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Cesium Methylammonium Lead Iodide XCs MA, ,Pbl;) Nanocrystals
with Wide Range Cation Composition Tuning and Enhanced Thermal

Stability of the Perovskite Phase

Yangning Zhang, Omar F. Aly, Anastacia De Gorostiza, Thana Shuga Aldeen,

Allison J. Segapeli, and Brian A. Korgel¥

Abstract: Cesium methylammonium lead iodide\
(Cs,MA, ,Pbl;) nanocrystals were obtained with a wide
range of A-site Cs-MA compositions by post-synthetic,
room temperature cation exchange between CsPbl;
nanocrystals and MAPbI; nanocrystals. The alloyed
Cs,MA, ,Pbl; nanocrystals retain their photoactive
perovskite phase with incorporated Cs content, x, as
high as 0.74 and the expected composition-tunable
photoluminescence (PL). Excess methylammonium ole-
ate from the reaction mixture in the MAPbI; nano-
crystal dispersions was necessary to obtain fast Cs-MA
cation exchange. The phase transformation and degra-
dation kinetics of films of Cs,MA, ,Pbl; nanocrystals
were measured and modeled using an Avrami expres-
sion. The transformation kinetics were significantly
slower than those of the parent CsPbl; and MAPbI,
nanocrystals, with Avrami rate constants, k, at least an
order of magnitude smaller. These results affirm that A-
site cation alloying is a promising strategy for stabilizing
iodide-based perovskites.

S

Introduction

Lead halide perovskite nanocrystals exhibit a range of useful
optical and optoelectronic properties, including size- and
composition-tunable band gap, high photoluminescence
(PL) quantum yield, and defect tolerance.” Lead iodide
perovskite (LIP) nanocrystals in particular are promising for
solar cells and red light-emitting diodes (LEDs) because of
their red-to-near infrared (NIR) wavelength optical
response.!*®*

Compared to their bromide counterparts, LIP nano-
crystals are more challenging to synthesize and stabilize.
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Methylammonium lead iodidie (MAPbI;) nanocrystals
chemically decompose to Pbl, and volatile degradation
products when heated to relatively modest temperatures
(60-90 C), due to the high volatility of the organic MA™*
(CH;NH;*) cation.®! CsPbl; nanocrystals are more chemi-
cally stable than MAPbI,, but the equilibrium phase below
~300 C is the optically inactive (yellow) non-perovskite
orthorhombic 3-phase!'™! It turns out that CsPbl; nano-
crystals can be synthesized in the perovskite (y-orthorhom-
bic) phase due to capping ligand stabilization, but the
nanocrystals are still highly susceptible to degradation to the
d-phase in the presence of humidity, especially at elevated
temperature (190-200 C).I""!

One approach to improve the stability of LIP is A-site
compositional alloying."!! Cs incorporation has significantly
improved the stability of MAPbI; films, enabling the
fabrication of efficient and stable solar cells.">"! Cs incorpo-
ration into MAPbI; nanocrystals has also been explored, but
only a limited range of Cs:MA ratios have been obtained
synthetically. For example, Navas etal!" has made
Cs,MA, ,Pbl; nanocrystals with x up to 0.2 by dropwise
addition of a precursor mixture of MAI, Csl, and Pbl; in
DMF and capping ligands into a eutectic mixture of diphenyl
oxide and biphenyl. Higher Cs incorporation could not be
achieved. When higher Cs:MA ratios were used in the
reaction, only a mixture of Cs,,MA,;Pbl; and non-perov-
skite 8-phase CsPbl, nanocrystals were obtained.

