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Abstract: Understanding the mysteries of the world has long been the dream of generations 
of human beings. This intrinsic curiosity has been driving humans to unravel the nature of 
how things behave, as large as the movement of the cosmos, as small as the spinning of atoms 
or electrons. Thanks to the fast development of the natural sciences and technology, various 
disciplines have been created and developed over the past few centuries. Amongst those, the 
new-rising nanoscience has attracted increasing attention since it provides us a new angle to 
look at the world on the nanoscale and inspires us to develop multifunctional materials for 
our daily lives, e.g., the stain-resistant fabrics inspired by nanoscale features found on lotus 
plants and the semiconductor nanocrystals used in light emitting devices. Since it is such an 
important subject, how to achieve those nanomaterials might be the question you want to 
ask. This thesis will focus on the liquid phase synthesis of colloidal semiconductor 
nanocrystals and discuss their unique optoelectronic properties and potential applications in 
the future. This chapter acts as a starter and gives you a general introduction on: 1) what 
colloidal semiconductor nanocrystals are; 2) why they show unique properties; 3) what kind 
of nanocrystals we will discuss; and 4) a brief summary of the chapters. 

1.1 Colloidal semiconductor nanocrystals  
When you look around, what can you see? The world is filled with all kinds of things to 

look at: an apple, a book, a friend nearby, etc. If you look up at the sky, you may see the sun, 
the moon, stars, and even the Milky Way. Have you ever wondered, what is the smallest thing 
you can see? You may see a grain of sand, a thread of spider silk or a piece of hair. In reality, 
it is far from being so. With the help of powerful microscopes, humans are able to observe 
incredibly small things that are impossible to see with the naked eyes, such as germs, bacteria, 
and even atoms. To unravel the mysteries of the tiny world, in the last few decades a 
considerable number of researchers have focused on the study of nanoscale materials.  

Amongst these, colloidal semiconductor nanocrystals, have been attracting much 
attention due to their unique size-dependent properties that are significantly different from 
those of their bulk counterparts. For example, the photoluminescence of colloidal CdSe 
nanocrystal suspensions can be tuned throughout the visible spectrum by changing their sizes 
(Figure 1.1a).1 As the size of the nanocrystals approaches the exciton (i.e., electron-hole pair) 
Bohr radius (a0, a dimension describing the spatial extension of excitons), the exciton wave 
function will be affected, leading to changes in electron states that are translated as an 
increment in the energy band gap of the semiconductors.1-3 As a result, the optoelectronic 
properties of nanocrystals become strongly size- and shape-dependent. This phenomenon is 
known as quantum confinement effect (see Chapter 2 for details). Moreover, as the size of 
the nanocrystals decreases to the nanoscale, the surface/volume ratio dramatically increases, 
making the contribution of surface atoms to the total free energy and to the properties of the 
nanocrystals progressively larger (Figure 1.1b).1 Consequently, properties such as solubility, 
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reactivity, and melting temperature change and the dispersability of the nanocrystals in 
solvents increases. The combined effects of quantum confinement and increasing 
surface/volume ratio result in the formation of stable colloidal nanocrystal suspensions with 
tunable optoelectronic properties via tailoring their size and shape. 

Owing to the discovery and development of the colloidal synthesis of nanocrystals, 
extensive work has been done on controlling the size, size dispersion, and shape of 
nanocrystals, specially of Cd- and Pb-chalcogenides (Cd- or PbX, with X= S, Se, Te,1, 3 Cd1-

xZnxS,4 etc.). The availability of these high-quality colloidal nanocrystals opens up many 
possibilities in various applications such as solar cells,5 light emitting devices (Figure 1.1.c),6 
optoelectronic devices,7 and biomedical imaging (Figure 1.1d).8-10 However, the toxicity of 
Cd and Pb makes it necessary to find alternative materials.  

Ternary CuInX2 nanocrystals have been drawing increasing attention due to their lower 
toxicity, large absorption cross-sections across a broad spectral range and wide 
photoluminescence tunability.11 In the past two decades, extensive research has been 
performed on CuInX2 nanocrystals. Nevertheless, the synthesis of these materials has yet to 
reach the same level of control already achieved for Cd- or Pb-chalcogenide nanocrystals. 
This is primarily due to two reasons: 1) as CuInX2 nanocrystals are ternary compounds, the 
control over the nucleation and growth rates is inherently more challenging; 2) the optical 
properties of CuInX2 nanocrystals are dramatically different from those of the prototypical 
II-VI and IV-VI quantum dots (QDs) (e.g., CdSe, PbSe), and have led to an intense debate 
concerning their origin.11 Therefore, the study of ternary CuInX2 nanocrystals is still a vibrant 
and relevant field of research. 
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Figure 1.1 (a) Suspensions of colloidal CdSe nanocrystals (from 1.7 to 4.5 nm in diameter) under UV 
excitation.1 Reproduced from ref.1 Copyright Royal Society of Chemistry 2011. (b) Molecular 
simulation image of a colloidal CdSe nanocrystal capped by hexylamine molecules. Reproduced from 
ref.1 Copyright Royal Society of Chemistry 2011. (c) Electroluminescence image of a 4-inch full-colour 
QD display using a hafnium indium zinc oxide thin-film transistors backplane with a 320 × 240 pixel 
array. Adapted from ref.12 Copyright Nature Photonics 2011. (d) Sensitivity and multicolor capability 
of QDs imaging in a live mouse. Adapted from ref.8 Copyright International Journal of Molecular 
Sciences 2009. 

 

1.2 Outline of the thesis 
In this thesis, we develop synthesis strategies to obtain ternary CuInS2 nanocrystals with 

well-controlled size, shape, and composition, and study the optical properties of these 
nanomaterials. The product CuInS2 nanocrystals are used as cores or seeds for additional 
isotropic and anisotropic ZnS shell overgrowth. We also work on the surface modification of 
CuInS2/ZnS concentric core/shell nanocrystals to allow conjugation of organic dyes (IRDye 
QC-1 dark quencher), and construction of Förster resonance energy transfer (FRET) 
nanoprobes. 
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In Chapter 2 some theoretical explanations on the optical properties, nucleation and 
growth of nanocrystals are presented. A brief introduction to various synthesis protocols that 
are used to make nanocrystals is given.  

Chapter 3 describes a pathway to synthesize luminescent near-infrared-emitting wurtzite 
CuInS2/ZnS QDs, starting from template Cu2−xS nanocrystals, which are converted by 
topotactic partial Cu+ for In3+ exchange into CuInS2 nanocrystals. These nanocrystals are 
subsequently used as cores for the isotropic overgrowth of ZnS shells (≤1 nm thick). The 
resulting core/shell QDs exhibit photoluminescence tunability from the first to the second 
near-infrared window (750−1100 nm), with photoluminescence quantum yields ranging 
from 75% (at 820 nm) to 25% (at 1050 nm), and can be readily transferred to water upon 
exchange of the native ligands for 11-mercaptoundecanoic acid with well-preserved 
photoluminescence quantum yields. 

In Chapter 4 we adopt the synthesis protocol shown in Chapter 3 to produce nearly 
stoichiometric (In/Cu = 0.91 ± 0.11) and spherical wurtzite CuInS2 QDs in the 2.7 to 6.1 nm 
diameter range (polydispersity ≤10%). These well-defined wurtzite CuInS2 QDs are used to 
study their size-dependent band gaps and absorption coefficients. We find that the band gap 
of wurtzite CuInS2 QDs increases with decreasing QD size d, following a trend that depends 
primarily on 1/d. Moreover, the absorption coefficients of the wurtzite CuInS2 QDs at 
energies far above the band gap (i.e., 3.1 eV) scale directly with the QD volume, which implies 
that the absorption cross-sections per unit cell are size-independent and therefore can be 
estimated from bulk optical constants. 

Chapter 5 presents a multi-step seeded growth protocol that yields anisotropic 
CuInS2/ZnS dot core/ rod shell heteronanocrystals with photoluminescence in the near-
infrared (NIR). The method is based on the synthesis of wurtzite CuInS2 nanocrystals 
described in Chapter 3, and their subsequent use as seed nanocrystals for anisotropic ZnS 
shell overgrowth. The heteroepitaxial growth of ZnS primarily on the Sulfur-terminated polar 
facet of the CuInS2 seed nanocrystals, the other facets being overcoated only by a thin (∼1 
monolayer) shell, yielding CuInS2/ZnS dot core/rod shell heteronanorods. 

In Chapter 6 we adopt the seeded growth protocol described in Chapter 5 to synthesize 
Cu2−xS/ZnS heteronanorods. The Cu2−xS seed nanocrystals offer a high surface energy (100) 
polar facet for the heterogeneous nucleation and growth of ZnS along a direction that is 
perpendicular to the c axis, thus leading to the one-dimensional growth of ZnS nanorods. 
The product Cu2−xS/ZnS heteronanorods can be used as templates for the synthesis of Cu2−xS 
and CuInS2 nanorods via sequential cation exchange.  
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Chapter 7 reports a strategy for constructing FRET nanoprobes using CuInS2/ZnS QDs 
and N-hydroxysuccinimide functionalized dark quencher dye molecules (IRDye QC-1 NHS 
Ester). The QDs are capped by polymer ligands with specific moieties (viz., amine or methoxy 
groups) as the terminal sites. Experimental results show that amine-functionalized QDs can 
be linked with the dark quencher dye molecules via chemical covalent bonds while methoxy-
functionalized ones bind only weakly and non-specifically with the dye molecules. The 
progressive quenching of the QD emission and shortening of its exciton lifetime upon 
increasing the number of dye molecules conjugated to the QDs demonstrate that the QD acts 
as the energy donor and the dark quencher dye as the energy acceptor in a donor-acceptor 
FRET pair.  

Chapter 8 summarizes the main results of this thesis and provides an outlook for the 
potential applications of the nanocrystals synthesized in the thesis. 
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Abstract: Due to their outstanding optoelectronic properties, colloidal semiconductor 
nanocrystals are promising materials as luminescent probes for bioimaging and for the 
fabrication of optoelectronic devices, such as light emitting devices, luminescent solar 
concentrators, and photodetectors. These properties are strongly dependent on the size, 
shape and composition of the nanocrystals. In this chapter, I will briefly discuss the origin of 
the finite size and shape effects observed in single-component nanocrystals, and extend these 
effects to more complex systems (viz., hetero-nanocrystals). Afterwards, I also discuss the 
fundamental growth mechanisms of (hetero) nanocrystals and summarize common colloidal 
synthesis routes (e.g., hot-injection, one-pot heat-up, seeded growth, and cation exchange) 
towards high quality colloidal semiconductor (hetero) nanocrystals. 

2.1 Introduction  
Colloidal semiconductor nanocrystals have attracted much attention in diverse 

applications (e.g., luminescent solar concentrators,1 light emitting devices,2-4 bioimaging,5-6 
etc.) due to their unique size-, shape- and composition-dependent optoelectronic properties. 
After decades of effort, researchers have developed a number of ways to rationally design and 
produce colloidal single- and/or multi-component nanocrystals with novel functionalities. In 
this chapter, I briefly discuss the origin of the finite size and shape effects observed in 
semiconductor nanocrystals, and summarize common colloidal synthesis pathways to obtain 
colloidal nanocrystals with unique properties. 

2.2 Finite size and shape effects in semiconductor nanocrystals 
Single-component semiconductor nanocrystals. When the size of semiconductor 

crystals decreases to the nanoscale (2−100 nm depending on the material), the band structure 
of the material is affected by quantum confinement. This effect can be understood by two 
different approaches: “top-down” and “bottom-up”. In the “top-down” approach, the 
nanocrystal is seen as a tiny piece of bulk semiconductor in which the exciton (i.e., the 
photogenerated electron-hole pair) is spatially confined. Given that the exciton confinement 
is the same in all dimensions, the nanocrystal can be described as a spherical potential box 
(i.e., a quantum dot, QD). By solving the “particle-in-a-box” model, the total energy gap 
𝑬𝒈 𝐐𝐃  of a QD with diameter d can be described as follows:7 

𝐸 QD 𝐸 , 𝐸 , 𝑑 𝐸 ,
2ℏ 𝜒

𝑚 𝑑
2ℏ 𝜒

𝑚 𝑑
 (2.1) 

where 𝒎𝒆 and 𝒎𝒉 are the effective masses of electrons and holes, respectively, and 𝑬𝒈,𝟎 
is the bulk band gap. 𝝌𝒏𝒍  are the roots of the Bessel function, which are absolute values 
depending on the principle quantum number n (1, 2, 3, …) and azimuthal quantum number 
l (0, 1, 2, 3, …, corresponding to s, p, d, …, orbitals). Eq 2.1 demonstrates that the energy gap 
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of nanocrystals is proportional to 1/𝑑 . As a result, their energy gap will increase with the 
decrease in size (Figure 2.1a), leading to significantly different optoelectronic properties (e.g., 
blue shift of the emission wavelength, Figure 2.1c) compared with that of the bulk 
counterparts. Additionally, eq 2.1 also shows that the continuous energy bands of bulk 
materials turn into discrete, “atomic”-like energy levels (Figure 2.1a). These discrete energy 
levels will induce discrete absorption peaks in the spectrum of QDs (Figure 2.1b), in marked 
contrast to the continuous absorption spectrum of bulk semiconductors. 

 

Figure 2.1 (a) Schematic of the quantum confinement effects on the electronic structure of a 
semiconductor (left: bulk semiconductor; right: QD). The three lowest electron and hole energy levels 
in a QD are shown and the allowed optical transitions between them (1Sh-1Se, 1Ph-1Pe, 1Dh-1De) are 
indicated by arrows. (b) Absorption spectrum of colloidal CdTe QDs. The lowest three optical 
transitions are indicated by arrows using the same color code as in a. (c) Colloidal suspensions of CdTe 
QDs with different sizes. Panels b and c are adapted from ref.8 Copyright Utrecht University 2012.  

 

The “bottom-up” approach explains quantum confinement effects by treating a QD as a 
large molecule built up by the sequential addition of individual atoms. Analogous to quantum 
chemical methods for obtaining molecular orbitals (i.e., the Linear Combination of Atomic 
Orbitals, LCAO), the total wave functions in a QD can be described as consisting of the 
combination of individual atomic orbitals (AO).9-12 As the number of atoms increases, so does 
the number of molecular orbitals (MO), resulting in a large increment of energy levels and 
decreasing the energy gap (i.e., the separation between the highest occupied MO, HOMO, 
and the lowest unoccupied MO, LUMO) (Figure 2.2a).9-12 In this case, a quantum dot 
containing ~102−105 atoms will exhibit discrete energy levels and size-dependent band gap. 
If the number of atoms increases to the bulk level (~1022 atoms/cm3), the numerous discrete 
energy levels will form quasi-continuous bands, separated by an energy gap, known as the 
band gap Eg. 



| Chapter 2  

10 
 

 

Figure 2.2 (a) Schematic illustration of the formation of energy bands in bulk semiconductors from 
atomic orbitals. As the number of atoms in the crystal increases, the HOMO-LUMO energy gap 
decreases. In bulk materials (~1022 atoms/cm3), the energy level turns from discrete to quasi-continuous. 
Adapted from ref.12 Copyright American Chemical Society 1990. (b) Density of States (DOS) versus 
energy for semiconductor nanocrystals in which the exciton is spatially confined in different 
dimensionalities, going from bulk (all 3 dimensions are larger than a0, no confinement) to 2D (1D-
confinement, quantum well), 1D (2D-confinement, quantum wire), and 0D (3D-confinement, 
quantum dot). Adapted from ref.11 Copyright American Chemical Society 1996. 

 

The discussion of the quantum confinement effects above is based on the assumption 
that the semiconductor nanocrystals are zero-dimensional QDs. In fact, the shape of 
nanocrystals can be tailored into various possibilities (e.g., platelets, rods, cubes, disks, wires, 
etc.). In this case, the quantum confinement may vary along different directions, depending 
on the nanocrystals dimensionality, as shown in Figure 2.2b. If the thickness of a 
semiconductor nanocrystal approaches the exciton Bohr radius (a0, a dimension describing 
the spatial extension of excitons), while its width is much larger than a0, the exciton wave 
function will experience 1D confinement, and the nanocrystal is said to be 2-dimensional 
(2D). Analogously, if only the diameter of a semiconductor nanorod or nanowire (a 1D 
nanocrystal) is close to or smaller than a0, a 2D-confined exciton will form. The 
dimensionality-induced effects on the density of states (DOS) give rise to unique 
optoelectronic properties, such as extremely narrow emission (full width at half maximum 
less than 40 meV) observed in 2D colloidal CdSe nanoplatelets,13-15 and polarized emission 
shown in 1D colloidal Cd-based nanorods.16-17 These optoelectronic properties make them 
promising candidates in photovoltaics, photocatalysis and polarized light emitting devices. 
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Figure 2.3 (a) Schematic illustration of three different carrier localization regimes in hetero-
nanocrystals (type-Ⅰ, type-Ⅰ1/2 and type-Ⅱ). The conduction and valence band edges are indicated by CB 
and VB, respectively. The electron and hole ground-state wave functions are depicted at the bottom of 
the panel. Adapted from ref.9 Copyright Royal Society of Chemistry 2011. (b) The energy of the 
electronic band edges relative to the vacuum level of selected semiconductors. The upper bars denote 
conduction band while the bottom bars represent valence band. The space between the bars is the band 
gap. Bulk values were used, except for PbSe, which has been estimated from nanocrystal results. 
Adapted from refs.9, 18-19 Copyright Royal Society of Chemistry 2011. 

 

Multi-component semiconductor nanocrystals. A multi-component semiconductor 
nanocrystal consists of at least two different materials joined together through one or more 
heterointerfaces.9 These type of nanocrystals have attracted increasing attention since they 
exhibit unique optoelectronic properties that are inaccessible to single-component 
nanocrystals (e.g., high photoluminescence quantum yield and photostability, spatial charge 
carrier separation, reduced blinking, etc.).9, 20-21 The optoelectronic properties of 
semiconductor hetero-nanocrystals depend on the band alignment between the materials 
that are combined at the heterointerfaces, which determine the localization regime of the 
photogenerated charge carriers (i.e., electron and hole): type-Ⅰ, type-Ⅰ1/2 (or quasi-type-Ⅱ) and 
type-Ⅱ (Figure 2.3a).9, 22 In type-Ⅰ hetero-nanocrystals, the band gap of one semiconductor is 
wider than that of the other material and therefore both carriers are primarily confined in the 
narrower band gap material. This will lead to pronounced improvement of the 
photoluminescence quantum yield in core/shell systems when the wider band gap 
semiconductor makes up the shell (e.g., CdSe/ZnS,23 InP/ZnS,24 CuInS2/ZnS25). In type-Ⅰ1/2 
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hetero-nanocrystals, one carrier is confined in one of the components, while the other carrier 
is delocalized over the whole hetero-nanocrystal (e.g., CdSe/CdS,26-27 CdTe/CdSe,28 
PbSe/CdSe,29 and ZnSe/CdSe30). The delocalization of one of the carriers reduces the 
electron-hole overlap, thereby resulting in longer exciton radiative lifetimes. In type-Ⅱ 
hetero-nanocrystals, the staggered band alignment leads to spatial separation of the electron 
and hole on different sides of the heterojunction (i.e., on different materials) after 
photoexcitation (e.g., CdTe/CdSe,31 CdSe/ZnTe31, CdS/ZnSe,32 ZnTe/ZnSe33). This gives rise 
to long exciton lifetimes and large Stokes shifts. Over the past decades, great progress has 
been made in the synthesis of hetero-nanocrystals with different localization regimes by 
controlling the shape, size, and composition of each component, thus tailoring their 
optoelectronic properties. These semiconductor hetero-nanocrystals are widely used in 
various applications such as light emitting devices, 3, 34 luminescent solar concentrators,34 
optoelectronic devices,34-35 and biomedical imaging.6, 36-37 In order to develop synthesis routes 
towards high quality semiconductor hetero-nanocrystals, it is essential to understand the 
growth mechanisms, which will be discussed below.  

2.3 Synthesis of colloidal (hetero) nanocrystals 
After the first report on the monodisperse colloidal CdX (X= S, Se, Te) nanocrystals 

produced by the group of Bawendi in 1993,38 the synthesis of colloidal nanocrystals has 
developed into a rather mature field. Figure 2.4a schematically shows the stages involved in 
the formation of colloidal nanocrystals. The overall process can be divided into three 
sequential chemical steps: Ⅰ. Induction (or pre-nucleation period); Ⅱ. Nucleation stage; and 
Ⅲ. Growth stage.39-40 Region Ⅰ starts with the reaction between precursors to form monomers 
(i.e., basic building units of the nanocrystal, e.g., a CdSe unit) and ends when the monomers 
assemble into small clusters (subcritical crystal nuclei or crystal embryos). These subcritical 
nuclei are not stable and can dissolve back into monomers, shrink to smaller nuclei or evolve 
into larger nuclei with radius equal to (or larger than) the critical radius (see below for details), 
which are viable and grow further to mature crystals. The onset of the nucleation stage is 
defined by the moment at which the first subcritical crystal nuclei evolve into critical nuclei. 
When nucleation is overtaken by growth, region Ⅲ starts. The growth of the nanocrystals 
can proceed by a number of processes, individually or in combination: sequential addition of 
monomer units, coalescence of smaller nanocrystals or orientated attachment of 
nanocrystals.7, 9 If the growth is allowed to proceed, the monomer concentration will drop to 
a level that is insufficient to sustain it. At such low monomer concentrations, the dissolution 
rates become larger than the growth rates, initially leading to monomer diffusion along the 
surface of the nanocrystals (mass transport from high free energy facets to low free-energy 
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facets), which will induce nanocrystal reshaping.9, 41 This step is so-called “intraparticle 
ripening”.42-43 Further drop in monomer concentration will favour mass transport between 
nanocrystals (inter-nanocrystal ripening or Ostwald ripening), which is characterized by 
growth of the larger nanocrystals in the ensemble at the expenses of the small one. This leads 
to an increase in size and shape dispersion. Therefore, to obtain monodisperse nanocrystals, 
the reaction is often quenched before an equilibrium state is reached. It is clear that the 
nucleation stage is of great importance in the synthesis of nanocrystals. Nucleation is 
stochastic in nature, and can be homogeneous (i.e., nucleation occurs directly in solution, 
without any nucleation site) or heterogeneous (i.e., nucleation occurs at nucleation sites at 
the surfaces of bubbles, foreign nuclei, or pre-existing nanocrystals). In this section, I will 
firstly address the homogeneous nucleation and then extend the concept to heterogeneous 
nucleation. 

 

Figure 2.4 (a) LaMer diagram for colloidal nanocrystal formation.40, 44 The whole process can be divided 
into three regions: (I). Induction, in which the monomer concentration increases to the critical 
supersaturation (Sc) required for nucleation; (II). Nucleation; and (III), growth of the nuclei to mature 
nanocrystals. Adapted from ref.44 Copyright American Chemical Society 2015. (b) Change in free 
energy during the formation of a nanocrystal. ΔGv represents the volume excess free energy while ΔGs  

is the surface excess free energy. The combined effects of ΔGv  and ΔGs  give rise to a total Gibbs free 
energy ΔGtot with a maximum value ΔGc  at the critical radius rc. 

 

In classic nucleation theory, homogeneous nucleation is described as resulting from the 
competition between the volume excess free energy (ΔGv) and the surface excess free energy 
(ΔGs), as shown in Figure 2.4b. ΔGv is negative because of the energy freed by the chemical 
bonds formed in the crystal nuclei, while ΔGs is positive due to the fact that the monomers at 
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the surface have unsaturated bonds.7, 9, 41 As a consequence, the total free energy ΔGtot has a 
maximum ΔGc at the critical radius rc (Figure 2.4b). Once the crystal embryos have a size 
equal to or larger than the critical size rc, they evolve to mature hetero-nanocrystals. 
Otherwise, they redissolve to monomers or break down into smaller clusters. The critical size 
rc can be expressed by9, 41 

𝑟 2𝛾/ 𝜌𝑘𝑇 ln 𝑆 (2.2) 

where 𝜸 is the interfacial tension between the developing nucleus and the supersaturated 
solution. 𝑺 denotes the degree of supersaturation (i.e., a state of a solution that contains more 
of the dissolved material than could be dissolved by the solvent under normal equilibrium 
conditions45). 𝝆, 𝒌, 𝑻 are the density of the crystalline phase, Boltzmann constant, and the 
reaction temperature, respectively. The rate of nucleation (J) of N particles during time t can 
be described using an Arrhenius type equation, where 𝑱𝟎 is a pre-exponential factor. 9, 41 

𝐽
d𝑁
d𝑡

𝐽 exp
16𝜋𝛾

3 𝑘𝑇 ln 𝑆
 

(2.3) 

Eqs 2.2 and 2.3 show that higher temperatures and higher supersaturation degrees result 
in smaller critical size rc and therefore higher nucleation rates J. These two equations explain 
the success of both the hot-injection (i.e., injection of a solution of precursor molecules into 
a hot liquid solution) and the heat-up (i.e., solution containing precursors is quickly heated 
to the reaction temperature) techniques, since high S at high temperature promotes the fast 
conversion of the precursors into monomers, leading to a monomer concentration that is 
sufficiently high to induce a burst of nucleation. This burst of nucleation consumes 
monomers, lowering S to levels that are too low to sustain nucleation. In the hot-injection, 
this is accompanied by a drop in temperature because the injected precursor solution is at a 
much lower temperature than the reaction medium. The combination of low oversaturation 
and lower temperatures halts nucleation, resulting in separation between nucleation and 
growth, which results in an ensemble of nanocrystals with narrow size and shape dispersions. 

The separation between nucleation and growth also occurs in a heat-up based synthesis. 
By heating up the reaction solution at a fast rate (~10−20 °C/min), the sudden increase of 
monomer concentration is caused by the sudden decomposition of precursors (or reaction 
between the anion and cation precursors), since they were quickly brought to a temperature 
that is much higher than their decomposition temperature. Analogous to the hot-injection, 
high T and S lead to a high nucleation rate J (eq 2.3), which results in fast decrease of S to 
levels that are too low to sustain nucleation, but are adequate for growth. The continued 
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growth of the nanocrystals formed in the nucleation stage consumes monomers that are 
subsequently formed from the precursors, thereby preventing nucleation (Figure 2.4a).9, 46 
The heat-up method is in principle more flexible and straightforward than the hot-injection 
approach. However, the heating rate and precursor reactivity have a great impact on the 
outcome of a heat-up synthesis (e.g., the final size, size dispersion and concentration of the 
nanocrystals),47 and are not always amenable to the strict control required to yield 
monodisperse nanocrystal ensembles. Tuning the precursor reactivity is thus essential to 
obtain high quality nanocrystals by both the hot-injection and the heat-up approaches, since 
it directly determines the monomer formation rates. A general precursor toolbox is 
summarized in a number of reviews,47-48 so I will not discuss it in this chapter.  

The nature of the nucleation stage is fundamentally different in the synthesis of hetero-
nanocrystals,9 since in this case preformed nanocrystals are used as seeds (or cores) onto 
which a second material is overgrown. The pre-existing nanocrystals  provide a low-energy 
interface for the nucleation of other materials with a relative low activation energy ΔGc.9 As 
a result, heterogeneous nucleation usually occurs at lower S and/or lower T than homogenous 
nucleation and it is greatly dependent on the interfacial tension between the nucleating phase 
and the adjuvant facets.9 Therefore, homogeneous nucleation can be effectively suppressed 
by controlling the reaction conditions, thereby ensuring that the added precursors are solely 
used to promote heteroepitaxial growth over the pre-existing nanocrystal seeds. Moreover, 
as the interfacial tension in solid-solid interfaces is primarily related to the lattice mismatch 
between the materials, a small lattice mismatch is good for reducing the total activation 
energy, thus being more efficient in promoting heteroepitaxial growth.9 

Surfactant molecules (i.e., amphiphilic organic compounds that contain a polar head 
group and a non-polar hydrocarbon tail, such as alkylamines, fatty acids, alkylphosphine 
oxides, phosphonic acids, and alkylthiols) also play an important role in the nucleation stage.7, 

9 In case of homogeneous nucleation, the surfactants may tune the precursor reactivity and 
affect the conversion rate of precursor to monomer, thereby regulating the nucleation rates 
J. For example, aliphatic amines can activate the zinc or cadmium carboxylate precursors and 
promote the formation of ZnX or CdX nanocrystals at a much lower temperature.49-50 
Moreover, surfactants may also affect J by coordinating to the monomer species, which 
increases the stability of the monomers in the reaction medium with respect to the nuclei.9 
As a result, a higher surfactant concentration will lower the concentration of nuclei and 
increase the size of the product nanocrystals.9 In the case of heterogeneous nucleation and 
heteroepitaxial growth, the surfactants have an even stronger impact. This is because they not 
only regulate the monomer availability in solution, but also the free energies and accessibility 
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of different facets of the seed nanocrystals, thereby either enhancing or depressing the 
heteroepitaxial growth rates on specific facets, or even blocking the access to certain facets or 
surface sites. This makes it possible to manipulate the accessibility of selected facets of the 
seed nanocrystals, which leads to a great degree of control over the architecture of the product 
hetero-nanocrystals (e.g., concentric core/shell or coaxial hetero-dimer) and the size and 
shape of the overgrown heteronanocrystal segment.9  

 

Figure 2.5 Schematic illustration of the synthesis of colloidal (hetero) nanocrystals via three 
representative protocols(i.e., one-pot, hot-injection and seeded injection method). Several nanocrystal 
architectures can be obtained, such as single composition nanocrystals, doped or alloyed nanocrystals, 
core/shell hetero-nanocrystals, dot-in-rod hetero-nanocrystals, etc. TEM images of CdSe/CdS 
core/multi-shell are reproduced from refs.26 Copyright American Chemical Society 2007. CdSe/CdS 
tetrapod hetero-nanocrystals are reproduced from refs.51 Copyright American Chemical Society 2017. 

 

To date, numerous advances have been made in the liquid phase synthesis of colloidal 
nanocrystals or hetero-nanocrystals with controlled size and composition. By playing with 
the homogeneous and heterogeneous nucleation process, diverse colloidal (hetero) 
nanocrystals can be obtained (e.g., single-component nanocrystals,52 doped nanocrystals,53 
alloy nanocrystals,54 core/shell hetero-nanocrystals,25 dot-in-rod hetero-nanocrystals,26-27, 55 
etc., Figure 2.5). The most common ways to synthesize single-component nanocrystals are 
based on hot-injection and one-pot heat-up techniques, while the synthesis of colloidal 
hetero-nanocrystals is more complex. Strategies towards hetero-nanocrystals can be divided 
into two approaches: single-stage approach and multi-stage seeded growth approach.7, 9 In 
the single-stage approach, the hetero-nanocrystals are obtained by sequentially adding 
precursors of different components in the same reaction flask. This method is appealing due 
to its simplicity, but the control over the hetero-nanocrystals is rather difficult because of 
several competing processes (e.g., formation of shells of mixed composition, homogeneous 
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nucleation, heterogeneous nucleation, etching, cation exchange, etc.). In the multi-stage 
seeded growth approach, the nanocrystal seeds can be separated from the precursors of the 
second component of the hetero-nanocrystals (either precursors are added to the seeds or the 
seeds are injected into a solution of the precursors). This seed mediated synthesis technique 
is highly versatile and has been successfully used to obtain isotropic CdSe/CdS core/thick-
shell by successive ion layer adsorption and reaction (SILAR) (Figure 2.5)51, 56 and anisotropic 
CdSe/CdS dot-in-rod or tetrapod nanocrystals by seeded growth (Figure 2.5).26-27 In chapter 
5, we will also discuss the synthesis of anisotropic CuInS2/ZnS dot-in-rod hetero-nanocrystals 
via a seeded growth approach. 

2.4 Cation exchange at the nanoscale 
As discussed above, over the past decades a consolidated body of knowledge has been 

established on the synthesis of nanocrystals. Nonetheless, many materials or combinations of 
them remain poorly accessible as nanocrystals. In recent years, postsynthetic cation exchange 
reactions at the nanoscale have developed into a relatively mature synthetic strategy for 
accessing single-component nanocrystals and hetero-nanocrystals, which would otherwise 
remain unattainable.9, 57-61 For example, exposure of colloidal CdSe nanocrystals to a solution 
of AgNO3 leads to their rapid conversion into Ag2Se nanocrystals, which can be recovered to 
CdSe by adding excess of Cd(NO3)2 in the presence of tributylphosphine (Figure 2.6a).59 The 
beauty of nanoscale cation exchange is that this process is often topotactic because the anionic 
sublattice remains undisturbed,57-58, 62 which means that the size and shape of the host 
nanocrystals are usually preserved in the product nanocrystals, making them convenient 
templates to access metastable nanocrystal morphologies and crystal structures that cannot 
be made by direct routes (Figure 2.6a). Moreover, cation exchange reactions allow extension 
of nanochemistry to a larger part of the periodic table, beyond the typical gamut of II–VI, 
IV–VI, III–V, and Ⅰ−Ⅲ−Ⅵ semiconductors.57-58, 62 This opens up new ways for synthesizing 
unique nanocrystals and hetero-nanocrystals that are difficult to produce by direct synthesis 
(e.g., wurtzite ZnS,63-64 wurtzite CuInS2,25, 55, 65-67 Cu2−xSe nanorods,64 Ag2Te tetrapods,59 
Cu2Se/Cu2S dot-in-rod68 or octapods,69 etc.). 

The outcome of cation exchange reactions is strongly dependent on both kinetic and 
thermodynamic factors.57-58, 62, 70 From a kinetic perspective, factors such as activation energy 
barriers and/or solid-state ion diffusivity play a pivotal role in determining the feasibility of 
nanoscale cation exchange reactions and the nature of the final nanocrystal products.57-58, 62 
At the nanoscale, both the host (i.e., reactant) and product nanocrystals have large surface-
to-volume ratios and low atomic counts. This reduces the reaction energy barriers and relax 
the limitation of long-range solid-state ion diffusion rates.71 These effects accelerate the cation 
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exchange reaction kinetics and allow its direction to be changed by manipulating the 
concentration of incoming guest cations or the preferential solvation of the outgoing host 
cations (Figure 2.6a).57-59, 62, 64, 68-69, 72-75 In a nanoscale cation exchange reaction, exposure of 
host (or template) nanocrystals AX  to a solution of guest cations B  
results in extraction of the host cations to the solution phase A , while the guest 
cations diffuse into the host nanocrystal lattice (either through vacancies left by the extraction 
of the host cation or through interstitials), thereby forming the product nanocrystals 
[(AX)nanocrystal + (Bn+)solution → (BX)nanocrystal + (An+)solution].57-58, 62 Cation exchange can also occur 
through a single step place exchange, in case the guest cation is bound to a ligand that is also 
capable of binding to the host cation, thereby stabilizing it in solution [(AX)nanocrystal + 
(BLn+)solution → (BX)nanocrystal + (ALn+)solution].76 The driving force for a cation exchange reaction 
is thus determined by the energy balance of the overall reaction, the relative thermodynamic 
stabilities of the reactant and product phases, and the cation solvation and/or specific ligation 
of both the host and the guest cations in the nanocrystals and in solution.58 The 
thermodynamic aspects of these processes will be discussed below. 

 

 

Figure 2.6 (a) Schematic illustration and corresponding TEM images for the conversion of CdSe to 
Ag2Se and Ag2Se back to CdSe nanocrystals. Reproduced from ref.59 Copyright American Chemical 
Society 2014. (b) Common ions that are available for ion exchange reaction in periodic table. Cations 
are marked by yellow shadow while anions are filled by blue shadow. Reproduced from ref.58 Copyright 
American Chemical Society 2013. 

 

The overall cation exchange reaction described above can be divided into four ideal 
elementary steps: A−X dissociation, B−X association, Bn+ desolvation, and An+ solvation. The 
energy balance of the overall reaction can be treated as the balance of the chemical potential 
of these four steps. A cation exchange reaction will not proceed unless the sum of the 
chemical potential of A−X dissociation and Bn+ desolvation is larger than that of B−X 
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association and An+ solvation.57-58, 62 The dissociation and association energies are associated 
to the nature of crystals and can be preliminarily deduced from the lattice energies of the host 
and product nanocrystals, which are commonly available in the literature. In contrast, the 
solvation and desolvation energies of the species are strongly dependent on the solvents or 
ligands. Using an excess amount of guest cations B  will drive the cation exchange 
reaction system into a non-equilibrium state that favors the formation of the product 
BX . Moreover, it is possible to lower the chemical potential of A  by a 

proper choice of coordinating ligands. According to Pearson’s hard and soft acids and bases 
(HSAB) theory, hard acids prefer to bind to hard bases forming ionic complexes, whereas 
soft acids prefer to bind to soft bases yielding covalent complexes.77 Depending on the 
hardness of host cations, stable A  complexes will form once appropriate ligands 
are used. If the An+ host cations  are more stable as complexes in solution than in the crystal 
lattice of the host nanocrystals, they will be extracted, thereby generating cation vacancies 
that will be subsequently filled by incoming guest cations. This explains the success of the 
reverse cation exchange reaction of Ag2Se back to CdSe nanocrystals (Figure 2.6a).59 
Although Ag2Se is thermodynamically more stable than CdSe (1000 kJ/mol in the bulk), the 
nanoscale cation exchange reaction can be driven by adding a large excess of Cd2+ and by 
providing ligands with soft Lewis base character such as tributylphosphine, which bind more 
strongly to Ag+ than to Cd2+ cations.59 

It should be noted that cation exchange is essentially a surface reaction, which starts at 
the nanocrystal surface and proceeds inwards through solid-state ion diffusion, which creates 
an inward diffusion flux of guest cations and an outward diffusion flux of host cations.57-58, 62 
In the case of partial cation exchange, in which the host cations are not completely exchanged 
by the guest cations, the outcome of the reaction depends mostly on the miscibility of the 
reactant and product phases.57-58, 62 In the case of miscible materials, either alloy or doped 
nanocrystals are obtained.57-58, 62 For example, as CdTe and HgTe are completely miscible and 
have nearly identical lattice constants (aCdTe= 6.48 Å, aHgTe= 6.46 Å), Cd2+ can be readily 
exchanged for Hg2+ in zinc blende CdSe nanocrystals, resulting in ternary Cd1−xHgxTe 
nanocrystals. In contrast, immiscible materials lead to core/shell or segmented hetero-
nanocrystals depending on whether the diffusion fluxes are isotropic (core/shell) or 
anisotropic (segmented) (e.g., PbSe/CdSe core/shell QDs78 and CdS/Cu2S segmented hetero-
nanocrystals74). Apart from the miscibility and lattice mismatch, the presence of crystal 
defects (e.g., dislocations, stacking faults, and grain boundaries) also have a great impact on 
the outcome of cation exchange reactions. Since crystal defects have high energies, they can 
act as preferential sites for a cation exchange reaction and greatly alter the ion diffusion 
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pathways. Once the exchange started from those sites, multiple metastable phases may form, 
thus leading to the distortion of original morphologies of the host nanocrystals. Core/shell 
hetero-nanocrystals may also be obtained when both reactant and product phases are fully 
miscible, if the reaction temperature is sufficiently low (e.g., ZnSe/CdSe core/shell QDs).76 In 
this case the solid-state diffusion fluxes become the rate-limiting step, eventually halting the 
cation exchange reaction at the surface due to depletion of host cations available for exchange.  

From the above discussion, it is clear that nanoscale cation exchange reactions are an 
efficient post-synthetic tool for accessing colloidal nanocrystals and hetero-nanocrystals of 
diverse composition, phase, and morphology. By tuning the reaction thermodynamics and 
kinetics, numerous nanocrystals have been synthesized with a great diversity of metal ions 
(Mn2+,79-80 Co2+,81 Pd2+,82 Pt2+,82 Ag+,59, 73 Au3+,83 Cu+,74, 84 Zn2+,85-87 Cd2+,88-90 Hg2+,88 Ga3+,91 In3+,25, 

79, 91 Sn2+,87-88 Pb2+,88, 92 Sb3+,93 Bi3+,93 La3+,94 Eu3+,94 and Gd3+,94) (Figure 2.6b). The flexibility of 
nanoscale cation exchange widely broadens the synthetic strategies for controlled 
compositions, crystal structures, and hetero-architectures that are inaccessible by direct 
colloidal synthesis techniques. Depending on the chemical system and the reaction 
conditions, the elemental distribution profile within the product nanocrystals can be tailored, 
leading to doped nanocrystals, alloy nanocrystals, core/shell or segmented hetero-
nanocrystals. These advantages make cation exchange a powerful and versatile tool for 
preparing novel colloidal (hetero) architectures. 

2.5 References 
1. Bradshaw, L. R.; Knowles, K. E.; McDowall, S.; Gamelin, D. R., Nanocrystals for luminescent solar 

concentrators. Nano Lett. 2015, 15, 1315–1323. 
2. Wang, H. C.; Bao, Z.; Tsai, H. Y.; Tang, A. C.; Liu, R. S., Perovskite quantum dots and their application in 

light-emitting diodes. Small 2018, 14, 1702433 
3. Panfil, Y. E.; Oded, M.; Banin, U., Colloidal quantum nanostructures: Emerging materials for display 

applications. Angew. Chem. Int. Ed. 2018, 57, 2–24. 
4. Chen, B.; Pradhan, N.; Zhong, H., From large-scale synthesis to lighting device applications of ternary 

I−III−VI semiconductor nanocrystals: Inspiring greener material emitters. J. Phys. Chem. Lett. 2018, 435–
445. 

5. Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.; Li, J. J.; Sundaresan, G.; Wu, A. M.; 
Gambhir, S. S.; Weiss, S., Quantum dots for live cells, in vivo imaging, and diagnostics. Science 2005, 307, 
538–544. 

6. Medintz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, H., Quantum dot bioconjugates for imaging, 
labelling and sensing. Nat Mater 2005, 4, 435–446. 

7. de Mello Donegá, C., Nanoparticles. Springer-Verlag Berlin Heidelberg: 2014. 
8. Groeneveld, E. Synthesis and optical spectroscopy of (hetero)-nanocrystals: An exciting interplay between 

chemistry and physics. Utrecht University, Utrecht University, 2012. 
9. de Mello Donegá, C., Synthesis and properties of colloidal heteronanocrystals. Chem. Soc. Rev. 2011, 40, 

1512–1546. 
10. Roduner, E., Size matters: Why nanomaterials are different. Chem. Soc. Rev. 2006, 35, 583–592. 



   Synthesis strategies: There is always a way |  

21 
 

11. Alivisatos, A. P., Perspectives on the physical chemistry of semiconductor nanocrystals. J. Phys. Chem. 1996, 
100, 13226–13239. 

12. M G Bawendi; M L Steigerwald, a.; Brus, L. E., The quantum mechanics of larger semiconductor clusters 
("quantum dots"). Annu. