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ABSTRACT: In this Letter, we used fluorescence microscopy to image the reversible
transformation of individual CsPbCl; nanocrystals to CsPbBr;, which enables us to
quantify heterogeneity in reactivity among hundreds of nanocrystals prepared within the
same batch. We observed a wide distribution of waiting times for individual nanocrystals
to react as has been seen previously for cation exchange and ion intercalation. However, a
significant difference for this reaction is that the switching times for changes in
fluorescence intensity are dependent on the concentration of substitutional halide ions in
solution (ie, Br™ or CI7). On the basis of the high solid-state miscibility between
CsPbCl; and CsPbBr;, we develop a model in which the activation energy for anion
exchange depends on the density of exchanged ions in the nanocrystal. The heterogeneity
in reaction kinetics observed among individual nanocrystals limits the compositional
uniformity that can be achieved in luminescent CsPbCl;_,Br, nanocrystals prepared by
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anion exchange.

C olloidal cesium lead halide nanocrystals (CsPbXs, where X
= Cl, Br, or I) display high photoluminescence (PL)
quantum yields without the need for postsynthetic process-
ing.l_g The wavelength of emission can be tuned across the
visible range on the basis of their size and composition, making
these materials of significant interest for applications in light
emission, such as light-emitting diodes and lasers."®™"* Anion
exchange provides a facile method for tuning the halide
composition and band gap of CsPbX; and CH;NH;PbX,
nanocrystals (NCs).>”137'° Similar to other solid-state trans-
formations in nanocrystals (e.g, cation exchange and ion
intercalation),’”~*® the high surface-to-volume ratio and
diffusion coefficients of ions enable this reaction to take place
both rapidly (i.e., on the time scale of seconds to minutes) and
reversibly. For applications in solid-state lighting, it is desirable
to synthesize lead halide perovskite nanocrystals of uniform size
and composition as heterogeneity in these parameters decreases
the color purity. However, the interconversion between CsPbXj;
nanocrystals of different halide compositions via anion exchange
exhibits complex reaction kinetics. Both the lattice constants and
the PL emission wavelength have been observed to go through
different rates of change as the reaction progresses.”””" These
changes in reaction rate are supported by first-principles
calculations that indicate CsPbCl;_,Br, and CsPbBr;_,I,
mixed-halide crystals with x = 2 are more stable than other
halide compositions and may act as an intermediate phase to
hinder a continuous transformation.’*™* Furthermore, the
kinetics for the CsPbBr;/CsPbl; exchange pair have been shown
to be sensitive to the surface chemistry of the nanocrystals and
the method used to monitor the reaction (e.g., diffraction or
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photoluminescence). These observations suggest that funda-
mental studies of the kinetics of anion exchange in individual
CsPbX; nanocrystals are needed to facilitate their production
and incorporation into optoelectronic devices.

While anion exchange exhibits similarities to other chemical
transformations in colloidal semiconductor nanocrystals, a
unique feature of this reaction is the complete solid-state
miscibility exhibited between CsPbCl; and CsPbBr;.*"* In this
study, we aimed to determine how this high miscibility affects
the reaction trajectories of individual nanocrystals undergoing
anion exchange. Single-nanocrystal fluorescence microscopy has
been used to understand how heterogeneity among a population
of particles leads to the observed ensemble behav-
jor,B22172333745 Thys we used changes in the emission
wavelength and intensity as a signature for when individual
NCs undergo this transformation. We observed distinct
differences for this system compared to related solid-state
transformations in which the initial and final crystals lack solid
solubility.”' ~>* On the basis of our observations and previous
ensemble kinetic studies, we develop a model in which the
decrease in the activation barrier for successive anion exchange
events is more gradual than systems that require a phase
transformation. Our results imply that the stochastic nature of
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Figure 1. (a) Bright field TEM image of the as-synthesized CsPbCl; nanocrystals. (b) Bright field TEM image of CsPbCl;_,Br, nanocrystals after anion
exchange. (c) XRD patterns of the as-synthesized CsPbCl; nanocrystals (red) and the CsPbCl;_,Br, nanocrystals (green) after anion exchange. The
blue and gray traces show simulated powder XRD patterns made using ICSD collection codes 243735 for CsPbBr; and 243734 for CsPbCl;. The peaks
marked with asterisks correspond to Cs,PbBrg. Atomic-resolution STEM-HAADF images of (d) a CsPbCl; nanocrystal and (e) a CsPbCl,_,Br,
nanocrystal with their overlaid atomic model showing the [101] projection of the crystal structure. Scale bars correspond to 1 nm. (f) Comparison of
the change in bond distances for different anion compositions as obtained from STEM-HAADF and those provided in a previous report."” Error bars

correspond to one standard deviation in the spacing measurements.

reactivity among individual nanocrystals limits the composi-
tional uniformity that is possible in CsPbCl;_,Br, nanocrystals
prepared by anion exchange.

Figure la shows a bright field transmission electron
microscopy (TEM) image of CsPbCl; NCs synthesized using
the method of Kovalenko and co-workers. The NCs are
platelet-shaped with an average edge length of 19.1 + 5.0 nm
(average = first standard deviation). The CsPbCl; NCs were
converted to cesium lead chlorobromide (CsPbCl;_ Br,) NCs
on a TEM grid via anion exchange using tetrabutylammonium
bromide (TBAB) as the source of bromide anions. As shown in
Figure 1b, the shape and size of the CsPbCl;_,Br, NCs, which
have an average edge length of 19.4 + 3.9 nm (average =+ first
standard deviation), were preserved after anion exchange. The
Supporting Information provides detailed experimental proce-
dures for synthesizing CsPbCl; NCs and converting them to
CsPbBr; as well as histograms showing the edge lengths before
and after anion exchange (Figure S1).

Figure 1c shows powder X-ray diffraction (XRD) patterns of
the CsPbCl; NCs before and after anion exchange. The XRD
pattern of the CsPbCl; NCs matched the expected diffraction
pattern for orthorhombic CsPbCl;. Peaks in the XRD pattern of
the converted CsPbCl;_,Br, NCs showed a shift to smaller
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angles compared to the pattern for CsPbCl;. However, the peaks
for the product NCs were still at larger angles relative to the
expected diffraction pattern for orthorhombic CsPbBr;, which
indicates that the product NCs contain residual chloride ions.
The presence of chloride in the product NCs following anion
exchange was further confirmed by X-ray photoelectron
spectroscopy (XPS) (see Figure S3 and Table S2). Assuming
a linear shift in the lattice constants with anion composition, as
reported for alloys using first-principles calculations,®’ the
approximate composition after anion exchange is CsPbClBr,
(i, x« = 2). The presence of Cs,PbBrs as an impurity was
observed when the CsPbCl;_,Br, NCs were prepared for XRD
analysis in which a higher concentration of NCs was used than
for TEM and fluorescence microscopy (Figure 1c and Figure
$2).**7*7 As Cs,PbBr has been reported to be nonfluorescent at
visible wavelengths,”*~*” this impurity phase does not show up
in the fluorescence microscopy studies described below.

To further investigate the localized structural changes
occurring within individual nanocrystals as a result of the
anion exchange, we have performed atomic-resolution scanning
transmission electron microscopy (STEM) imaging. Panels d
and e of Figure 1 show atomic-resolution high-angle annular
dark field (HAADF) images of single CsPbCl; and
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Figure 2. (a) UV—vis absorption (solid lines) and PL (dashed lines) spectra of CsPbCl; nanocrystals dispersed in hexane before and after anion
exchange. The spectra of the initial CsPbCl; nanocrystals are colored gray, and the spectra of the CsPbCl;_,Br, nanocrystals are colored red. (b)
Normalized PL spectra of CsPbCl; nanocrystals after the addition of increasing amounts of a TBAB solution in tert-butanol with a concentration of 10
mg/mL (31 mmol/L). Sixty microliters of the stock solution of CsPbCl; NCs was diluted by a factor of S0 for the ensemble anion exchange
experiments. (c) Energies of the PL maxima for the same CsPbCl,_,Br, nanocrystals as a function of the amount of TBAB added. The excitation
wavelength was 300 nm for all PL spectra. Values of the peak positions and their corresponding full widths at half-maximum are provided in Table S1.

CsPbCl;_,Br, nanocrystals, respectively, viewed along the [101]
direction of the orthorhombic polymorph. In this imaging mode,
the intensity of individual atomic columns is approximately
proportional to the squared atomic number (~Z2) of the
column.”® Hence, the brightest atomic columns correspond to
Pb-(Cl/Br) followed by the Cs atomic columns. The lighter Cl
(Z = 17) atomic columns in CsPbCl, (Figure 1d) are not visible
as they cause weak elastic scattering of the electrons. However,
the mixed Cl/Br columns in CsPbCl;_,Br, (Figure le) are
visible because of the heavier Br atoms (Z = 35). We do not
observe any discernible segregation of Cl/Br ions, which would
have resulted in missing anion columns that were rich in Cl. As
shown in Figure 1c, the anion exchange process is accompanied
by the shifts in the XRD pattern to smaller angles because of the
increase in the lattice constant of the ensemble as the
concentration of Br increases. On the basis of STEM-HAADF
image analysis, we provide the changes in Cs—Cs (A) and Pb—
Cs (6) in-plane bond distances within individual CsPbCl,,
CsPbCl;_,Br,, and CsPbBr; nanocrystals in Figure 1f and
compare them with previously reported bond distances.*” The
average A values (Cs—Cs) from HAADF images for CsPbCl,
and CsPbBrj; nanocrystals are 5.58 + 0.04 and 5.85 + 0.04 A,
respectively, which compares well with the reported values of
5.59 and 5.84 A, respectively. Similarly, & values (Pb—Cs) from
HAADEF images for CsPbCl; and CsPbBr; nanocrystals are 3.95
+ 0.05 and 4.14 + 0.05 A, respectively. They are in good
agreement with the reported values of 3.96 and 4.14 A for
CsPbCl, and CsPbBr;, respectively. Both A (Cs—Cs) and &
(Pb—Cs) increase as the concentration of Br increases, and the
values of A (5.65 + 0.04 A) and & (4.00 + 0.04 A) for
CsPbCl,_,Br, are intermediate between the two end members.
Using Vegard’s law, both measurements lead to an average
composition with x = 0.76 + 0.04. Thus, STEM-HAADF
imaging reveals a steady lattice expansion of individual NCs
upon Cl/Br exchange with no apparent clustering of the halide
ions.

Optical spectroscopy was next used to monitor anion
exchange in CsPbX; NCs based on systematic shifts in the
optical band gap with composition."””®'* Figure 2a shows
ultraviolet—visible (UV—vis) absorption and PL spectra of
colloidal solutions of both CsPbCl; and CsPbCl;_,Br, NCs. The
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maxima in the first exciton absorption peak shifted from 390 nm
for the initial CsPbCl; NCs to 492 nm after anion exchange,
similar to previous reports."””*'® Furthermore, the integrated
PL intensity increased by >30 times after anion exchange,
consistent with the higher PL quantum yield typically exhibited
by CsPbBr; compared to CsPbCly; NCs.” Both the initial NCs
and the product NCs exhibit weak quantum confinement based
on the appearance of exciton peaks and the blue shift of the
fluorescence maxima relative to the bulk band gaps of CsPbCl,
and CsPbBr;." Although the average edge length of the platelet
nanocrystals is >19 nm, the thicknesses of the nanoplates vary
from 3 to S nm (see Figure S4), which leads to quantum
confinement, similar to previous reports.>*>%*$ Figure 2b shows
the change in PL spectra after successive aliquots of TBAB were
added to a colloidal solution of CsPbCl; nanocrystals. The
maxima in the PL spectra red-shifted continuously from 398 nm
(3.12 eV) to 505 nm (2.46 eV) as the total amount of TBAB
added was increased (Figure 2c). The full widths at half-
maximum for the PL spectra varied between 0.09 and 0.13 eV
(see Table S1). This gradual shifting is a result of the high
miscibility of CsPbCl; and CsPbBr; along with rapid exchange
kinetics for nanoscale crystals such that the anion composition in
the nanocrystal lattice reflects the overall ratio of CI™ to Br~
anions." ">’

