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ABSTRACT: Colloidal nanocrystals of fully inorganic
cesium lead halide (CsPbX;, X = CL, Br, I, or combinations
thereof) perovskites have attracted much attention for
photonic and optoelectronic applications. Herein, we
demonstrate a facile room-temperature (e.g., 25 °C),
ligand-mediated reprecipitation strategy for systematically
manipulating the shape of CsPbX; colloidal nanocrystals,
such as spherical quantum dots, nanocubes, nanorods, and
nanoplatelets. The colloidal spherical quantum dots of
CsPbX; were synthesized with photoluminescence (PL)
quantum yield values up to >80%, and the corresponding
PL emission peaks covering the visible range from 380 to
693 nm. Besides spherical quantum dots, the shape of
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CsPbX; nanocrystals could be engineered into nanocubes, one-dimensional nanorods, and two-dimensional few-unit-cell-
thick nanoplatelets with well-defined morphology by choosing different organic acid and amine ligands via the
reprecipitation process. The shape-dependent PL decay lifetimes have been determined to be several to tens to hundreds of
nanoseconds. Our method provides a facile and versatile route to rationally control the shape of the CsPbX; perovskites
nanocrystals, which will create opportunities for applications such as displays, lasing, light-emitting diodes, solar

concentrators, and photon detection.
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T he past few years have witnessed important progress
demonstrating outstanding optoelectronic character-
istics of organic—inorganic lead—halide-based perov-
skites in the form of thin films, microcrystals and bulk single
crystals, which are emerging as one of the most promising
materials for solution-processable photovoltaic technology.' ™
Recent reports on inexpensive photovoltaic devices with
certified power conversion efficiencies over 20% using hybrid
organic—inorganic lead halides MAPbX; (MA = CH,NH,*, X =
Cl7, Br7, and I") as semiconducting absorber layers are highly
encouraging.*® In addition, researchers recently reported the
synthesis of nanoscale crystallite of organic—inorganic lead
halides MAPbX;, such as zero-dimensional (0D) spherical
quantum dots, one-dimensional (1D) nanowires, and two-
dimensional (2D) nanoplatelets.”” In particular, single-

crystalline 2D hybrid perovskites of (C,H;NH,),PbBr, nano-

-4 ACS Publications  © 2016 American Chemical Society 3648

platelets have recently been synthesized using a solution-phase
growth method."

With similarly high optoelectronic quality, such as small
exciton binding energy, high thermal stability, and balanced
electron and hole mobility lifetime, all-inorganic perovskites
like AMX, (typically A = Rb*, Cs*; M = Ge**, Sn**, Pb**; X =
F, CI7, Br', I, or combinations thereof) have great potential
in applications, including high-efficiency photovoltaic cells,
light-emitting-diodes, lasers, and photodetectors.z’lI_13 Re-
search into CsPbX; has existed for more than a century."*
The synthesis, crystallography, and photoconductivity of direct
bandgap CsPbX; have been reported half a century ago.'>'¢
However, there are limited reports for the synthesis of colloidal
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CsPbX; nanocrystals."”'”'® Until 2015, colloidal CsPbX,
perovskites nanocubes and nanowires have been reported
using a high-temperature (eg, 150—250 °C), hot-injection
approach.'”"” In particular, the reported CsPbX; nanocubes
have size-tunable emissions from 410 to 700 nm, characterized
by narrow emission line widths of 12—42 nm and high
quantum yields reaching 90%. Moreover, CsPbX; nanocubes
appear to be largely free from mid-gap trap states, which enable
their advantages over the Cd-—chalcogenide working in the
blue-green spectral region of 410—530 nm."”'? It is worth to
note that the photoluminescence (PL) emission spectra of
these CsPbX; nanocrystals could be tunable over the entire
visible spectral region by anion exchange reactions.””*" These
progresses suggest CsPbX; nanocrystals hold great potential for
both fundamental researches and industrial applications.'”****

The ability to systematically manipulate the shape or the
morphology of inorganic nanocrystals remains an important
goal of modern nanochemistry.”* The geometric shape and size
of inorganic nanocrystals control their physical properties, and
changes in shape can modulate overall optical and electronic
properties due to changes in band structure.”> For example, the
PL from spherical quantum dots is isotropic, whereas nanorods
exhibit polarized emission.”” To date, the best-developed
nanocrystals in terms of size, shape, and composition are
binary, ternary, and quaternary metal chalcogenide nanocryst-
als.’**> In contrast, the shape-controlled synthesis of all-
inorganic AMX; perovskites nanocrystals remains rather
unexplored.g’n’26 It is, therefore, essential to determine the
shape of CsPbX; nanocrystals so as to link morphology with
performance in optical and optoelectronic applications.

