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ABSTRACT: Anisotropic semiconductor nanocrystals with controlled
quantum confinement are important in many applications for the
directionality of the flow of photons and charge carriers combined with the
properties of confined exciton. Here, we report the strategy that introduces
controlled morphological anisotropy with one- and two-dimensional confine-
ments in CsPbBr3 nanocrystals via the simultaneous use of thermodynamic
equilibrium and kinetic anisotropy. In this approach, the halide equilibrium
recently shown to control the size of zero-dimensional perovskite quantum
dots under hot-injection condition is combined with the anisotropic growth
kinetics that becomes more prominent at a lower temperature. Nanoribbons,
nanowires, and nanoplatelets exhibiting well-defined confined exciton transition and high-emission polarization anisotropy were
obtained at room temperature. While two seemingly incompatible modes of size control (equilibrium and kinetics) are
combined, each mode controls the size in a different direction of the anisotropic perovskite nanocrystals, enabling the
simultaneous control of confinement and morphological anisotropy.

■ INTRODUCTION

Semiconductor nanocrystals with an anisotropic shape with
one- and two-dimensional quantum confinements combine the
properties of spatially confined exciton with the directionality
of the optical1−4 and transport properties5−7 dictated by their
anisotropic morphology and dimensionality. For this reason,
much effort has been made in the last decades in developing
the methods of controlling the size and anisotropic
morphology,8−12 which can add the ability to control the
direction of the emission polarization or charge flow via
orientational control of the nanocrystals in space. Often, the
extrinsic means of inducing anisotropic growth is introduced
for the synthesis of anisotropic nanocrystals, especially when
the intrinsic anisotropy of the growth kinetics is weak. A
common strategy is exploiting the difference of the ligand
binding affinity on different facets that result in different
growth rates in different directions.10,11,13 The use of a seed
that directs the growth in a particular direction has also been
utilized to synthesize anisotropic structures such as nano-
wires.14−17 Recently, efforts to create the anisotropic nano-
crystals have been extended to the lead halide perovskites,18−26

which exhibited superior functionality as the source of photons
and charge carriers compared to many other semiconductor
nanocrystals. Although the cube-shaped lead halide perovskite
nanocrystals are commonly formed under typical hot-injection
synthesis condition due to the near-cubic lattice symmetry,27

several recent studies demonstrated the successful formation of
anisotropic structures. In the case of cesium lead halide
(CsPbX3) nanocrystals, nanoplatelets (NPLs)20,22,23,26 and

nanowires (NWs)25 have been synthesized by varying the
surface-binding ligands or condition for the ligand binding and
temperature. For instance, the concentration of the
ligands,25,26 the length of the tail group in the ligand,20,22,25

and protonation/deprotonation equilibrium of the ligand23,26

were varied in addition to the reaction temperature,28 which
are considered to modify the kinetic anisotropy. Similar
methods were also used to synthesize the anisotropic
nanocrystals of organometallic hybrid perovskites.29−32 On
the other hand, a wide range of synthesis conditions and the
reactants in these studies also made it difficult to converge a
systematic approach that can control the anisotropic
morphology and size with a high-ensemble uniformity.
Here, we report a very different synthesis approach capable

