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ABSTRACT: The synthesis of lead-halide perovskite (LHP) thin nanowires (NWs)
has been a challenging task that requires delicate control of nanocrystal (NC)
nucleation and growth processes. Herein, we present a novel synthesis of ultrathin
CsPbBr3 NWs through a postsynthetic transformation reaction starting from zero-
dimensional Cs4PbBr6 perovskite NCs. The synthesized CsPbBr3 NWs averaged 2.5
nm in width and tens of micrometers in length, showing a blue photoluminescence
with an emission quantum yield of 15.2%. Mechanistic studies show that the
morphology of the final transformation product is determined by the chain length of
the capping ligand and thus the formed template structure of the PbBr2-ligand
intermediates. We demonstrate that this reaction scheme can be applied to the
synthesis of CsPbI3 NCs with a low-dimensional morphology. Our study provides not
only a new route to achieve ultrathin LHP NWs postsynthesis but also insights into the template-related nucleation and growth
mechanisms of LHP NCs.

In the past decade, lead-halide perovskites (LHPs) have
been rapidly developed as one of the most promising

semiconductor materials for a wide range of applications,
including solar cells,1−5 light-emitting diodes,6−8 photo-
detectors,9−11 X-ray imaging,12,13 etc.14−18 In addition to the
advantageous characteristics of bulk materials,19 LHP nano-
crystals (NCs) exhibit additional intriguing optical and
electronic behaviors such as tunable optical spectral
profiles,20−23 high photoluminescence quantum yields (PL
QYs),24 superior single-particle emitting property,25 unique
assembly induced superfluorescence,26 etc.27 Because of their
relatively small Bohr radius and thus weak quantum confine-
ment of typical isotropic LHP NCs,28 synthesizing LHP NCs
with highly anisotropic morphologies represents an important
means to regulate their desired properties in a tunable
manner.29,30 Among all of the reported morphologies, LHP
nanowires (NWs) have attracted a great amount of attention
due to their large aspect ratios and strong quantum
confinements along their short dimensions.31−34 Typical
syntheses of colloidal dispersible LHP NWs largely rely on
hot-injection methods through regulating the applied organic
ligands to achieve one-dimensional morphology.35,36 However,
complex interplay between organic ligands and inorganic
precursors at elevated temperatures often results in a nonideal
morphological uniformity.37,38 Moreover, the mandatory mass
transfer process and diffusion controlled NC nucleation and

growth processes further complicate its adaptability and
scaling-up for large-scale material production.39 Recently,
postsynthetic transformation reactions of LHP NCs have
been proven as a facile and efficient means to access
nanomaterials, in particular, with thermodynamically unfa-
vored morphologies, crystal phases, and heterocompositions/
structures.40−51 In this context, zero-dimensional (0D)
Cs4PbX6 (X = Cl, Br, I) perovskites are a group of perovskite
analogues that are composed of isolated lead-halide
([PbX6]

4−) octahedra in the crystal lattice.52−54 Because of
the lead-depleted stoichiometry, the 0D Cs4PbX6 LHP NCs
can serve as ideal starting materials to react with PbX2 and
transform into three-dimensional (3D) CsPbX3 LHP
NCs.40−43 However, the products from such postsynthetic
transformation reactions have been largely limited to LHP
NCs with more isotropic morphologies, i.e., nanocubes.40,44

Herein, we report the synthesis of ultrathin CsPbBr3 NWs
via a postsynthetic transformation reaction of 0D Cs4PbBr6
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LHP NCs (Scheme 1). The ultrathin NWs showed an average
diameter of 2.5 ± 0.6 nm with the wire length of tens of

micrometers. Strong quantum confinement along the short
dimension of the NWs leads to a blue emission peak centered
at 432 nm with a PL QY of 15.2%. Interestingly, we discovered
that the PbBr2 precursor used for the transformation reaction
can interact with the organic ligands forming lamellar-type
PbBr2-ligand intermediates, which can further dictate the
morphological purity of the final CsPbBr3 products. We also
expand this postsynthetic transformation method to the case of
I-containing perovskite NCs.
It has been reported that the lead-depleted 0D Cs4PbBr6

perovskite NCs can be transformed into 3D CsPbBr3
perovskite nanocubes upon the addition of the PbBr2
precursor.40 Also inspired by the short organic ligand induced
CsPbBr3 NW formation in hot injection synthesis,35 we
propose that short alkyl chain ligands can also be used to

regulate perovskite NC product morphologies for postsyn-
thetic transformation reactions. Following this idea, we
conducted perovskite NC transformation reactions in the
presence of short alkyl chain organic ligands. In detail, a hexane
solution of spherical Cs4PbBr6 NCs with an average diameter
of 12.1 ± 1.0 nm was used as a starting material for the
transformation reaction (Figure 1a,b and Figure S1).40 Upon
adding solid PbBr2 precursors and two short alkyl chain ligands
(i.e., hexanoic acid, HA and octylamine, OctAm) in addition to
the commonly used oleic acid (OA) (see details in the
Supporting Information), the reaction was then monitored by
UV−vis absorption and PL spectroscopic measurements. A
gradual emergence (disappearance) of a new absorption peak
at 426 nm (the original absorption feature at 315 nm of the
Cs4PbBr6 NCs) was observed (Figure 1a). Along with the
absorption profile change, a strong blue PL peak centered at
432 nm appeared which can be assigned to excitonic emission
of the formed CsPbBr3 LHP NWs with strong quantum
confinement (Figure 1a).36,55 The well-defined absorption
feature and the narrow emission peak (full-width at half-
maximum, fwhm of ∼79 meV) proved the morphological
uniformity of the product.35 TEM images unambiguously
showed the formation of ultrathin NWs with an average width
of 2.5 ± 0.6 nm and more than 10 μm in length (Figure 1b−
d). Low-magnification TEM images revealed that the NWs
tend to form bundles due to the strong inter-NW van der
Waals interactions (Figure 1e).56 Interestingly, TEM images
for the samples taken during the transformation reaction
showed coexistence of both the pristine spherical Cs4PbBr6
NCs and the newly formed CsPbBr3 LHP NWs, suggesting a
dissolve-then-reform mechanism of the transformation reac-
tion.43 Furthermore, the width of the NWs (2.5 nm, ∼4−5
unit-cell layers) is much smaller than the estimated CsPbBr3
Bohr diameter of ∼7 nm,57 suggesting a strong exciton
quantum confinement effect, which is consistent with the
observed absorption and PL profiles in a much bluer region

Scheme 1. Illustration of the Transformation Reaction from
0D Cs4PbBr6 Perovskite NCs to CsPbBr3 LHP NWs or
Nanocubes

Figure 1. (a) Evolutions of the absorption (lines) and PL spectra (lines with shades) of the transformation reaction. (b−d) TEM images of (b)
starting 0D Cs4PbBr6 perovskite NCs, (c) a mixture of Cs4PbBr6 NCs and newly formed CsPbBr3 NWs for the sample taken at 65 min, and (d) the
final CsPbBr3 LHP NWs. Inset in (b): HR-TEM image of the Cs4PbBr6 NCs (scale bar: 5 nm). Inset in (d): zoomed-in TEM image of the
CsPbBr3 NW (scale bar: 50 nm). (e) Low-magnification TEM image showing a large area of the NW bundles. (f) XRD patterns of the starting 0D
Cs4PbBr6 perovskite NCs (bottom, black) and the resulting CsPbBr3 LHP NWs (top, blue). Bars represent the corresponding standard diffraction
patterns.
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than those from CsPbBr3 nanocubes.57 XRD patterns of the
starting sample and the resulting product clearly displayed the
crystal structure change from the 0D Cs4PbBr6 to the 3D
CsPbBr3 perovskite structure (Scheme 1 and Figure 1f). In
addition, the CsPbBr3 NWs showed a strong orientation
alignment on the substrate (showing exclusively a set of {h00}
Bragg diffraction peaks in the XRD pattern, Figure 1f), in line
with the highly anisotropic 1D shape and the preferred [100]
growth direction of the CsPbBr3 NWs.35,58 The slight shifts to
smaller angles of the diffraction signals can be explained by a
large fraction of surface exposed atoms of the NWs and lattice
expansion induced by the surface capping ligand as reported
previously.59

Optical properties of the final purified CsPbBr3 LHP NWs
are summarized in Figure 2. The pronounced and well-defined

absorption feature indicated a large exciton binding energy of
the CsPbBr3 NWs, in good accordance with the strong
confinement due to the ultrathin NW morphology.60 The PL
excitation (PLE) profile closely matched the absorption
spectrum of the CsPbBr3 NWs, confirming that the emission
at 432 nm originated from the band-edge electronic transition
of the CsPbBr3 NWs (Figure 2a). A PL QY of 15.2%
determined by an integrating sphere technique was obtained
for the sample, which was comparable to that of the NWs
synthesized using a hot-injection method.35,59 Time resolved
PL (TR-PL) measurements revealed a relatively long PL decay
lifetime (average lifetime of 7.1 ns) compared with directly

synthesized CsPbBr3 NWs with a similar band gap energy,
which was likely due to the improved ligand coverage and/or
decreased defect density due to the mild reaction condition
(Figure 2b, Table S1).35,61

It is known that ligands play an imperative role in
determining the final perovskite NC morphology during the
synthesis.29,38 Given the low solubility of PbBr2 precursor as an
inorganic salt in the nonpolar solvent (e.g., toluene), we
speculate that the NW formation mechanism is likely
controlled by the structure of the PbBr2-ligand intermediates
that transfer the PbBr2 precursor into the reaction solution. To
test this speculation, we synthesized various PbBr2-ligand
intermediates by reacting PbBr2 solid precursor with different
ligand combinations in toluene (see Supporting Information
for details). The XRD patterns of all the synthesized PbBr2-
ligand intermediates showed a lamellar structure, evidenced by
showing exclusively a set of {00l} diffraction peaks (Figure 3a,
Table S2).62 Interestingly, a good correlation between the
interlayer d-spacing of the intermediates and the product
morphology of the transformation reaction can be observed
(Figure 3b). In general, for the ligand combinations that result
in PbBr2-ligand intermediates with large d-spacings (i.e., 41.7 Å
for OA/OAm, 37.0 Å for HA/OAm, 29.0 and 21.5 Å for OA/
OctAM), the corresponding transformation reactions led to
the formation of both NWs and nanocubes (Figure 3, Figure
S2).
For the ligand combinations resulting in PbBr2-ligand

intermediates with short d-spacings (e.g., 22.5 Å for HA/
OctAm, 24.3 Å for HA/OA/OctAm), the transformation
reactions led to the formation of solely ultrathin NWs (Figure
1, Figure 3, and Figure S2). On the basis of these results, we
hypothesize that the PbBr2-ligand intermediates with lamellar
structures may serve as an anisotropic template to direct the
growth of CsPbBr3 perovskite NWs (Figure 3c). To test our
hypothesis, the chain-type amine ligands were replaced by a
bulky branched trioctylamine (TOAm) ligand to cease the
formation of anisotropic templates of layered PbBr2-ligand
intermediates (Figure 3).63 Indeed, solely CsPbBr3 perovskite
nanocubes without the presence of any NWs were formed,
which was evidenced by both optical and TEM measurements
(Figure 4a−c). The resulting CsPbBr3 nanocubes showed a
characteristic PL peak at 515 nm with a high PL QY of 65.3%.
TR-PL revealed a long PL decay lifetime of 57.0 ns (Figure 4d,
Table S1), indicating its good surface passivation.64,65 The

Figure 2. (a) Absorption (solid lines), PL (solid line with shade), and
PLE (dashed line) spectra of the starting Cs4PbBr6 NCs and the
resulting CsPbBr3 NWs. (b) TR-PL lifetime decay curve (light blue)
and the triexponential fitting line (dark blue) of the CsPbBr3 LHP
NWs.

Figure 3. (a) Small-angle XRD patterns of the PbBr2-ligand intermediates. Representative peaks in the XRD patterns are labeled. (b) The
correlation between d-spacing of the PbBr2-ligand intermediates and the morphology of the transformation product. (c) Schematic illustration of
the template-based CsPbBr3 NW and/or nanocube formation mechanism.
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much shorter lifetime of the NW sample (i.e., 7.1 ns) than that
of the nanocubes (i.e., 57.0 ns) is due to the morphology-
induced strong exciton binding energy with an enhanced
quantum confinement along the short dimension of the NWs.
Importantly, this result proved the necessity of PbBr2-ligand
intermediate-based anisotropic templates to the formation of
perovskite NWs in the transformation reactions, supporting the
template-mediated reaction mechanism as we proposed
(Figure 3c).
To expand the scope of the reaction, we further explored the

transformation reactions using 0D Cs4PbI6 perovskite NCs as
the starting material (Figure S3).40 Similar to the Br-containing
case, the CsPbI3 products can be obtained through trans-
forming Cs4PbI6 NCs by adding PbI2 precursor with both
short-chain (i.e., HA and OctAm) and long-chain organic
ligands (i.e., OAm, see experimental details in the Supporting
Information). The disappearance of the pristine absorption
peak at 369 nm originated from Cs4PbI6 NCs indicated
completeness of the transformation reaction (Figure 5a). The
newly formed CsPbI3 products showed a defined absorption
feature at 554 nm and a narrow PL peak centered at 560 nm
(fwhm of ∼83 meV), both of which were ∼100 nm bluer than
those of the CsPbI3 nanocubes, supporting its low-dimensional
(LD) morphology (either NWs or nanoplatelets) with a strong
exciton confinement along the short dimension.66,67 The
obtained CsPbI3 LD-NCs showed a PL QY of ∼3% and a PL
lifetime of 30.8 ns (Figure 5b, Table S1), ∼1.4 times longer
than that of the CsPbI3 NWs (∼22 ns) and CsPbI3
nanoplatelets (10−23 ns) synthesized directly.68−71 Because
of the sample instability and quick degradation to the δ-phase
of CsPbI3 within minutes (Figure S4), we were unable to
obtain reasonable TEM images to unambiguously determine
the particle morphology. Studies on improving the sample
stability are currently undergoing.
In conclusion, we report a facile synthetic method to achieve

ultrathin CsPbBr3 LHP NWs through a colloidal trans-

formation reaction from 0D Cs4PbBr6 perovskite NCs. These
NWs possess a sharp PL peak at 432 nm and a reasonable PL
QY of 15.2%. Importantly, we show that the compact PbBr2-
ligand intermediates can serve as an effective anisotropic
template and promote the formation of NWs with morpho-
logical purity. We further demonstrate that this postsynthetic
transformation reaction scheme can be extended to the I-
containing case. Our study not only provides a novel approach
toward morphological and crystal structural controls of LHP
NCs but also offers insights for future fabrications of other
types of perovskite materials through nonclassical crystal
nucleation and growth pathways.
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