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Utilizing the soft-lattice nature of metal halide perovskites, we employ post-synthetic cross-ion exchange
to synthesize a series of narrow band-gap colloidal nanocrystals of methylammonium-based lead iodide
solid solutions of composition FAMA;_,Pbls, as well as those of triple-cation composition
CsFA/MA,_,_,Pblz (TCPbls). The ability to finely tune the compositions not only helps in tailoring the
optical properties in the near-infrared region, but also improves the stability of these colloidal nanocrystals
towards moisture, which has been demonstrated as compared to their bulk counterparts. The thermal
stability of these solid solutions is also comparable to that of the bulk, as evidenced by thermogravimetric
studies. This study helps in expanding the composition space of stable 3D lead halide perovskites with

rsc.li/nanoscale

“Polymers and Functional Materials Division, CSIR-Indian Institute of Chemical
Technology, Uppal Road, Tarnaka, Hyderabad, 500007, India.

E-mail: abhijit@iict.res.in

bAcademy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India
“Centre for Nano and Soft Matter Sciences (CeNS), Bengaluru, 562162, India
“Department of Chemistry, University of Oslo, Blindern 0315, Oslo, Norway
tElectronic supplementary information (ESI) available: Additional data on pre-
cursor synthesis, optical absorption, XRD, Rietveld refinement, time-resolved PL,
HR-TEM of MAPI PNCs, MAPI thin films and different PNC compositions, and
stability comparison. See DOI: https://doi.org/10.1039/d4nr03422h

Dr Abhijit Hazarika received his
PhD in chemical science from the
Indian Institute of Science,
Bangalore in 2015. He then
moved to the University of
Chicago to carry out research as
a post-doctoral scholar
(2015-2017). He also worked as
a post-doctoral researcher at

NREL, Colorado, during
2017-2019. He joined the
CSIR-Indian Institute of
Chemical Technology,

Hyderabad as a scientist in
September 2019. His research interests are in the area of colloidal
inorganic semiconducting nanomaterials, their synthesis, surface
chemistry and photophysics. His current research focuses are on
metal halide perovskite solar cells and colloidal quantum
materials for optoelectronic applications.

This journal is © The Royal Society of Chemistry 2025

band gaps suitable and relevant for photovoltaic applications.

Introduction

No other semiconductor offers the ease and range of compo-
sition tuning found in metal halide perovskites (MHPs).
Owing to the soft and ionic nature of the lattice, all the
elemental sites in the unit cell of the three-dimensional struc-
ture ABX; (X = halide) can be easily varied even under ambient
conditions through simple chemistry, which in turn helps in
tuning all the important optoelectronic properties such as
optical band gap, photoluminescence, carrier life-time, etc.'™
However, the varying sizes of different elements puts a geo-
metric constraint on ABX; MHPs to retain their three-dimen-
sional structure with a network of corner-shared BXy octahe-
dra. This geometric criterion, known as the Goldschmidt toler-
ance factor (GTF), provides a fair prediction of crystallographic
arrangements in ABX; compounds. Typically, a GTF value of
0.8-1.0 is considered favourable to form a 3D perovskite struc-
ture under ambient conditions with either ideal cubic geome-
try or with distorted corner-shared octahedra. Beyond this
limit, ABX; compounds crystallize in either the hexagonal
phase or in the orthorhombic phase with face-shared or edge-
shared octahedra, respectively. Although these MHP semi-
conductors came into the limelight after the realization of
their potential in solar photovoltaics in 2009,* such materials
were investigated as early as 1958.% This particular study intro-
duced cesium plumbohalide (CsPbX;) semiconductor systems
and reported their crystal structure and photoconductivity.
Here, all the constituents in ABX; structures are inorganic
elements, and thus they can be termed all-inorganic lead
halide perovskites. In 1978, it was first demonstrated that
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organic compounds with suitable size can be incorporated
into the A-site in ABX;, forming a 3D perovskite structure.®
This study reported a series of methylammonium lead halides,
CH;3;NH;PbX; or MAPDbI; (MAPI), where methylammonium
ions occupied the cages in the 3D network of corner-shared
PbX, octahedra, showing the possibility of hybrid metal halide
perovskites. The pioneering work by Miyasaka’s group in 2009
demonstrated the feasibility of CH;NH;Pbl; as the effective
photosensitizer in a solar cell achieving a photoconversion
efficiency of ~3.8%.* Since then, MHP material systems have
been explored extensively, showing their potential not only in
photovoltaics,”® but also in almost all areas of optoelectronics
such as LEDs,” lasing,'® spintronics,'" photodetectors,"” etc. In
photovoltaics, perovskite solar cells (PSCs) have already
achieved a PCE of 26.1% for lab-scale devices within an unpre-
cedented short period of time."?