Here, we report a facile ligand-assisted, room-temperature
reprecipitation strategy for colloidal synthesis of zero-dimen-
sional (0D) spherical quantum dots, nanocubes, one-dimen-
sional (1D) nanorods, and two-dimensional (2D) few-unit-cell-
thick nanoplatelets of CsPbX; nanocrystals with well-defined
morphology (see Figure 1 and Table S1 in the Supporting
Information). Although very recent reports””** have noted the
synthesis of CsPbX; nanocrystals at room temperature, the
systematic investigation of their shape controlled synthesis is
still lacking. We demonstrated that hexanoic acid and

Figure 1. Schematic illustrating the formation process for different
CsPbX; (X = Cl, Br, I) nanocrystals mediated by organic acid and
amine ligands at room temperature. Hexanoic acid and octylamine
for spherical quantum dots; oleic acid and dodecylamine for
nanocubes; acetate acid and dodecylamine for nanorods; oleic acid
and octylamine for few-unit-cell-thick nanoplatelets.
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octylamine could tailor the nanocrystals into spherical quantum
dots; oleic acid and dodecylamine would shape the nanocrystals
into nanocubes; acetate acid and dodecylamine would shape
the nanocrystals into nanocubes, while the oleic acid and
octylamine would transform the nanocrystals into nano-
platelets. CsPbX; nanocrystals exhibit shape-dependent PL
decay lifetime variable from several to tens to hundreds of
nanoseconds and PL emission spectra tunable over the whole
visible spectral region.

RESULTS AND DISCUSSION

The reprecipitation strategy for synthesis of CsPbX; (X = CI7,
Br~, I") spherical quantum dots was performed by mixing a
solution of precursors in good solvent (such as N,N-
dimethylformamide, DMF; tetrahydrofuran, THF; and dimeth-
yl sulfoxide, DMSO) into a poor solvent (such as toluene and
hexane) at room temperature, ie, 25 °C. Previously,
reprecipitation process was used for preparation of polymers
and CH;NH;PbBr; quantum dots.”””**" The details for the
synthesis can be found in Materials and Methods. As the
reaction proceeded, the solution gradually changed its color,
implying the formation of CsPbX; due to the co-precipitation
of Cs*, Pb*", and X~ in the presence of the organic acid and
amine ligands. In the precursor solution, polar solvent (eg,
DMEF) acts as a good solvent to dissolve the inorganic salts and
molecule ligands, while the nonpolar solvent (e.g, toluene) acts
as a bad solvent to promote the reprecipitation process.

Figures 2A—D and S1 show the typical transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images of spherical CsPbBr; quantum
dots as well as the size distribution; it is observed that typical
CsPbBr; quantum dots have an average diameter of 4.3 nm
with a size deviation of +0.8 nm (Figure 2F). From the
HRTEM images (Figure 2C,D), interplanar distances of 3.4 A
corresponding to the (111) crystal plane can be easily
identified, which is consistent with the Inorganic Crystal
Structure Database (ICSD) Collection Code #97851, or the
JCPDF #01-072-7929. As shown in Figure 2E, our strategy
could be easily scaled up to produce 0.5 L of highly fluorescent
small-sized CsPbBr; colloidal solution. It is worthy to note that
the fluorescence of the colloidal solution could be directly seen
under normal room light without using additional excitation
light source. To analyze the phase structure, X-ray diffraction
(XRD) patterns determinations were applied to characterize
the obtained samples. Figure 2G shows XRD pattern of the
product, where the peaks at 26 = 15.1, 21.5, 30.4, 34.2, and
37.6° correspond to diffractions from {001}, {110}, {002},
{210}, and {211} planes of orthorhombic CsPbBr;. The XRD
data confirmed the formation of CsPbBr; quantum dots with
space group Pbnm(62), which is consistent with the JCPDF
#01-072-7929. No other phases were detected.

