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Reversible transformation between CsPbBr3

nanowires and nanoparticles†
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Jinjuan Doua and Nikolai V. Gaponenkob

We show that CsPbBr3 nanowires (NWs) are formed by the hierarchical

arrangement of individual nanoparticles (NPs), and reversible transfor-

mation from NWs to NPs is also achieved by anion exchange.

Among the leading energy materials, metal halide perovskite
(MHP) nanocrystals (NCs) remain at the forefront of current
research. The exciting feature of these NCs is their unprece-
dented high photoluminescence quantum yields (PLQYs) and
narrow emission band, which is extensively studied and optimized
during their synthesis as well as post-synthesis modifications.1

Compared with traditional metal-chalcogenide NCs, MHP NCs
possess unique characteristics of wide colour tenability via post-
synthesis anion exchange with good photochemical stability even
without shell coating.2 These properties make MHPs promising
materials not only for light-emitting diode applications but also for
other optoelectronic devices with enhanced performance,3 such as
solar cells,4 photoconductor detectors,5 and lasers.6 Despite
tremendous progress in photoelectric devices, many challenges,
including growth mechanism and rational morphology control,
should be settled before they can be applied in practical fields.

Very recently, high aspect ratio NWs have attracted significant
attention due to their potential applications in many optoelectronic
devices.7,8 For example, NWs can provide dominant carrier trans-
port pathways, which is an ideal electronic property for fabricating
high-efficiency solar cells. Therefore, the understanding of the
formation mechanism of MHP NWs is crucially important for
further optimizing their synthesis. On the one hand,9–13 Sardar’s
group found that formation of MHP NWs was attributed to the
assembly of spherical NCs.10 However, the formation of NWs with
good PLQYs takes too long. Wan et al. reported the synthesis of

CsPbI3 NPs and demonstrated how these NCs self-assemble into
NWs immediately.11 While saving time in operation was shown
with this approach, the self-assembly process leads to phase
transitions, thus losing the expected properties. Liu’s groups
developed a light-induced assistance method that allows
CsPbBr3 NCs to self-assemble into NWs while preserving their
cubic phase.12 However, such methods are believed to suffer
from the requirement of significant laboratory infrastructures.
On the other hand, Lee et al. showed that silver NWs can convert
into NPs.13 Besides, it was also found that the reversible
transformation between different phase MHP NCs can be
achieved by special treatment.14,15 However, all the reported
transformation pathways between NPs and NWs just occur in
one fixed direction. To the best of our knowledge, a reversible
method in morphology from NPs to NWs and then back to NPs
has not been investigated thus far.

In this communication, we report the synthesis of mono-
disperse CsPbBr3 NPs with B3.0 nm diameters, which are
assembled into NWs by the hierarchical arrangement of individual
NPs. Furthermore, a reversible transformation from NWs to NPs
can be achieved via anion exchange.

A reversible transformation from NPs to NWs and then back
to NPs is clearly shown in Fig. 1. To illustrate the detailed
process of reversible transformation, synthetic NCs were firstly
characterized by Transmission electron microscopy (TEM). The
product typically consists of uniform and ultrathin NWs. As
indicated by TEM, the thickness of the NWs is estimated to be

Fig. 1 Schematic diagram of reversible transformation between NWs and
NPs.
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only a few unit-cell-thick, and its length is about over a hundred
nanometers (ESI,† Fig. S1a). Because the thickness of NWs is
smaller than their Bohr radius (7 nm),16,17 a strong fluorescence
can be observed in the inset of the ESI,† Fig. S1e. Furthermore,
the optical absorption and steady-state PL spectra of the synthe-
sized CsPbBr3 NWs display peaks at 437 nm and 454 nm,
respectively (ESI,† Fig. S1e). The X-ray diffraction (XRD) pattern
shows that most of the peaks conform to cubic phase standard
card (PDF #54-0752) well. Although some of the interference
peaks correspond to the hexagonal phase standard card (PDF
#73-2468), it still indicates that the product is a cubic phase
(ESI,† Fig. S1f).18 As the concentration of NWs increases, these
NWs tend to be self-assembled into bundles on TEM grids (ESI,†
Fig. S1b–d). Upon careful inspection of the magnified TEM
images of the NWs (ESI,† Fig. S2), it is apparent that many
spherical NPs with a much darker contrast, are decorating their
body. Some people think that the bright particles are Pb particles
generated through in situ reduction of CsPbBr3 NWs.19,20 While
others believe that the bright particles are MHP NPs, which are
assembled into NWs.9,10