In their colloidal nanocrystalline forms, MHPs have gained
interest since their synthesis via hot injection was reported in
2015 by Kovalenko’s group.'* Since then, perovskite nanocrys-
tals (PNCs) or perovskite quantum dots (PQDs) have taken the
center stage of colloidal quantum dot (CQD) research, which
was earlier solely dominated by metal chalcogenide and metal
pnictide-based semiconductors. Like bulk MHPs, colloidal
nanocrystalline MHPs have shown tremendous promise in
various optoelectronic applications.”>™® PNCs offer certain
advantages as compared to the corresponding thin film/bulk
MHPs in terms of the range of composition tunability and
solvent compatibility. Composition tuning in MHPs, in
general, has been one of the major focuses, particularly in
solar-cell research involving lead halide perovskites, to shift
the band gap towards lower energy than that of MAPI. The
introduction of a larger organic cation, formamidinium (FA,
CH(NH,),"), at the A-site of APbX; has resulted in lowering the
band gap, but its larger ionic radius makes it difficult to stabil-
ize the band gap in the required 3D perovskite structure under
ambient conditions. On the other hand, all-inorganic perovs-
kites, such as CsPbl;, are ideally suited to achieve better
thermal stability with a narrow band gap. However, the small
ionic radius of Cs' does not result in the favourable geometric
factors required for crystallization in the 3D perovskite
network. PNCs offer unique advantages here: surface-related
strains in these small particles cause tilting of the PbXs octa-
hedra, thus compensating for the geometric constraints to
remaining in 3D geometry.”®?! Furthermore, many other MHP
semiconductors with tunable A-, B- and X-site compositions
can easily be synthesized by simple ion-exchange reactions in
their colloidal nanocrystalline forms, which remain stable in
the 3D crystal phase at room temperature and under ambient
pressure.'”

Considering the effective radii of methylammonium, lead
and iodide ions, the composition of MAPI has the near-ideal
GTF (~0.9) to be in the 3D cubic perovskite phase, and prob-
ably this is the reason why organic-inorganic hybrid perovskite
research was started with this particular composition. Despite
reports of numerous research works on bulk and thin
films,"”?%*> not much research has been carried out on
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different aspects of MAPI in colloidal nanocrystalline form.
One of the key challenges is the traditional hot-injection-based
high-temperature synthesis of colloidally stable MAPI nano-
crystals due to the lack of availability of suitably stable methyl-
ammonium salts. There have been reports demonstrating the
synthesis of MAPI PNCs at room temperature using MA-THF in
oleic acid (0OA),”>?** an MA-benzoyl iodide mixture,>® and
MAL*®

However, these syntheses resulted in the formation of MAPI
PNCs with morphologies other than 3D cuboidal nanocrystals
during the course of the reaction. At a slightly elevated temp-
erature of 70 °C, MAPI PNCs have been synthesized using
methylamine as the major precursor.”*>>*” However, due to
the high volatility of methylamine, it is challenging to control
the reaction. Due to the lack of enough literature reports on
MAPI, A-site composition tuning with the methylammonium
ion as one of the components has also not gained much atten-
tion, thus limiting the compositional parameter space in lead
halide perovskite nanocrystals.

Herein, we report an in-depth study on the optical and
structural properties of colloidal MAPI nanocrystals and their
A-site solid solutions. The MAPI nanocrystals have been syn-
thesized via the hot injection method under inert conditions
using methylamine acetate. A series of compounds of chemical
formula FA,MA,_,PbI; (0 < x < 1) have been synthesized via
post-synthetic A-site cross-ion exchange between the MAPI and
FAPDI; (FAPI) PNCs. In the case of thin-film lead halide perovs-
kites, it has been shown that by incorporating three cations
(Cs', FA" and MA") at the A-site, it is possible to overcome the
thermal and compositional stability issues. This so-called
triple-cation perovskite, when used as an absorber, resulted in
high-performance solar cells with enhanced stability.***° We
utilized the colloidal MAPI PNCs to demonstrate that in their
colloidal nanocrystalline form, such triple-cation compositions
Cs,FAJMA_,_,PbI; (TCPbI;) can be achieved via ion exchange.
All the nanocrystals are stable in their 3D perovskite phase at
room temperature within an ambient environment. The nano-
crystal solid solutions are found to be homogeneous without
the formation of any secondary phase. The MAPI nanocrystal
films demonstrate better moisture stability than those of the
bulk MAPI films. We have also tried to elucidate the crystal
structure of the colloidal MAPI nanocrystals from powder XRD
patterns, which have been found to be closely matched with
the orthorhombic (Fmmm) space group.

Results and discussion

We employed methylamine acetate (MAOAc) salt as an MA pre-
cursor for the synthesis of colloidal MAPI PNCs. Unlike
methylamine, which is a liquid with a boiling point of 40 °C,
MAOAC is a solid at room temperature with a melting point of
~75 °C. However, due to its hygroscopic nature, it needs to be
handled under an inert atmosphere. MAOAc has been reacted
with oleic acid (OA) to form MA-oleate, which has a relatively
high boiling point suitable for the hot injection synthesis.

This journal is © The Royal Society of Chemistry 2025
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Using this MA-oleate, we followed two synthetic routes to the
colloidal MAPI PNCs: in route I, MA-oleate was injected into a
solution containing Pbl,, oleic acid (OA) and oleylamine
(OlAm) in 1-octadecene (ODE) at a designated temperature,
while route II involves three precursors where a solution of
oleylammonium iodide (OlAmI) salt in toluene was injected
into a mixture of Pb-oleate and MA-oleate precursors. In both
these synthetic schemes, the reactions were quenched immedi-
ately after injection to control the growth of MAPI PNCs. The
details of the synthesis procedure can be found in the
Experimental section. The resulting PNCs exhibit good col-
loidal dispersion in nonpolar solvents as discussed in the fol-
lowing paragraphs.