of creating one- and two-dimensional CsPbBr3 nanocrystals
exhibiting well-defined anisotropic and quantum-confined
optical properties, which utilizes the thermodynamic equili-
brium of halide and kinetic anisotropy simultaneously.
Recently, we developed the method to control the size of
cube-shaped CsPbX3 quantum dots (QDs) (X = Cl, Br, I) in
strongly confined regime by utilizing the thermodynamic
equilibrium of halide between the QD lattice and solution
medium through the law of mass action.33 The size control in
CsPbX3 QDs via halide equilibrium was achieved under hot-
injection condition by taking advantage of the highly labile
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nature of halide ions in CsPbX3 lattice and the size-dependent
halide composition of CsPbX3 QDs (higher halide content in
the smaller QD). The smaller QDs were obtained at the higher
halide concentration in the reactant, and the terminal size of
the QDs was insensitive to the nucleation and growth kinetics,
producing the QDs with very high ensemble uniformity. In this
work, we combined the equilibrium-based size control shown
to be highly effective in the synthesis of QDs with the room-
temperature reaction that promotes the anisotropic growth to
produce the anisotropic CsPbBr3 nanocrystals with controlled
one- and two-dimensional quantum confinements. Unlike in
the synthesis of QDs under hot-injection condition, where the
halide equilibrium is the dominating mechanism for the
isotropic size control, the room-temperature reaction provides
a more favorable condition to utilize any existing kinetic
anisotropy. Under the room-temperature reaction condition
employed here, both the halide equilibrium and kinetic
anisotropy appear to be in play, determining the size in
different directions in different manners. Only the shortest
dimension (thickness) that determines the band gap exhibited
the behavior of the size control via halide equilibrium, i.e.,
varied with halide concentration independent of the reaction
time. In contrast, the growth in the other directions exhibited a
more typical behavior of kinetically controlled growth, i.e.,
increasing the length with increasing reaction time. Despite the
complexity involving both the halide equilibrium and kinetic
anisotropy, we could tune the anisotropic morphology of
CsPbBr3 nanocrystals by varying only the source and amount
of excess halide at fixed reaction temperature. Using this
approach, we produced CsPbBr3 nanowires (NWs), nanorib-
bons (NRs), and nanoplatelets (NPLs) exhibiting strong
optical anisotropy and spectrally narrow luminescence from
tightly controlled quantum confinement. These nanocrystals
are also readily purified via precipitation/resuspension cycles
removing the remaining unreacted salts, which improved the
stability under a moderately intense photoexcitation important
for the photonic applications. One could further explore the
approach combining the halide equilibrium and kinetic
anisotropy to expand the capability to achieve a higher level
of control over the anisotropic morphology and size in other
metal halide perovskite systems.

■ RESULTS AND DISCUSSION

Since we utilize the halide equilibrium and kinetic anisotropy
simultaneously to control the size and anisotropic morphology
of CsPbBr3 nanocrystals, the concentration of Br− ([Br−]) in
the reactant mixture and the temperature are the two most
important experimental variables. In this study, all of the
reactions were performed at room temperature (23 °C), under
which the anisotropic growth kinetics is more apparent than at
hot-injection temperature favoring the formation of isotropic
nanocubes, and only the condition controlling [Br−] was
varied. The variation of [Br−] in a wide range, necessary to
tune the morphology and size, was achieved using several
divalent metal bromides (MBr2, M = Co, Cu) as the source of
excess halide. MBr2 is chosen since it was demonstrated to be
highly effective in controlling the size of CsPbBr3 QDs via
halide equilibrium without interference from M2+ when chosen
appropriately (e.g., Zn and Co) in our recent study.33 The
composition and the concentration of the organic ligands that
passivate the surface, also known to influence the growth
kinetics and morphology,20,22,23,25,26 were kept constant in this

study to rule out the “ligand effect” in controlling the
morphology and size.
A brief synthesis procedure is described below, and the

details of the reaction conditions are in the Experimental
Section. The precursor solution of Pb and Br was prepared by
dissolving PbBr2 and MBr2 (M = Co, Cu) in a mixture of
octadecene (ODE), oleylamine (OAm), and oleic acid (OA).
The precursor solution of Cs was prepared by dissolving
Cs2CO3 in a mixture of OA and ODE. The two precursor
solutions were combined in a flask at room temperature. At
this stage, the reactant mixture is not sufficiently reactive to
form the nanocrystals or the smaller structures that can act as
the seed for the growth such as the small clusters28 or L2PbBr4
monolayer structure.34 This is confirmed by the complete
absence of the distinct absorption peak near 400 nm previously
observed from the clusters and L2PbBr4 monolayer structure in
the absorption spectrum of the precursor solutions (Figure
S1). The reaction was initiated by adding a polar solvent (e.g.,
acetone) to the reactant mixture, where the sudden increase of
the solvent polarity makes Br− and other metal ions available
for the reaction. Nanocrystals of different anisotropic
morphology and size were obtained by varying the amount
of CoBr2 or CuBr2 in the precursor solution and keeping all of
the other reaction conditions identical. Among many MBr2
that can potentially be used as the source of Br−, CoBr2 and
CuBr2 were chosen because of their relatively high solubility in
the nonpolar solvent (mixture of ODE, OAm, and OA) at
room temperature needed to vary [Br−] in a wide range.
Figure 1 summarizes the synthesis of the anisotropic