To analyze the optical properties, the colloidal solution of
CsPbBr; quantum dots was examined by UV—vis absorption
and PL emission and excitation spectra (Figure 2H). The
absorption onset of CsPbBr; quantum dots is around 500 nm.
The PL emission spectrum shows a peak position at 505 nm
(2.46 eV) with excitation at 385 nm. The excitation spectrum
shows that CsPbBr; quantum dots sample exhibit the strongest
peak at 485 nm monitored at the emission wavelength of 505
nm, which is in good agreement with the result from the UV—
vis absorption spectrum. Because of the smaller size of CsPbBr;
quantum dots (~4.3 nm) relative to its exciton Bohr radius
(~7.0 nm),”" the observed blue shift of CsPbBr; quantum dots
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Figure 2. CsPbBr; spherical quantum dots synthesized using hexanoic acid and octylamine as ligands at room temperature, i.c., 25 °C. (A—D)
Low- and high-resolution TEM images of CsPbBr; quantum dots. (E) Photographs of 0.5 L CsPbBr, spherical quantum dots colloidal
solution under room light. It was taken under normal room light without using additional excitation light source, and the yellow-green color is
from the fluorescence of CsPbBr; quantum dots. (F) Analysis of size distribution for the sample shown in panel A. (G) XRD pattern of the
CsPbBr; spherical quantum dots. (H) Optical absorption (black line), PL emission (PL, red dash line), and PL excitation (PLE, green line))
spectra of the spherical CsPbBr; quantum dots. (I) Time-resolved PL decay and fitting curves of the light emission at 505 nm from CsPbBr;

nanoplatelets with the excitation wavelength of 375 nm.

could be explained by the quantum confinement effect. The PL
quantum yield was estimated to be ~0.81, by comparison with
a standard sample (Rhodamine 101, QY = 100% in ethanol +
0.01 HCI) following a procedure reported in the literature.”!
The time-resolved PL decay spectra of the quantum dots are
shown in Figure 2I. The time-resolved PL decay curve was of
CsPbBr;, quantum dots were fitted to triexponential decay
functions, and average PL decay lifetimes of 11.5 ns were
derived, which is compared to nanocubes (average lifetime of
1-22 ns) and thin films (average lifetime of ~3.9 ns), but
smaller than bulk crystal (average PL lifetime of ~2500 ns).">**

The emission peaks of as-prepared spherical quantum dots
can be tuned in the region of 457, 465, 474, 510, and 515 nm
by changing the temperature between —20, 0, 20, 40, and 60 °C
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of the bad solvent during reprecipitation, respectively. The
TEM images shown in Figure S2 indicate the obtained samples
at 40 °C are also in spherical dot shape with average diameter
of 4.5 nm with a size deviation of +0.9 nm. Optical absorption
and emission spectra of selected spherical quantum dots
(Figure 3A) show narrow emission line widths of 20—30 nm,
indicating the narrow size distributions. The absorption and PL
excitation spectra of the quantum dots also show a band edge
red shift with increasing synthesis temperature. The quantum
dot samples have a small 10—20 nm Stokes shift between the
absorption edge and the emission peak (Figure 3A), which are
consistent with a direct exciton recombination process. As
shown in Figure S3, the experimental diameter values measured
from TEM images can be fitted into a linear function of the PL
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Figure 3. (A) Optical absorption (black line), PL excitation (green dash line), and PL emission (red line) spectra of different sized spherical
CsPbBr; quantum dots synthesized at —20, 0, 20, 40, and 60 °C with PL emission peak at 457, 465, 474, 510, and 515 nm, respectively. (B)
Time-resolved PL decay and fitting curves of different sized spherical CsPbBr; quantum dots synthesized at —20, 0, 20, 40, and 60 °C with
average PL decay lifetime at 5.91, 8.59, 10.8, 12.7, and 19.9 ns, respectively. (C and D) PL emission and energy-dispersive spectroscopy
(EDS) spectra of a series of CsPbX; (purple line, CsPbCl;; blue line, CsPbCl, (Br, g; green line, CsPbBr;; orange line, CsPbCl, (Br, ;; red line,

CsPbl;) quantum dots with emission peaks at 380, 416, 515, 575,

and 693 nm, respectively, synthesized at room temperature. (E and F)

Anion exchange of the as-synthesized spherical CsPbBr; quantum dots with stable dispersions in toluene under room light or excitation using
an ultraviolet lamp at room temperature. (G) PL spectra of the solutions shown in (E). The spectra of the parent CsPbBr; quantum dots and
the resulting anion-exchanged CsPbX; quantum dots either by ZnCl, or Znl, (with variable amount) salts are labeled. From left to right, the
PL emission maxima (PL quantum yield) of the samples showing in panel E are 477 nm (49.3%), 514 nm (81.1%), 537 nm (56.5%), 560 nm
(36.4%), 578 nm (20.6%), 603 nm (15.6%), 628 nm (11.3%), and 661 nm (6.8%), respectively.

emission peak position of the CsPbBr; quantum dots.
Representative time-resolved PL decay spectra of the quantum
dots synthesized at different temperature are shown in Figure
3B. The time-resolved PL decay curves were fitted to
triexponential decay functions, and average PL decay lifetimes
of 5.91, 8.59, 10.8, 12.7, and 19.9 ns were derived. The radiative
lifetimes gradually increased as the emission shifts to longer
wavelengths as the precipitation temperature is increased. The
average PL decay lifetimes of colloidal CsPbBr; quantum dots
were reduced with decreasing size. This suggests that the PL

decay of colloidal CsPbBr; quantum dots mainly took place
through exciton radiative recombination in the small nano-
crystals.'”?