The UV-Vis absorption and steady-state photoluminescence
(PL) emission spectra of the MAPI PNCs, as shown in Fig. 1a,
indicate a signature of quantum confinement with an absorp-
tion edge of ~750 nm and a PL emission maximum of
~725 nm, which are slightly blue-shifted (~0.14 eV) as com-
pared to that of thin-film MAPbI; (see Fig. S1 in the ESI} for
comparison). Fig. S21 shows the powder XRD patterns of the
MAPI PNCs, revealing that they crystallize in the 3D near-cubic
perovskite structure where the MA cation occupies the body
center of the cube with eight Pbl, octahedra occupying the
eight corners of the cube. Previous studies have discussed and
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debated the space group of bulk MAPI under ambient temp-
erature and pressure conditions. While most of the literature
confirms the tetragonal structure with I4cm,*® 14/mcm,*' and
I4/m>* space groups, a detailed crystallographic study by
Karunadasa’s group recently reported that MAPI at ambient
pressure crystallizes in the orthorhombic Fmmm space
group.® In the colloidal nanocrystalline form, the MAPI PNCs
have been indexed with a tetragonal geometry.>® As shown in
Fig. S2a in the ESI,{ the XRD pattern matches closely with
both orthorhombic (Fmmm) and tetragonal (I4cm) symmetries.
Moreover, closer observation at 26 = 24.3° (see Fig. S2b and
S2ct) clearly reveals splitting of the cubic (1 1 1) reflection into
(21 1) and (2 0 2) reflections despite small particle size-related
peak broadening, indicating that the synthesized MAPI PNCs
deviate from the highest symmetry cubic geometry. A tetra-
gonal model (I4cm) was tested but this resulted in a poor fit
(see Fig. S3 in the ESIT). While it accounts for the splitting, it
fails to reproduce the intensity accurately. In contrast, an
orthorhombic model (Fmmm) provided a reasonable fit, as
shown in Fig. 1b. Based on these observations, we propose
that the structure of the MAPI PNCs is likely to adopt an ortho-
rhombic symmetry. We note here that it is not straightforward
to determine the crystallographic structure accurately for nano-
materials with small-range atomic ordering using traditional
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Fig. 1 (a) UV-Vis absorption and PL emission spectra of the MAPI PNCs; the inset shows the MAPbl3z reaction mixture under UV light illumination.
(b) Rietveld refinement of the powder XRD pattern of the MAPI PNCs with reported crystallographic information for Fmmm symmetry. (c) TEM
image of the MAPI PNCs; the inset shows the SAED patterns of the MAPI PNCs; the planes were assigned according to the d-spacing value calcu-
lated from the powder XRD pattern. (d) Size distribution histogram calculated from the TEM image, indicating that the MAPI PNCs have an average

edge length of 12.9 + 1.8 nm.

This journal is © The Royal Society of Chemistry 2025
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crystallographic methods due to inherent problems such as
defects, size distribution and disorder.>*® Careful determi-
nation of the atomic structure for the PNCs requires total scat-
tering approaches using synchrotron-based sources and
neutron scattering, as well as local-to-average structure model-
ling based on a variety of other complementary techniques,
such as atomically resolved high-resolution transmission emis-
sion microscopy (HRTEM) and extended X-ray absorption fine
structure (EXAFS). Such approaches have been adopted for
different nanomaterials for structure determination in
different reports.®”*®

The transmission electron microscopy (TEM) image shows
the cuboidal shape of the MAPI PNCs (Fig. 1c) with an average
edge length of 12.9 + 1.8 nm, while the SAED pattern reveals
the crystalline nature of the MAPI NCs (Fig. 1d and the inset of
Fig. 1c, respectively). The MAPI PNCs synthesized via route II
exhibit similar optical and structural properties (see Fig. S4 in
the ESI}).

One of the major issues with lead halide perovskite semi-
conductors, in general, has been their poor stability towards
air and moisture. Several mechanisms have been proposed to
explain the degradation pathways of hybrid perovskites. Unlike
in all-inorganic perovskites, such as CsPbl;, where degradation
takes place via crystallographic phase change to the optically
inactive &-phase,”®*® hybrid perovskites undergo compo-
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sitional change during interaction with air and moisture. For
instance, methylammonium lead iodide, when it comes into
contact with water, decomposes into lead iodide and methyl-
amine/hydrogen iodide/ammonia.**™*” We checked the stabi-
lity of the MAPI PNC solid films under 50-70% relative humid-
ity (RH), normal light and ambient conditions and compared
their performance to that of MAPI polycrystalline (PC) thin
films. As can be seen from Fig. 2c, the MAPI thin films start
degrading from day 1 itself (appearance of yellow coloration).
In contrast, the MAPI PNC films appear to become lighter with
time without yellow coloration. This degradation can be better
visualized by the extent of band gap bleaching in the corres-
ponding absorption spectra, as shown in Fig. 2a and b; the
relative absorbance at the exciton energy decreases faster in
the MAPI thin film compared with that of the PNC film
(Fig. 2d). The resistance of the MAPI PNC films towards moist-
ure degradation can be attributed to the presence of hydro-
phobic surface ligands.

Post-synthetic ion exchange in colloidal PNCs has been
shown to be an effective way to achieve compositional tunabil-
ity that is beyond the reach of that in thin-film or bulk
perovskites."*® Such control, in turn, has helped in tuning
optoelectronic and photovoltaic properties.***® While X-site
ion exchange is known to occur instantaneously at room temp-
erature, for A-site ion-exchange reactions in PNCs, elevated
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Fig. 2 UV-vis absorption spectra of (a) the MAPI PNC film and (b) the MAPI thin film recorded from day 1 to day 5 after preparation in 50-70% rela-
tive humidity (RH) under normal light and ambient conditions. (c) Photographs of both the MAPI PNC and thin films showing how the colour of the
film changes with time. (d) Comparison of the change of relative absorption of both films with time; the PNC film shows better phase stability com-

pared with the thin film.
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temperature/longer time/excess amounts of ligands are
required.*®>°

Following a similar A-site cross-exchange reaction between
CsPbl; and FAPbI;,*®>%>! we synthesized a series of PNCs with
composition FA,MA,_,Pbl; by mixing the MAPI PNCs with the
colloidal FAPI PNCs at different ratios. As shown in Fig. 3a and
b, controlled variation of “x” resulted in tuning optical absorp-
tion and photoluminescence (PL) in the range of ~700 nm-—
800 nm, with larger values of “x” resulting in a red-shift in
absorption and PL emission. We plotted the bandgap energy
as well as the PL emission maximum energy of these solid
solutions as a function of composition “x”, and both of these
properties exhibited a linear relationship (Fig. S5t). Such a
linear relationship of band gaps with composition “x”
measured from diffuse reflectance has been reported in the
case of bulk FA,MA,_,Pbl; solid solutions as well.>*> Apart
from the steady-state PL emission, the time-resolved PL (TRPL)
decay kinetics also exhibits monotonic variation with the intro-
duction of more MA ions, resulting in faster decay, as can be
seen from Fig. S6 in the ESL.{ The absence of bimodal absorp-
tion in the UV-Vis absorption spectra and the narrow sym-
metric PL emission peaks indicate the formation of nearly
homogeneous solid solutions all throughout the FA,MA,_,Pbl;
composition range. Photoluminescence excitation (PLE) spec-
troscopy is a commonly used technique to study inhomo-
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Fig. 3 (a) UV-Vis absorption and (b) steady-state PL emission spectra of
the FAMA;_,Pbls compositions showing tunability over the range of
720 nm-770 nm; the inset in figure b shows the digital photograph of
the FAMA;_,Pblz alloys under UV illumination. (c) Photoluminescence
excitation (PLE) spectra of the FA,MA;_,Pbls NCs at different emission
energies as indicated by the colour-coded arrow in the emission
spectra, showing the absence of substantial inhomogeneous broadening
of the PL emission due to alloying; the dashed line represents the PL
spectra of the corresponding alloy. (d) Powder XRD patterns of the as-
synthesized alloy compositions of formula FA,MA,_,Pbls NCs along with
their parent NCs; all of these diffraction patterns indicate the formation
of the 3D perovskite phase.
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geneous broadening of PL emission in colloidal quantum
dots, which primarily occurs due to size distribution in these
quantum-confined particles, which means that this technique
indirectly provides information on sample inhomogeneity.>*
In the weakly quantum-confined hybrid lead halide perovskite
NC solid solutions, in the size range of 10 nm-15 nm, slight
compositional variation is expected to result in inhomo-
geneous broadening of PL emission. We have collected PLE
spectra of a few of the FA,MA,_,PbI; compositions (Fig. 3c),
and it has been observed that the PLE spectra at different
emission energies overlap with each other in all the compo-
sitions, indicating negligible compositional inhomogeneity.

Powder XRD patterns (Fig. 3d) of the FA,MA,_,Pbl; PNCs
indicate that all compositions retain the 3D perovskite phase
even after the ‘A’-site cross-ion exchange reaction between
MAPI and FAPI PNCs. Detailed crystallographic analyses of
these solid solutions were carried out by performing Rietveld
refinement. The results from the refinement are shown in
Fig. S7 and Table S4.7 While the FAPI PNCs crystallize in the
cubic Pm3m space group, as also reported in the previous
literature,*®>” it has been found that introduction of even a
small amount of FAPI results in transformation of the ortho-
rhombic phase of pure MAPI into the cubic phase, and this
cubic phase is retained in all the FA-containing compositions
(x =0.25, 0.5 and 0.75). Similar phase transformation has also
been observed in the case of bulk FAMA, ,Pbl;, although
from the tetragonal phase to the cubic phase.****°° However,
in the case of the bulk, a higher FA content results in degra-
dation of FA,MA,_,Pbl; from the cubic phase to the hexagonal
phase with time.’? In the case of our FA,MA,_,Pbl; PNCs, the
stability of the cubic phase remains stable for months. From
the calculated crystallographic information as shown in
Table S1,7 we observed that with an increase in FA content,
the lattice parameters and unit cell volumes increase linearly
(Fig. S8 in the ESI}). Such variations can also be found in the
case of bulk FA,MA,_,PbI; solid solutions.’*>® Linear variation
of the optical bandgap, PL emission energy maxima and
lattice parameters as functions of “x”, all point towards the for-
mation of homogeneous solids of FA,MA,_,Pbl; PNCs in the
range of 0 < x < 1. The TEM images show the formation of
cuboidal-shaped particles for all the FA,MA,_,Pbl; PNCs with
an average edge length in the range of 13.2 + 1.7-14.18 *
1.9 nm, comparable to that of their parent MAPI (average edge
length of 12.9 + 1.8 nm) and FAPI (average edge length of 14.6
+ 2.3 nm, Fig. S9f) PNCs (see Fig. S10a-f} for complete TEM
analysis of the FA,MA,_,PbI; PNC alloys). Combining optical
spectroscopic and structural data discussed above confirms
the formation of homogeneous solid solutions of
FA,MA,_,Pbl; PNCs in cuboidal 3D perovskite phases across
all compositions.