Other LIP nanocrystals have been obtained with a wider
range of mixed cation composition using cation
exchange.*'>'! For example, cesium formamidinium lead
iodide (Cs,FA, ,Pbl;) with over the full range of Cs:FA
compositions were produced by mixing solvent dispersions
of CsPbl; and FAPbI; nanocrystals at room temperature.!®l
The low energy barrier to A-site cation migration and
vacancy formation in the perovskite lattices enables efficient
cation exchange.I"”! Nonetheless, the kinetics of A-site cation
exchange reactions have varied significantly in the litera-
ture-taking only a few minutes in some cases, to several
hours in others. The reason for this is not well understood,
but it relates to the details of the ligand chemistry .l So
far, there have not been any published reports of
Cs,MA, ,Pbl; nanocrystals by cation exchange, which is
most likely due to (1) difficulties in obtaining phase-pure
and uniform CsPbl; and MAPbI; nanocrystals as starting
materials and (2) the need for a favorable ligand environ-
ment for the cation exchange reaction.
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Here, we report the synthesis of perovskite-phase
Cs,MA, ,Pbl; nanocrystals with a wide range of cation
composition. These nanocrystals are obtained by cation
exchange using phase-pure, relatively uniform CsPbl; and
MAPDI; nanocrystals. The Cs,MA, ,Pbl; nanocrystals ex-
hibit composition-dependent absorbance and PL emission
spectra. Cs content as high as x=0.74 was obtained without
any [-phase CsPbl; byproduct. We found that the Cs-MA
cation exchange kinetics are significantly accelerated when
the parent CsPbl; and MAPbI; nanocrystal dispersions still
contain unreacted methylammonium oleate. When mixtures
of well-purified nanocrystal dispersions are combined, cation
exchange is very slow, taking days to complete. Simple
addition of oleic acid and/or oleylamine to the cation
exchange mixture containing highly purified parent nano-
crystals only results in degradation of the materials and loss
of PL. Finally, we observed that the Cs,MA, ,Pbl; nano-
crystals were significantly more stable than the CsPbl; and
MAPDI; nanocrystals.

Figure 1 shows UV/Vis absorbance and photoluminescence
(PL) emission spectra of the CsPbl; and MAPbI; nano-
crystals used for cation exchange.”'® The CsPbl; nano-
crystals exhibit an excitonic absorption peak at 647 nm
(1.92eV) and the absorption edge of the MAPDI; nano-
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crystals was observed at 750 nm. Both sets of nanocrystals
fluoresce with PL peaks at 665 nm (1.86eV) and 732 nm
(1.69 eV), respectively, as expected for these materials.
Figure 1 also shows absorbance and PL spectra for
Cs,MA, ,Pbl; nanocrystals obtained by cation exchange.
Nanocrystals with a wide range of composition, x, could be
obtained in less than 1h by mixing CsPbl; and MAPbI;
nanocrystals dispersed in hexane at room temperature with
the desired [Cs:MA] molar ratio. The compositions of the
nanocrystals determined from the PL peak positions in
Figure 1b—assuming a linear relation between band gap and
cation composition®® —matched values of x=0.35, 0.55, and
0.74, which are close to those expected based on the Cs:sMA
mole ratios used in the cation exchange reactions of 1:2, 1:1
and 2:1, respectively. (See detailed calculations of cation
compositions in Supporting Information, Figure S1 and
Table S1.) The compositions of Cs,MA, ,Pbl; nanocrystals
were further confirmed by quantitative elemental analysis
from X-ray photoelectron spectroscopy (XPS, see Support-
ing Information, Figure S2). The Cs to Pb ratios determined
from XPS (0.33, 0.55, and 0.68) are very close to the
compositions estimated from the PL peak positions of
Cs3sM A 45Pbl;, Cs;ssMA,4sPbls, and Cs,,MA ,.Pbl.

Transmission electron microscopy (TEM) images of
nanocrystals of CsPbl;, MAPDI;, and a cation exchange
product, Cs,ssMA4Pbl;, are shown in Figures 2a—d. The
CsPbl; nanocrystals have a cube shape and are relatively
uniform with average edge lengths of 6.8+£0.8 nm. The
MAPDI; nanocrystals are cuboidal in shape and slightly less
uniform, with average edge lengths of 11.1+£3.9 nm. The
Csy5sMA,4sPbl; nanocrystals have a cuboidal shape as well,
most resembling the MAPbI; nanocrystals, with a slightly
larger average edge length of 12.6+3.7 nm. (Histograms are
provided as Figure S3 as Supporting Information.)

