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Abstract 
 

Controlled Synthesis of Chalcogenide and Halide Perovskite 
Semiconductor Nanostructures 

 
by 
 

Dandan Zhang 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Peidong Yang, Chair 
 

Semiconductor nanomaterials have become an important class of materials with 
great potential for applications ranging from catalytic to electronic and 
optoelectronic devices. For next generation catalytic, optoelectronic, and photonic 
applications, the synthesis of high-qualify nanomaterials with uniform size, well-
defined morphology, composition, and surface chemistry is of key importance, 
because the electrical, optical, and magnetic properties of these nanomaterials are 
strongly dependent on those parameters. Besides technical interests, access to 
defined nanoscale structures is also essential for uncovering their intrinsic 
properties unaffected by sample heterogeneity. Rigorous understanding of the 
properties of individual nanocrystals will enable us to exploit them, making it 
possible to better design and build novel electronic, magnetic, and photonic 
devices and other functional materials based on these nanostructures. 

 
This dissertation explores both direct synthetic methods and post transformation 
approaches for rational synthesis of new nanomaterial systems, which are potential 
candidates for applications in areas of photovoltaics, non-noble-metal plasmonics, 
light emitting diodes, etc. And their structural, optical, and electrical properties 
have been investigated in detail. Chapter 1 provides an introduction to the current 
progress and common strategies used in rational control of the size, shape, 
composition, and surface chemistry of nanomaterials. Chapter 2 examines the Cu+ 
cation-exchange mechanisms in CdS nanowires. A detailed transformation diagram 
of cation-exchange chemistry from CdS to Cu2-xS nanowires is reported. By 
varying the reaction time and the reactants’ concentration ratio, the progression of 
the cation-exchange process was captured, and tunable crystal phases of the Cu2-xS 
are achieved. The overall process occurs in three stages: formation of 
discontinuous Cu2-xS islands, formation of core-shell CdS-Cu2-xS heterostructures, 
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and complete conversion to Cu2-xS nanowires with controllable crystal phases. 
Detailed structural characterization reveal that the resultant Cu2-xS phases become 
more stoichiometric with increasing reaction time and copper precursor 
concentration. This experimental result suggests a kinetically controlled process 
limited by diffusion. In Chapter 3, a catalyst-free, solution-phase approach has 
been developed to obtain single crystalline, orthorhombic CsPbX3 NWs with 
uniform growth direction. The morphological evolution of the CsPbBr3 
nanostructures along the reaction has been investigated, and the reaction protocol 
has been optimized to achieve a high yield of monodispersed nanowires likely due 
to a soft template mechanism. The direct synthesized CsPbI3 NWs show a room-
temperature stable double-chain phase, with weak photoluminescence mainly from 
the trap states. Anion-exchange reaction by using the monodispersed CsPbBr3 
NWs as templates can retain the favorable corner-sharing orthorhombic phase, and 
independently control the NW compositions, thus access to a wide range of 
compositions with bright and tunable photoluminescence spanning over nearly the 
entire visible spectrum. Meanwhile, surface treatment with the original precursors 
was performed to effectively passivate the surface states, and improve the quantum 
yield to over 10 times. In Chapter 4, a stepwise purification method has been 
developed to purify the ultrathin CsPbX3 NWs with a uniform diameter of 2.2±0.2 
nm. The structural and optical properties have been discussed. Aberration-
corrected high-resolution TEM shows the NWs are single crystalline, absorption 
and fluorescence spectrum shows that those NWs possess strong two-dimensional 
quantum confinement effects along with bright emission. The band gap of these 
ultrathin NWs can be tuned by anion-exchange reaction. 
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Chapter 1  
 
 
Size, Shape, Composition, and Surface Chemistry 
Control of Semiconductor Nanomaterial Synthesis 
 
 
1.1 Motivation for Size, Shape, Composition, and Surface Chemistry 
Control of Colloidal Nanomaterials 
  
Colloidal nanomaterials have become an important class of materials with great 
potential for applications ranging from catalysis, to biological labeling, and 
optoelectronic devices. Nanomaterials with a semiconductor as the inorganic 
materials stabilizing by a layer of surfactants, exhibit widely tunable physical 
properties, because the density of their electronic states can be widely and easily 
tuned by adjusting the crystal’s composition, size, shape, and surface chemistry. 
For many future applications, the synthesis of high-quality nanomaterials with 
narrow size distribution, and well-controlled morphology, composition, and 
surface properties is of key importance, because their electrical, optical and 
magnetic properties are strongly dependent on those parameters. Access to defined 
nanoscale structures is not only of technical interest, it is also essential for 
deciphering the nature of their intrinsic properties unaffected by sample 
inhomogeneity. Rigorous understanding of the properties of individual 
nanocrystals will enable us to exploit them, making it possible to better design and 
build next generation photonic, optoelectronic, magnetic devices based on these 
nanostructures. 
 
 
1.2 General Schemes for Colloidal Semiconductor Nanomaterial 
Synthesis 
 
The accessible complexity of nanomaterials by colloidal synthesis is rapidly 
expanding, starting with preparations of simple objects like spherical nanoparticles, 
the field is now moving toward more and more sophisticated structures where size, 
shape, and connectivity of multiple parts of a multicomponent structure can be 
tailored in an independent and predictable manner. Continuing efforts are 
underway to engineer nanomaterials’ composition, morphology, and surface 



 

 2 

property by optimizing the direct colloidal synthetic methods, or by means of 
postsynthetic approaches, such as ion-exchange reaction, ligand-exchange reaction, 
and the nanoscale Kirkendall effect. 
 
A typical system for colloidal nanomaterial synthesis consists of three components: 
precursors, organic surfactants, and solvents. In some cases, surfactants also serve 
as solvents. Upon heating the solution to a sufficiently high temperature, the 
precursor decompose forming active atomic or molecular species (monomers); 
which then nucleate and generate nanocrystals. The formation of the nanocrystals 
involves two steps: nucleation of an initial ‘seed’ and subsequent growth. In the 
nucleation step, precursors decompose or react at a relatively high temperature to 
form a supersaturation of monomers followed by a burst of nucleation of 
nanocrystals. The stage only lasts for a short period until the oversaturation drops 
below the critical level. The nuclei then will grow by deposition of additional 
monomer, and the growth will last as long as the solution is over saturated.  
  
In order to achieve the optimal conditions for the nanocrystal growth, the kinetics 
of nucleation and growth need to be delicate tuned, which is usually addressed 
empirically by searching for a good combination of molecular precursor, 
surfactants, solvent, and other reaction conditions, such as concentration of the 
precursors and surfactants, reaction temperature and duration. 
 
 
1.3 Shape and Morphological Engineering of Colloidal Nanomaterials 
     
Compared with equilibrium nanocrystals with nearly round shapes, nanocrystals 
with highly anisotropic shape have larger surface areas, which renders them 
metastable, high-energy forms. Formation of the metastable nanocrystals thus 
requires a kinetic growth regime, whereas equilibrium nanocrystals with low 
aspect ratios are obtained in the slow growth limit under thermodynamic control. 
At low growth rate, nearly round nanocrystals are formed, with broad size 
distribution. At higher growth rate, size focusing is observed. When the growth 
rate is increased just beyond the focusing regime, an astonishing variety of highly 
anisotropic shapes are obtained.1 
 
The onset of kinetic shape control can be widely adjusted using selective adhesion. 
In faceted crystals, selective adhesion of surfactant molecules allows for tuning the 
growth kinetics of different crystal facets and tailoring the nanocrystals shape from 
nearly spherical to highly anisotropic. Strong binding of capping molecules 
suppresses the growth of certain facets, leading to a variety of shapes.1 
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There are a number of other techniques that can be applied to engineer the shape of 
colloidal NCs, such as soft-templating and orientated attachment. In soft 
templating, the long carbon chain surfactants or the complex formed by the 
precursors and the surfactants will self assembled to form a soft colloidal template, 
such as polymer-like chains or lamellar structures for directing the crystal growth. 
A wide range of anisotropic nanocrystals including Au nanowires,2 CdS, CuS, 
ZnS, and Bi2S3 nanosheets3 have been reported through this mechanism. In 
oriented attachment, individual nanocrystal building blocks attach and fuse along 
identical crystal facets forming oriented chains.4 Such anisotropic assembly along 
one direction followed by subsequent fusion and annealing of surface defect has 
been reported for a number of systems including PbSe,4 CdTe,5 ZnO,6 ZnS,7 and 
ZnTe.8 Strong dipole-dipole interaction has been proposed as the driving force for 
the anisotropic particle attachment. Synthesis through the oriented attachment 
allows one to control the nanowire morphology. In addition to straight wires, 
zigzag, helical, branched nanowires, as well as single-crystal nanorings,4 and 
nanoflowers9 could all be prepared by adjusting the reaction conditions. 
 
 
1.4 Composition Engineering of Colloidal Nanomaterials 
 
The composition and internal structure are two important parameters that can be 
used to tune the optical and electronic properties of the nanomaterials. The 
composition engineering of colloidal nanomaterials can be divided into sub-areas 
including doping, alloying, and creation of multicomponent heterostructures.  
 
1.4.1 Doping 
 
Impurity doping is a highly pursued approach to tune the electronic, optical, and 
magnetic properties of semiconductor nanomaterials.10 Doped nanocrystals can 
have interesting properties, such as large Stokes shifts,11 paramagnetic properties,12 
and  improved lasing performance.13 However, currently the synthesis of these 
doped nanocrystals is still challenging due to the chemical dissimilarities between 
the dopants and their crystalline matrices. ‘Self-purification’ mechanisms14 are 
often claimed to make this task even more difficult, as the defects are easily 
annealed out owing to the small volume of nanocrystals and dynamic nature in the 
growth process. ‘Self-purification’ model is based on a fundamental assumption 
that the nanocrsytal is in thermodynamic equilibrium, indicating that impurity 
atoms must be able to diffuse readily through the nanocrystal in order to sample 
over multiple locations. However, in some cases, diffusion may not be facile under 
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solution phase synthetic conditions, then kinetic factors such as activation barriers 
will control doping. The impurity must absorb on the surface of the nanocrystal 
and then be covered by additional materials, so in this case the surface must be 
favorable for impurity binding.15 
 
The most common strategy for doping is to include a metal-salt to metal organic 
precursors containing the impurity in the synthesis. Such method has been applied 
for the synthesis of various doped nanocrystals, including Mn2+ doped ZnS,16 
ZnSe,17 CdSe,18 Cu+ doped ZnSe,11 Co2+ doped CdS,19 ZnS.19 Peng demonstrated a 
strategy to effectively control the impurity location by introducing the dopant 
precursors at specific stages of nanoparticle synthesis.11 Nucleation doping was 
realized by a mixed dopant and host precursor during the nucleation. After 
nucleation, the reactions were tuned to be sufficiently mild to make the dopant 
precursors inactive, and the growth of the host become the only process, which 
overcoated the dopant. For growth-doping strategy, the reaction medium was 
quenched by lowering the reaction temperature after formation of small host 
nanocrystals, under the new conditions, active dopant precursors were introduced 
and surface doping occurred without the growth of the host. The internal doping 
can be achieved by the regrowth of the host material on the surface of the doping 
layer. 
 
Cation-exchange reaction can also be used to incorporate low concentration of 
defects or dopants into the nanocrystal host by controlling the concentration of the 
dopant solution or the reactivity of the dopant precursors. Sahu et al. has 
demonstrate Ag+ doped CdSe by including trioctylphosphine as a strong binding 
reagent to Ag+ to reduce the driving force for ion substitution, permitting the 
controlled incorporation of Ag+ impurities at low concentrations as low as ~2 Ag+ 
per crystal.20 Other systems like Co2+, Mn2+, doped iron oxide nanocrystals, and 
Cu2+, Ag2+, Au3+ doped InAs nanocrystals21 have also been demonstrated by 
exposing the host nanocrystals to dilute solutions of dissolved dopant ions. 
 
1.4.2 Alloying 
 
Alloying is a process chemically related to impurity doping, but alloying will shift 
the band gap of the host semiconductor, instead, doping will usually modify the 
band structure by creating electronic states within the band gap that allows for 
lower energy light emission. Alloying of two semiconductor at the nanoscale 
produces materials that display properties distinct not only from their bulk 
counterparts but also from their parent semiconductor, and alloying at the 
nanoscale provide much larger tolerance to lattice mismatch. 



 

 5 

 
Alloyed semiconductor nanocrystals can be classified as either homogeneous alloy 
or gradient alloy where the alloy composition varies in different parts of the 
nanocrystal. Various alloyed semiconductor nanostructures, including II-VI,22 III-
V,23 and halide perovskite alloy materials,24 have been prepared through a ‘single 
pot’ organometallic procedure, by mixing all reagents into the reaction medium, 
with precise controlled molar ratios of different precursors. By controlling the 
reaction kinetics, it is able to tune the types of the alloy. Bailey et al. showed that 
homogeneous CdSexTe1-x alloy can be achieved under cadmium-limited conditions, 
since Se and Te maintain a nearly constant concentration during the entire course 
of the reaction, and gradient alloy with a CdTe-rich core will form under cadmium-
rich conditions, due to the intrinsic high reactivity and faster depletion of Te.22 
 
The alloy structure can also be prepared by first obtaining a core-shell structure 
from a two-step procedure, and then heating the core-shell structure to temperature 
higher than the ‘alloying point’ for the formation of homogeneous alloys.25 The 
rapid alloying process at the nanoscale above the alloying point may be attributed 
to both the dramatic increase of the diffusion coefficient and the depression of the 
melting point as the particle size decreases. 
 
Exchange reactions in which only a fraction of the cations or anions in the host 
lattice are replaced also permit incremental compositional control and convenient 
access to alloy nanocrystals. As II-VI compounds are known to form solid solution 
with other group 12 ions, partial exchange of II-VI nanocrystals with Cd2+, Zn2+, or 
Hg2+ can be used to form homogenously alloyed nanocrystals with constant 
morphology.26 The large halide ion mobility in halide perovskites allows rapid 
alloying process within the system.27 
 
1.4.3 Multicomponent Heterostructures 
     
Combining materials at nanoscale to prepare various multicomponent 
nanostructures opens up additional opportunities for manipulating wave functions, 
plasmon resonances, spins and other materials properties. Multicomponnet 
nanostructures can be prepared via multistep synthesis where presynthesized 
nanocrystals are used as seeds for nucleation and growth of other inorganic phases.  
It usually requires careful control over reactivity and concentration of the second 
precursors solution, the reaction temperature, and the concentration of the seeds, in 
order to suppress homogeneous nucleation.28 Significant progress has been 
achieved in the synthesis of core-shell nanomaterials combining two different 
semiconductors, metals, or a metal and a semiconductor.29 One possible 
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configuration is the one in which a narrow gap semiconductor is covered by a shell 
of semiconductor with wider band gap, this makes both electron and hole 
wavefunctions strongly confined to the core, this confinement regime called type-I 
heterostructure, such as CdSe@ZnS30 and CdSe@CdS.31-32 It is favorable for 
improving the quantum efficiency and photo-stability of the nanomaterials. 
Differently, when only one of the band edges of the core material is located in the 
gap of the shell material, such a band alignment is called type II, the 
photogenerated carriers are likely to be separated at the core-shell interface. A 
core-shell nanowires array with radial p-n junction thus can decouple the length 
scales for absorption and separation of charges, and is promising candidates for 
efficient and inexpensive solar cells.33 The seeded growth can be used to fabricate 
a large variety of core-shell structures. Depending on the interfacial energy, lattice 
matching, reactivity of different facets, and the reaction kinetics, more elaborate 
multicomponent nanostructures can form which deviate significantly from the 
core-shell type, such as dumbbells and even highly anisotropic heterostructures 
like tetrapods.29 
     
Besides seeded growth, ion exchange provides an alternative approach to 
postsynthetically manipulate the composition of as-synthesized nanomaterials, and 
to induce novel heterostructure formation. Provided that reactant and product 
phases are immiscible, partial ion exchange of a single-phase nanomaterial can 
create a heterostructrured product. This strategy affords significant advantages 
relative to traditional seeded growth method because it obviates any complications 
that may arise from homogeneous nucleation of the product phase. Ion exchange 
have been applied to a wide variety of heterostructure synthesis, including CdS-
Cu2S,34 CdS-Ag2S,35 CdSe-Cu2Se,36 ZnSe-Cu2Se,36 ZnS-Cu2-xS,37 and so on. 
 
 
1.5 Surface Environment Control of Colloidal Nanomaterials 
     
Because the large surface-to-volume ratio of nanometerials, their surfaces play an 
important role in many physical and chemical processes. At the surface of a pure 
inorganic semiconductor, undercoordinated surface atoms with dangling bonds 
often lead to a set of electronic states within the energetically forbidden gap of the 
nanocrytals. These localized states trap electrons and holes, degrade the electrical 
and optical properties of the materials, and hamper the performance of 
nanomaterials-based devices. Surface ligands – molecules that bind to the surface – 
can passivate electronic trap sites on the nanomaterial surface by forming a 
‘capping’ layer to saturate the dangling bonds on the nanomaterials core. The 
formation of a strong covalent bond between the surface atom and ligand shifts the 
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energy of bonding and antibonding orbitals outside the bandgap, cleans the 
bandgap of trap states responsible for fast non-radiative recombination, and thus 
increase the carrier and exciton lifetimes. Notably, surface passivation upon ligand 
binding is common but not universal: some ligands introduce new mid-gap 
electronic states and increase the rate of non-radiative relaxation: alkanethiol 
ligands, for example, quench luminescence of CdSe QDs by fast hole trapping.38 
 
Ligands can also influence the absolute energy of nanocrystals’ electronic states.39 
The surface bound ligand molecule generates an electric dipole. If dipoles point 
toward the nanocrystal center, the electric field potential shifts all energy levels 
down, and for the opposite case, vice versa. The orientation and magnitude of the 
surface dipole is determined by two competing contributions: the interfacial dipole 
formed between the surface atom and the ligand headgroup, and the intrinsic dipole 
associated with ligand molecular structure. Because all energy levels are shifted by 
the same energy, the bandgap of the nanocrystal will not be affected. However, the 
absolute energies of electronic states are key parameters in the device band 
alignment, and thus are central to the operation of solar cells, light-emitting diodes, 
and other NC-based devices. 
 
Most synthetic routes to high-qualify colloidal nanomaterials use surfactants with 
long hydrocarbon chains, such as oleic acid and oleylamine. However, the bulky 
capping molecules create an insulating layer around the nanocrystals and block the 
access of molecular species to the NC surface, results in poor interpartical coupling 
and catalytic behaviors. Ligand-exchange reactions extend the versatility of 
nanomaterials by allowing replacement of ligands optimized for synthesis with 
application-targeted species including organic, inorganic ions, clusters, and 
polymers. For example, exchange the native long chain ligands with compact 
inorganic molecules such as metal chalcogenide complexes can improve the charge 
transport property of the film made by the nanocrystals, making it more suitable 
for electronic applications.40 
 
According to the covalent bond classification method developed by M. L. H. 
Green, the ligand can be classified as three types, L-type ligands are two-electron 
donors (neutral Lewis bases, dative covalent bonds), X-type ligands are one-
electron donors (anionic, normal covalent bonds), and Z-type ligands are two-
electron acceptors (Lewis acids).41 In nonpolar solvent, all species involved in the 
exchange reaction should be electrically neutral. For this reason, L-type ligands 
such as amines or phosphines, can rapidly adsorb and desorb from the NC surface 
at room temperature, and exhibit a dynamic adsorption/desorption equilibrium. 
However, X-type ligands remain tightly bound because of the electrostatic penalty 
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for charging induced by self-desorption of X-type ligands.42 Similarly, neutral Z-
type ligands can be displaced by other metal complexes. The use of polar solvents 
lifts the requirement for an electrically neutral NC surface, permitting additional 
ligand exchange pathways. As a result, in polar solvent, charged X-type ligands 
can desorb and exchange via dissociative pathways. Besides exchange in single-
phase solution, ligand exchange in two-phase mixture solution is a common 
strategy to replace the organic capping ligand with compact inorganic ions.40,43-44 
 
The relative displacement potency of ligand depends on the ligand affinities to the 
NC surface and the relative abundance of incoming and outgoing ligands. 
Although mass action favors binding of the ligand present in excess, headgroup-
specific surface affinity can prevent displacement of strongly binding species. The 
ligand affinity is strongly dependent on electronic, entropic, and geometric factors, 
such as steric effect and chelation. The first case can be illustrated by the 
application of Pearson’s hard-soft acid-base (HSAB) principle for predicting the 
hard/soft match and strength of NC-ligand binding. 45 For example, soft Au0 and 
Cd2+ exhibit stronger affinity to soft S2- and thiol ligand compared to hard 
carboxylate and OH-.43 
 
 
1.6 Dissertation Outline 
 
There is tremendous progress in the field of nanomaterial synthesis, impressively 
narrow size distribution of just a few percent, rational shape-engineering, 
compositional modulation, electronic doping, and tailored surface chemistries are 
now feasible for a broad range of inorganic compounds. Further improving of our 
understanding on nanomaterial synthesis and applying these knowledge to new 
material systems allow us to rational design new nanostructure forms, study their 
basic property, and allow us to construct of nanosolids composed of those 
nanostructures as building blocks. 
 
Following the introduction in Chapter 1, each subsequent chapter details a set of 
experiment results that has applied some of those principles discussed above in the 
development of new nanostructured materials, and new insights related to the 
reaction mechanism and kinetics, as well as the material properties have been 
explored in detail.  
 
Chapter 2 examines the Cu+ cation exchange mechanisms in CdS nanowires. A 
detailed transformation diagram of cation-exchange chemistry from CdS to Cu2-xS 
nanowires is reported. By varying the reaction time and the reactants’ 
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concentration ratio, the progression of the cation-exchange process was captured, 
and tunable crystal phases of the Cu2-xS are achieved. The overall process occurs in 
three stages: formation of discontinuous Cu2-xS islands, formation of core-shell 
CdS-Cu2-xS heterostructures, and eventual complete conversion to Cu2-xS 
nanowires with controllable crystal phases. Detailed structural characterization 
reveal that the resultant Cu2-xS phases become more stoichiometric with increasing 
reaction time and copper precursor concentration. This experimental result 
suggests a kinetically controlled process limited by diffusion that may be general 
phenomenon in cation exchange reaction. 
 
In chapter 3, a catalyst-free, solution-phase approach has been developed to obtain 
single crystalline, orthorhombic CsPbX3 NWs with uniform growth direction. 
While the initial protocol yield small amount of NWs in the product, by adjusting 
the composition of the surfactants, the yield of NWs can be remarkably increased, 
likely due to a soft template mechanism as detailed discussed later. The direct 
synthesized CsPbI3 NWs show a room-temperature stable double-chain phase, with 
weak photoluminescence mainly from the trap states. Anion-exchange reaction by 
using the monodispersed CsPbBr3 NWs as templates can retain the favorable 
corner-sharing orthorhombic phase, and independently control the NW 
compositions, thus access to a wide range of compositions with bright and tunable 
photoluminescence spanning over nearly the entire visible spectrum. Meanwhile, 
surface treatment with the original precursors was performed to effectively 
passivate the surface states, and improve the quantum yield to over 10 times.  
     
In chapter 4, a stepwise purification method has been developed to purify the 
ultrathin CsPbX3 NWs with a uniform diameter of 2.2±0.2 nm. The structural and 
optical properties have been discussed. Aberration-corrected high-resolution TEM 
shows the NWs are single crystalline, absorption and fluorescence spectrum shows 
that those NWs possess strong two-dimensional quantum confinement effects 
along with bright emission. The band gap of these ultrathin NWs can be tuned by 
anion-exchange reaction. 
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Chapter 2  
 
 
Phase-Selective Cation Exchange Chemistry in 
Sulfide Nanowire System 
 
 
Much of the content of this chapter was originally written by the author for the following 
publication: D. Zhang, A. B. Wong, Y. Yu, S. Brittman, J. Sun, A. Fu, B. Beberwyck, A. 
P. Alivisatos, P. Yang, “Phase-selective cation-exchange chemistry in sulfide nanowire 
systems”, J. Am. Chem. Soc., 2014, 136, 17430-17433. Reprinted and adapted from the 
above publication with permission. Copyright 2014, American Chemical Society. 
 
2.1 Cation-Exchange Reaction for Post-Synthetic 
Transformation 
 
The development of nanomaterials for the next generation catalytic, 
optoelectronic, and photonic applications requires a robust synthetic toolkit 
for systematically tuning their composition, phase, and morphology at 
nanoscale length scales. While direct synthetic methods for preparing the 
colloidal nanomaterials from molecular precursors have advanced rapidly in 
recent year, post-synthetic transformation of these pre-formed nanostructures 
has enabled the step-wise construction of complex nanomaterials that are not 
accessible otherwise. Among these post-synthetic approaches, cation-
exchange reactions, in which the cations ligated within a nanocrystal host 
lattice are substituted with those in solution, have emerged as particularly 
powerful tools for fine-grained control over nanocrystal composition and 
phase. While cation exchange is an age-old phenomenon commonly 
observed in mineral replacement reactions1, its application in the synthesis 
of bulk materials is limited because of the sluggish diffusion kinetics of ions 
over large length scales. In contrast, ion-exchange reactions work well for 
the synthesis of nanomaterials owing to the short distance that cations need 
to travel within the material. In recent years, ion exchange has undergone a 
revival and has been used to synthesize a variety of advanced 
nanostructures, including nanomaterials of metastable phases2, nanoscale 
heterostructures3, and alloyed nanomaterials4.  
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2.2 Motivation for Cation-Exchange Reaction in CdS-Cu2-xS 
System 
 
Cation-exchange chemistry in CdS-Cu2S system has been extensively 
studied in the 1970’s and 1980’s, due to the proper band alignment between 
CdS and Cu2S for photovoltaic application.5 Because of the small lattice 
mismatch and similar hexagonal sulfur sublattices, partial exchange of CdS 
to Cu2S when CdS is exposed to a solution of Cu+ cations enables the 
formation of CdS-Cu2S thin film heterostructures, the recorded efficiency of 
the CdS-Cu2S thin film solar cells is around 9.15% at 1-sun conditions.6 
When single-crystalline CdS nanostructure are used as the starting material, 
interface produced by cation exchange are particularly high quality, 
probably because of the nanostructure’s ability to relax interfacial strain via 
its high surface-to-volume ratio.7-8 At the single nanowire level, solid-state 
diffusion of cations limits the reaction, as a result, cation exchange of CdS 
nanowires produces a heteroepitaxial core-shell structure with a CdS core 
and a Cu2S shell, and those core-shell nanowire solar cells have recorded 
open circuit voltage and fill factor for a CdS-Cu2S photovoltaic device.8 
Although cation-exchange chemistry is intended to produce a CdS-Cu2S 
heterojunction, stoichiometric Cu2S is only one of three hexagonal phases 
that appears on the Cu-S phase diagram near the 2:1 ratio.9 Like many of the 
metal chalcogenides, copper sulfide, have special structural properties that 
arise from their deficiency of cations. The cation-vacancy ordering in this 
material gives rise to distinct crystal phases that have similar crystal 
structures but different material properties. The experimentally identified 
phases of copper sulfides are low-chalcocite, djurleite, digenite, anilite, 
roxbyite, and covellite, all of which are p-type due to the copper vacancies in 
the lattice. Among the multiple phases, three possess similar hexagonal 
sulfur sublattice as wurtzite CdS; starting from stoichiometric low-chalcocite, 
djurleite exists for stoichiometries Cu1.93-1.97S, and roxbyite for 
stoichiometries Cu1.74-1.82S, compositions between these ranges are usually 
treated as mixtures of phases. As Cu leaves the lattice, the structure 
continuously tunes its arrangement of Cu atoms with only minor changes to 
the sulfur sublattice. Even with similar structure, those three phases have 
quite different physical properties. On one hand, due to the unique band 
structure and high extinction coefficient, low chalcocite has been extensively 
investigated and widely used as components of solar cells. On the other hand, 
deficient phases like djurleite and roxbyite exhibit metallic characters due to 
the high free carrier density, and thus supported localized surface plasmon 
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resonance (LSPRs) similar as noble metal nanoparticles, with wavelength 
can be dynamically tuned by controlling the free carrier density.10-11 
 
As a cation-deficient, p-type semiconductor, copper sulfide (Cu2-xS) shows 
significant promise for applications such as photovoltaics, memristors, and 
plasmonics. However, these applications demand precise tuning of the 
crystal phase as well as the stoichiometry of Cu2-xS, which is still a major 
challenge in the synthesis of Cu2-xS materials for a specific application. In 
this work, inspired by the character that cation-exchange reaction preserves 
the anionic framework when the size of the nanomaetierls is sufficiently 
large (>5-6 nm),12 and the fact Cu2-xS share a similar anion sublattice among 
different phases, by using CdS as a starting material, we would like to 
explore the possibility of using cation-exchange reaction to fine tune and 
rationally control the crystal phases of the resultant Cu2-xS. 
 
 
2.3 Synthesis of CdS wires and Cation-Exchange Reaction 
 
2.3.1 Solvothermal Synthesis of CdS Nanowires 
 
CdS nanowires were synthesized via a reported solvothermal approach with 
slight modification.13 In this approach, cadmium diethyldithiocarbamate 
([Cd-(DDTC)2]2) was used as a single-source precursor, along with 
ethylenediamine as solvent.  When the system was maintained under high 
temperature and pressure, the nucleophilic attack by ethylenediamine at the 
thione carbon will cause the decomposition of the single-source precursor to 
form CdS cluseters, ethylenediamine then serve as surfactant to guide the 
one-dimensional growth of the final product.13 
 
The as-grown single-crystalline CdS nanowires have diameters of about 30-
40 nm and length up to 10 µm, as shown by TEM (Figure A.1a) and SEM 
(Figure A.1c) characterization. Figure A.1b indicates the single-crystalline 
hexagonal wurtzite structure of the CdS nanowires oriented in the <002> 
growth direction. These uniform wires were chosen as the platform for 
further study of cation-exchange reaction to avoid any complicating effect 
potentially caused by non-uniform size and growth direction. 
 
2.3.2 Cation-Exchange Chemistry in CdS-Cu2-xS System 
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The reaction between CdS nanowires and [MeCN]4CuIPF6 was chosen as a 
model system with which to investigate the cation-exchange process. Two 
independent variables were used: the duration of the cation-exchange 
reaction and the [Cu+]/[Cd2+] ratio. The transformation proceeds from 
discontinuous Cu2-xS islands nucleating in the surface of CdS, to partially 
converted CdS-Cu2-xS core-shell nanowires, and eventually to fully 
converted Cu2-xS nanowires (Figure 2.1a) whose phases progress from 
roxbyite to djurleite and finally to low chalcocite with increasing time and 
concentration (Figure 2.1b). This controllable evolution demonstrates the 
capability of cation-exchange reactions to synthesize nanomaterials with 
specific morphologies and crystalline phases. The supporting information in 
appendix A details the specific reaction conditions used to produce the CdS-
Cu2-xS and Cu2-xS nanowires characterized in this work. 
 

 
Figure 2.1 Scheme and transformation diagram of cation exchange in the CdS-Cu2-xS 
system. (a) Sketch of the structural transformation from pure CdS NWs to CdS-Cu2-xS 
binary nanowires and pure Cu2-xS nanowires. (b) Transformation diagram of the influence 
of different paremeters on the products of the cation exchange reaction. 
 
 
2.4 Characterizations and Reaction Mechanism 
 
After introducing a small quantity of Cu+ ions into the CdS nanowire 
solution ([Cu+]/[Cd2+] ≤ 0.3), discontinuous Cu2-xS islands are formed in the 
surface of the CdS nanowires, as shown in EDS mapping of the nanowires 
(Figure 2.2a, 2.2b). Interestingly, the tips have a thicker layer of conversion 
than that of the side facets (Figure 2.2c-f). A similar observation was also 
reported in the cation exchange of CdS nanorods7. It was proposed that the 
lower formation energy of the CdS-Cu2-xS interface at the end {001} facets, 



 

 16 

as compared to that of the side facets such as {100}, contributes to the 
observed phenomenon7.  
  

 
Figure 2.2 STEM images and EDS mapping for Cd-L (in green) and Cu-K (in red) in 
CdS-Cu2-xS wires obtained with 0.2:1 [Cu+]/[Cd2+] ratio and 2 hours reaction. (a,b) 
Conversion at the side facets. (c-f) Conversion at the tips of the wires. Scale bar, 10 nm. 
 

  
Figure 0.3 HR-TEM images of (a, b) CdS-Cu2-xS core-shell nanowires produced by 
substoichiometric and (c, d) fully converted Cu2-xS nanowires with different [Cu+]/[Cd2+] 
ratio and 2 hours reaction. HR-TEM image of  (a) a core-shell nanowire obtained with 
0.5:1 [Cu+]/[Cd2+] ratio, (b) a core-shell nanowire with increasing shell thickness 
obtained with 1:1 [Cu+]/[Cd2+] ratio,  (c) a roxbyite Cu2-xS nanowire completely 
transformed from CdS nanowires obtained with 2:1 [Cu+]/[Cd2+] ratio, (d) a djurleite Cu2-
xS nanowire obtained with 10:1 [Cu+]/[Cd2+] ratio. Scale bar, 10 nm. 
 
Upon applying a higher but still substoichiometric concentration of Cu+ ions 
(0.5 ≤ [Cu+]/[Cd2+] < 2) or a short reaction time (less than 30 mins), partially 
converted samples with core-shell structures were observed (Figure 2.3a). 
The XRD spectrum shows a combination of diffraction peaks from both CdS 
and roxbyite Cu2-xS (Figure A.2), and the HRTEM image in Figure 2.3a 
shows that the CdS core maintains the wurtzite structure with the 
preferential <002> growth direction, and a thin roxbyite Cu2-xS shell has 
grown epitaxially at the surface, It is the small lattice mismatch between 
Cu2-xS and wurtzite CdS (Table A.1, Figure A.3) allowing the formation of 
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epitaxial growth of roxbyite shell on the surface of CdS with minimal 
formation of structural defects. The partially converted products created by 
low Cu+ concentration and short reaction time show similar properties, 
indicating the reaction may be limited by Cu+ ion diffusion. 
 
With an increased [Cu+]/[Cd2+] ratio (Figure 2.3) or reaction time (Figure 
2.4), an increasing degree of cation exchange was observed. At first, a larger 
[Cu+]/[Cd2+] ratio leads to a thicker Cu2-xS shell of CdS-Cu2-xS core-shell 
structure (Figure 2.3a, 2.3b). Higher ratios result in fully converted Cu2-xS 
nanowires that evolve from the roxbyite phase to djurleite phase (Figure 
2.3c, 2.3d). Meanwhile, the nanowires morphology was preserved after 
cation-exchange reaction under different reaction conditions, demonstrates 
the anionic framework is rigid and unchanged during the reaction. Figure 2.4 
shows the XRD patterns of the Cu2-xS nanowires after different durations of 
cation exchange, illustrating that longer reaction times lead to the formation 
of more stoichiometric phases of Cu2-xS. 
 

 
Figure 2.4 XRD patterns of the Cu2-xS nanowires obtained with different cation-
exchange reaction times and same [Cu+]/[Cd2+] ratio, showing that with longer reaction 
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time, the resultant Cu2-xS nanowires evolve into more stoichometric phases. (upper three) 
Experimental spectrums of Cu2-xS nanowires prepared under different reaction conditions. 
(low three) Standard patterns of low chalcocite, djurleite and roxbyite. The missing major 
peaks and the different intensity of the experimental spectra compared to the standard 
patterns are caused by the preferential orientation of the nanowires. 
 
The resultant Cu2-xS shell and fully converted Cu2-xS nanowires are not 
single-crystalline but composed of multiple crystalline domains with 
orientations related by 120° rotations about the hexagonal c axis as shown in 
Figure 2.5c. The djurleite phase was investigated for a more detailed 
analysis. Table A.1 lists structural data for Cu2-xS14 and wurzite CdS7. 
Traditionally djurleite Cu2-xS has been treated as orthorhombic since β is 
close to 90°, where the unit cell’s dimensions (a, b, c) are closely related to 
the hexagonal high chalcocite subcell (a!, c!) with a = 4c!, b = 4a!, c =
2 3a! (as shown in Figure 2.5b). Since djurleite’s unit cell is a simple 
superstructure of the hcp subcell, this relationship gives rise to three possible 
orientations of the orthorhombic forms relative to the hcp subcell, and the 
three orientations are related by 120° rotations about the hexagonal c axis 
(Figure 2.5c). It is proposed that at the initial stage of the cation-exchange 
reaction, Cu2-xS islands nucleate at different sites in the surface of the CdS 
nanowires with independent orientations and then merge to form a 
continuous Cu2-xS shell or fully converted Cu2-xS nanowires with large 
crystalline domains that are rotated by 120° (Figure 2.3b, 2.5d-e). This 
process may be generalized to other cation-exchange systems, and it could 
be the underlying reason for the formation of many of the domains and 
stacking faults observed in those systems15. 
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Figure 2.5 Relation between djurleite’s unit cell and the hcp sulfur sublattice. (a) CdS  
unit cell relative to the hcp sulfur sublattice. (b) Djurleite superstructure relative to the 
hcp sulfur sublattice. (c) The top direct lattice illustrations show three possible 
orientations of the djurleite structure relative to the hcp sulfur sublattice. Inset: simulated 
electron diffraction patterns of the djurleite phase corresponding to each orientation with 
zone axis of [010] (upper), [012] and [01-2] (lower). (d, e) HR-TEM images of two 
different segments taken from one wire showing djurleite patterns with different 
orientations. Scale bar, 10 nm. Inset: comparison of the simulated and experimental 
electron diffraction patterns.  
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The transformation of CdS nanowires into roxbyite, djurleite, and low 
chalcocite Cu2-xS nanowires is not abrupt and occurs in a continuous manner 
with increasing reaction time and [Cu+]/[Cd2+] ratio. The similarity between 
the products produced by lower Cu+ concentration and short reaction time, 
along with the phase evolution of the fully converted Cu2-xS nanowires 
suggest that the reaction is a kinetically controlled process limited by Cu+ 
ion diffusion. The reaction of CdS to produce Cu2-xS is in general 
thermodynamically favored.7 Although it is difficult to perform a direct 
thermodynamic comparison of those Cu2-xS phases because existing 
thermodynamic data on Cu-S system are available for only Cu2S and CuS,16 
previous experimental work by Burda et al. has demonstrated that djurleite is 
more stable than low chalcocite under ambient conditions.17 Moreover a 
recent computational study by Lambrecht et al. suggests that Cu2S has a 
thermodynamic instability toward copper-deficient Cu2-xS phases that favors 
the formation of copper vacancies even when in equilibrium with bulk 
copper.18 Therefore the observed progression of cation exchange towards a 
more stoichiometric Cu2-xS phase contradicts the expected result of a 
thermodynamically controlled process. Even though a detailed mechanism 
for the phase evolution requires further investigation, the experimental 
observations suggest that Cu+-for-Cd2+ cation exchange in a native CdS 
wurtzite lattice is a kinetically controlled process that is limited by diffusion. 
The Cu+ ions that exchange with Cd2+ ions in the CdS matrix can be treated 
as diffusion of Cu+ and Cd2+ driven by the concentration gradient between 
the surface and interior of the nanowire. The observed higher stoichiometry 
under increased Cu+ concentration with the same reaction time is consistent 
with this argument, because the diffusion flux of the Cu+ ions is proportional 
to their concentration gradient based on the Fick’s law. Similarly, if ionic 
diffusion is the limiting process, an extended reaction time with the same 
initial Cu+ concentration will allow for more Cu+ ions to diffuse into the CdS 
matrix, resulting in a higher degree of stoichiometry, as demonstrated. A 
deeper understanding of the phase evolution process will require continued 
study of the diffusion mechanism of Cu+ in CdS and the crystallographic and 
thermodynamic information of individual Cu2-xS phases. 
 
 
2.5 Conclusions and Future Outlook 
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Cation-exchange chemistry is used to transform CdS nanowires into phase-
controlled Cu2-xS nanowires. The overall process occurs in three stages: 
formation of discontinuous Cu2-xS islands, formation of core-shell CdS-Cu2-
xS heterostructures, and eventual complete conversion to Cu2-xS nanowires 
with controllable crystal phases. Detailed structural characterization reveals 
that the resultant Cu2-xS phases become more stoichiometric with increasing 
reaction time and copper precursor concentration. This experimental result 
suggests a kinetically controlled process limited by diffusion.  
 
While Cu2S shows proper band gap and high optical absorption for 
photovoltaic application, its sensitivity to O2 and propensity to be oxidized 
to cation-deficient phases limits its potential for commercial solar cell 
application. The deficient Cu2-xS phases, on the other hand, are relatively 
stable, and are a type of interesting non-noble-metal plasmonic materials. As 
demonstrated in this work, their composition and thus free carriers can be 
readily tuned through cation-exchange reactions. As a consequence of this, 
their localized surface plasmon resonance can potentially be tuned over a 
relatively wide spectral range. This tunability adds an extra facet to 
plasmonic nanomaterials, something that traditional metals such as gold do 
not have, as the numbers of free carriers in the latter stay fixed. The one-
dimensional nature of the nanowires also makes it possible to study the 
propagation of the surface plasmon polariton in those material systems when 
coupled with spatially resolved spectroscopy. 
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Chapter 3  
 
 
Composition Tunable and Highly Luminescent 
CsPbX3 Nanowires 
 
 
Much of the content of this chapter was originally written by the author for the following 
publication: D. Zhang#, S. W. Eaton#, Y. Yu, L. Dou, P. Yang, “Solution-phase synthesis 
of cesium lead halide perovskite nanowires”, J. Am. Chem. Soc., 2015, 137, 9230-9233; 
D. Zhang#, Y. Yang#, Y. Bekenstein#, Y. Yu, N. A. Gibson, A. B. Wong, S. W. Eaton, N.   
Kornienko, Q. Kong, M. Lai, A. P. Alivisatos, S. R. Leone, P. Yang, “Synthesis of 
composition tunable and highly luminescent cesium lead halide nanowires through anion-
exchange reactions”, J. Am. Chem. Soc., 2016, 138, 7236-7239; Reprinted and adapted 
from the above publications with permission. Copyright 2014, American Chemical 
Society. 
 
 
3.1 Introduction to Halide Perovskites 
 
Halide perovskites have attracted much attention from the materials science 
community because their solar cells have reached 20.1% efficiency after 
fewer than 5 years of widespread research.1 The dramatic rise of perovskites 
in photovoltaic has inspired scientists across many fields, and the initial 
hype has been bolstered by investigations of perovskites’ structural, optical, 
and electronic properties. The general formula of the perovskite crystal 
structure is ABX3, where A and B are cations of different sizes, and X is a 
halide anion (Figure 3.1). In the most common hybrid perovskites there are, 
respectively, CH3NH3

+, Pb2+, and a halide (I-, Br-, or Cl-) or mixture of 
halides. The smaller B cations locate in the octahedral vacancies formed by 
six X anions, with the octahedral sharing corners in a three-dimensional (3D) 
lattice. The larger A cations fill the vacancies between the octahedral and 
have twelve X nearest neighbors. The possibility for cations A and B are 
limited by stability of the resulting structure, which can be estimated 
geometrically by the Goldschmidt tolerance factor and an octahedral factor.2 
Figure 3.1 summarized in a concise way about the exciting properties and 
directions that halide perovskite structure can achieve. On one side, because 
of the valance of the ions in halide perovskite, its ionic bonding is much 
weaker compared to oxide perovskite, leading to highly mobile ions, 



 

 24 

especially halide ions,3-4 thus results in a wide chemical and optoelectronic 
property tunabilities. Moreover, due to the heavy ions in the lattice, the 
materials show very low thermal conductivity, and thus are promising for 
thermoelectric applications. On the other side, because of the symmetry 
breaking when lowering temperature, perovskites show a very rich phase 
diagram, and under certain symmetry, the lattice distortion can possibly 
induce spontaneous dipoles, which lead to ferroelectric properties. Besides 
that, because of the distinct properties of different phases, it is possible to 
build a switchable electronic device based on these materials. 
 

 
Figure 3.1 The beauty of halide perovskites (By courtesy of Yiming Yang). 
 
The most wide-studies halide perovskite is lead-based perovskite, mainly 
because of its ease of fabrication,5 strong light absorption,2 and good charge-
transport properties.6 And it has been applied to a wide variety of 
applications, including high-efficiency photovoltaic cell,7 light-emitting 
diodes,8 lasers,9 and photodetectors.10 Even though lots of efforts have been 
input to design and synthesize new lead-free halide perovskite compositions 
in order to resolve the toxicity issue of lead, so far, none of the new 
compositions have comparable performance. It has been proposed that the 
good optoelectronic properties of lead halide perovskite is related to the lone 
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pair electrons in the 6s orbitals of lead. Because of the lone pair electrons in 
s orbital, the conduction band minimum of the lead halide perovskite is 
mainly composed of lead 6p orbitals, results in large joint density of state, 
and thus high optical absorption of the materials. Beside, because of the lead 
6s and halide p orbital coupling in the valence band maximum, the lead 
halide perovskites have small and balanced carrier effective mass, which is 
one of the main reason for its good charge transport properties.11 
 
 
3.2 Colloidal Synthesis of CsPbX3 Nanowires 
 
3.2.1 Motivation for Colloidal Synthesis of CsPbX3 Nanowires 
 
Previous studies on the halide perovskites have revealed that these materials 
have great potential in optoelectronic applications. However, most of these 
studies were based on polycrystalline perovksite films deposited on 
substrates using vapor phase co-evaporation12 or solution deposition of a 
mixture of AX and BX2.5 The uncontrolled precipitation or evaporation of 
the perovskite produces large morphological variations, making it a non-
ideal platform for understanding these materials’ fundamental properties. 
 
Controlled synthesis of materials with high quality and well-defined 
morphology not only benefits fundamental research but also offers great 
promise for practical applications.13-15 Examples include the development of 
semiconducting quantum dots (QDs),13 one-dimensional (1D) NWs,14 and 
two-dimensional (2D) nanosheets,15 which can have superior optical and 
electrical properties to their bulk counterparts. In terms of inorganic halide 
perovskites, with the exception of single crystalline QDs,16 there have been 
no reports of 1D or 2D nanostructures.  Semiconductor NWs, in particular, 
currently attract widespread interest due to the great potential to advance 
fundamental and applied research towards new classes of inherently 1D 
photonic and electronic nanostructures. 
 
3.2.2 CsPbX3 Nanowires Produced by Colloidal Methods 
 
The preparation of CsPbX3 NWs was performed under air-free conditions 
using standard Schlenk techniques, by reacting Cs-oleate with Pb-halide in 
the presence of oleic acid and oleylamine in octadecene at 150 - 250 °C. For 
CsPbBr3 NWs synthesis, the reaction dynamics have been studied at 150 °C. 
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At the initial stage (t < 10 min), the reaction is dominated by the formation 
of nanocubes (NCs) with size ranging from 3-7 nm (Figure 3.2a). After 10 
mins, a few of thin NWs with diameters around 9 nm are found in the 
product (Figure 3.2b). With increasing time, more NWs form while the 
amount of NCs decreases; in addition, there are some square-shaped 
nanosheets in the product (Figure 3.2c). At a later stage (40 – 60 min) in the 
reaction, the nanosheets dissolved and NWs with diameters uniformly below 
12 nm (Figure 3.2d, e) and lengths up to 5 µm (Figure B.1) account for a 
greater proportion of the product, along with the formation of crystals with 
sizes larger than 200 nm. With longer time, the NWs gradually disappear, 
and the product consists mainly of the large crystals (Figure 3.2f). Notably, 
these morphologies do not represent discrete intermediates formed at 
specific reaction times, but evolve sequentially from each other. 
Consequently different intermediates can coexist in the product at a given 
time during the reaction. The growth of CsPbI3 NWs requires elevated 
temperatures (T > 180 °C) and demonstrates much faster kinetics. As such, 
the reaction is less controllable and the size distribution of the NWs is wider, 
ranging from tens to hundreds of nanometers (Figure B.2). The CsPbCl3 
NWs have also been synthesized at 150 °C, but the proportion of the NWs in 
the product at different reaction stages is always low (Figure B.3). 
 

 
Figure 3.2 Shape evolution of the as-prepared CsPbBr3 nanostructures synthesized with 
different reaction time.  Scale bar, 100 nm. 
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Notably, by replacing the original oleic acid surfactant with octylamine, the 
NW yield can be significantly improved, and after simple purification, the 
purity of the sample can reach about 90% (Figure 3.3). Oleylamine and other 
alkyl chain amines can coordinate with metal ions, and depending on the 
coordination of the surfactants to the metal ions, these complexes will either 
form cylindrical polymer bundles or lamellar structures, and those 
intermediate structures will serve as a soft template to guide the one-
dimensional or two-dimensional growth of nanostructures. Du et al.17 
generalized the soft-templating strategy to synthesize various 1D or 2D 
nanostructures including CuS nanosheets, ZnS, Bi2S3, and Sb2S3 nanowires. 
Here we think the mechanism is similar, and the complex formed by Pb2+, 
oleylamine and octylamine can serve as a soft template to guide the one-
dimensional growth of CsPbBr3 nanowires. We also test the robustness of 
this method by replacing octylamine with other alkyl chain amines with 
different carbon chain length, such as decylamine, or dodecylamine, which 
also work and produce NWs (Figure B.4). 
 

 
Figure 3.3 (a) XRD and (b, c) TEM images of the initial CsPbBr3 nanowires. Standard 
patterns for orthorhombic and cubic CsPbBr3 are provided for reference. The XRD 
pattern of the CsPbBr3 NWs contains unique features that belong to the orthorhombic 
phase (peaks at ~24°, 39°, 45°); however, since the standard patterns of cubic phase 
mostly overlap with the orthorhombic phase, the possibility of the coexistence of some 
cubic phase NWs cannot be ruled out.  
 
3.2.3 Optical Characterization of Direct-Synthesized CsPbX3 Nanowires 
 
The narrow PL spectrum of CsPbBr3 (Fig. 3.4a, dotted line) corresponds to 
excitonic emission with a small degree of quantum confinement (60 meV 
blue-shift) due to the narrow wire diameter. Temperature-dependent PL of 
the CsPbBr3 NWs reveals a small blue-shift (0.035 meV/K) with increasing 
temperature (Fig. 3.5). While the opposite trend is typically observed, this 
behavior has been reported for a range of materials including Pb-doped CsBr 
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crystals18 as well as closely related cesium metal halide19 and organometal 
halide pervoskites20-21. The effect is attributed to the balance between lattice 
expansion/contraction and electron-phonon coupling; electron-phonon 
coupling typically dominates band gap behavior and results in a red-shift 
with increasing temperature.  Yu et al. reported, however, that the lattice 
term was dominant in CsSnI319; we hypothesize that CsPbBr3 behaves 
similarly. 
 

 
Figure 3.4 Optical characterizations of CsPbI3 and CsPbBr3 NWs. (a, b) Typical optical 
absorption and PL spectra for CsPbBr3 NWs and CsPbI3 NWs, respectively. Inset: optical 
images of CsPbBr3 and CsPbI3 NWs under the laser beam. 
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Figure 3.5 Temperature-dependent PL spectra and excitonic peak positions of CsPbBr3 
(a,b) and CsPbI3 (c,d). 
 

Scheme 3.1 Schematic representations of three CsPbX3 (X = Cl, Br, I) orthorhombic 
crystal structures. Cs, purple; Pb, blue. 
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As shown in scheme 3.1, pure orthorhombic CsPbI3 has a substantially 
different crystal structure than orthorhombic CsPbCl3 or CsPbBr3. 
Orthorhombic CsPbI3 does not have a 3D corner-sharing PbI6 network but 
instead contains ribbons of edge-connected PbI6 octahedra and thus has only 
quasi-2D connectivity. The distinct crystal structure of CsPbI3 leads to its 
quite different optical behaviors. Our CsPbI3 PL spectrum (Fig. 3.4 b, dotted 
line) consists of two distinct peaks centered at 446 nm (2.78 eV) and 523 nm 
(2.37 eV) with widths of 115 meV and 530 meV (FWHM), respectively. The 
narrow, high-energy peak likely stems from excitonic emission similar to 
CsPbBr3, but the broad, low-energy peak observed for CsPbI3 has been 
attributed previously to the formation of self-trapped excitons (STE)22-23.  
Exciton self-trapping has been observed for a variety of ionic compounds 
including a number of recently studied organometal halide perovskite 
materials20,24-25. The temperature-dependent PL of CsPbI3 NWs is also 
significantly more complex than CsPbBr3 (Fig. 3.5). At low temperatures, 
only STE emission is observed. Upon heating past 100 K, the excitonic 
emission peak appears and grows monotonically with temperature. Unlike 
CsPbBr3, the excitonic peak red-shifts with increasing temperature, 
suggesting that strong electron-phonon coupling contribution dictates band 
gap behavior. This is consistent with the self-trapping of excitons; increased 
electron-phonon coupling results in greater lattice distortion in the proximity 
of the exciton, thereby increasing the probability of trapping24. 
 
 
3.3 Anion-exchange Reaction in CsPbBr3 Nanowires 
 
3.3.1 CsPbX3 Nanowires Produced by Anion-Exchange Reactions 
 
For the two related compositions (X = Cl, I), the NWs produced via direct 
synthesis suffered from low NW yield, poor diameter control, or undesirable 
optical properties. The growing interests in utilizing perovskite 
nanomaterials for various applications26-27 motivated us to pursue alternative 
methods that can achieve simultaneous synthetic control over both material 
composition and NW morphology.  
 
Postsynthetic chemical transformations, such as ion-exchange reactions, 
have proven to be simple and versatile approaches to achieve fine control 
over material compositions and to create new materials and nanostructures 
not readily accessible by other techniques.28-35  At the nanoscale, ion-
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exchange reactions have been studied mostly on II-VI, III-V, and IV-VI 
semiconductor compounds, involving partial or complete replacement of 
ions of a parent nanostructure by new guest ions. Recently, ion exchange in 
halide perovskites has rapidly emerged as an effective way to attain broad 
compositional tunability.31-35 Due to the high halide ion mobility3-4 and the 
rigid nature of the cationic sublattice4 of halide perovskites, fast and facile 
anion-exchange reactions have been demonstrated in CsPbX3 quantum dots 
and have afforded wide compositional and optical tunability.32-33    
 
The anion-exchange reactions were carried out under air-free conditions by 
reacting CsPbBr3 NWs with calculated amounts of I- or Cl- precursors 
(oleylammonium halide (OAmX) or PbX2) dissolved in oleylamine/oleic 
acid in octadecene at 80 °C. To improve the NWs’ dispersion for the PLQY 
measurements, surface treatment with the original precursors was 
performed.  
 
3.3.2 Structural Characterization of CsPbX3 Nanowires Produced by 
Anion-Exchange Reactions 
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Figure 3.6 XRD patterns of the parent CsPbBr3 NWs and the anion-exchange products, 
showing the retention of the original corner-sharing orthorhombic phase throughout the 
exchange reaction. Patterns for orthorhombic CsPbBr3 with ICSD no. 97851 is provided 
for reference. 
 
We observed that the crystal structure of CsPbBr3 NWs remains corner-
sharing orthorhombic after exchange with I- or Cl- anions, with only a slight 
shift in the XRD pattern. This is probably due to the rigidity of the cationic 
framework that leads to the topotaxial nature of the exchange. The shifts are 
explained by lattice expansion or contraction caused by the substitution of 
the larger I- ion or smaller Cl- ion, respectively (Figure 3.6). We also 
observed a slight change in XRD peak profile during anion exchange. More 
specifically, a simulated pattern has been used to fit the experimental XRD 
pattern of the Br-I alloy, the calculated lattice parameters show an 
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anisotropic expansion behavior compared to the lattice parameters of the 
orthorhombic CsPbBr3 (Figure B.5), indicating that a slight anisotropic 
distortion occurred within the lattice during anion exchange. The size and 
shape of the NWs are also preserved in both the Br-I and Br-Cl exchanges 
(Figure 3.7a-b). High-resolution transmission electron microscopy 
(HRTEM) images of the Br-I and Br-Cl exchange products clearly show the 
single-crystalline nature of the exchanged NWs, as the absence of epitaxial 
interfaces and grain boundaries indicates the formation of homogenous alloy 
structures (Figure 3.7c-d). Both cubic and orthorhombic phases have been 
observed by HRTEM analysis. These cubic phases may occur naturally or 
have been caused by electron beam induced phase transition, due to the 
small energy difference between the two phases (no more than 3kT36). The 
elemental mapping of the exchanged samples was obtained using energy 
dispersive X-ray spectroscopy (EDS) and also shows a uniform distribution 
of Cl/I along the whole NWs. 
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Figure 3.7 TEM images of CsPbX3 NWs with various degrees of conversion with (a) 
chloride and (b) iodide anions. The insets show the evolution of emission color (UV 
excitation λ = 365 nm) upon forming mixed-halide CsPb(Br/Cl)3 and CsPb(Br/I)3 NWs. 
HRTEM images of (c) Cl-exchange NWs and (d) I-exchange NWs) 
 
3.3.3 Optical Characterization of CsPbX3 Nanowires Produced by 
Anion-Exchange Reactions 
 
The halide exchange reactions of CsPbBr3 with different amounts of halide 
precursors were monitored ex situ using absorbance and photoluminescence 
(PL) spectroscopy (Figure 3.8a). The as-grown CsPbBr3 NWs have an 
emission peak at 519 nm, which gradually red shifts with increased I- 
content and reaching a final value of 680 nm. When the I- precursor was 
replaced with the Cl- precursor, the PL peaks of the CsPbBr3 NWs blue 
shifts to shorter wavelengths and eventually reaching the shortest 
wavelength at about 409 nm (Figure 3.8a). The quantitative elemental 
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composition of the alloy is analyzed using EDS (Figure 3.8b). The band gap 
calculated from absorption spectra of different alloys was correlated with the 
elemental composition using a binomial relation (Figure 3.8b), revealing a 
significant bowing effect with bowing parameters of -0.55 eV and 0.67 eV 
for Br-Cl and Br-I alloy respectively. Similar bowing is known for other 
semiconductor alloys, such as zinc chalcogenide or group-III nitride alloys.37 
We observed that, for the most converted Br-I NWs, the I- percentage is 
approximately 92%. Increasing the amount of I- precursor does not further 
red shift the emission wavelength. The distinct crystal structures between 
orthorhombic CsPbBr3 and CsPbI3 may be the reason for the self-limiting 
behavior of the Br-I exchange. For the Br-Cl exchanged NWs, quantitative 
data for the Br-Cl alloy with the largest conversion degree cannot be 
determined by EDS, due to excess amount of OAmCl which is difficult to 
clean away. However, the emission wavelength of 8 nm CsPbCl3 nanocubes 
from direct synthesis (410 nm)36 suggests the complete substitution of Br- 
with Cl- for the most converted Br-Cl NWs (409 nm). PLQY measurements 
show overall high QYs for the as prepared (Br, 53±0.7 %) and exchanged 
NWs (I, 81±2.5 %, Cl, 30±11 %) (Figure 3.8c). The PLQY increased with 
the I-exchange reaction, consistent with reports for 0D cubes.33 To study the 
defect-related recombination rate of the CsPbX3 alloy NWs, TRPL decays 
were measured and fit individually to a biexponential decay function (Figure 
B.6, Table B.1). The faster component likely corresponds to surface site 
recombination and the slower component to bulk recombination. The PL 
lifetime is in the range of 1 - 50 ns with longer lifetimes for the iodide-
exchanged NWs (Figure 3.8d-e), implying anion exchange does not 
significantly increase defect-related recombination in these materials. 
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Figure 3.8 (a) Evolution of the optical absorption (solid lines) and PL (dashed lines) 
spectra of CsPbBr3 NWs with increasing quantities of exchanged halide sources. (b) Plots 
of the absorption onset energy (in eV) as a function of iodide content or chloride content. 
(c) Measured PLQY as a function of the exchanged NWs’ bandgap energy. (d, e) TRPL 
decays and carrier lifetimes of parent CsPbBr3 and anion-exchange products.  
 
3.3.4 Electrical Characterization of CsPbX3 Nanowires Produced by 
Anion-Exchange Reactions 
 
In order to quantitatively study the defect density level in pure CsPbBr3 and 
alloy NWs, electrical transport and photocurrent measurements of the NWs 
were performed. The samples were prepared by drop-casting multiple NW 
bundles onto pre-patterned gold electrodes (Figure 3.9a). The gaps between 
the electrodes vary from 1 mm to 20 mm. Under low electric field, a linear I-
V characteristic is observed both under dark and light conditions (Figure 
3.9b). The conductance of the NWs increases by 103 upon illumination. The 
photoresponse of the device is fast and free of persistent photocurrent 
(Figure 3.9c), indicating a low density of deep trap states which typically 
exhibit longer response time. We also conducted high electric field 
measurements on devices with shorter channel widths. As shown in Figure 
3.9d, the dark and photo conductance of the device exhibits a significant 
non-linear increase at higher field. The enhanced conductance in shorter 
channel devices can be attributed to the trap-filled limit (TFL) conduction,38 
where the injected carriers start to fill the defect states in the NW. A more 
detailed study of the conduction mechanism is performed at 77K to 
minimize ion diffusion (Figure 3.9e, B.7). Three regions in the log-log plot 
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of I-V characteristic are clearly demonstrated. Under low field, the 
conduction of the NW follows Ohm’s law with a linear I-V curve. When the 
threshold voltage VTFL is reached, the conduction falls into the TFL regime 
with I ∝ Vn (n>3). Further increase of electric field eventually fills all of the 
defect states, and we measure a space-charge-limited current (SCLC) for 
which the conduction is governed by the Mott–Gurney law (I ∝ V2).38 It is 
worth noticing that these conduction mechanisms can only be resolved in 
semiconductors with low defect level and poor intrinsic conductivity, such 
as nearly perfect single crystals.38 By fitting the I-V curves, one can 
calculate the defect density as nt = 2εε0VTFL/ed2, where ε is the dielectric 
constant,39 e is the elemental charge and d is the device channel width. For 
pure CsPbBr3 NWs, we estimate a defect density of 1014 to 1015 cm-3. We 
note that the defect density may be overestimated, since the ligands on the 
surface of the NWs can lower the efficiency of charge injection and increase 
VTFL. The defect density in anion exchanged CsPbBr3-xClx and CsPbBr3-xIx 
shows only a slight increase (Figure 3.9f). The fast photoresponse and high 
PLQY of the CsPbX3 NWs implies that the existing defects mainly form 
shallow traps, which is consistent with recent theoretical works that have 
predicted mainly shallow intrinsic defects in hybrid halide perovskite.40   
 

 
Figure 3.9 (a) Schematic illustration of the transport measurement setup, the inset shows 
the optical image of pre-patterned gold electrodes for transport measurement (scale bar, 
60 µm). (b) I-V characteristics of a typical NW device under dark and light conditions. 
The light is generated from a solar simulator with an AM 1.5 filter. The device channel 
width is 20 µm, the inset shows same I-V curve in semi-log scale. (c) Photoresponse of 
the device under a constant bias of 2 V. (d) High electric field I-V curves of another NW 
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device with 1 µm channel width under dark and light conditions. (e) Low temperature 
transport measurement of the same device in (d). A fit of the I-V curve is shown for each 
of the three regimes. (f) Defect density as a function of various compositions. The defect 
density is calculated based on VTFL at 77K for each composition, e = 4.8 is used for all 
samples.39 
 
 
3.4 Summary and Conclusions 
 
In summary, a catalyst-free, solution-phase synthetic approach has been 
developed to obtain single crystalline, orthorhombic CsPbX3 NWs with 
uniform growth direction. Optical studies determined that both CsPbBr3 and 
CsPbI3 are PL active, and exhibit both unique compositional and 
temperature-dependent behavior. We show that CsPbBr3 NWs with high size 
monodispersity can be used as templates to independently control the NW 
composition through anion-exchange reactions. CsPbX3 alloy NWs with a 
wide range of compositions can be achieved，while retaining the favorable 
corner-sharing orthorhombic phase. The alloy NWs have bright and tunable 
photoluminescence spanning over nearly the entire visible spectral region, in 
addition to the favorable optoelectronic properties, making them interesting 
nanostructures for prospective optoelectronic devices. Future studies with 
these NWs will concentrate on the investigation of their thermoelectric 
properties as well as the development of their optoelectronic applications. 
Additionally, while this work focuses on the CsPbX3 class of compounds, 
the synthetic method reported here can potentially be applied to other 
inorganic perovskites, such as tin-based perovskites, which will be less 
toxic. 
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Chapter 4  
 
 
Ultrathin CsPbX3 Nanowires 
 
 
Much of the content of this chapter was originally written by the author for the following publication: D. 
Zhang#, Y. Yu#, Y. Bekenstein#, A. B. Wong, A. P. Alivisatos, P. Yang, “Ultrathin colloidal cesium lead 
halide perovskite nanowires”, J. Am. Chem. Soc., 2016, 138, 13155-13158. Reprinted and adapted from the 
above publication with permission. Copyright 2014, American Chemical Society. 
 
 
4.1 Introduction to Ultrathin Nanowires 
 
Semiconductor nanowires (NWs) with ultrathin diameter below the exciton 
Bohr radius, especially those with diameter down to atomic level (<3 nm), 
have attracted significant interest in the past few years because of their 
unique ability to combine the atomically thin radial dimension with the 
micron scale lengths. Moreover, their high surface area and their unique 
physical properties caused by strong quantum confinement effects position 
them as model systems to bridge and study the properties of nanomaterials 
and molecules.1 Synthetically, it is a fundamental challenge to make uniform 
ultrathin NWs due to the increased difficulty to control crystal growth at the 
atomic level. So far, only limited kinds of ultrathin NWs have been reported, 
such as Au2-3, Ag4, Cu2S5, Bi2S3

6, CdS7, EuOF8, and ZnS9. 
 
 
4.2 Synthesis and Purification of Ultrathin CsPbBr3 Nanowires 
 
Colloidal synthesis of ultrathin CsPbBr3 NWs was carried out using standard 
air-free techniques. The yield of the ultrathin NWs is always low, only about 
several percent, thus, we developed a stepwise purification method to 
improve the purity of the sample to over 90%, by using different volumes of 
ethyl acetate (EA) as the anti-solvent to gradually separate the ultrathin NWs 
from other impurities (Figure 4.1). Right after the synthesis, the solution was 
quenched by an ice-water bath, and was centrifuged to 6000 rpm for 5 min. 
The pelleted sample was discarded, and a certain amount of ethyl acetate 
was added to the supernatant to precipitate the product in there. As shown in 
Figure 4.1, when 7 equivalents of ethyl acetate have been added to the 
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supernatant, the product precipitated from the solution by centrifugation is 
mainly nanoparticles. The precipitated sample was separated from the 
supernatant, and a similar procedure have been repeated by adding more 
ethyl acetate to the supernatant, until the 3rd time, with the overall volume 
ratio of original supernatant to the anti-solvent to be about 1:35, a relatively 
pure ultrathin NWs sample (>70% purity) can be achieved. However, the 
purification process can easily damage surface passivation of the 
nanomaterials by peeling off the binding ligands10 and creating more surface 
states, which resulted in relatively low quantum yield. And because of the 
high surface area of the ultrathin NWs, this effect severely affected the 
ultrathin NWs more so than the remaining nanocubes, so that even though 
ultrathin NWs are the major product in the sample as shown in Figure C.1c, 
the PL spectrum of the same sample is still dominated by the residual 
nanocubes. For optical characterizations, a final wash-centrifuge-redisperse 
purification cycle is necessary to further improve the purity of the ultrathin 
NWs to over 90% (Figure 4.1d, C.1b). However, due to the fragile nature of 
the ultrathin NWs, extensive purification will inevitably induce some 
damage to the sample, such as increasing the size distribution and 
introducing a small amount of other undesirable morphologies (Figure C.2). 
Therefore, for other structural characterizations, this final step was omitted 
to avoid further damage by additional purification steps. In general, the 
ultrathin NWs display remarkable diameter uniformity, but they will easily 
melt and become damaged after long electron beam irradiation. The 
corresponding energy dispersive X-ray spectroscopy (EDS) analysis (Figure 
C.3) reveals that the NWs contain cesium, lead, and iodide, with a nearly 
1.0:1.2:2.5 atomic ratio, this metal enrichment phenomenon is commonly 
observed in nanomaterials, and known to increase with decreasing crystal 
size11. This effect is assigned to the fact that the ligands can preferentially 
bind to cationic metal ions, resulting in a metal rich surface. 
 

 
Figure 4.1 Stepwise purification process of ultrathin CsPbBr3 NWs (scale bar: 50 nm). 
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4.3 Characterization of Ultrathin CsPbBr3 Nanowires 
 
4.3.1 Structural Characterization of Ultrathin CsPbBr3 Nanowires 
 
The transmission electron microscopy (TEM) image in Figure 4.1 shows that 
when the sample was dried on the TEM grid, the NWs tend to align parallel 
to each other and form closely packed highly ordered array structures. In 
order to characterize these structures, SAXS has been applied. As shown in 
Figure 4.2, SAXS reflections show a prominent diffraction ring with a d-
spacing of 4.63 nm, corresponding to the NW with a width of (~2.2 nm) plus 
two layers of surfactants with a large degree of intercalation (~78%). The 
deep ligands intercalation explains why the wires tend to form bundles. The 
full width at half maximum (FWHM) of the diffraction peak is narrow and 
corresponds to 0.27 nm, indicating the remarkable diameter uniformity of 
the ultrathin NWs, which is consistent with the TEM observations. The 
SAXS pattern of the ultrathin NWs after final purification shows a larger d-
spacing with wider FWHM (Figure C.2), which is due to the damage of the 
NWs caused by extensive washing as discussed above. 
 

 
Figure 4.2 (a) Combined SAXS (purple) and XRD (green) experimental patterns 
recorded on the ultrathin CsPbBr3 NWs, and the standard XRD patterns for cubic and 
orthorhombic phases of CsPbBr3. The inset shows the corresponding SAXS pattern. (b) 
Experimental low dose AC-HRTEM image of a single ultrathin CsPbBr3 NW. The dose-
rate is 48 eÅ-2s-1 and the exposure time is 5 s, giving rise to a total dose of 240 eÅ-2 
within the single frame. False color is applied on the NW (scale bar: 2 nm). (c, d) False-
colored image and corresponding diffractogram of the selected red-boxed region in (b). 
(e, f) Simulated AC-HRTEM image and corresponding diffractogram of orthorhombic 
CsPbBr3 NW (Image defocus: -10 nm). (g, h) Simulated AC-HRTEM image and 
corresponding diffractogram of cubic CsPbBr3 NW (Image defocus: -8 nm). 
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The standard powder X-ray diffraction (XRD) patterns of cubic and 
orthorhombic CsPbBr3 phases can both fit the experimental XRD of the 
ultrathin NWs (Figure 4.2a), the severe peak broadening due to the small 
size of the NWs prevents the unequivocal determination of their crystal 
structure. High-resolution TEM (HRTEM) has been performed to further 
characterize the structure of the ultrathin CsPbBr3 NWs. However, HRTEM 
images of the CsPbBr3 ultrathin NWs have proven exceptionally challenging 
to acquire because they are sensitive to beam damage, and their small size 
can only provide limited image contrast. In order to resolve those problems, 
we use aberration-corrected HRTEM (AC-HRTEM), which can improve the 
image resolution by minimizing the surface delocalization effect12-13. Also, 
we carefully control the imaging electron dose to minimize the beam 
damage. The electron doses were chosen such that the pristine crystal 
structure could be maintained during the image acquisition. Figure 4.2b 
shows a low-dose AC-HRTEM image of a single CsPbBr3 NW with ~2.2 
nm in diameter. The well-resolved lattice image in the red-boxed region and 
the corresponding diffractogram are shown in Figure 4.2c and 4.2d, 
indicating the single-crystalline feature of the ultrathin NWs. To further 
analyze the structure, image simulations were carried out. Figure 4.2e-h 
show the simulated images and the corresponding diffractogram of 
orthorhombic and cubic phase CsPbBr3 NWs, respectively. Qualitatively, 
both the orthorhombic and cubic simulations can fit well with our 
experimental result because of the highly similar characteristics between 
those two phases. As a result, it is still quite difficult to unequivocally 
determine the crystal structure of the ultrathin NWs even with the 
combination of high-resolution imaging and simulations. In order to get a 
complete and reliable model of the structure of the ultrathin NWs, 
complementary structural characterization techniques such as X-ray 
Absorption Spectroscopy (XAS), Raman spectroscopy, and nuclear 
magnetic resonance (NMR) may needed for future work. 
   
4.3.2 Optical Characterization of Ultrathin CsPbBr3 Nanowires 
 
 In order to restore the surface passivation of the NWs and improve the QY, 
surface treatment with PbBr2 precursor was preformed. PLQY measurement 
shows that the QY of the ultrathin NWs is around 30% (Figure C.4), which 
is lower than the QY of our previously reported 10 nm CsPbBr3 NWs 
(PLQY = 53%)14, which is probably due to the increased surface states. 
Notably, the surface treatment not only can increase the QY of the ultrathin 
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NWs, but it also can improve the stability of the NWs by retarding its 
ripening processes. An example of this is demonstrated in Figure 4.3, where 
the NWs were drop casted on TEM grids, and stored in a desiccator. 
Samples without surface treatment will break and ripen in three days, while 
the one with surface treatment will be stable for weeks. When dispersed in 
solution, the ultrathin NWs will gradually ripen to form larger wires and 
crystals (Figure C.5). 
 

 
Figure 4.3 (a) Ultrathin CsPbBr3 NWs without surface treatment, drop-casted and dried 
on TEM grid, and stored in desiccator for 3 days. The thin wires have broken and ripened 
to form thicker rods. (b) Ultrathin CsPbBr3 NWs after surface treatment, and storage for 7 
days in the same desiccator, the sample quality is still good (scale bar: 50 nm). 
 
To inspect the quantum confinement effect of the ultrathin NWs, UV-vis 
absorption and PL spectra were measured. As shown in Figure 4.4, the 
solution of the ultrathin NWs shows bright blue emission under a UV-lamp. 
The distinct peak at λ = 442 nm (2.81 eV) in UV-vis absorption spectrum is 
due to the first absorption band of the ultrathin NWs, the sharp absorption 
peak also indicates that the NWs are uniform in diameter, which is 
consistent with the TEM results. The PL emission spectrum exhibits a 
relative narrow peak centered at λ = 465 nm (2.67 eV) with FWHM of 0.15 
eV, and a typical Stokes shift of 0.14 eV. The blue-shifted emission 
compared to that of the nanocrystals, nanoplates, and 10-nm-thick NWs 
indicates the existence of a very strong two-dimensional quantum 
confinement effect. And the larger Stokes shift in the ultrathin NWs implies 
that the band-edge electronic structure of CsPbBr3 is highly size dependent. 
The peak position is in close agreement with the emission of the 4-unit-cell 
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thick CsPbBr3 (2.33 nm) nanoplates15, and considering this is the sample 
after final purification, then the original wires should have even smaller 
diameters, which are in accordance with TEM and SAXS observations.  
 

 
Figure 4.4 (a) Optical absorption (solid line) and PL (dash line) spectra, (b) Low-
resolution TEM and AC-HRTEM images of CsPbBr3 ultrathin NWs, 10 ± 2 nm NWs, 
nanocrystals, and nanoplates. The insets show the emission color of different 
morphological species under UV illumination (λ = 365 nm). 
 
 
4.4 Anion-Exchange Reaction on Ulthathin CsPbBr3 Nanowires 
 
In order to achieve wide chemical tunability, a facial anion-exchange 
process has been applied to the ultrathin CsPbBr3 NWs in which Br- anions 
are replaced with either Cl- or I- ions. Halide exchange reactions were 
carried out at room temperature using PbX2 (X = Cl, I) as precursors 
(Appendix C). The blue emission from the ultrathin CsPbBr3 NWs can be 
readily tuned through purple to red emission with different conversion 
degree, and surprisingly the morphology of the ultrathin wires have been 
largely preserved. The slightly size expansion (Br-I exchange) and 
contraction (Br-Cl exchange) can also be readily observed from the TEM 
images (Figure 4.5). It is worth to mention that when excess amount of 
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anion-exchange precursor has been add into the system, a competitive 
reaction mechanism other than anion-exchange reaction can be clearly 
observed, involving damage to the ultrathin NWs with the formation of 
nanocubes and irregular nanocrystals (Figure C.6). We suspect that 
coordinating excessive amount of ligands on the ultrathin wires will 
gradually etch and dissolve the NWs, subsequently leading to formation of 
other morphologies, like cubes or irregular crystals, which are 
thermodynamically more favorable. This undesirable competitive reaction 
can be largely suppressed by reducing the amount of the precursor. 
However, occasionally asymmetric red emission tails observed in the PL 
emission spectra (Figure 4.5a) implies that a small portion of the ultrathin 
NWs are still damaged during the anion-exchange process. 
 

 
Figure 4.5 (a) Colloidal solution of anion-exchanged ultrathin NWs in toluene under UV 
illumination (λ = 365 nm). Corresponding PL spectra of the halide-anion exchanged 
samples. (b) TEM images of Cl- and I-exchange NWs (scale bar: 50 nm). 
 
 
4.5 Summary and Conclusions 
 
We have developed a method to synthesize and purify ultrathin C with a 
uniform diameter of 2.2±0.2 nm. The exact mechanism of the growth of 
ultrathin CsPbBr3 NWs is still largely unknown. The presence of particles 
with larger size than the diameter of the NWs disfavors an oriented 
attachment mechanism. And in situ aliquots study is not suitable, due to the 
coexistence of other morphological species. During the revision of this 
manuscript, Imran et al. demonstrated the role of ligand in controlling the 
diameter of perovskite NWs16. This along with previous reports17-18 suggests 
a complicated kinetically driven growth process for lower dimensionality 
perovksite, that for which the details are by large not fully understood and 
demands further investigation. Structural characterizations techniques such 
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as AC-HRTEM show the NWs are single crystalline. The combination of 
strong two-dimensional quantum confinement effects along with bright 
emission and band gap tunability position these ultrathin NWs as a unique 
model system for the study of strong quantum confinement effects in one-
dimensional halide perovskites. 
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Appendix A  
 
 
Supporting Information for Phase-Selective 
Cation-Exchange Chemistry in Sulfide Nanowire 
System 
 
 
Experimental details: 
 
Synthesis of CdS nanowires: All chemicals were used as received without 
further purification. CdS nanowires were synthesized via a reported 
solvothermal approach with slight modification1-2. Briefly, 0.2 g cadmium 
diethyldithiocarbamate ([Cd-(DDTC)2]2) (96%, Gelest) was dissolved in 20 
mL ethylenediamine (>99%, Sigma-Aldrich) and transferred to a Teflon-
lined stainless steel autoclave. The autoclave was sealed and maintained at 
200 °C for 15 hours, then allowed to cool to room temperature naturally. 
The yellowish precipitate of CdS nanowires was isolated by centrifugation at 
6000 rpm for 3 mins and washed three times with methanol (certified ACS, 
Fisher Scientific). The CdS nanowires were stored in a nitrogen-filled 
glovebox. 
 
Cation exchange of CdS nanowires: For the cation-exchange reaction 
tetrakis(acetonitrile)copper(I) hexafluorophosphate  ([MeCN]4CuIPF6) (97%, 
Aldrich) was used as the source of Cu+ cations, which is similar to previous 
work3. The reactions were always performed inside a nitrogen-filled 
glovebox at room temperature. In a typical reaction, 0.9 mg of as-
synthesized CdS was redispersed in 9 mL anhydrous methanol (99.9%, Alfa 
Aesar) with brief sonication. [MeCN]4CuIPF6 was dissolved in 10 mL 
anhydrous methanol. After the addition of the Cu+ solution, the yellow 
suspension of CdS nanowires immediately turned dark brown, indicating the 
initiation of the conversion from CdS to Cu2-xS. Two independent reaction 
variables were systematically investigated in the study: the time of reaction, 
and the concentration of Cu+ solution, which determined the [Cu+]/[Cd2+] 
ratio. The nanowires were isolated at different reaction times, from 5 mins 
up to 200 hours, and the [Cu+]/[Cd2+] ratio varied from 0.2:1 to 300:1. After 
the reaction, the nanowires were washed in methanol, followed by 
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centrifugation at 6000 rpm for 5 mins and removal of the supernatant. Table 
S1 details the specific reaction conditions used to produce the CdS-Cu2-xS 
and Cu2-xS nanowires characterized in this work. 
 
Charaterization: Powder X-ray diffraction (XRD) patterns of the obtained 
products were measured on a Bruker AXS D8 Advance diffractometer with 
a Co Kα source. The transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) images and selected-area electron diffraction 
(SAED) patterns were taken with a FEI Tecnai TEM at an accelerating 
voltage of 200 kV. The energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping images were recorded on a FEI Titan-X TEM at 80 kV. 
The scanning electron microscopy (SEM) images were taken with a JOEL 
field emission SEM at an accelerating voltage of 5 kV. 
 

 
Figure A.1 Structual characterization of CdS nanowires.(a) Representative TEM image 
of as-grown CdS nanowires. (b) High-resolution TEM image of an individual CdS 
nanowire, showing the single-crystalline structure. Inset: FFT image of the same wire, 
showing its <002> growth direction. (c) SEM image of the CdS nanowires spin-coated on 
a Si substrate with lengths up to 10 µm. (d) Experimental (top) and reference (bottom) 
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XRD spectrum of CdS nanowires drop-cast onto a glass slide. The results show that the 
CdS nanowires grow in a preferential orientation along the c axis, hence the (002) peak is 
weakest, which is consistent with the growth direction shown in Figure S1b, since most 
of the wires are lying flat. 
 

 
Figure A.2 XRD patterns of the CdS-Cu2-xS core-shell nanowires with 1:1 [Cu+]/[Cd2+] 
ratio and 2 h reaction. 
 
Table 0.1 Crystal structure data of CdS3 and different phases of Cu2-xS4 
 

 
Composition Crystal structure Crystal structure for 

convenience 
CdS CdS Hexagonal 

a1 = 4.160 Å    c1 = 6.756 Å 
 

High-chalcocite Cu2S Hexagonal 
a2 = 3.95 Å      c2 = 6.75 Å 

a=a                
c=ch 

Roxbyite Cu1.74-1.82S Triclinic (4Cu29S16 *) 
a3 = 13.409 Å  b3 = 13.405 Å 
c3 = 15.485 Å 
α1 = 90.022°     β1 = 90.021° 
γ1 = 90.022° 

orthorhombic 
a=13.409 Å =2ch 
b=13.405 Å=2√3ah 
c=15.485 Å =4ah 

Djurleite Cu1.934-1.965S Monoclinic (8Cu31S16) 
a4 = 26.897 Å  b4 = 15.745 Å 
c4 = 13.565 Å 
β2 = 90.13° 

orthorhombic 
a=26.897 Å =4ch 
b=15.745 Å =4ah 
c=13.565 Å=2√3ah 
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Low-chalcocite Cu1.997-2S Monoclinic (48Cu2S) 
a5 = 15.246 Å  b5 = 11.884 Å 
c5 = 13.494 Å 
β3 = 116.35° 

Pseudo-orthorhombic 
a=11.92 Å =3ah 
b=27.34 Å =4√3ah 
c=13.494 Å =2ch 

 

 
Figure A.3 CdS unit cell and simplified crystal structures of roxbyite, djurleite and low-
chalcocite, showing a similar S2- sublattice. 
 
(1) Yan, P.; Xie, Y.; Qian, Y.; Liu, X. Chem. Commun. 1999, 1293. 
(2) Jen-La Plante, I.; Zeid, T. W.; Yang, P.; Mokari, T. J. Mater. Chem. 
2010, 20, 6612. 
(3) Sadtler, B.; Demchenko, D. O.; Zheng, H.; Hughes, S. M.; Merkle, M. 
G.; Dahmen, U.; Wang, L.-W.; Alivisatos, A. P. J. Am. Chem. Soc. 2009, 
131, 5285. 
(4) Putnis, A. Am. Mineral. 1977, 62, 107. 
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Appendix B 
 
 
Supporting Information for Composition Tunable 
and Highly Luminescent CsPbX3 Nanowires 
 
 
Experimental details: 
 
Chemicals: Cs2CO3 (99.9%, Aldrich), octadecene (ODE, 90%, Aldrich), 
oleic acid (OA, 90%, Aldrich), PbCl2 (99.999%, Aldrich), PbBr2 (99.999%, 
Aldrich), PbI2 (99%, Aldrich), Oleylamine (OLA, Aldrich, 70%), hexane 
(99.9%, Fisher Scientific). All chemicals were used as received without 
further purification. 
 
Preparation of Cs-oleate solution: Cs-oleate solution were prepared via a 
reported approach developed by Protesescu et al.1 Briefly, 0.4 g Cs2CO3 and 
1.2 mL OA were loaded into a 3-neck flask along with 15 mL ODE, 
degassed and dried under vacuum at 120 °C for 1h, and then heated under N2 
to 150 °C until all Cs2CO3 reacted with OA.  
 
Synthesis of CsPbX3 nanowires (original protocol): 5 mL ODE and 0.18 
mmol PbX2 were loaded into a 3-neck flask and degassed under vacuum for 
1 h at 120 °C. certain amount of OLA and OA were injected at 120 °C under 
N2 (typically, 0.3 mL OLA, 0.4 mL OA for CsPbBr3, 0.5 mL OLA, 0.8 mL 
OA for CsPbI3). The temperature was raised to 150 °C and 1 h was allowed 
for complete dissolution of the PbX2 salt. For the synthesis of CsPbBr3 and 
CsPbCl3 nanowires, the solution was kept at 150 °C, and 0.6 mL as-prepared 
Cs-oleate solution was quickly injected. After certain duration, the reaction 
mixture was cooled by an ice-water bath. For CsPbI3 nanowires, higher 
temperature (>180 °C) is needed for relative uniform nanowire growth. In a 
typical case, after complete dissolution of PbI2 salt, the temperature was 
raised to 250 °C, and 0.6 mL  of as-prepared Cs-oleate solution was injected. 
After 5 – 10 mins, the reaction mixture was cooled by an ice-water bath.  
 
Synthesis of CsPbBr3 nanowires (new protocol): 5 mL ODE and 0.2 
mmol PbX2 were loaded into a 3-neck flask and degassed under vacuum for 
20 min at 120 °C. 0.8 mL dried OCT and 0.8 mL dried OAm were injected 
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at 120 °C under N2 successively. After the injection of OCT, the solution 
would gradually turn a bit milky, and with the injection of OAm, the 
solution would turn clear. The temperature was raised to 135 °C, the solution 
was stirred for 20 minutes and became opaque white. The solution was kept 
at 135 °C, and 0.7 mL of as-prepared Cs-oleate solution was quickly 
injected. After certain duration (40 - 60 min), the reaction mixture was 
cooled by an ice-water bath. The NWs were isolated by centrifugation at 
6000 rpm for 5 mins and washed once with hexane, the obtained precipitated 
NWs were re-dispersed in hexane/toluene for further use. 
 
Preparation of oleyammonium halide (OAmX): OAmX was prepared via 
a reported approach developed by Nedelcu et al.2  
 
Surface treatment: Anhydrous toluene (5mL), PbBr2 (0.188mmol, X=Cl or 
Br), OA (0.5mL), and OAm (0.65mL) were added to a scintillation vial all 
within an argon inert atmosphere glovebox. The solution was stirred at 100 
°C within the glovebox until the complete dissolution of the PbBr2 salt 
occurs, which may take several hours. The resulting concentrated stock 
solution is stable at room temperature, but it is stored in a glovebox to 
maintain the dryness of the solution over time. The cleaned nanowire 
solution was then mixed with the above solution and was stirred at 85 °C 
until the solution turned turbid, The NWs were isolated by centrifugation at 
6000 rpm for 5 mins and re-dispersed in hexane/toluene for further use. 
 
Anion-exchange reactions: The anion exchange reaction was performed 
under air-free conditions using standard Schlenk techniques. PbX2 or OAmX 
as the anion source were mixed with ODE (5 mL) in a 3-neck flask and kept 
under vacuum at 100 °C for 20 min. Certain amounts of surfactants (Table 
S1) were injected at 100 °C under N2 flow. After complete dissolution of the 
anion source, the temperature was lowered to 40 - 80 °C and CsPbBr3 NWs 
(0.01 – 0.025 mmol) dispersed in hexane/toluene were injected to initiate the 
anion-exchange reaction. After reaction, the NWs were isolated by 
centrifugation at 6000 rpm for 5 mins and washed once with hexane. The 
obtained precipitated NWs were re-dispersed in hexane/toluene for further 
analysis. 
 
Isolation and purification of CsPbX3 nanowires: The crude solution was 
cooled down with a water bath and aggregated NWs were separated by 
centrifugation at 6000 rpm for 5 mins and washed twice with hexane. 
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Charaterization:  
Powder X-ray diffraction (XRD) patterns of the obtained products were 
measured on a Bruker AXS D8 Advance diffractometer with a Cu Kα source.  
The transmission electron microscopy (TEM) images, high-resolution TEM 
(HRTEM) images, and selected-area electron diffraction (SAED) patterns 
were taken with a FEI Tecnai TEM at an accelerating voltage of 200 kV.  
Absorption spectra were collected using a Shimudzu UV-3010 PC UV-VIS-
IR Scanning spectrophotometer equipped with a Shimadzu ISR-3100 
integrating sphere.  
 
The energy-dispersive X-ray spectroscopy (EDS) elemental mapping images 
were recorded using an FEI Titan microscope operated at 80 kV. This 
instrument was equipped with an FEI Super-X Quad windowless detector 
that is based on silicon drift technology. Elemental quantification data was 
analyzed using the Bruker Esprit EDS analysis package, which has been 
calibrated against mineral standards for quantitative accuracy. 
 
For PL measurement, Nanowire samples were excited with the filtered 
output of a Melles Griot HeCd laser (2074-S-A01, 325 nm Semrock 
MaxLine laser line filter) focused to an 11 µm spot.  Samples were held 
under vacuum (1 – 5 x 10-6 Torr) in a Janis Research Co. ST-500 
microscopy cryostat.  PL was collected by a Nikon 50x objective (N.A. 0.55) 
in a Nikon ME600 optical microscope.  Optical images were taken with an 
AxioCam MRc5 camera, while spectra were acquired with a fiber-coupled 
UV-Vis spectrometer (Acton Research Corporation SpectraPro -300i, 
1200/mm) equipped with a cryogenically cooled CCD (Roper Scientific 
7346-0001).  
 
Fluoresence spectra on solution-phase sample were measured on a Horiba 
Jobin-Yvon FluoroLog 2 spectrofluorometer. 
 
Atomic force microscopy (AFM) images of the nanosheets were taken using 
an Asylum MFP 3D in trapping mode. The perovskites 
nanosheets/nanowires in hexane were drop-casted on clean SiO2 substrate 
for the PL and AFM measurements. 
 
For TRPL measurements, solutions of NWs dispersed in hexane were spin-
cast onto fused silica coverslips and secured in an N2-gas filled cell. The 
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samples were mounted in a confocal microscope and excited in an 
epifluorescence scheme. The second harmonic of the output of a Coherent 
RegA amplifier (804 nm, 150 – 200 fs, 300 kHz) seeded by a Coherent Mira 
oscillator was used as the 402 nm excitation source. An MPD PDM-50 
avalanche photodiode input to a Picoharp300 time-correlated single photon 
counting module was used to record TRPL decays with an instrument 
response of ~30 ps. 
 
Transport and optoelectronic measurements were conducted on bundles of 
NWs under vacuum inside a probe station. Current-voltage characteristics 
were obtained by a Keithley 2326A dual-channel system sourcemeter. The 
noise level of the current is around 10 fA. The light source used for 
illumination in this report was a 300 W xenon lamp equipped with an air-
mass 1.5 G filter (Newport). The bottom gold contacts were fabricated on a 
300 nm SiO2-coated Si chip by electron beam lithography. The surface 
roughness of the contacts is about 0.25 nm as measured by an atomic force 
microscope. 
 

 
Figure B.1 Representative low-resolution TEM image of as-grown CsPbBr3 
nanostructures. Scale bar, 500 nm. 
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Figure B.2 Representative SEM images of CsPbI3 nanowires. Scale bar, 1 µm. 
 

 
Figure B.3 Shape evolution of the as-prepared CsPbCl3 nanostructures with different 
reaction time. Scale bar, 100 nm. 
 

 
Figure B.4 TEM images of CsPbBr3 nanowires synthesized with (a) decylamine and (b) 
dodecylamine. 
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Figure B.5 XRD patterns of Br-I alloy (top) and pure CsPbBr3 NWs (bottom). Simulated 
pattern for Br-I alloy and standard pattern for orthorhombic CsPbBr3 are provided for 
reference. The standard pattern of the Br-I alloy is simulated by tuning the unit cell 
parameters of orthorhombic CsPbBr3 (using the commercially available software package 
‘Eva’ from Bruker). The simulated pattern can well fit the Br-I experimental pattern. The 
lattice parameters of the orthorhombic CsPbBr3 are a = 8.207 Å, b = 8.255 Å, c = 11.759 
Å. The lattice parameters of the Br-I alloy can be extracted from the simulated pattern, 
which are a1 = 8.562 Å, b1 = 8.707 Å, c1 = 11.857 Å. The calculated lattice expansion 
percentage along a, b, and c direction are 4.33%, 5.48%, and 0.83%, showing an 
anisotropic expansion behavior. 
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Figure B.6 TRPL of CsPbBr3 and alloy NWs. 
 
Table B.1 Carrier lifetimes for CsPbBr3 and alloy samples. 

Sample τ1 (ns) τ2 (ns) Amplitude 1 Amplitude 2 
CsPb(Br/Cl)3 -1 0.94 4.46 0.84 0.16 
CsPb(Br/Cl)3 -2 1.48 9.07 077 0.23 

CsPbBr3 1.22 3.55 0.74 0.26 
CsPb(Br/I)3 -1 1.70 11.78 0.78 0.22 
CsPb(Br/I)3 -2 2.31 50.39 0.64 0.36 
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Figure B.7 I-V curve of the CsPbBr3 device under dark and light conditions at 300 K. 
The hysteresis of the I-V curves is attributed to ion migration3. The hysteresis is 
significantly reduced as the device is cooled down below 260 K. 
 
(1) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; 
Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nano Lett. 2015. 
(2) Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; 
Grotevent, M. J.; Kovalenko, M. V. Nano Lett. 2015, 15, 5635. 
(3) Yuan, Y.; Huang, J. Acc. Chem. Res. 2016, 49, 286. 
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Appendix C 
 
 
Supporting Information for Ultrathin CsPbX3 
Nanowires 
 
 
Experimental details: 
 
Chemicals: Cs2CO3 (99.9%, Aldrich), octadecene (ODE, 90%, Aldrich), 
oleic acid (90%, Aldrich), PbBr2 (99.999%, Alfa Aesar), PbI2 (99%, 
Aldrich), oleylamine (70%, Aldrich), 1-dodecylamine (Alfa Aesar, 98+%), 
ethyl acetate (99.9%, Fisher Scientific), toluene (99.9%, Fisher Scienfic), 
molecular sieves, 4Å (Aldrich). Oleic acid, oleylamine, ethyl acetate, and 
toluene were dehydrated using activated molecular sieves before use, and 
other chemicals were used as received without further purification. 
 
Preparation of Cs-oleate solution: Cs-oleate solutions were prepared via a 
reported approach developed by Protesescu et al.1 Briefly, 0.2 g Cs2CO3, 0.6 
mL dried oleic acid, and 7.5 mL ODE were loaded into a 3-neck flass, 
degassed under vacuum at 120 °C (all of the temperature mentioned in the 
paper is referring to the temperature of the oil bath) for 20min, and then 
heated under Ar to 150 °C until all Cs2CO3 dissolved. 
 
Synthesis of ultrathin CsPbBr3 nanowires (NWs): 5 mL ODE, 0.2 mmol 
PbBr2, and 4.3 g 1-dodecylamine were loaded into a 3-neck flask and 
degassed under vacuum for 20 min at 100 °C. 0.8 mL dried oleylamine and 
0.2 mL dried oleic acid were injected at 160 °C under Ar successively. The 
solution was kept at 160 °C for 20 min for fully dissolution of the precursor. 
Afterwards, 0.7 mL of as-prepared Cs-oleate solution was quickly injected. 
After 20 min, the reaction mixture was cooled by an ice-water bath. A step-
wise purification strategy then was applied in order to purify the ultrathin 
NWs. 
 
Step-wise purification of ultrathin CsPbBr3 NWs: The product gained 
from the reaction were centrifuged at 6000 rpm for 5 min, the supernatant 
was kept for further purification. 20 mL ethyl acetate was added to the 
supernatant as an anti-solvent (the volume ratio of the original supernatant to 
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anti-solvent is about 1:4), and the clear supernatant solution will 
immediately become cloudy. Afterwards, the solution was centrifuged at 
6000 rpm for 5 min, and the supernatant was still kept for further 
purification. The similar washing steps were repeated for three more times 
by adding extra ethyl acetate to the purified supernatant with an overall 
volume ratio of the original supernatant to anti-solvent to be about 1:7, 1:10, 
and 1:35, respectively (described as Step 1-3 thereafter). For each time, the 
products in the precipitated pellet were kept and dissolved in toluene for 
further characterization. The TEM images of the products after each 
purification step are shown in Figure 1. 
 
The purpose of the final purification step (described as Step 4 thereafter) is 
to further eliminate the remaining CsPbBr3 nanoparticles, in order to study 
the unique optical features of the ultrathin NWs. In order to do that, the 
precipitation from Step 3 is dissolved in 2 mL of toluene, and the solution 
was centrifuged at 6000 rpm for 5min, and it was obtained by separating the 
precipitated pellet from the supernatant, and by dissolving it in toluene for 
further study.  
 
Surface treatment: Anhydrous toluene (5mL), PbBr2 (0.188mmol, X = Br), 
OA (0.5mL), and OAm (0.5mL) were added to a scintillation vial all within 
an argon inert atmosphere glovebox. The solution was stirred at 100 °C 
within the glovebox until the complete dissolution of the PbBr2 salt occurs, 
which may take several hours. The resulting concentrated stock solution is 
stable at room temperature, but it is stored in a glovebox to maintain the 
dryness of the solution over time. The precursor solution is diluted by 10 
times, and 0.2 – 0.6 mL is added to purified nanowire solution. The solution 
is shook or stirred at room temperature for 1 min.  
 
Anion-exchange reactions: Anhydrous toluene (5mL), PbX2 (0.188mmol, 
X=Cl or I), OA (0.5mL), and OAm (0.5mL) were added to a scintillation 
vial all within an argon inert atmosphere glovebox. The solution was stirred 
at 100 °C within the glovebox until the complete dissolution of the PbX2 salt 
occurs, which may take several hours. The resulting concentrated stock 
solution is stable at room temperature, but it is stored in a glovebox to 
maintain the dryness of the solution over time. 0.05 – 0.6 mL 10% diluted 
precursor solution is added to the purified ultrathin CsPbBr3 nanowire 
solution at room temperature, and color change will be observed 
immediately. 
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Characterization:  
Powder X-ray diffraction (XRD) patterns of the obtained products were 
measured on a Bruker AXS D8 Advance diffractometer with a Co Kα source.  
SAXS data was obtained using a Bruker NanoStar equipped with a Cu target, 
samples were under vacuum at room temperature. 
 
The transmission electron microscopy (TEM) images were taken with a FEI 
Tecnai TEM at an accelerating voltage of 200 kV.  
 
Absorption spectra were collected using a Shimudzu UV-3010 PC UV-VIS-
IR Scanning spectrophotometer equipped with a Shimadzu ISR-3100 
integrating sphere.  
 
The energy-dispersive X-ray spectroscopy (EDS) elemental mapping images 
were recorded using an FEI Titan microscope operated at 80 kV. This 
instrument was equipped with an FEI Super-X Quad windowless detector 
that is based on silicon drift technology. Elemental quantification data was 
analyzed using the Bruker Esprit EDS analysis package, which has been 
calibrated against mineral standards for quantitative accuracy. 
 
Luminescense quantum yield of the ultrathin NWs was measured in a home-
built integrating sphere spectrofluorometer.2 
 
The aberration-corrected HRTEM (AC-HRTEM) images of CsPbBr3 
nanostructures were collected using TEAM 0.5, which is an aberration-
corrected microscope equipped with a high-brightness Schottky-type field 
emission gun and a Wien-filter monochromator.3 The accelerating voltage 
was 80 kV. The lens aberrations were measured and compensated prior to 
the image acquisition by evaluating the Zemlin tableau of an amorphous 
carbon area close to the area of interest in the specimen. According to the 
measurements, the residual lens aberrations were listed below: CS ~ -13 µm, 
two-fold astigmatism A1 < 2 nm, three-fold astigmatism A2 < 30 nm, axis 
coma B2 < 20 nm. Image simulation was performed to compare with the 
AC-HRTEM experiments using the multislice method4 as implemented in 
the MacTempas software.5 The structure models of orthorhombic and cubic 
ultrathin CsPbBr3 NW were built up with the same diameter as that in the 
experimental image. Random noise was added into the simulated images. 
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Fluoresence spectra were measured on a Horiba Jobin-Yvon FluoroLog 2 
spectrofluorometer. 
 

 
Figure C.1 (a) Optical absorption (solid lines) and PL (dashed lines) spectra (b) Low-
resolution TEM images of the products obtained during purification Step 3 and Step 4 
(scale bar: 200 nm). 
 

 
Figure C.2 (a) TEM image of the sample after final purification, showing the formation 
of some thicker wires and right-angle-shaped species (scale bar: 200 nm). (b) SAXS 
spectra recorded on ultrathin NWs attained from purification Step 3 and Step 4, with the 
latter showing larger diameters and wider size distributions, demonstrate that extensive 
washing will do some damage to the ultrathin NWs. The inset shows the corresponding 
SAXS patterns. 
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Figure C.3 The EDS spectrum of the ultrathin CsPbBr3 NWs, showing the existence of 
cesium, lead, and bromide elements in the ultrathin CsPbBr3 NWs. 
 

 
Figure C.4 (a) Photoluminescence quantum yield and absorption plot of ultrathin NWs. 
(b) Emission spectrum of the same sample from which the PLQY is calculated; excitation 
at 440 nm is visible and highlighted in blue. 
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Figure C.5 TEM images of the ultrathin NWs (dispersed in toluene and stored in N2 box 
for two days). Even though the major products are still bundles of the ultrathin NWs, 
there are also some thicker wires and large crystals formed gradually (scale bar: 1 µm). 
 

 
Figure C.6 TEM images of Br-I exchanged product after adding excess amount of PbI2 
precursor, showing the breakdown of the ultrathin wires and the formation other products 
with undesirable morphologies (scale bar: 100nm).  
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Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nano Lett. 2015, 
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