We further extended the ‘A’-site composition tuning to syn-
thesize phase-stable hybrid triple-cation perovskite NCs by
introducing the ‘Cs’ cation. For hybrid lead halide perovskite
thin films, it has been reported that incorporation of both Br~
and I" at the X-site is essential to simultaneously accommo-
date Cs, MA, and FA at the A-site, resulting in the formation of

Nanoscale, 2025,17, 3787-3797 | 3791
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3D triple-cation (TC) perovskites.?>*°"®* Although triple-cation
perovskites provide structural stability and desirable band gap
in a thin film, it is well known that the presence of both Br~
and I" leads to halide phase segregation under constant light
illumination.®®*"*® In the colloidal nanocrystalline form, only a
few reports are available for triple-cation PNCs. For instance,
the ligand-assisted reprecipitation (LARP) approach to syn-
thesize spherical-shaped CsSFAMAPDBr; triple-cation PNCs has
been reported.®” Very recently, Manna’s group demonstrated
the formation of colloidal CSFAMAPDBr; triple-cation perovs-
kite NCs via post-synthetic ‘A’-site ion exchange reactions.”
Following the synthesis of FA,MA,_,Pbl;, as discussed above,
we applied A-site cation cross-exchange to form I-only triple-
cation PNCs of chemical composition Cs,FA,MA;_, ,Pbl;,
abbreviated as TCPbI;, which may act as a better alternative to
Cs,FA\MA, _,_,Pb(Br.I;_;);-based triple-cation perovskite thin
films. 3D perovskite phase-stable triple-cation TCPbl; PNCs
can be obtained in a number of different post-synthetic A-site
ion-exchange reaction pathways: for instance, by mixing
CsPbl;, FAPbI; and MAPbI; PNCs, or by mixing the CsPbl;
PNCs with the FA,MA, ,Pbl; PNCs described previously. To
demonstrate the feasibility of this pathway, we mixed CsPbl;
(see Fig. S117 for the details of CsPbl;), FAPbI; and MAPbI;
PNCs in a 1:1:1 concentration ratio and allowed them to
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undergo A-site ion exchange until a thermodynamic equili-
brium was reached, resulting in a single symmetric PL peak
centered at ~728 nm and a sharp absorption onset at
~750 nm, as can be seen in Fig. 4a. The powder X-ray diffrac-
tion pattern of TCPbl;, as can be seen from Fig. 4b, suggests
the formation of a 3D perovskite phase with cubic/pseudo-
cubic symmetry, which is also proved from the TEM images
that show the resulting TCPbI; retains its cubic morphology
after the extended ‘A’-site ion-exchange reaction of its parent
counterpart (see Fig. S12bt).

A closer look at the XRD data can qualitatively inform us
about the effective A-site cation mixing in the TCPbI; PNCs.
For instance, the diffraction peak of TCPbl;, at around 26 =
14.29°, shifts towards a lower angle as compared to that of
pure CsPbl; (at 20 = 14.53°), but when compared to that of
pure FAPI (26 = 14.13°), this peak has slightly higher 26 value
(see Fig. S13 in the ESI}). This can be correlated with the
effective A-site ionic radius in TCPbl;. Considering the
Shannon ionic radii®®®® of Cs, FA, and MA, the effective A-site
ionic radius of TCPbI;, assuming a 1:1:1 ratio, can be calcu-
lated and is found to be 2.13 A, which is larger than that of Cs
but smaller than that of FA ions. This indicates lattice expan-
sion in TCPbI; as compared to CsPbl; due to the incorporation
of larger-sized FA and MA ions and lattice compression as

(b)

0 20 2(390(d 0 ) 50 60
€gree
(d) :
= —v— MAPbDI,
- —e— TCPbI,

0.0 02 04 0.6 0.8

Relative Band Gap Bleach

2 3 4 5 6 7
Time (Days)

(a) UV-Vis absorption and PL emission spectra of the TCPbls NCs; the inset shows the complete absorption spectrum over the 300 nm to

900 nm range. (b) Powder XRD pattern of the TCPbls NCs along with their parent NCs, showing the diffraction pattern of the perovskite phase. (c)
UV-Vis absorption spectra of the TCPbls NC film recorded from day 1 to day 7 after preparation in 50-70% relative humidity (RH) under normal light
and ambient conditions. (d) Comparison of the change of relative band gap bleaching of the TCPbls NCs and the MAPI-PNC film with time; TCPbls

shows comparatively better stability than the MAPI PNC film.
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compared to the unit cell of FAPDbI;. Since the estimated A-site
ionic radius of TCPbIj; is almost similar to that of the MA" ion,
there is no significant shift in that particular diffraction peak
(260 = 14.29°) of TCPbl; as compared to that in MAPIL
Moreover, the absence of the signature doublet peaks corres-
ponding to the (211) and (022) diffraction planes of pure MAPI
at around 25° in the case of the TCPbI; PNCs further indicates
that the crystallographic parameters between them are
different, although the effective ionic radii are similar in both
these compositions. We have further synthesized four different
compositions of TCPbI; NCs by mixing CsPbl;, FAPbI; and
MAPDI; PNCs in different volume ratios. The optical and struc-
tural properties of these synthesized compositions are shown
in Fig. S14.1 All these compositions are formed in the black
perovskite phase with linear variation of their optical
properties.

The optical absorption and emission energy of the TCPbl;
PNCs is quite similar to that of MAPI, and the diffraction pat-
terns are also very much similar, questioning the necessity of
triple-cation perovskite compositions. However, if we compare
the stability of these compositions under ambient conditions,
the TCPbI; PNCs are comparatively better than the MAPI
PNCs. Fig. 4c shows the optical absorption spectra of solid
films of TCPbI; PNCs recorded for one week at 50-70% RH. If
we compare their relative band gap bleaching with that of
MAPI PNC solid films, we can clearly see that the TCPbI; PNC
composition still demonstrates good band-gap absorption per-
formance at the same energy even after 7 days (Fig. 4d), which
can also be visualized from the digital images of the films
under normal light (see Fig. S157).

Furthermore, such triple-cation PNC compositions can also
be synthesized by cation-exchange reactions between CsPbl;
and FAMA,_,Pbl; PNCs under ambient conditions. For
example, by reacting the three FA,MA;_,Pbl; compositions dis-
cussed in the previous section with CsPbl; at similar concen-
trations, stable homogeneous solid solutions of chemical
formula Cs,FAJMA;_,_ ,PbIl; can be obtained with tunable
optical properties as shown in Fig. S16a-f.1 All of these TCPbl;
PNCs retain their colloidal stability and structural integrity for
over a month.

Apart from moisture stability, thermal stability is another
important aspect of perovskite nanocrystals in their practical
applications to achieve high-performing, repeatable, and
stable optoelectronic devices. Several studies in the past high-
lighted the thermal decomposition pathways of lead halide
perovskite thin films and single crystals using thermo-
gravimetric analysis (TGA).”””7? For example, in the case of
MAPI thin films, two weight-loss events have been described:
the first one, between 250 °C and 380 °C, corresponds to the
decomposition of the organic component (MAI) while the
second one, until 450 °C, corresponds to the decomposition of
Pbl,. In the case of FAPI thin films, on the other hand, the
first weight loss, corresponding to the decomposition of FAI,
occurs at the much higher temperature of 420 °C, which has
been ascribed to the stronger interaction of FA" with the in-
organic [Pblg]*” octahedral matrices as compared to that of
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MA". As discussed earlier, the decomposition of FA/MA-based
perovskites occurs via compositional change.

Ma et al. have shown, using the TGA-FTIR technique, that
at lower temperatures, MAPI decomposed via the release of
CH;I and NH; gases, and at high temperatures, the decompo-
sition of MAPI leads to the formation of CH,. However, the
decomposition of FAPI leads to the formation of s-triazine
(HCN); and NH; at low temperatures, and HCN and NH; at
high temperatures.”® A few groups have reported the decompo-
sition of MAPI via the formation of HI and CH;NH,.”%"*

To check the thermal stability and decomposition tempera-
tures of the PNCs, we carried out the TGA study by heating
samples up to 800 °C under nitrogen at a ramp rate of 10 °C
min~". Unlike the thin films, all the PNC compositions dis-
cussed above display three-step weight-loss events, as can be
seen from the TGA and their derivative plots shown in Fig. 5a:
(a) initial loss (~2-6%) below 200 °C, which may be attributed
to the decomposition of organic surface ligands such as OA
and OlAm; (b) the second step of mass loss, occurring above
300 °C, may be attributed to the decomposition of organic
A-site cations and the remaining organic surface ligands; and
(c) the final step, above 500 °C, where the major mass loss
occurs due to decomposition of Pbl,. A similar three-step
degradation process has also recently been reported by Li’s
group for Cs,FA;_,Pbl; PNCs.”* This noted that, unlike MAI
and FAI, CslI decomposes at very high temperatures, above
600 °C, hence in the second step, only ~15% of the total
weight-loss event occurs in the case of pure CsPbl; PNCs as
opposed to ~30% in the PNCs with organic-only A-site cations.
As also observed in hybrid lead halide perovskite thin films, in
the case of pure FAPI PNCs, the second weight-loss event
occurs at a slightly higher temperature (378 °C) than that in

(a) 200 400 600 800 (b) 200 400 600 800
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Fig. 5 TG curves and their corresponding DTG plots of (a) TCPbls,
CsPbls, FAPbls, MAPbIz and FA,MA;_,Pbls PNCs, and (b) the MAPbIs and
TCPbls bulk thin-film perovskites. The percentage mass loss in the three
different steps is shown by the arrow along with the corresponding
value.
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pure MAPI PNCs (360 °C) due to the stronger interaction of FA
cations with the [PbI¢]*~ octahedral units compared to the MA
cation.” All the solid solutions of FA,MA,_,Pbl; and TCPbI,
PNCs followed similar three-step weight-loss events. However,
when we compare the thermal degradation of the TCPbl; PNC
composition with the MA- and FA-based PNC compositions,
we can see that the percentage mass loss below 400 °C is
~28% for TCPbI;, which is lower when compared to that of the
FA- and MA-based PNCs where we observed 32-35% mass loss,
indicating better thermal stability of TCPbI; due to the
incorporation of Cs into the A-site. When compared to the
degradation of the TCPbI; PNCs with the corresponding
single crystals of similar compositions, we observed that
both exhibit comparable thermal stability, although the
second mass-loss event occurs at a slightly lower tempera-
ture in the case of the PNCs. However, in the case of bulk
TCPbI;, there is substantial mass loss below 100 °C, which
is not observed in the case of the nanocrystals. Such low-
temperature decomposition may occur via the release of
CH;NH, and HI, which is reported for MAPI thin films.”” It
is interesting to note here that in their thin-film form, both
MAPI and FAPI undergo temperature-dependent crystallo-
graphic phase transformations, as reported in multiple lit-
erature reports.”>*®’® For instance, Ambra Pisanu et al.
reported that the MAPI thin film undergoes a tetragonal-to-
cubic phase transition at ~57 °C, while the as-prepared
yellow FAPI undergoes a hexagonal-to-cubic phase transition
at ~165 °C; moreover, the FA,MA,_,PbI; compositions do
not undergo such crystallographic phase transitions. Unlike
in thin films, FAPI PNCs crystallize as the black cubic per-
ovskite phase at room temperature, and temperature-depen-
dent in situ XRD and thermogravimetric studies in the
recent literature”® prove that FAPI PNCs directly decompose
into PbI, without undergoing any intermediate crystal phase
transformation. However, similar studies on methyl-
ammonium-based PNCs have not been reported so far. Our
TGA results do not reveal any signature of temperature-
dependent crystallographic phase transformations in any of
the PNC compositions including FAPI and MAPL

The observed enhanced stability of the colloidal PNCs
can be attributed to the hydrophobic surface ligands that
resist the penetration of water molecules, which in thin-film
lead halide perovskites initiates chemical reactions to disinte-
grate the chemical compositions forming individual com-
ponents such as lead halides, methylamine, and/or ammonia.
By incorporating multiple cations at the A-site, particularly the
inorganic cation Cs, such moisture stability is further
improved most likely due to reduced reactivity of the inorganic
component towards moisture. Inclusion of these inorganic
cations also helps in improving the thermal stability as com-
pared to the simple MAPI composition where the organic
A-site cation is known to be very volatile. Surface ligand
binding strength with different A-site cations also plays a
crucial role in the enhancement of moisture and thermal stabi-
lity. However, further theoretical studies are required for a
better understanding.
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Conclusions

In conclusion, we have demonstrated the versatility of A-site
composition tuning in colloidal lead halide perovskite nano-
crystals by post-synthetic cross-ion exchange that involves
methylammonium ions. Such ability has not only provided
freedom to tune the optoelectronic properties, but also helped
to achieve better moisture stability and thermal stability com-
parable to that of the bulk/thin-film lead halide perovskites.
We have also demonstrated the synthesis of triple-cation
iodide-only perovskite PNCs, expanding the compositional
space of lead halide perovskite NCs. Such fine control over
composition tuning may help to further strengthen perovskite
research in general by developing efficient and stable perovs-
kite optoelectronic devices. While in colloidal form, PNC inks
are stable for months without losing phase stability, the long-
term stability of their bare films under ambient conditions is
still not good enough for practical purposes. However, it is to
be noted that in real optoelectronic devices, the active layer de-
posited from the PNC inks is sandwiched between other
charge transport layers and electrodes. There have been
numerous reports on PNC-based encapsulated optoelectronic
devices with operational stability up to hundreds of hours. So,
the stability of the PNC films demonstrated in this study does
not necessarily reflect their utilization in stable optoelectronic
devices. We envisage that decorating the surface of the methyl-
ammonium-based PNCs with suitable ligands, such as zwitter-
ionic ligands and amino acid ligands, as well as encapsulating
these PNCs with suitable matrices, such as polymers and
silica, can further enhance the stability of PNC inks leading to
stable optoelectronic devices.

Experimental section

Chemicals

Cesium carbonate (Cs,CO3; 99.9%), oleic acid (OA; technical
grade, 90%), oleylamine (OlAm; technical grade, 70%), 1-octa-
decene (1-ODE; technical grade, 90%), formamidinium acetate
(FA-acetate, 99%), methylamine acetate (MA-acetate; >97.0%),
methyl acetate (MeOAc, anhydrous, 99.5%), PbI, (99.99%,
trace metal basis), Pb(acetate),-3H,0, hexane (reagent grade,
>95%), toluene (AR/ACS, 99.5%), ethanol (Sigma-Aldrich, used
without further purification), hydroiodic acid (HI) (57% aq.
solution), and diethyl ether (extrapure, 99%) were used in this
study.

Synthesis of CsPbI; PNCs

CsPbl; was synthesized by following a reported method where
a mixture of 1.08 mmol (0.5 g) PbI, and 25 ml of 1-ODE was
degassed at 120 °C for 30 minutes. Then a mixture of 2.5 ml of
OA and 2.5 ml of OlAm, which was preheated at 120 °C, was
injected into the Pbl, precursor solution. The reaction vessel
was further degassed to produce a clear solution of dissolved
Pbl,. Then it was heated to 180 °C under a continuous N, flow.
At a temperature of 175 °C, 2 ml of Cs-oleate stock solution
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(the synthesis procedure is mentioned in the ESIT) was swiftly
injected into the PbI, precursor solution and the reaction
mixture was quenched in an ice bath within 5 seconds to slow
down the growth steps. The crude reaction mixture was trans-
ferred to a centrifuge tube and washed with 70 ml of MeOAc,
followed by centrifugation at 8000 rpm for 10 minutes. The
resulting precipitate was dispersed in 3 ml of hexane and
stored for further reaction.