CsPbBr3 nanocrystals with varying thickness (t), width (w),
and length (l) in the form of nanoribbons (NRs, t < w < l),
nanoplatelets (NPLs, t < w ≈ l), and nanowires (NWs, t = w <
l). The top panel in Figure 1 illustrates the empirical
correlation between the morphology of the anisotropic
CsPbBr3 nanocrystals and the identity and relative amount of
MBr2 used as the source of excess Br−. In general, the
morphology progressed from NWs to NRs and NPLs as [Br−]
increases in the reactant mixture. For a given morphology,
thinner structures were obtained at the higher [Br−]. For the
synthesis of NWs, CoBr2 was used as the source of excess Br−.
For the synthesis of NRs requiring higher [Br−] than in the
synthesis of NWs, CuBr2 was used as the source of excess Br−.
Cu2+ ions can form a stable complex with a large number of
Br− ions in nonpolar solvents, which can achieve higher [Br−]
than other MBr2 when acetone initiates the reaction. More
detailed discussion on the function of CuBr2 as the source of
excess Br− will be discussed later. For NPLs that require the
highest [Br−], a combination of CuBr2 and CoBr2 (or ZnBr2)
was used as the source of excess Br−. To confirm the absence
of a critical role of metal cations in determining the thickness, a
control experiment was performed where a metal bromide is
replaced with a halide-free metal salt such as metal stearate.
The variation of the amount of metal stearate did not show any
ability to tune the morphology or thickness of CsPbBr3
nanocrystals in contrast to metal bromides, indicating the
crucial role of Br− in controlling the anisotropic morphology
and size (Figure S2).
Figure 1a−e shows the absorption and photoluminescence

(PL) spectra of CsPbBr3 NRs, NPLs, and NWs, whose average
dimensions are indicated in each panel. The corresponding
TEM images are shown in Figure 1f−o. X-ray diffraction
(XRD) patterns of these anisotropic nanocrystals are also
provided in the Supporting Information (Figure S3). As stated
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earlier, an interesting aspect of the synthesis method reported
in this work is that only the shortest dimension (t) exhibits the

pattern of size control via halide equilibrium, while the growth
in other dimensions follows the more typical pattern of growth
governed by the kinetics. In both NRs and NWs, the smaller t
was obtained at higher [Br−] as in the case of the hot-injection
synthesis of CsPbBr3 QDs, where the smaller QDs were
obtained when [Br−] is higher in the reactant mixture.33 The
independence of t on the reaction time after the terminal t is
reached in NRs and NWs is also the same behavior observed in
the synthesis of CsPbBr3 QDs, as will be shown later. These
observations indicate that the halide equilibrium plays a key
role in determining t of CsPbBr3 NRs and NWs in a similar
manner to the isotropic size control of the cube-shaped
CsPbBr3 QDs. Compared to the hot-injection synthesis of
CsPbBr3 QDs, the range of t control is limited to the smaller
length scale (t ≤ 3 nm) in both NRs and NWs. This is likely
due to the lower reaction temperature that limits the
applicability of halide equilibrium as the size control
mechanism to the thinner structures having a sufficiently low
kinetic barrier for Br− diffusion within the lattice. In fact, the
lower kinetic barrier for ion diffusion in the smaller
nanocrystals, which can more readily drive the process dictated
by the chemical equilibrium, was recognized earlier and
utilized in reversible cation exchange at room temperature in
other colloidal QDs.35 When the synthesis of the thicker
nanocrystals was attempted by further lowering [Br−] in the
case of NRs, t became less controllable resulting in the mixed t,
as will be discussed in detail in Figure 3.
Figure 2 shows the distribution of the thickness (t), width

(w), and length (l) of NRs with two different t, determined
from the analysis of TEM images. The thickness (t) that
determines the PL emission wavelengths (λPL) via quantum
confinement exhibited particularly high size uniformity for t =
2 and 3 nm. The exciton luminescence is centered at λPL = 432
and 460 nm for t = 2 and 3 nm, respectively, as shown in
Figure 1a,b. The number of PbBr6

4− octahedral units (n) along
the thickness direction for t = 2 and 3 nm corresponds,
respectively, to n = 3 and 5, as can be seen in the high-
resolution TEM images shown in Figure 1k,l. On the other
hand, NRs with the thickness corresponding to n = 4 or other
even numbers were not identified as the major species in this
study. When the synthesis of the thicker NRs was attempted by
further reducing [Br−], t became larger but less controllable
resulting in the mixture of different t, as reflected in the PL
spectrum shown in Figure 3a. Interestingly, the fit of the PL
spectrum in Figure 3a shows the major peaks at λPL that
corresponds to t with odd-numbered n (e.g., 3, 5, 7) reported
in the earlier study.23 Figure 3b shows several single-particle
PL spectra of NRs appearing at the frequently observed regions
of λPL, which are also consistent with the dominance of odd-
numbered n in the ensemble of NRs with different t. The