Figure 2e shows powder XRD for the CsPbl;, MAPbI;
and Cs;ssMA,4Pbl; nanocrystals. For the parent nano-
crystals, the diffraction patterns match those of black (-
orthorhombic perovskite CsPbl; (Pbnm, a==8.646 A, b=
8.818 A, c=12.520 A) and -tetragonal perovskite MAPbI,
(I4cm, a=b=8.849 A, ¢=12.642 A).*'® ! The diffraction
pattern obtained from the cation exchange product nano-
crystals of CsyssMA,4sPbl; most closely resembles (-ortho-
rhombic CsPbl; without any evidence of non-perovskite [-
orthorhombic CsPbl; (Pnma, a=10.458 A, b=4802 A, c=
17.776 A) or hexagonal Pbl, (P-3ml, a=b=4.56 A, c=
6.98 A, .=[=90, .=120). The lattice fringes in the
Csy5sM A 4sPbl; nanocrystal imaged by high-resolution TEM
in Figure 2d are separated by 3.1 A, which corresponds to
(2-20) d-spacing in the (-orthorhombic lattice. Composi-
tional mapping by energy-dispersive X-ray spectroscopy
(EDS) also showed that the nanocrystal composition is
homogeneous throughout the sample and phase-pure. (See
for example, data for Csys5sMA(,4sPbl; nanocrystals in
Supporting Information, Figures S4-S5 and Table S3). Also,
as shown in Figure 2f, there is a slight shifting of the
(004)/(220) diffraction peak at 2L =26-30 with composition,
as expected in the case of A-site alloying with species of
different size. Cs* (ionic radius 1.80 A) is significantly
smaller than MA* (ionic radius 2.17 A).>
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We also ruled out the possibility that the Cs,ssMA 4Pbl;
nanocrystals could have [-tetragonal crystal structure like
MAPbI;—as opposed to (-orthorhombic CsPbl; (Supporting
Information, Figure S6a). The diffraction peaks at 2[ =22—
28 are characteristic of the | -orthorhombic phase, as these
peaks do not appear in diffraction patterns from either [-
tetragonal or (-cubic phases. Quantitative analysis of the
crystal structure by Rietveld refinement using (-orthorhom-
bic models (Figure2g) provided better goodness-of-fit
metrics for the pbnm space group than the pnam space
group (see Supporting Information, Figure S6b and Table S4
for detailed structural information determined from fitting).
A preferred crystal orientation was also observed, with
(002)/(110) planes lying parallel to the substrate in
Csy5sMA(4Pbl; nanocrystal films, as evidenced by the
strongest diffraction peak at 2[=14.3 . We observed a
similar preferred orientation of (002)/(110) planes in (-
CsPbl; nanocrystal films in prior work."®

The purification of the parent nanocrystals greatly
affected the rate of cation exchange. Figure 3 shows PL
spectra for four different cation exchange reactions using
1:1 molar ratios of Cs:MA. As Cs and MA cations exchange
between nanocrystals, the two distinct PL peaks at 665 nm
and 732 nm disappear and merge into a new PL peak at
695 nm. In Figure 3a, the crude reaction mixtures of CsPbl;
and MAPDI; nanocrystals were purified by only a single
precipitation with methyl acetate and then combined with
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equivalent molar concentrations. Under these conditions,
the cation exchange is complete within one hour. Within a
few minutes of mixing, the PL of the CsPbl; nanocrystals
starts to red-shift, and the PL of the MAPbI; nanocrystals
begins to blue-shift. Eventually, the two distinct PL peaks
merge into one broad PL peak that stops changing after the
cation exchange reaction has reached equilibrium. As shown
in Supporting Information, Figure S7, the relative concen-
trations of the CsPbl; and MAPbDI; nanocrystals did not
affect the exchange kinetics.

Figure 3b shows the evolution of the PL spectra when
the parent MAPbI; nanocrystals had been purified with an
additional precipitation step. In this case, the cation
exchange kinetics are very slow. Even after 3h, the PL
peaks corresponding to the CsPbl; and MAPbI; nanocrystals
remain distinct and have only slightly red- and blue-shifted.
After 24 h, cation exchange does finally reach completion.
These results show that there are unreacted species, ligands
and/or other reaction byproducts,” still present in the
parent nanocrystal dispersions obtained after only one
precipitative wash with methyl acetate that help speed the
cation exchange reaction.

We tested whether the addition of excess ligand (oleic
acid (OA) and/or oleylamine (OAm)) would accelerate the
cation exchange reaction. Figures3c and d show the
evolution of the PL spectra of mixtures of CsPbl; nano-
crystals precipitated once and MAPbI; nanocrystals precipi-
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tated twice. The exchange reaction is very slow and even
after 3 h, there was only very little shifting of the PL peaks.
At this point, either OA (Figure 3c) or OAm (Figure 3d)
was added to the reaction mixture in excess at a concen-
tration of 0.05 mmolmL '. This concentration corresponds
to the addition of about two additional ligand monolayers
per nanocrystal to the dispersion. To put this into further
context, the ligand concentration is about nine times higher
than this in the crude reaction mixture. As shown in
Figures 3c,d, there was still only minimal shifting of PL peak
positions after 30 min of adding the excess OA or OAm.
Not only did the excess OA and OAm not enhance the rate
of cation exchange, the additional ligands quenched the PL
of the nanocrystals and after 24 h, the samples had gone
completely dark. Adding OA immediately after mixing
CsPbl; and MAPbDI; nanocrystals or increasing the concen-
tration of OA to 0.10 mmolmL ® still did not accelerate the
cation exchange reactions (Supporting Information, Fig-
ure S8), and adding OAm initially to the nanocrystals
rapidly quenched the PL of the MAPbI; nanocrystals.

To identify the species responsible for promoting fast
Cs-MA cation exchange, we examined MAPbI; nanocrystals
after one or two precipitation steps using nuclear magnetic
resonance (NMR) spectroscopy and nuclear Overhauser
effect spectroscopy (NOESY). As shown in Figure 4, OA
and OAm both exhibit peaks at 5.35 ppm and 2.0 ppm,
which correspond to H atoms (8, 9, 10, and 11) near the
C=C double bonds. The unique signals of OAm are the
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protons within the amine group (1-H) and the protons
closest to the amine group ([-H), respectively.>*! We
observed a broad peak of [-H at 3.2 ppm, indicating that
OAm is interacting with the nanocrystal surface, which is
further confirmed by the positive (blue) NOE cross peaks
between these signals of OAm in NOESY. The small peaks
at 6.1-6.4 ppm could belong to the ' -H of OAm, meth-
ylamine, or their protonated species. The unique signal of
OA at 2.3-2.4 ppm corresponds to the proton closest to the
carboxylic group (2-H).”**! The positive (blue) NOE cross
peaks between the 2-H signal and other signals of OA
suggest that OA is also bonded to the nanocrystal surface.
Additional precipitation steps usually remove significant
amounts of OAm and OA and, as expected, the peak
intensities of (- and 2-protons are all reduced in the more-
purified sample compared with the less-purified sample.

We noticed that there was an additional peak at 3.5-
3.6 ppm in the NMR spectra of the sample purified once,
which was absent from the spectra of the samples purified
twice. This signal corresponds to several positive cross peaks
in NOESY. One of the cross interactions occurs between
this signal and 2-H of OA, but there is no observable cross
interaction between this signal and [-H of OAm. Therefore,
this signal should belong to a proton from OA, or from a
type of oleate, like methylammonium-oleate. In the hot-
injection synthesis of MAPbI; nanocrystals, meth-
ylammonium oleate is formed as an intermediate reagent to
provide MA " ions for the formation of MAPDI,.*?!) Meth-
ylammonium oleate can also act as a surface capping ligand
for MAPbI; nanocrystals.”® In MAPbI; nanocrystals that
were purified by a single precipitation with methyl acetate,
there is a large amount of excess methylammonium oleate.
The additional purification cycle washes away most of it,
therefore its proton signal (at 3.5-3.6 ppm) is no longer
visible in the NMR and NOESY spectra.

A proposed cation cross-exchange mechanism is illus-
trated in Scheme 1, occurring by vacancy-mediated ion
diffusion and migration.' First, Cs™ migrates out of the

CsPbl, MAPbI,

Vacancy
Formation

Catic;n
Diffusion
[ )

A-site

® Cs* <+ CH3NH;*(MA*) <5 A-site vacancy @ Pblg*
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CsPbl, lattice, and MA ¥ migrates out of the MAPbI, lattice,
leaving behind cation vacancies. Next, Cs* diffuses into the
MAPDbI; nanocrystals to occupy the MA™ vacancies and
MA™ diffuses into the CsPbl; nanocrystals to occupy the
Cs™ vacancies. The cation cross-exchange process reaches
equilibrium when a homogeneous composition is obtained
in all the Cs,MA, ,Pbl; nanocrystals. When the less-purified
MAPDI; nanocrystals are mixed with CsPbl; nanocrystals,
the high concentration of excess methylammonium oleate
provides a large concentration gradient between the free
MA™* ions in solution and the MA™" ions in the perovskite
nanocrystals. This concentration gradient drives the diffu-
sion process of MA™ ions toward and into CsPbl; nano-
crystals and promotes the Cs-MA cation exchange reaction
to reach an equilibrium. Therefore, the speed of Cs-MA
cation exchange is significantly accelerated in parent nano-
crystal mixtures that were less purified.