Synthesis of FAPbI; PNCs

For FAPDbI; synthesis, 0.74 mmol (0.344 g) Pbl, and 20 ml of
1-ODE were loaded into a 3-necked round bottom flask and
degassed at 120 °C for 30 minutes. Then, a mixture of 4 ml of
OA and 2 ml of OlAm, preheated at 120 °C, was injected to dis-
solve the Pbl,. The reaction mixture was further degassed to
completely dissolve Pbl, and form a clear solution. Then the
mixture was transferred into an N, atmosphere and the temp-
erature was reduced to 80 °C. At 80 °C, 5 ml of FA-oleate stock
solution (see the ESI} for FA-oleate preparation) was swiftly
injected into the PblI, precursor and the reaction mixture was
quenched in an ice water bath after 20 seconds. Then, 5 ml of
MeOAc was added to the reaction mixture. Then it was centri-
fuged at 8000 rpm for 30 minutes. After that, the precipitate
was dispersed in 3 ml of hexane and stored for the ion-
exchange reaction.

Synthesis of MAPbI; PNCs via the two-precursor method using
PbI, (route I)

MAPDbI; NC was synthesized by transferring 0.37 mmol
(0.172 g) Pbl, and 10 ml of 1-ODE into a 3-necked round
bottom flask, which was then degassed at 120 °C for
30 minutes. Then a mixture of 2 ml of OA and 1 ml of OlAm,
preheated to 120 °C, was injected into the PbI, precursor solu-
tion. Then it was further degassed for complete dissolution of
Pbl,. The reaction mixture was transferred into an N, atmo-
sphere and the temperature was decreased to 80 °C. At 80 °C,
5 ml of MA-oleate stock solution (synthesis of MA-oleate is pro-
vided in the ESIT) was swiftly injected and the reaction mixture
was quenched after 15 seconds in an ice water bath. The crude
product was transferred to a centrifuge tube and 1 ml of
hexane and 3 ml of MeOAc were added. Then it was centri-
fuged at 8000 rpm for 15 minutes and the resulting precipitate
was dispersed in 2 ml of hexane and stored for further use.

Synthesis of MAPbI; PNCs via the three-precursor method
using OAml (route II)

Pb(acetate),-3H,0 (0.152 g, 0.4 mmol, Aldrich, 99.99%), MA-
acetate (0.136 g, 1.5 mmol), ODE (16 mL, dried), and OA
(4 mL, dried) were transferred into a 100 ml 3-necked round
bottom flask and dried under vacuum for 30 min at 60 °C.
Under these conditions, all the salts were dissolved in ODE.
Under N,, the resulting mixture was heated to 80 °C, and sub-
sequently into it 1.2 mmol OAmI in 4 ml of toluene was swiftly
injected (synthesis of OAmI is described in the ESI}). The
mixture was immediately placed in an ice water bath and the
reaction was quenched within 20 s. The crude solution was
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divided into two equal parts in two centrifuge tubes and, to
each part, 10 ml of MeOAc was added. Then each tube was cen-
trifuged at 8000 rpm for 10 min, the resulting precipitate was
dispersed in 3 ml of n-hexane and stored in a glass vial. After
1 hour, a small amount of precipitate was observed at the
bottom of the glass vial. The upper part of the solution was
isolated and centrifuged at 3000 rpm for 5 minutes. The super-
natant was then stored for further use.

Synthesis of PNC solid solution via A-site cation exchange

To synthesize the solid solution of NCs of FAPbI; and MAPbI;,
their concentration was first matched by adjusting their
absorption value in the UV-Vis absorption spectra. Then the
colloidal solution of FAPbI; and MAPDI; (synthesized via route
I) was mixed at different volume ratios at room temperature to
make an alloy of FAMA,_,Pbl;. The triple-cation PNCs were
synthesized by reacting CsPbl; with different compositions of
FA,MA,_,Pbl;. In this case also the absorption spectra of indi-
vidual samples were recorded and their concentration was
matched in a similar way to that mentioned before. Then the
colloidal solution of CsPbl; and FA,MA,_,PblI; was mixed in a
1:1 ratio at room temperature. In an alternative method, all
the three parent NCs, i.e., CsPbl;, FAPbl; and MAPDI;, were
mixed in different volume ratios at room temperature to form
TCPbI; NCs. In all of these ion exchange reactions, the parent
NCs were cleaned only once with MeOAc after synthesis, and
used for ‘A’ site composition tuning at room temperature
under ambient conditions. The equilibrium of these reactions
is reached within ~2 minutes, as evidenced by the homo-
geneous PL emission spectra that do not change over time in
peak energy and width.

Characterization

UV-Vis absorption spectra were recorded using a Cary 5000
UV-Vis-NIR spectrophotometer while steady-state PL emission
and PLE spectra were recorded using a Cary Eclipse fluo-
rescence spectrometer. Photoluminescence lifetime measure-
ments were carried out using a Fluoro Log3-Triple Illuminator
and an IBH Horiba Jobin Yvon instrument and the samples
were excited with a 484 nm picosecond-light-emitting diode
laser (NanoLED). Powder XRD measurements were performed
on drop-cast QD films using a Bruker D-8 Advance powder
X-ray diffractometer with Cu Ko radiation (A = 1.5406 A). TEM
images were captured by using an FEI-Talos 200x electron
microscope operated at 200 kV. All TGA measurements were
carried out using a TGA Q500 instrument. The samples were
heated in a temperature range of 25-800 °C at a heating rate of
10 °C min~" under an inert atmosphere. For the TGA measure-
ments, the samples were washed two times with MeOAc and
20-30 mg of each solid NC sample was used.

Data availability

The data supporting this article have been included as part of
the ESL.}
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