Figure 1. (a−e) Absorption (blue) and photoluminescence (PL)
spectra (red) of NRs, NPLs, and NWs. The dimension of each
nanocrystal is indicated in each panel. (f−j) Wide-view transmission
electron microscopy (TEM) images of the nanocrystal corresponding
to the optical spectra in (a)−(e). The insets in (f) and (g) show the
NRs lying flat on the substrate, revealing the width different from the
thickness. (k−o) TEM images at the higher magnification showing
the thickness of each nanocrystal sample. The insets of (k) and (l)
clearly show the number of PbBr6

4− octahedral units n = 3 and 5,
respectively.

Figure 2. Histograms showing the distribution of thickness (a), width (b), and length (c) of NRs with t = 2 nm (red) and t = 3 nm (blue).
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reason for the appearance of t that differ by Δn = 2 rather than
for every possible value of n will be discussed shortly. The
distribution of width (w) of NRs shown in Figure 2b was
determined from the TEM images of the NRs lying down flat
on a TEM grid (insets in Figure 1f,g), which is more frequently
observed on the low-particle-density area on the TEM grid.
The average w is ∼5 nm with the wider distribution (±1.2 nm)
than t for both t = 2 and 3 nm NRs. We can readily confirm
that ∼5 nm measured from the TEM image is not t of the
thicker NRs since λPL determined by the shortest quantum-
confined dimension corresponds to only t = 2 or 3 nm. The
average length (l) of the NRs is ∼35 and ∼50 nm for t = 2 and
3 nm, respectively, and exhibits significantly wider distribution
than t, as shown in Figure 2c. The longer l for the thicker NRs
is likely due to the longer reaction time typically required for
the synthesis of the thicker NRs.
NWs are also produced with two well-defined thicknesses at

t = 2 and 3 nm corresponding to n = 3 and 5. Similarly to the
case of NRs, thinner NWs were formed at the higher [Br−]
condition. Confirmation of the morphology as NWs (t = w) as
opposed to NRs (t < w) was made by examining the TEM
images with low particle density, which readily reveals the
wider w from the particles lying down flat if NRs are present as
discussed above. In contrast to NRs, only one size was
observed for the shorter dimension regardless of the areal
density of the nanocrystals on the TEM grid indicating t = w.
Peak positions of the exciton luminescence in NWs are λPL =
434 and 458 nm for t = 2 and 3 nm, respectively, which are
close to those of NRs of the same thickness. The length of
NWs grew up to several hundred nm, which generally increases
with increasing reaction time (Figure S4). For the NPLs that
required higher [Br−] than NRs and NWs, the thickness was
limited to only t = 2 nm, as shown in Figure 1c,h,m. The lateral
shape is approximately square (w ≈ l) in the size range of tens
to >100 nm depending on the reaction time (Figure S5). λPL of
NPLs is 434 nm, which is also very close to those of NRs and
NWs of the same thickness.
The results above show that the size in different directions

(t, w, and l) in NRs, NWs, and NPLs exhibits a different
dependence on [Br−] and the reaction kinetics in a
significantly more complex manner than in isotropic QDs
synthesized under hot-injection condition. Nevertheless, a
valuable insight into the simultaneous involvement of the
halide equilibrium and anisotropic growth kinetics in
determining the size in different directions is obtained from
the in situ photoluminescence (PL) measurement during the

reaction. Figure 4a−d shows the false-color contour plots of
the time-dependent PL spectra for NRs (a, b) and NWs (c, d)

of two different thicknesses, t = 2 and 3 nm, respectively. The
panel on the right side of each contour plot shows the PL
spectrum of the final product.
For t = 2 nm NRs shown in Figure 4a, the PL at λPL = 425

nm appearing at 5 s develops into the terminal PL at λPL = 432
nm within an additional 10 s, which remains unchanged as the
reaction continues. Since it takes ∼5 s for acetone and ODE to
form a homogeneous phase and fully release Br− from its
precursor into the reaction mixture (Figure S6), the initial
nanocrystal with observable PL was formed almost immedi-
ately after Br− is released. As the reaction continues, the
produced NRs begin to precipitate out of the solution at ∼15 s,
resulting in the apparent decrease of the intensity and
distortion of the PL spectrum from strong self-absorption
and scattering of the PL in Figure 4a. For t = 3 nm NRs shown
in Figure 4b, PL during the early time (<10 s) is similar to t =
2 nm NRs. Interestingly, a discontinuous jump of λPL from 432
to 460 nm corresponding to Δn = 2 begins to occur at ∼30 s
and continues for several minutes. The discontinuous red shift
of λPL reflecting the abrupt increase of t by Δn = 2 suggests the
simultaneous addition of two PbBr6