While fast cation exchange kinetics is preferred to
quickly obtain mixed-cation nanocrystal compositions, in
some cases, slower exchange kinetics is preferred. For
example, in tandem solar cells that combine perovskite
nanocrystals of different cation or anion compositions
placed in adjacent layers, it is important to suppress ion
exchange between nanocrystals. Strategies have been re-
ported to suppress halide anion exchange in perovskite

Q2

nanocrystals, such as introducing a protective capping
layer.”! Our study shows that cation exchange might also be
significantly slowed by eliminating the presence of cation-
oleate species, such as methylammonium oleate.

The thermal stability and phase transformation kinetics
of the Cs,MA, ,Pbl; nanocrystals were compared to the
CsPbl; and MAPDI; nanocrystals. Films of nanocrystals
were heated to a fixed temperature and then imaged with a
camera to monitor the color change and determine the
fraction of the sample that had transformed over time.l >
Our previous in situ X-ray scattering studies showed that
MAPDI; nanocrystals chemically degrade at 75-90 C into
Pbl,, and CsPbl; nanocrystals change from the black -
orthorhombic perovskite phase to the yellow [-orthorhom-
bic non-perovskite phase at 190200 C in air.[!%!

Films of CsyssMA,,sPbl;, CsPbl; and MAPbI; nano-
crystals exposed to air were rapidly heated to 210 C. This
temperature is slightly above the onset temperature for the
black-to-yellow phase transformation in CsPbl; nanocrys-
tals. Figure 5a shows some characteristic images of the films
as they change color from black/brown to yellow as they
degrade. The area fraction of yellow material was deter-
mined by image analysis, and signifies the amount of sample
degraded to the yellow phase. Figure 5b shows the evolution
of the film to the yellow phase as a function of time. CsPbl;
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and MAPbI; nanocrystal films turned completely yellow in
20min  and 3040min respectively, while the
Csy5sMA4sPbl; nanocrystals took ~80 min to turn com-
pletely yellow.

We modeled the transformation curves in Figure 5b
using the Avrami equation.”*! The Avrami model [Eq. (1)]
has been applied to kinetic analyses of crystallization and
degradation processes in bulk perovskites.””

Vi) =1 exp( k") (1)

In Equation (1), ¢ is time, and V.(f) represents the
transformed molar fraction of nanocrystals at time « The
rate constant k and the growth constant # can be determined
by fitting the kinetic curves in Figure 5b (the fitted curves
are provided in Figure S9, Supporting Information). Table 1
summarizes the fitted results for the phase transformation
processes in Cs;ssMA(4sPbl;, CsPbl; and MAPDI; nano-
crystals. The rate constant k of MAPDbI; is slightly smaller
than CsPbl;, and k& of Cs;ssMA4sPbl; is one order of
magnitude smaller than that of MAPbI; or CsPbl;. This is
consistent with the much slower color change from black to

yellow in Cs;ssMA, 4sPbl; nanocrystals compared to MAPbI;
and CsPbl; nanocrystals in Figure 5a. The growth constants
n of all compositions fall between 1 and 2, which suggests
that the crystallization and growth process is likely one to
two dimensional, which is consistent with the mixed
morphology of rod and platelet structures observed in
scanning electron microscope (SEM) images of the
Csys5sMA(4sPbl; nanocrystal films that had been heated
(Supporting Information, Figure S10). The enhanced stabil-
ity of Cs,MA, ,Pbl; over MAPDI; can be attributed to the
lattice strain due to Cs™ incorporation. This strain locks the
motion of organic MA™ and also suppresses the migration
of I, thus mitigating the degradation of hybrid organic—
inorganic perovskites.* The improved stability of
Cs,MA, ,Pbl; compared to CsPbl; can be partly explained
by larger tolerance factors of Cs,MA,; ,Pbl; compared to
CsPbl;. Figure 5S¢ shows tolerance factors calculated for
various Cs,MA, ,Pbl; compositions from the ionic radii of
the A*, Pb*", and I ions (74, py, and ry, values provided as
Supporting Information in Table S5.):

t=(rat rl)/\/i(er+rI) 2)