We used the red shift and increase in PL intensity upon anion
exchange from CI” to Br™ to monitor this transformation in
single NCs by fluorescence microscopy. The experimental setup
is similar to that used in our previous studies on ion intercalation
in PbBr, nanocrystals™ as well as work by Routzahn and Jain on
cation exchange in CdSe nanocrystals.””*> The Supporting
Information provides further details of the procedure and a
schematic of the experimental setup (Figure S6). Briefly, the
stock solution of CsPbCly NCs is diluted (250-fold) and spin-
coated onto a microscope coverslip that forms the bottom half of
a flow cell. A TBAB solution of varying concentration (from 1 to
10 pug/mL) dissolved in 1-octadecene (ODE) and tert-butanol
(25:1 volume ratio) is then introduced into the flow cell using a
syringe pump. Ultraviolet illumination (315—380 nm) is sent
through the objective of an inverted microscope to photoexcite
NCs on the coverslip. However, an emission filter cuts off
emission from the CsPbCl; NCs, so the initial field of view is
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Figure 3. (a—d) Selected frames from a fluorescence video recording during the transformation of CsPbCl; nanocrystals to CsPbCl;_,Br, at a TBAB
concentration of 1 yg/mL (3.1 gumol/L). The scale bar of 10 ym applies to all four images; the contrast of the images has been inverted, and only a
portion of the entire microscope field of view is shown. (e) Integrated intensity vs time over the entire field of view (top) using a TBAB concentration of
1 pug/mL along with representative trajectories for individual nanocrystals (bottom). (f) Integrated intensity and single-particle intensities using a
TBAB concentration of 10 ug/mL (31.1 gmol/L). The time points shown in the top right corner of panels a—d as well as the x-axes of panels e and f
were measured relative to when the TBAB solution was injected into the flow cell.

dark. While there is heterogeneity in the fluorescence maximum
for different nanocrystals, our ability to watch individual
nanocrystals undergo anion exchange relies on the large spectral
shift (~100 nm) and increased fluorescence brightness during
this reaction. After the TBAB solution is introduced, fluorescent
spots begin to appear in the field of view, indicating the
transformation of CsPbCl; NCs to CsPbCl,_,Br, NCs (see the
Supporting Movie).

Figure 3a—d shows a section of the microscope field of view at
different times during the transformation of individual NCs at a
TBAB concentration of 1 ug/mL (3.1 umol/L); a typical field of
view contained ~500 NCs. Changes in fluorescence intensity
integrated over of the entire field of view following the
introduction of TBAB are shown in panels e and f of Figure 3
for two different TBAB concentrations (1 and 10 pg/mL). The
integrated intensity rise is more abrupt at the higher TBAB
concentration. For TBAB concentrations of <1 pug/mL, the
appearance of bright fluorescent spots was not observed. At
TBAB concentrations of >10 pg/mL (31 ymol/L), emission
from individual NCs was observed to degrade at a time scale
similar to that of the transformation. We used a light intensity
(15 gW/cm? at 350 nm) that is lower than the intensities
(milliwatts per square centimeter to watts per square
centimeter) typically needed to observe photoinduced reactions
in lead halide perovskite films, such as halide segregation.”*’~>
Furthermore, we observed the same trends in single-particle
reaction trajectories when using different excitation wavelengths
and intensities (see the Supporting Discussion and Figure S15).
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Representative intensity trajectories for individual NCs at
different TBAB concentrations are shown in panels e and f of
Figure 3. Once the exchange reaction has occurred, emission
from individual CsPbCl;_,Br, NCs exhibited fluorescence
intermittency as has been previously observed for lead halide
perovskite nanocrystals.”*~** Blinking in CsPbCl;_,Br, NCs
prepared by in situ anion exchange under the microscope was
similar to that of NCs that were converted prior to imaging
(Figure S8). TEM images at different dilution factors (see Figure
S7) indicate that the particle concentration used for fluorescence
microscopy led to well-dispersed nanocrystals with few clusters.
Furthermore, clusters of nanocrystals with overlapping emission
profiles within a diffraction-limited region could be distin-
guished from single nanocrystals based on their intensity profiles
(Figures S9 and S10)**** and were removed from subsequent
analysis. A wide range of turn-on times was observed for
different NCs within the same field of view, similar to other
solid-state transformations that have been studied by
fluorescence microscopy.”'~>* At the flow rate used in these
experiments (7.5 mL/h), the turn-on times for individual NCs
were not correlated with their location (Figure S11). Thus, the
slow rise in the integrated intensity for the ensemble of NCs is
attributed to the stochastic nature of turn-on events for
individual NCs.

To quantify differences in the fluorescence trajectories of
individual NCs, the time needed for each NC to reach a
threshold intensity (three standard deviations above the noise)
was measured for hundreds of NCs at different concentrations of
TBAB. We refer to this value as the waiting time for the NC to
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Figure 4. (a) Gaussian fits to distributions of relative waiting times for single NCs following anion exchange using different concentrations of TBAB.
The original histograms are shown in Figure S12. (b) Experimental mean relative waiting times (black squares) and switching times (red triangles) for
anion exchange in single NCs as a function of TBAB concentration. The error bars represent one standard deviation in the distribution of switching
times. The lines show fits to the concentration dependencies of the form y = [a/(x+b)] +c,wherea=3s /tg/rnL_l, b=—0.7 ug/mL, and c = 1.5 s for
the waiting times and a = 6 s ug/mL™", b = 0.3 ug/mL, and ¢ = 0.4 s for the switching times. (c) Simulated median waiting times (black squares) and
switching times (red triangles) using the exchange-density model as a function of concentration. The solid lines show fits to the concentration
dependencies of the form a/x + ¢, where a = 40 and ¢ = 0.1S for the waiting times and a = 9.8 and ¢ = 0.12 for the switching times in arbitrary units.

turn on. To compare the distribution of waiting times at different
concentrations of TBAB, the first NC to turn on at a given TBAB
concentration was assigned a waiting time of 0, and the waiting
times for all other NCs in the field of view were measured
relative to the first one. Histograms of the relative waiting times
for single NCs transformed using different concentrations of
TBAB are plotted in Figure S12. These distributions were fit to
Gaussian functions as shown in Figure 4a. The distributions of
waiting times show a strong dependence on the TBAB
concentration. As the TBAB concentration increases, both the
mean relative waiting time and the full width at half-maximum
(fwhm) of the Gaussian fit decrease (Figure S13).

The waiting time for each NC to turn on includes an
“incubation time” in which the TBAB solution has entered the
field of view, but the NC has not yet started to transform. To
exclude the incubation component, we next fit the intensity rise
for each NC trajectory to a si§moidal function to extract the
switching time, 7, for the NCH ™A sharper intensity rise will
lead to a smaller switching time. As shown in Figure 4b, both the
mean value of single-NC switching times and the standard
deviation in the distribution of switching times decrease as the
TBAB concentration increases. Thus, the sharper integrated
intensity rise for the ensemble of NCs at higher TBAB
concentrations (see Figure $14) results from both the narrowing
of the distribution of waiting and switching times and their shift
toward shorter times. While a systematic investigation of how
the waiting and switching times depend on the shape and size of
the NCs is ongoing, these same trends were observed for anion
exchange in CsPbCl; NCs with larger average dimensions
(Figure S16). We also investigated the back conversion of
CsPbCl;_,Br, NCs to CsPbCly; with tetrabutylammonium
chloride (TBAC) as the chloride source. Using the same
analysis as described above for the forward transformation, the
CsPbCl;_,Br, NCs are initially bright under the microscope and
become dark after they transform into CsPbCl, (Figure S17 and
Supporting Movie). Both the mean values of waiting times and
switching times for the back exchange of single NCs show a
similar dependence on the TBAB concentration as the forward
transformation (Figure S18).

Single-particle fluorescence microscopy has been previously
used to study cation exchange between CdSe and Ag,Se NCs as
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well as the intercalation of CH;NH;Br into PbBr, NCs to form
CH;NH,PbBr;.”' 7** Waiting and switching times for these
transformations were measured as a function of reactant
concentration (i.e, AgNO; or CH;NH;Br). Similar to our
results, in both cases, the distribution of waiting times narrowed
as the reactant concentration increased. For all three reactions,
the ensemble intensity rise comprises abrupt transitions for
individual NCs that exhibit a distribution of incubation times
before they transform. However, a significant difference
observed in these prior cases was that the switching times
were insensitive to the reactant concentration. We propose that
differences in the solid-state miscibility between the initial and
final crystals are responsible for the differences in switching
times observed for these NC transformations. Both CdSe/Ag,Se
and PbBr,/CH;NH;PbBr; crystal pairs lack solid solubility due
to differences in the arrangement of ions before and after the
reaction.'”'® Thus, in both of these transformations, the new
phase must first nucleate within the parent lattice. We previously
simulated the effect of this phase transformation on waiting and
switching times by incorporating an activation barrier for
reaction events (e.g., ion intercalation or exchange) in a particle
that decreased after a threshold number of events had been
reached.”> Monte Carlo trajectories were used to simulate the
transformation of individual nanocrystals, and the probability for
each reaction event depended on the free energy change for that
step. When we incorporated a free energy change, AG; (where i
is the number of reaction events in a trajectory), that decreased
after a critical number of reaction events, the simulated waiting
times decreased with reactant concentration while the switching
times were insensitive to concentration, matching experimental
observations for solid-state transformations that lack solid
solubility.

In the case of anion exchange between CsPbCl; and CsPbBr;,
the initial and final crystals possess complete solid miscibility
due to their similarity in structure (both are orthorhombic) and
anionic radii.'*** Furthermore, activation barriers for halide
diffusion in lead halide perovskites'>** are smaller than for both
Cd**/Ag" exchange in CdSe* as well as for CH;NH;" diffusion
in lead halide crystals.'>***° The high diffusion coefficients of
halide anions within CsPbX; crystals lead to a uniform
composition within the nanocrystal as ions are exchanging in
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and out,""**” which is confirmed by our atomic-resolution

STEM characterization (Figure 1d—f). On the basis of these
differences, we reasoned that the activation barrier for exchange
events should decrease more gradually during anion exchange
compared to the sudden change used in previous models for
cation exchange in CdSe and ion intercalation in PbBr,
NCs.*' 7> To test this hypothesis, we used Monte Carlo
simulations that yield individual and ensemble nanocrystal
transformation trajectories. We obtained the best match with the
experimental results with a model in which the energy required
for exchanging an anion decreases quadratically with successive
events (Figure S19). We refer to this as the exchange-density
model because the number of exchanged ions neighboring a site
is proportional to the local density of exchanges. The details of
these simulations and descriptions of other models tested are
provided in the Supporting Information. The quadratic function
used in the exchange-density model leads to a more gradual
increase in the probability for successive events compared to
previous models for NC transformations that lack solid-state
miscibility (Figure $20).

The results for the exchange-density model are shown in
Figure 4c and Figure S21. The simulated switching times of
individual NC trajectories are significantly shorter than the
overall switching time corresponding to the ensemble of
nanocrystals, in agreement with the experimental data (Figure
S21). Furthermore, both the median waiting times and median
switching times depend on concentration with the switching
times being shorter than the waiting times (Figure 4c). If
successive exchange events instead have equal probability, then
the waiting and switching times decrease at similar rates with an
increase in concentration, and simulated switching times for
individual particles occur on the same time scale as the
ensemble. On the other hand, models with a steeper drop in
activation barrier for exchange events, such as the positive-
cooperativity model developed by Routzahn and Jain,”"** lead
to a switching time that is independent of concentration (Figure
S$19). Thus, by assuming the halide concentration is uniform
within each nanocrystal during the reaction, in agreement with
our STEM results and prior ensemble kinetic studies,””*" our
exchange-density model correctly describes both the stochas-
ticity of anion exchange at the single-nanocrystal level and the
concentration dependence of switching times.

In summary, analyzing the trajectories for single CsPbCl; NCs
to transform into CsPbBr; (and vice versa) reveals a strong
dependence for the switching times on the concentration of
substitutional halide ions used to induce anion exchange. This
concentration dependence has not been observed for other
nanocrystal transformations, which we attribute to the lack of
miscibility between the initial and final structures in these prior
systems. We propose a model in which the energetics for further
anion exchange depend on the density of exchanged ions in the
nanocrystal; this exchange-density model successfully reprodu-
ces all salient features of the reaction observed by single-particle
fluorescence. Scaling up the synthesis of CsPbCl;_,Br, nano-
crystals will require homogeneous mixing of both the parent
nanocrystals and substitutional halide ions at high concen-
trations to minimize the effect that the stochastic distribution of
waiting times will have on the final halide composition (i.e.,
value of x) of individual nanocrystals. If reactant-depletion
effects are prominent at higher concentrations, nanocrystals with
longer waiting times may not undergo the same extent of anion
exchange as those with shorter waiting times, leading to greater
heterogeneity in composition and lower color purity. One way

to achieve high-throughput synthesis with uniform mixing is
through parallel microfluidic reactors as has been demonstrated
for the synthesis of cadmium chalcogenide nanocrystals.*®
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