4− octahedral units along
the direction of the thickness, likely adding one on each side of
NRs instead of adding one unit after another. This can also
explain why the thicknesses of all NRs observed in this study
including the heterogeneous ensemble of mixed t shown in
Figure 3 differ by Δn = 2, resulting in primarily odd-numbered
n instead of all possible n. It is noteworthy that despite the
jump of λPL occurring over a period of ∼100 s in Figure 4b, the
terminal λPL does not change as the reaction continues, further
revealing the kinetics-independent characteristics of the
equilibrium-based mechanism of determining t. In the case
of NWs shown in Figure 4c,d, the initial observable PL appears
significantly later than in NRs, presumably due to lower [Br−]
in the reactant mixture resulting in the slower nucleation. As in
the case of NRs, Δn between the two NWs shown in Figure
4c,d is 2, and λPL does not change further with continued
reaction once the terminal value is reached. These results
indicate that the same mechanism of determining t is operating
in both NRs and NWs. However, no abrupt jump of λPL is

Figure 3. (a) PL spectrum of a heterogeneous ensemble of NRs with
different thicknesses. The spectrum was fit to a sum of Gaussian
functions centered at 434, 462, 482, 496, and 513 nm. The three
peaks at 434, 462, and 482 nm are assigned to n = 3, 5, and 7,
respectively. (b) Single-particle PL spectra of NRs chosen from the
same ensemble sample shown in (a).

Figure 4. In situ measurement of photoluminescence (PL) during the
synthesis of NRs and NWs. (a),(b) NRs with t = 2 and 3 nm,
respectively. (c),(d) NWs with t = 2 and 3 nm, respectively. The PL
spectra of the final product are shown on the right side of the contour
plots.
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observed for t = 3 nm NWs in Figure 4d in contrast to that for
NRs. This may indicate that the conversion from n = 3 to 5
occurs more gradually in NWs than in NRs.
The above result clearly shows that t exhibits a similar

pattern of the size control to that of CsPbBr3 QDs from hot-
injection synthesis, where the size was determined by [Br−] in
the reactant mixture independent of the reaction kinetics at a
given reaction temperature. Both NRs and NWs show the
higher stoichiometric Br− composition for the smaller t, as
summarized in Table 1, which is necessary to obtain the

thinner nanocrystals at higher [Br−] in the reactant mixture via
halide equilibrium. In contrast to t, l is determined in a very
different way following the typical pattern of kinetically
controlled growth, i.e., increase in size with the reaction
time. The different mechanism of determining w under
different reaction conditions, which differentiates NRs (w >
t), NWs (w = t), and NPLs (w = l), is intriguing and requires
further study to obtain deeper understanding. Nevertheless,
the simultaneous operation of the equilibrium-based control of
t and the kinetic control of l offers a convenient route to
introduce high optical anisotropy while maintaining high
spectroscopic homogeneity of the confined exciton absorption
and emission. Additionally, the colloidal solution of these
nanocrystals maintains the strongly confined exciton absorp-
tion feature without showing the signature of changing
thickness or the formation of other phases under a moderately
intense and extended (∼3 W/cm2 at 405 nm for 1 h)
photoexcitation condition (Figure S7). The nanocrystals less
thoroughly purified by precipitation/resuspension exhibited
further growth under the photoexcitation, indicating the
importance of removing excess unreacted salts for the stability
of these nanocrystals. The purified nanocrystal solutions were
stable under an ambient condition for several months (Figure
S8).
To characterize the optical anisotropy of NRs and NWs, the

emission polarization angle-dependent exciton PL intensity
was measured under the linearly polarized excitation employ-
ing single-particle spectroscopy, as shown in Figure 5. The
detailed description of the measurement is in the Experimental
Section. NR and NW show ∼60 and ∼90% modulation depths
in the PL intensity, respectively. NW shows a higher PL
anisotropy than NR that may reflect the larger aspect ratio of
NW. The high PL anisotropy of NRs and NWs with high
quantum yield (Table 1) will be particularly useful for
photonic applications benefiting from the directional light

emission from the ordered assembly of these nanocryst-
als.1,36−39

As mentioned earlier, CuBr2 is rather unusual as the source
of excess Br− in its ability to release Br− at a higher
concentration than other MBr2 at room temperature when
the reaction is initiated by adding acetone to the reactant
mixture. In a separate experiment, we confirmed that Cu2+ can
form a complex with more than two Br− ions stably in a
nonpolar solvent, especially in the presence of amine ligands,
and the formed complex can release Br− readily in a polar
solvent environment. CsPbBr3 nanocrystals in a nonpolar
solvent was immediately destroyed when CuBr2 was added
with a small amount of oleylamine in contrast to other MBr2
(e.g., CoBr2, ZnBr2) since Cu

2+ pulls Br− from the nanocrystals
to form a brown-colored complex. Under the typical hot-
injection synthesis condition of CsPbBr3 nanocrystals in a
nonpolar solvent, the addition of CuBr2 in the reactant mixture
also suppresses the formation of CsPbBr3 nanocrystals because
Br− binds strongly to Cu2+. CsPbBr3 nanocrystals are produced
only after increasing the solvent polarity by adding acetone,
which releases Br− from the complex. Although the exact
structure of the complex is not fully characterized in our study,
CuBr4L2 (L = R-NH4) is a possible species that can exist in the
reactant mixture.40 The rapid release of Br− from Cu2+

complex upon the addition of acetone was also confirmed by
monitoring the absorption spectrum of the ODE solution of
the mixture of PbBr2, CuBr2, OAm, and OA. The initial dark
brown color of the solution turned green immediately after
ODE, and acetone forms a homogeneous phase and the
absorption spectrum stayed the same (Figure S6), which
indicates the immediate release of Br− via replacement of the
ligand coordinated on Cu2+. We consider that Cu2+ ion’s ability
to hold a relatively large amount of Br− in a nonpolar
environment and rapidly release them into a polar environ-
ment plays a crucial role in creating NRs and NPLs through
the combined action of equilibrium and kinetic anisotropy.
While all anisotropic nanocrystals were obtained by varying

only the amount and source of Br− at fixed room temperature
(23 °C) in this study, varying the temperature has a significant
impact on the morphology. For instance, the reaction
condition that forms NWs using CoBr2 as the source of excess
Br− at room temperature (23 °C) produces NPLs with t = 2
nm when the temperature is increased to 35 °C (Figure S9).
The apparent effect of the temperature increase by 12 °C in
this example is equivalent to the effect of increasing [Br−] in
the reactant mixture at the same room temperature, likely due
to the increased solubility of the metal halide salt. Certainly,
varying the temperature alters multiple factors that can affect
the morphology and size of the reaction product, which

Table 1. Stoichiometric Ratio and PL Quantum Yield (Φs)
of CsPbBr3 NRs and NWs

Figure 5. Polarization angle-dependent PL intensity from single
CsPbBr3 NR (a) and NW (b) each with t = 3 nm under a fixed
polarization angle of the excitation light.
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includes not only the effective concentration of the reactants
but also the equilibrium and kinetic anisotropy. While we did
not explore the two-dimensional parameter space of temper-
ature and [Br−] simultaneously, the above result suggests the
possible expansion of the controllability of the size and
anisotropic morphology by exploring the wider range of
temperature supporting the anisotropic growth.
Since MBr2 (M = Cu, Co) is used as the source of excess

Br−, it is important to examine the potential effect of M2+

present in the reactant mixture on the structure and the
properties of the final nanocrystal product. One obvious
possibility is the substitutional doping of Pb2+ with M2+, which
has been previously shown to be possible for some metal ions
such as Mn2+ either under hot-injection condition or under the
condition that facilitates cation exchange.41−43 Elemental
analysis shows no incorporation of Co2+ beyond its detection
limit (2.6 × 10−2 ppb) in the nanocrystals formed using CoBr2
as the source of excess Br− under the experimental condition
employed here. On the other hand, Cu2+ was found to be
doped in the lattice of CsPbBr3 nanocrystals at a doping
concentration of ∼1% or below depending on the amount of
CuBr2 used in this study. At this doping level, Cu2+ in CsPbBr3
lattice has no undesirable effect on the PL as reflected in the
high PL quantum yield (30−40%) of band-edge emission and
the absence of any defect emission. On the contrary, we
consider that the doping may have enhanced the stability and
the PL quantum yield of the nanocrystals similarly to the
perovskite nanocrystals doped with other cations.41,44−47

Presently, the extension of the new method to CsPbCl3 and
CsPbI3 anisotropic nanocrystals is partially successful
(CsPbCl3 nanorods and CsPbI3 NPLs, Figures S10 and
S11). This is due to the much slower reaction kinetics of
CsPbCl3 at room temperature and the higher reactivity of
CuI2, requiring the exploration of the wider range of reaction
conditions.

