,
also the size increased with an increase of the reaction
temperature. Initially, dodecahedron nanocrystals were formed,
and with continuous annealing, their vertices were dissolved and
became rhombicuboctahedron shapes.”’ However, at higher
temperature of 240 °C, only the final nanostructures could be
trapped. Figure 4h presents the absorption and photo-
luminescence spectra of these nanocrystals obtained at different
reaction temperatures, and all showed almost similar nature as
that of bulk CsPbBr;. However, excited-state decay lifetimes of
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these nanocrystals were reported to be longer than those of
traditional cube nanocrystals.

These results, which showed the size-tunable CsPbBr;
nanocrystals in a wider size regime and beyond the quantum
confinements, also followed the one reaction for one size
principle. These also showed the thermodynamic control
principle in which size remained directly proportional to the
respective reaction temperature. However, unfortunately, this
could not help in establishing the growth kinetics of nanocrystals
from one size to another in a same reaction. Here, thermal
annealing changed the shape but could not increase the size.
Hence, these results also remained ineffective for establishing
both nucleations and growth of CsPbBr; nanocrystals in two
different shapes and even in larger sizes of CsPbBr; perovskite
nanocrystals.

Similar to the method for cube and polyhedral nanocrystals, a
similar one reaction for one size principle was also reported for
platelet formations. Reducing the reaction temperature reported
by Kovalenko and co-workers,' Yang and co-workers*' reported
monolayer thickness-tunable platelets at reaction temperatures
of 90—130 °C. Figure Sa presents typical absorption and PL
spectra of these thickness-tunable platelets from 1 unit to 5 unit
cells. The formation principle here was similar to that of
thermodynamically controlled nanocubes and polyhedron-
shaped nanocrystals. Further, Bohn et al."’ reported similar
thickness-tunable platelets with Cs(I) to Pb(II) concentration
variations at a fixed reaction temperature (Figure Sb). Even
though the temperature here was not varied, nanoplatelets were
formed following the principle of one size from one reaction, in
which growth kinetics could not be established.

Apart from the above reports on one size from one reaction,
successes have also been achieved obtaining size-tunable
nanocrystals in one reaction. Manna and co-workers reported
alkyl phosphonic acid as an ideal reagent for obtaining size-
tunable truncated cube-shaped CsPbBr; nanocrystals with

https://doi.org/10.1021/acsphyschemau.2c00001
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Figure S. (a) Absorption and corresponding PL spectra of CsPbBr;
platelets obtained with temperature variations. Reproduced from ref 41.
Copyright 2015 American Chemical Society. (b) Absorption and
corresponding PL spectra of CsPbBr; platelets obtained with Cs(I) to
Pb(II) concentration variations. Reproduced from ref 13. Copyright
2018 American Chemical Society.

progress of the reaction.”” At 100 °C, they could achieve three
different sizes of CsPbBr; within a short annealing span using
oleylphosphonic acid as the additional reagent. Though this was
not the main focus in the report, this is a straightforward result
for obtaining growth kinetics of these nanocrystals. A model of a

All in One-Reaction

phosphonic-acid-capped nanocrystal is shown in Figure 6a.
Typical absorption and PL spectra obtained for tunable
nanocrystals are depicted in the bottom panel of Figure 6a.
Further, Mathews and co-workers reported a similar reaction at
room temperature using short chain octyl phosphonic acid, and
they could successfully achieve size-tunable nanocrystals in a
single reaction.”” Absorption and PL spectra obtained from 30
to 2400 s are presented in Figure 6b,c, respectively. Nanocrystal
diameter with reaction time and respective PL quantum yields
are further provided in Figure 6d. In this case, the time period
could be seen beyond a standard reaction time scale, and the
shapes of these nanocrystals varied during annealing. Hence,
these results provided straightforward kinetics data during
formation of CsPbBr; nanocrystals in a single reaction.
However, more optimization and particularly high temperature
synthesis leading to successful size tunability with unaltered
shape within a permittable reaction scale are required for
establishing kinetics models of the formation of these nano-
crystals.