Stable metal halide perovskites have tolerance factors in
the range of 0.8 <¢<1.0 and the tolerance factor for CsPbl,
of 0.83 lies at the bottom end of this range. The tolerance
factors for Cs,MA,; ,Pbl; (x=0.35, 0.55, 0.74) lie in the
range of 0.85-0.89, indicating that the perovskite phase
stability should be higher than CsPbl;. It is also possible that
the H I hydrogen bonding formed when MA™* is introduced
into CsPbl; lattice helps to stabilize the 3D perovskite
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structure, similar to the case of introducing MA™ into
FAPbI; (MA™* has stronger hydrogen bonding than FA*+).F

We also characterized the thermal degradation products
of the Cs,sMA,,sPbl; nanocrystals. The XRD pattern in
Figure 5d of a Cs,sMA, ,sPbI; nanocrystal film after thermal
degradation at 210 C showed a mixture of 3-orthorhombic
CsPbl; and hexagonal Pbl, (see Supporting Information,
Figure S11 for comparison of XRD before and after
heating). The nanorods in the SEM image in Figure S10 are
a characteristic morphology of yellow-phase CsPbls, and the
nanoplatelets are characteristic of hexagonal phase Pbl,.
The strongest XRD peak at 26=12.7 indexes to the (001)
planes of Pbl,, indicating a strong preferred orientation of
Pbl, (001) planes on the substrate. Furthermore, the
degraded film is no longer fluorescent (see photographs of
films under UV lamp in Supporting Information, Fig-
ure S12). Thermal degradation of Cs,ssMA, ,;Pbl; involves
(1) phase segregation from Cs,ssMA,,sPbl; to CsPbl, and
MAPbDI, " (2) chemical decomposition of MAPbI, into Pbl,
and MAI (which further decomposes into volatile species
such as CH;NH, and HI, or CH,I and NH,),***! and (3)
the black-to-yellow phase transformation of CsPbl,.I""!
The thermal decomposition process of Cs;MA, ,Pbl; nano-
crystals appears to be reversed from its formation process,
with the expulsion of the MA from the CsPbl; lattice and
the loss of the perovskite phase, combined with the
decomposition of MAPbI;.

Conclusion

We designed post-synthetic A-site cation exchange reactions
and obtained Cs,MA, ,Pbl; (x=0.35, 0.55, and 0.74) nano-
crystals by mixing CsPbl; nanocrystals and MAPbI; nano-
crystals at room temperature. The Cs content of the
resulting Cs,MA, .Pbl; nanocrystals reached as high as x=
0.74, exceeding the reported substitution limit of x< 0.2 in
directly-synthesized CsMA, ,Pbl; nanocrystals. The PL
emission of these nanocrystals can be tuned from 665 nm to
732 nm by tuning A-site cation compositions. We found that
the cation exchange kinetics were significantly enhanced by
residual unreacted reagents and ligands in less-purified
parent nanocrystals. NMR and NOESY analysis suggested
that the key promoter for fast cation exchange reactions is
likely methylammonium oleate. We also studied the struc-
tural transformation kinetics of the Cs,MA, ,Pbl; nano-
crystals. The Cs,MA, ,Pbl; nanocrystals exhibit y-ortho-
rhombic perovskite crystal structure. When heated at 210 C,
the perovskite to non-perovskite phase transformation in
CsyssMA.4sPbl; nanocrystals is slower than in CsPbl; and
MAPDI; nanocrystals. The final solid degradation products
of CsyssMA,4Pbl; nanocrystals were non-perovskite phase
CsPbl; and Pbl,. This work not only expands the composi-
tion range of phase-pure and red-emitting mixed A-site
cation perovskite nanocrystals, but also shows that A-site
compositional alloying is a promising approach to enhancing
the stability of perovskite nanocrystals.
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