■ CONCLUSIONS

We showed that anisotropic morphology and the size of
various one- and two-dimensional anisotropic CsPbBr3 nano-
crystals can be controlled by simultaneously utilizing the
thermodynamic equilibrium of halide and kinetic anisotropy at
the room-temperature reaction. The halide equilibrium-based
size control recently shown in the hot-injection synthesis of the
isotropic quantum dot was combined with the room-
temperature reaction that promotes the kinetic anisotropy to
systematically vary the anisotropic morphology and size. In this
approach, only the shortest and strongly quantum-confined
dimension of the anisotropic nanocrystals was controlled via
halide equilibrium. The size in other directions was determined
completely differently following the pattern of a more typical
kinetically controlled growth. Systematic variation of the
anisotropic morphologies and the size of CsPbBr3 nanocrystals
were achieved by varying only the chemical identity and
amount of MBr2 (M = Co, Cu) used as the excess halide
source, while all other reaction conditions (e.g., temperature,
ligands) were kept the same. Nanoribbons, nanowires, and
nanoplatelets produced in this way exhibited a high-ensemble
uniformity of optical properties and a well-defined polarization
anisotropy of luminescence, which will be important for the
future application of anisotropic perovskite nanostructures.

■ EXPERIMENTAL SECTION
Chemicals. Cesium carbonate (Cs2CO3, puratronic, 99.994%,

metal basis, Alfa Aesar), lead(II) bromide (PbBr2, puratronic,
99.999% metal basis, Alfa Aesar), copper(II) bromide (CuBr2, 99%
metal basis, Alfa Aesar), cobalt(II) bromide (CoBr2, 97%, anhydrous,
Alfa Aesar), oleylamine (OAm, technical grade 70%, Sigma-Aldrich),
oleic acid (OA, technical grade 90%, Sigma-Aldrich), 1-octadecene
(ODE, technical grade 90%, Sigma-Aldrich), acetone (Certified ACS,
Fischer), hexane (HPLC grade, Millipore), and methyl acetate (99%,
BeanTown Chemical) were used.

Synthesis of Anisotropic CsPbBr3 Nanocrystals. CsPbBr3
Nanoribbons (NRs). The precursor solution of Pb and Br was
prepared by dissolving PbBr2 (55 mg) and CuBr2 (140 or 300 mg) in
a mixture of ODE (5 mL), OA (2 mL), and OAm (2 mL). The
precursor solution of Pb and Br was initially degassed at 120 °C under
vacuum for 10 min. Subsequently, the precursor solution was heated
at 200 °C under a nitrogen atmosphere until all of the metal salts
dissolved and cooled down to room temperature. The precursor
solution of Cs was prepared by dissolving Cs2CO3 (250 mg) in a
mixture of ODE (7 mL) and OA (1 mL). The precursor solution of
Cs was initially degassed under vacuum and heated at 150 °C under a
nitrogen atmosphere until the salt dissolved completely and was kept
at >100 °C to prevent solidification of the Cs oleate formed during
the process. In a flask containing 9 mL of the precursor solution of Pb
and Br at room temperature, 0.4 mL of a Cs precursor solution was
added and kept at room temperature. At this stage, the reactant
mixture remains unreactive. The reaction that forms NRs was initiated
by adding ∼10 mL of acetone in the vial and mixing it vigorously.
After 30−250 s of reaction, NRs were separated by centrifugation.
The recovered NRs were purified by redispersing in hexane and
precipitating again using methyl acetate as the antisolvent. The
purified NRs were finally dispersed in hexane for all spectroscopic
measurements. A more detailed step-by-step procedure is in the
Supporting Information. Different thickness (t) was obtained using
different amounts of CuBr2 in the preparation of the precursor
solution (t = 2 nm for 300 mg, t = 3 nm for 140 mg of CuBr2).

CsPbBr3 Nanoplatelets (NPLs). All of the procedures are the same
as in the synthesis of NRs except the composition of the precursor
solution of Pb and Br. PbBr2 (55 mg), CuBr2 (400 mg), and CoBr2
(100 mg) were dissolved in a mixture of ODE (5 mL), OA (2 mL),
and OAm (2 mL), which provides higher [Br−] when the acetone
initiates the reaction by liberating Br− ions from the precursor. A
more detailed step-by-step procedure is in the Supporting
Information.