The synthesis of spherical CsPbBr; quantum dots is general
for other CsPbX; quantum dots. For example, following a
similar process by exchanging PbBr, with Pbl,, we synthesized
CsPbl; spherical quantum dots with an average diameter of 5.0
nm with a size deviation of +1.1 nm (see Figure S4). Figure 3D
is an EDS spectrum obtained from the same spherical quantum
dots. The Cs, Pb, and Cl, or Br, or I peaks are observed,
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Figure 4. CsPbBr; nanocubes synthesized using oleic acid and dodecylamine as ligands at room temperature. (A) Low- and (B) high-
resolution TEM images of CsPbBr; nanocubes. (C) XRD pattern of the CsPbBr; nanocubes. (D) Optical absorption (black line), PL
excitation (green line), and PL emission (red line) spectra of the CsPbBr; nanocubes. (E) Graphical depictions of the pseudo colored PL
intensity measured as a function of excitation wavelength. (F) Time-resolved PL decay and fitting curves of the light emission at $14 nm from

CsPbBr; nanocubes with a 375 nm pulse laser.

suggesting that the quantum dots are composed of mainly Cs,
Pb, and Cl, or Br, or L. The PL emission spectra (Figure 3C)
and the EDS patterns (Figure 3D) reveal that the end product
contains a large quantity of CsPbCl;, CsPbCl, Br, 5, CsPbBr;,
CsPbCl, Br;5, and CsPbl; spherical quantum dots with
emission peaks at 380, 416, 515, 575, and 693 nm, respectively.

X-ray photoelectron spectroscopy (XPS) determinations
were performed to further investigate the elemental composi-
tion of the as-synthesized colloidal CsPbBr; quantum dots.
Figure S5 shows the survey X-ray photoelectron spectrum and
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high-resolution X-ray photoelectron spectra of Cs 3d, Pb 4f,
and Br 3d spectra for the resulting quantum dots. The main
peaks of Cs 3d, Pb 5f, and Br 4d in the quantum dots’ spectra
have binding energy positions similar to those of the bulk
materials.”® The Cs:Pb:Br ratio of the CsPbBr; quantum dots
was calculated close to be 1:1:3, which was obtained from the
ratios of XPS peak areas of survey spectra corrected by
sensitivity factors from literature.”

The optical properties as-synthesized CsPbBr; quantum dots
could be manipulated by anion exchange reactions using Znl,
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Figure S. CsPbBr; nanorods synthesized using acetate acid and dodecylamine as ligands at room temperature. (A) Low- and (B) high-
resolution TEM images of CsPbBr; nanorods. Inset in (B) is the corresponding FFTs of the image. (C) Optical absorption (black line), PL
excitation (green line), and PL emission (red line) spectra of the CsPbBr; nanorods. (D) Graphical depictions of the pseudo colored PL
intensity measured as a function of excitation wavelength. (E) Time-resolved PL decay and fitting curves of the light emission at 515 nm from

CsPbBr; nanoplatelets with a 375 nm pulse laser.

or ZnCl, as the resources for I" or CI". The anion exchange
reactions discussed here led either to a red shift (for the Br™ to
I7) or to a blue shift (for the Br™ to CI7) of the optical features
(Figure 3E—G), corroborating the incorporation of the new
anions. The exchange with the highly soluble zinc halides
(ZnX,) salts was generally done within a few minutes under
stirring to record a full shift in the PL emission spectra.
Furthermore, exchange was often complete with narrow and
intense PL emission spectra. This is consistent with the recently
reported CsPbBr; nanocubes using difference I™ or CI”
resources.””

By changing the ligands used in the synthesis, i.e., replacing
hexanoic acid with oleic acid; and substitute octylamine for
dodecylamine, while keeping other process the same as the
CsPbBr; spherical quantum dots, we obtained well-crystallized
CsPbBr; nanocubes. Figure 4A shows the typical TEM image of
CsPbBr; nanocubes. It is observed that CsPbBr; nanocubes
have edge lengths of ~9 nm with a size deviation of +1 nm.
From the HRTEM images (Figures 4B and S6), interplanar
distances of 5.8 and 4.1 A, corresponding to (001) and (110)
crystal faces, could be easily identified. This indicates that the
CsPbX; nanocrystals bound mainly {100} for nanocubes.
Figure 4C shows an XRD pattern of the product, where the
peaks at 20 = 15.1, 21.5, 30.4, 34.2, and 37.6° correspond to
diffractions from {001}, {110}, {002}, {210}, and {211} planes
of orthorhombic CsPbBr;, which confirmed the formation of
CsPbBr; nanocubes with space group Pbnm(62); this is
consistent with JCPDF #01-072-7929. As shown in Figure
4D, the first absorption onset of the colloidal solution of
CsPbBr; nanocubes is around 508 nm (2.44 eV), while the PL
emission peak is about 514 nm (2.41 eV); this means the
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Stokes shift is 6 nm, i.e., 30 meV. Figure 4E and Figure S7 show
the graphical depictions of PL intensity measured as a function
of excitation wavelength for the nanocubes sample with
different concentrations. In this image, the PL intensity is
represented by the color at a particular excitation and emission
energy.” ¥ As shown in Figure 4F, the time-resolved PL decay
curve of the CsPbBr; nanocubes can be described by
triexponential fitting; giving a short-lived PL lifetime (7;) of
5.18 ns with a percentage of 57.89%, an intermediate PL
lifetime (7,) of 18.7 ns with a percentage of 29.95%, and a long-
lived PL lifetime (73) of 129 ns with a percentage of 12.16%.
The long lifetime might be due to less nonradiative energy
transfer to the trap states of the high quality CsPbBr;
nanocubes synthesized at room temperature.’

When replacing acetate acid with oleic acid and substitute
octylamine for dodecylamine, while keeping other process the
same as the CsPbBr; spherical quantum dots, we obtained
CsPbBr; nanorods. Figures SA, S8 and S9 show the typical
TEM and HRTEM images of CsPbBr; nanorods. It is observed
that CsPbBr; nanorods have typical length of ~200 nm and
diameter of ~10 nm. From the HRTEM image (Figures 5B and
S9), interplanar distances of 5.8 and 4.1 A, corresponding to
(001) and (110) crystal faces, can be easily identified. This
indicates the growth direction of CsPbX; nanorods along {100}
directions. As shown in Figure 5C, the first absorption onset of
the colloidal solution of CsPbBr; nanorods is around 465 nm
(2.67 €V), while the PL emission peak is about 515 nm (2.41
eV). Figure SD shows the graphical depictions of PL intensity
measured as a function of excitation wavelength for the
nanorods sample. As shown in Figure SE, the time-resolved PL
decay curve was fitted to triexponential decay functions: a
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Figure 6. Few-unit-cell-thick CsPbBr; nanoplatelets synthesized using oleic acid and octylamine as ligands at room temperature. (A) Low-
resolution TEM image of CsPbBr; nanoplatelets. (B and C) High-resolution TEM image and its corresponding FFTs of the corner of one
typical flat lying CsPbBr; nanoplatelet. (D and E) Low- and (B) high-resolution TEM of the stacked nanoplatelets. (F) XRD pattern of
CsPbBr; nanoplatelets. The white lines in B and D marked out the boundary of the atomic lattice structure of the nanoplatelets. (G and H)
AFM topography micrograph depicting the CdPbBr; nanoplatelets with thickness around 5.5 nm, while the lateral dimension around 100 nm.
(I) Optical absorption (black line), PL excitation (green line) and PL emission (red line) spectra of CsPbBr; nanoplatelets. (J) Graphical
depictions of the pseudo colored PL intensity measured as a function of excitation wavelength. (K) Time-resolved PL decay and fitting curves
of the light emission at $10 nm from CsPbBr; nanoplatelets with a 375 nm pulse laser.

short-lived PL lifetime (z;) of 0.264 ns with a percentage of
44,02% and an intermediate-lived PL lifetime (7,) of 4.20 ns
with a percentage of 24.90%, and a long-lived PL lifetime (73)
of 66.1 ns with a percentage of 31.08%. To the best of our
knowledge, this is the first report for colloidal synthesis and
characterization of the CsPbX; nanorods in solution.