For typical covalent nanocrystals like in metal chalcogenides,
their growth mechanism is widely established. La Mer plots
mostly provide the relation of monomer concentration with the
evolutions of nanocrystals in the progress of the reaction.” At
the critical limiting supersaturation stage, nucleations were
formed and then growth continued with diffusion of ions. This is
typically defined in three stages of reaction, as depicted in Figure
7a. More details of the formation of nanocrystals are further
provided in Figure 7b, in which nucleations, growth, and
Ostwald ripening stages with progress of reaction time are
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Figure 6. (a) Model of alkyl phosphonic acid-capped truncated cube-shaped CsPbBr; nanocrystal, with the bottom image showing the absorption and
PL spectra of size-tunable nanocrystals obtained at 100 °C. Reproduced from ref 42. Copyright 2020 American Chemical Society. (b) Absorption and
(¢) corresponding PL spectra of CsPbBr; nanocrystals obtained using octylphosphonic acid at room temperature. Reaction time in each case has been
marked in each panel. (d) Plots of size of nanocrystals and PLQY with growth durations of CsPbBr; nanocrystals. Reproduced from ref 39. Copyright

2021 American Chemical Society.
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and Cs lattice extension models.

correlated. These plots are only valid when the crystal growth
follows the kinetically controlled process. Unfortunately, as
stated, almost all perovskite syntheses do not provide any avenue
for their growth with reaction time. Summarizing all of these
synthesis processes with either precursor variation or reaction
temperature (Figure 7c), it can be concluded that instantaneous
formation of these nanocrystals truly hindered deriving the
reaction kinetics, and this is possibly because of their ionic
nature.

Hence, the question arises whether growth kinetics of
formation of lead halide perovskite nanocrystals can be
formulated or not? In solution, formation processes of all
crystals should follow both nucleation and growth processes as
well as for perovskite nanocrystals. As decoupling of growth
from nucleation remains a major hurdle, establishing secondary
growth including core/shell or heterostructure formation
remains indeed difficult. However, the reaction model with
alkyl phosphonic acid reagents provides hope for slowing down
the reaction process, and this might a step forward for deriving
kinetics of nanocrystal growth. It was also possible that, while
smaller size particles were injected into the reaction system at a
higher reaction temperature, these became larger-sized and this
phenomenon further relies on material transfer and a change in
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density of the particles during the progress of the reactions.
Hence, growth of these nanocrystals could certainly be possible,
but this needs a proper strategy to design the chemical reaction.

Further, the question arises how to control this growth. This
remained indeed a major challenge, and as stated in the
introduction, despite large successes in obtaining highly
emitting perovskite nanocrystals, the stepwise or successive
growth could not be established. The successful and conven-
tional growth for covalent nanocrystals adopt mostly the
simultaneous ion adsorption and reaction approach. Accord-
ingly, for CsPbBr; nanocrystals, the model is proposed (Figure
8), in which surface-rich Cs(I) nanocrystals were allowed to
react with PbBr,*~ octahedra and then again with Cs(I) followed
by PbBrg*™ octahedra to create monolayers on seed nanocryst-
als. However, this looks ideal in designing, but indeed, it was
difficult to perform in reaction flasks. Instead, the model worked
partially with Cs sublattice extension,*”** which is depicted in
Figure 8. In this case, it was successful for one or two facets of
seed cubes but failed in shelling the entire surface of the cubes.
These results suggest that there is hope of shelling or inducing
secondary growth with the same material or with a different
formation of the desired core/shell nanocrystals. However, this
requires control of growth kinetics, and unless the growth is
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decoupled from nucleations and monitored with progress of the
reaction, inducing secondary nucleations and performing further
growth truly remains difficult.

Common parameters to control such reactions are (1)
reaction temperature, (2) nature of A-site Cs(I) and B-site
Pb(II) precursors, (3) halide precursor, (4) amine/acid
equilibria for controlling precursor reactivity and surface
binding, (5) specially designed ligands, (6) surface-terminating
sites for A-site ligand binding or with Pb(II), and (7) new
controlling additive for slowing down reactivity but not binding
to final nanocrystals. Significant research already has progressed
in varying these parameters,'******>*=% byt none of the
cases provided solid evidence of the kinetic model of crystal
growth at constant reaction temperature and without adding any
additional size-controlling reagent. Hence, certainly, more
reagents need to be searched or designed to slow down the
reaction process and cease the growth of these nanocrystals.

In summary, different reactions optimized for size variations
of CsPbBr; perovskite nanocrystals were studied, and their
controlling parameters were analyzed. In most cases, the one
reaction for one size model was adopted with variation of
reaction temperature or concentration of halides or other
precursors. In addition, though not widely explored, different
size particles from one reaction with progress of the reaction and
increase of temperature were also investigated. However, in
neither case, there is clear evidence of growth kinetics leading to
size tunability from one size regime to another was achieved.
The major hurdle for obtaining such control remains with their
fast reaction and difficulty in decoupling growths from
nucleations. The possible reason for this could be the ionic
nature of lead halide perovskite nanocrystals. However, as
different facets were tuned and armed nanostructures were
already reported, it is expected that controlling growth and
establishing kinetic models for these solution-processed nano-
crystals could soon be possible. However, at this point, it can be
stated here that the growth oflead halide perovskite nanocrystals
still remains a mystery, and both theoretical and experimental
advances are required for solving the same.
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