Since spherical NPs were found on the NW surface, the
reaction time was reduced to trace back to its source by time-
dependent TEM. The 5 s reaction sample displays nearly mono-
dispersed, ultrasmall spherical CsPbBr3 NPs with 3.2 � 0.2 nm
diameter (Fig. 2a and g). These results strongly support self-
assembly and an oriented attachment growth process where, at
the early stages of synthesis, ultrasmall NPs formed first. After
another 5 s, two or more NPs are fused to form tadpole-like
nanorods (t-NRs) with one or two enlarged spherical ends. The
width of the t-NRs is measured to be around B3 nm, while their
length varies from B2 to 10 nm (Fig. 2b). Therefore, we believe
that t-NRs are formed by the ‘‘oriented attachment’’ of spherical
NPs. Similar behaviour was previously observed in silver NWs.21

With the time of 30 s, the spherical ends of t-NRs became smaller

or even disappeared, and all NCs become NRs (Fig. 2c and h).
Magnified images are shown in the ESI,† Fig. S3, where these NRs
were observed to be around 20–30 nm in length and B3 nm in
width. With the extension of time, these NRs disappeared, and
some NWs with a diameter of 3 nm and large aspect ratios (with
length varying from B100 to 500 nm) are formed (Fig. 2d and e).
In addition, some comb-like nanostructures also are found,
which may originate from some NRs sharing the same crystallo-
graphic orientation in the junction regions with a large angle
mismatch (ESI,† Fig. S4).22 After the solution is aged for 5 min, all
NCs become NWs with a length up to hundreds of nanometers
(Fig. 2f and i). It is obvious that the length of the NWs increases
significantly with no apparent increase in their diameter, and
there is a significant reduction in the number of small particles
that are seen (Fig. 2a–f). Furthermore, several shaped NCs
corresponding to the formation of NWs are found on carbon-
coated TEM copper by high-resolution TEM (HRTEM). The NRs
with one or two enlarged spherical ends (ESI,† Fig. S5a) may
consist of NPs (ESI,† Fig. S5b), and then directionally connect
each other and eventually lead to the formation of NWs (ESI,†
Fig. S5c), as the morphology depicts in the ESI,† Fig. S5. As the
reaction time increases further, the thickness of the NWs
becomes thicker and results in redshift of the PL maximum up
to dozens of nanometers (ESI,† Fig. S6 and S7). Based on the
above observation, a possible mechanism of plausible nucleation
and growth of CsPbBr3 NWs in terms of the thermodynamics is
proposed and schematically described in the ESI,† Fig. S8. Initially,
these CsPbBr3 nanoclusters grow from dissolved metal–ligand
complexes to sphere CsPbBr3 NPs. According to the Gibbs–
Thomson equation, these NPs become unstable and tend to
aggregate as they grow to a critical size.9 To reduce the overall
energy, these NPs begin to attach through the facets with the
highest surface energy and form NWs. As time further increased,
these NWs approach each other to expand their width.

With the morphological evolution from NPs to NWs, the
absorption peak shifts to a higher wavelength, and the colour of
the solution gradually changes from blue to green under UV light
(ESI,† Fig. S9b). One can see the emergence of the absorption
peak corresponding to NPs at 398 nm (Fig. 3a). With increasing

Fig. 2 TEM images showing the time evolution of the morphology with
aging time: (a) 5 s. (b) 10 s. (c) 30 s. (d) 60 s. (e) 2 min. (f) 5 min. Histogram of
size analysis of NWs: (g) 5 s. (h) 30 s. (i) 5 min.

Fig. 3 (a) Absorption, (b) PL, (c) bandgap and (d) PL intensity of CsPbBr3

NWs with different reaction times.
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aging time, the intensity of the absorption peaks corresponding
to NWs at 427 nm progressively increases and redshifts, while the
peak at 398 nm diminishes and disappears. The change in the
peak position is further confirmed by the increase in lifetime and
bandgap (ESI,† Fig. S9a, c and Fig. 3c). Accompanying the
morphology transformation, the PLQY initially increases from
42% to 60%, then decreases to 54% (ESI,† Fig. S9d). Correspond-
ingly, the intensity of the PL peak at higher energy decreases, and
those of the peaks at higher wavelength appear and become stronger
(Fig. 3b and d). This PL switch confirms the conversion of NPs to
NWs. The conversion of CsPbBr3 NPs to NWs completes within
5 min as indicated by the vanished peaks at high energy direction.