The growth of the single-crystal nanocrystals could be further
manipulated to produce highly crystalline few-unit-cell-thick
CsPbBr; nanoplatelets with well-defined square shape and large
size by changing the type of the capping ligands, i.e.,, hexanoic
acid to oleic acid, while keeping other procedures the same as
CsPbBr; quantum dots. Figures 6A—E and S10—S12 show the
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TEM and HRTEM images of CsPbBr; nanoplatelets. The
CsPbBr; nanoplatelets have a typical edge length of ~100 nm.
The high-resolution TEM image (Figure 6B) and its
corresponding FFTs (Figure 6C) indicated the high crystal-
linity of the nanoplatelets sample. Similar images have also
shown in Figure S10B,C. From the atomic lattice structure in
the corner of one typical flat lying CsPbBr; nanoplatelet, we
could identify the interplanar distances of 4.1 A, corresponding
to (110) crystal face. Figure 6D,E shows the low- and high-
resolution TEM of the stacked nanoplatelets. The typical
thickness of the nanoplatelets is about 5.2 nm with a size
deviation of +1.3 nm, corresponding to 4 monolayer CsPbBrs;.
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It is observed that CsPbBr; nanoplatelets have side-view
interplanar distances of 5.8 A, corresponding to the (001)
crystal faces, which can be easily identified. These results
suggest that the few-unit-cell-thick CsPbX; nanoplatelets bound
mainly {001} for the in-plane facets and {110} for the side-
plane facets. Figure 6F shows their XRD pattern, where the
peaks at 20 = 15.1, 21.5, 30.4, 34.2, and 37.6° corresponding to
diffractions {001}, {110}, {002}, {210}, and {211} planes of
orthorhombic CsPbBr;, which is also consistent with JCPDF
#01-072-7929. The nanoplatelets sample was further charac-
terized by atomic force microscopy (AFM) as shown in Figure
6G,H. Typically, large nanoplatelets of perovskite CsPbBr; of
square/rectangular shapes with lateral dimensions of ~100 nm
were readily measured. AFM image also shows the typical
nanoplatelets thicknesses to be ~5.5 nm, which is in good
agreement with the thickness of primary nanoplatelets (~5.2
nm) capped with organic ligands.

The UV—vis absorption, PL emission and excitation spectra
of CsPbBr; nanoplatelets reveal the first absorption onset of
around 508 nm and the PL emission peak of about 510 nm as
shown in Figure 61. The graphical depictions of PL intensity
were measured as a function of excitation wavelength for the
nanocubes sample (Figure 6]). Analysis of the entire time-
resolved PL decay trace required three processes: a short-
lifetime process (7;) of 3.02 ns with a percentage of 11.51%, an
intermediate-lifetime process (7,) of 140 ns with a percentage
of 24.79%, and a long-lived component (7;) of 1440 ns with a
percentage of 63.70% as shown in Figure 6K. The increased
lifetime could be attributed to the increased in-plane single-
crystalline geometry of the nanoplatelets, and their PL decay
mainly took place through exciton radiative recombination in
the large crystal. Because of their atomically flat in-plane
surface, the colloidal nanoplatelets typically have much less
defects and surface states than nanocrystals with other shapes;
this suggested that the short and intermediate-lifetime may
originate from trap and or surface-state emissions.*”

The formation of the variable shapes of CsPbX4 nanocrystals
with different organic acid and amine ligands was speculated by
classic micellar transition mechanism, which depends on the
electrostatic and hydrophobic interaction with the ions, the
ligands, and the good and bad solvents.**% Taking CsPbBr;
spherical quantum dots as an example, polar hexanoic acid and
octylamine surfactant self-assembly in nonpolar toluene
solutions is a cooperative phenomenon and entropy driven
process mainly governed by hydrophobic interaction. The size
and shape of micelles depend on hydrocarbon tail, polar
headgroup, and counterion in the ligand based formulation. We
hypothesize that spherelike micelles formed at the concen-
tration above the critical micelle concentration (CMC) and
may grow to cuboid-like, rodlike, or even panel-like vesicles
under different solvent conditions with the presence of ligands
and ions. Thus, the formation of the different shaped
nanocrystals might be achieved.

The Fourier transform infrared (FTIR) spectrum (Figure
S13) of the spherical quantum dots sample shows mainly C—H
stretches and bends, while the nanocube sample shows the
typical C—O stretches and C—O bends, indicating the organic
acid as the capping ligand. Both the nanorod and nanoplatelet
samples were found to be capped with organic amine, while the
former showed more N—H stretches and bends. These results
indicate the selective adsorption of organic acid and amine
ligands on the nanocrystal facets. From the XPS results of the
spherical quantum dots (Figure SS), the N 1s peak is very small
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and could be negligible, indicating that n-octylamine might not
act as a capping ligands for the formation of colloidal spherical
CsPbBr; quantum dots, which is consistent with the above
FTIR results, but different from the NH;CH;PbBr; quantum
dots reported in the literature.”” Further understanding of the
exact relationships between the nanocrystals shapes and the
ligand-mediated reprecipitation process is essential for achiev-
ing high quality perovskite CsPbX; nanocrystals at room
temperature. Further studies will concentrate on these aspects.