CsPbBr3 Nanowires (NWs). The precursor solution of Pb and Br
was prepared by dissolving PbBr2 (65 mg) and CoBr2 (20−80 mg) in
a mixture of ODE (5 mL), OA (2 mL), and OAm (2 mL) in the same
way as in the synthesis of NRs. The precursor solution of Cs used for
the synthesis of NWs is the same as in the synthesis of NRs. In a flask,
the precursor solution of Cs (0.4 mL) and of Pb and Br (9 mL) at
room temperature was mixed together, which remained unreactive.
The reaction that forms NWs was initiated by adding ∼10 mL of
acetone in the vial and mixing it vigorously. After the reaction
completed (40 s for 2 nm NWs and 120 s for 3 nm NWs), NWs were
separated by centrifugation and purified in the same way as NRs. A
more detailed step-by-step procedure is in the Supporting
Information.

Spectroscopic Characterization. Absorption, photolumines-
cence quantum yield (PLQY), and photoluminescence (PL) spectra
of all CsPbBr3 nanocrystals were made using the fiber-optic-coupled
charge-coupled device (CCD) spectrometer (Ocean Optics,
USB4000 for absorption and QE65pro for PL). PLQY of the
nanocrystal sample (Φs) was measured using quinine sulfate in a 0.1
M aqueous sulfuric acid solution exhibiting the PL near 450 nm as the
reference with known PLQY of Φr = 0.54. Φs was calculated from Φs
= Φr(Is·Ar·ns

2)/(Ir·As·nr
2), where Is(r), Ar(s), and ns(r) are the measured

integrated PL intensity, absorbance, and refractive index of the
reference (r) and nanocrystal sample (s) solutions, respectively. The
absorbance of both reference dye and the sample nanocrystals at an

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b01515
Chem. Mater. 2019, 31, 5655−5662

5660

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01515/suppl_file/cm9b01515_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b01515


excitation wavelength (375 nm) was kept below 0.1 to minimize the
effect of reabsorption of the fluorescence in PLQY measurement. The
high-speed acquisition mode of a QE65pro spectrometer was used to
acquire in situ time-dependent PL spectra during the reaction. A light-
emitting diode emitting at 365 nm was used as the excitation source
for the PL measurement. The single-particle PL spectra of CsPbBr3
NRs were made using a homebuilt wide-field microscope constructed
with an imaging spectrograph (Princeton Instruments, Acton
SpectraPro SP-2300) and an electron-multiplying charge-coupled
device (EMCCD) (Princeton Instruments, ProEM 16002). Details on
the instrument and the single-particle PL measurements are described
elsewhere,33,41 and a brief description of the measurement is below.
For each NR sample, a highly diluted colloidal solution was drop-
casted onto a thin quartz substrate and placed on top of a quartz
prism using index-matching oil to excite the nanocrystals via
attenuated total reflection (ATR). The sample was excited at 405
nm with 10 nm bandwidth using a Xe lamp in conjunction with a
monochromator (Newport, Oriel Cornerstone 130). The PL from a
well-separated single CsPbBr3 nanocrystal collected with the objective
(Olympus, PLanFL N 40×) was projected on the narrow slit of the
imaging spectrograph using a tube lens (Nikon) and sent to the
EMCCD either as an image or as a dispersed spectrum.
Measurement of the PL Polarization Anisotropy. The linear

PL polarization anisotropy of the individual CsPbBr3 nanocrystal was
measured using the microscope described above, and the same highly
diluted nanocrystal sample was drop-casted onto a quartz substrate.
Instead of using ATR excitation scheme, the sample was excited from
underneath of the quartz substrate using the linearly polarized light
from a 405 nm diode laser (Crystalaser). Under the fixed excitation
polarization angle, the PL spectrum was recorded as a function of the
angle of the polarizer placed between the objective and EMCCD
detector.
TEM, X-ray Diffraction, and Elemental Analysis. TEM images

were obtained on an FEI Tecnai G2 F20 ST FE-TEM microscope.
Powder X-ray diffraction (XRD) data were collected using a Bruker-
AXS GADDS MWPC diffractometer equipped with Cu Kα X-ray
radiation and a multiwire proportional counter. The stoichiometric
ratio between Cs and Pb was determined by the elemental analysis
performed using inductively coupled plasma mass spectrometry
(NexIon 300D). The stoichiometric ratio between Br and Pb was
determined by the TEM equipped for energy-dispersive spectroscopy.
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