Although extending the growth time can lead to the morphology
changing from NPs to NWs, it requires lots of time, energy input,
and laborious effort and thus increases the costs of production. It
was reported that polar solvent can rapidly induce self-assembly of
CsPbI3 NPs into NWs.11 To determine whether or not added polar
solvent can lead to a rapid broadening of NWs, some ethanol is
introduced into the NW solution. The colour of the solution
changing from yellow-green to green could be immediately observed
under UV light (ESI,† inset Fig. S10). After the introduction of
ethanol, the structure deformation and crystal polarization cause
the decrease of surface energy and the detachment of surface
ligands, leading to the decline of steric repulsion among the
NWs. Meanwhile, the dipole–dipole attraction and orientation force
will attract them closer. The spacing of adjacent NWs gradually
shrinks over time. Once adjacent NWs get attached, they fuse to
form a wider NW (ESI,† Fig. S10), like what occurs in the oriented
attachment of NPs.9 As depicted in Fig. 4, two or more thin NWs are
fused to form a thick NW through an oriented attachment process
(Fig. 4a–c). These thick NWs attract each other and combine into
thicker ones (Fig. 4c and d), and further merge with other NWs,
leading to even thicker ones (Fig. 4e and f). Furthermore, the
preformed NW parts have a chance to attach and merge with others

while each NW can still attract NWs and keep growing. Through the
self-assembly and fusion process, the final NW width can reach up
to dozens of nanometers. Moreover, strong polar solvents usually
accelerate the self-assembly process and rapidly form thicker NWs.
Interestingly, NWs with different thickness are found to have the
same lattice space of 0.42 nm corresponding to the 110 lattice
spacing. This indicates that the preferred oriented attachment
growth axis of the NWs is along the [110] direction of the cubic
structure (ESI,† Fig. S11). More importantly, it is found that the well-
known cubic shaped perovskite nanosheets may be attributed to s-
NW self-assembly, which is evidenced by TEM images (Fig. 4g–i and
ESI,† Fig. S12).

Interestingly, for the NWs the formation process is fully
reversible, and by an anion-exchange process again to the original
conditions, NPs with different morphologies can be regained
(Fig. 5), which is similar to the reverse process of oriented
attachment. These NWs become sphere NPs with a B5 nm size
by treatment with TBA-Cl (Fig. 5a) and show a clear lattice spacing
of 0.42 nm, which can be indexed as the (110) plane of cubic
CsPbBr3 (ESI,† Fig. S13a). While NWs become hexagon-shaped
NPs with a B20 nm size, also known as 0D MHP NCs,23 through
treatment with TBA-I (Fig. 5d and ESI,† Fig. S13b). This indicates
that in a network of NWs there exist some inter-wire junctions, and
these junction regions are disconnected by anion-exchange,
thereby producing NPs, which are the same as the NPs obtained
directly using the precursor. Additionally, the optical properties of
the CsPbBr3 NWs before and after the anion exchange were
characterized (ESI,† Fig. S14). The fluorescence peak at 457 nm
for CsPbBr3 NWs is redshifted with increasing iodide content
and blue-shifted as the chloride content is increased. However,
regardless of how the source of iodine is added, the fluorescence
peak is always around 580 nm. This may be because 0D
perovskite has a more stable (PbBr6)4� structure than that of
3D perovskite, thus suppressing anion exchange.

In summary, we realize a reversible transformation between
NPs and NWs through simple treatments. This transformation
is the first report of direct reversibility between CsPbBr3 NPs
and NWs where the cubic morphology of the CsPbBr3 NCs

Fig. 4 As self-assembly progresses, the morphology of the CsPbBr3 NWs
changes. (a–f) Variations from thin l-NWs to thick l-NWs. (g–i) Changes
from s-NWs to nanosheets.

Fig. 5 Schematic diagram of anion exchange (top). (a) TEM image of Cl�

exchange NWs. (b) TEM image of initial NWs. (c) TEM image of I� exchange
NWs.
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before and after the whole cycle is preserved or altered by
different halogens.
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