CONCLUSIONS

A facile room-temperature, ligand-mediated approach has been
developed for the shape-controlled synthesis of colloidal
CsPbX; spherical quantum dots, nanocubes, nanorods, and
few-unit-cell-thick nanoplatelets. We have demonstrated the
dependence of the photoluminescence emission on the size,
shape, and composition, which is readily manipulated over the
visible spectral region from 380 to 693 nm. Furthermore, the
shape-dependent photoluminescence decay lifetime of the
CsPbX; nanocrystals has been determined to be several to
tens to hundreds of nanoseconds. Further work to explore
other optical properties and technological applications is
currently underway. We envision that the shape-controlled
CsPbX; perovskites nanocrystals will find widespread use in
applications, such as lasing, light-emitting diodes, photovoltaics,
solar concentrators, and photon detection. By the suitable
choice of sources and/or synthetic parameters, it is reasonable
to expect that the present methods can be extended to the
synthesis of other perovskite nanocrystals like AMX; (A = Rb*,
Cs; M = Ge?*, Sn**; X = F-, CI7, Br, I', or combinations
thereof) as well.

MATERIALS AND METHODS

Materials. Cs,CO; (Aladdin, 99.9%), PbBr, (Aladdin, 99.0%), Pbl,
(Aladdin, 98.0%), Znl, (Alfa Aesar, 98%), ZnCl, (Shanghai Xinbao
Fine Chemical Co. Ltd., 98%), octadecene (ODE, Aladdin, 90%),
N,N-dimethylformamide (DMF, Sinopharm Chemical Reagent Co.
Ltd, AR), oleic acid (CH,(CH,),CH=CH(CH,),COOH, 90%,
Aladdin, AR), hexanoic acid (CH;CH,CH,CH,CH,COOH, Aladdin,
99.0%), octylamine (CH,;CH,CH,CH,CH,CH,CH,CH,NH,, Alad-
din, 99%), dodecylamine (CH;CH,CH,CH,CH,CH,CH,CH,CH,-
CH,CH,CH,NH,, Sinopharm Chemical Reagents Co. Ltd., CP), and
toluene (Shanghai Lingfeng Chemical Reagent Co. Ltd, > 99.5%)
were purchased and used without further purification.

Preparation of Cs—Oleate. Cs,CO; (0.814 g) was loaded into a
100 mL, 3-neck flask along with octadecene (10 mL, ODE) and oleic
acid (2.5 mL), and the mixture was dried for 1 h at 120 °C and then
heated under N, to 150 °C until all Cs,COj; reacted with oleic acid.
Since Cs—oleate precipitates out of ODE at room temperature, it has
to be preheated to make it soluble before usage.

Synthesis of CsPbBr; Spherical Quantum Dots. In a typical
synthesis of CsPbBr; spherical quantum dots, DMF (1 mL) and PbBr,
(0.05 mmol) were loaded into a 5 mL flask. Then, hexanoic acid (0.1
mmol) and octylamine (0.1 mmol) were added. After complete
solubilization of PbBr,, Cs—oleate solution (0.05 mL, 0.4 mol/L in
ODE, prepared as shown in the experimental section) was added.
Finally, 0.0S mL of mixed solution was added into a new flask along
with toluene (2 mL). For scale-up synthesis, N,N-dimethylformamide
(500 mL, DMF) and PbBr, (25 mmol) were loaded into a 1 L flask.
Hexanoic acid (50 mmol) and n-octylamine (50 mmol) were added.
After complete solubilization of PbBr,, Cs—oleate solution (25 mL, 0.4
M in ODE, prepared as described above) was added. Then, 12.5 mL of
hybrid solution was added into a 1 L flask along with toluene (500
mL).

Synthesis of Other CsPbX; Spherical Quantum Dots. The
synthesis of other CsPbX; nanocrystals was similar to that of CsPbBr;,
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except for the use of 0.05 mmol Pbl,, PbCl,, or Pbl, and PbCl,
mixture with their corresponding molar ratio of 1:1, respectively,
instead of 0.05 mmol PbBr,. For example, in a typical synthesis of
CsPbl; quantum dots, N,N-dimethylformamide (2 mL, DMF) and
Pbl, (0.1 mmol) were loaded into a S mL flask. Hexanoic acid (0.6
mmol) and n-octylamine (0.6 mmol) were added. After complete
solubilization of Pbl,, Cs—oleate solution (0.1 mL, 0.4 M in ODE,
prepared as described above) was added. Then, 0.00S mL of hybrid
solution was added into a S mL flask along with toluene (2 mL). A
certain amount (eg, 0.2 mmol) of Znl, was added with Pbl, (0.1
mmol) to increase the intensity of the PL emission.

Anion Exchange Reactions with CsPbBr; Spherical Quantum
Dots. The anion exchange reactions were conducted in a 15 mL flask.
A total of 0.02 mL of CsPbBr; spherical quantum dots synthesized in
hexanoic acid and octylamine was dispersed in 4 mL of toluene and
the mixture was used as the precursor. Znl, (6 mg) used as the anion
source was mixed with toluene (12 mL) in a 15 mL flask and fully
dissolved before use. After complete dispersion in toluene, certain
amount of Znl, was injected into CsPbBr; parent quantum dots
solution to initiate the anion-exchange. Br~ to CI™ anion exchange
reactions were conducted using a similar protocol. The evolution of
the PL emission peak maxima as a result of anion exchange has been
completed within tens of seconds to a few minutes. After reaction, the
emission wavelength of obtained NCs was detected by fluorimeter.

Synthesis of CsPbBr; Nanocubes. N,N-Dimethylformamide (2
mL) and PbBr, (0.1 mmol) were loaded into a § mL flask. Oleic acid
(1.55 mmol) and dodecylamine (0.086 mmol) were added. After
complete solubilization of PbBr,, Cs—oleate solution (0.1 mL, 0.4 M
in ODE, prepared as described above) was added. Then, 0.05 mL of
hybrid solution was added into a S mL flask along with toluene (2
mL).

Synthesis of CsPbBr; Nanorods. N,N-Dimethylformamide (2
mL) and PbBr, (0.1 mmol) were loaded into a 5 mL flask. Acetate acid
(1.55 mmol) and dodecylamine (0.086 mmol) were added. After
complete solubilization of PbBr,, Cs—oleate solution (0.1 mL, 0.4 M
in ODE, prepared as described above) was added. Then, 0.0S mL of
hybrid solution was added into a S mL flask along with toluene (2
mL).

Synthesis of CsPbBr; Nanoplatelets. N,N-Dimethylformamide
(2 mL) and PbBr, (0.1 mmol) were loaded into a § mL flask. Oleic
acid (0.031 mmol) and octylamine (0.362 mmol) were added. After
complete solubilization of PbBr,, Cs—oleate solution (0.1 mL, 0.4 M
in ODE, prepared as described above) was added. Then, 0.05S mL of
hybrid solution was added into a S mL flask along with toluene (2
mL).

Characterizations. X-ray powder diffraction (XRD) measure-
ments were employed a Bruker AXS D8 X-ray diffractometer equipped
with monochromatized Cu Ka radiation (1 = 1.5418 A). Fourier
transform infrared (FTIR) spectra were recorded with a Varian 3100
FT—IR spectrometer at room temperature. X-ray photoelectron
spectroscopy (XPS) measurements were performed using an
achromatic Al Ka source (1486.6 eV) and a double pass cylindrical
mirror analyzer (ULVAC-PHI 5000 VersaProbe). The atomic ratios
were obtained from ratios of XPS peak areas of the high-resolution
spectra corrected by sensitivity factors from the literature. Trans-
mission electron microscopy (TEM) and high-resolution TEM were
performed on a FEI Tecnai G2 F20 electron microscope operating at
200 kV. Ultraviolet and visible absorption (UV—vis) spectra were
recorded with a Beituo DUV-18S2 and a Shimadzu UV-3600 plus
spectrophotometer at room temperature. The topography of the
nanoplatelets was investigated using a Nanoscope Dimension
CSPMS500 Atomic Force Microscope working in tapping mode.
The EDS spectra were investigated using field-emission scanning
electron microscopy (FESEM; Hitachi S-4800) with an energy-
dispersive X-ray (EDS) analyzer. PL excitation and emission spectra
were measured with a Hitachi F4500 fluorescence spectrophotometer,
a home-made fiber fluorimeter system, a compact spectrometer
purchased from Thorlabs, or a Horiba PTI QuantaMaster 400 steady-
state fluorescence system at room temperature. The fluorescence
decay processes were recorded with time-correlated single-photon
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counting (TCSPC) technique on an Edinburgh FLS920 phosphor-
escence lifetime system equipped with a 375 nm, 45 ps pulse width
laser and a time-correlated single-photon counting system at room
temperature. The standard silica particles samples dispersed in water
were used as the standard to eliminate the effect of the scattering from
the samples. Time-resolved PL decay curves were fitted’' to a
triexponential (see eqs 1 and 2) decay curves of

A(t) = A exp(—i) + A, exp(—L] + A, exp(—i)
T ) 7

The average lifetimes were calculated using

(1)

2 2 2
Tavg = (A + Aty + A) /(AT + Ayt + AyTs)

)
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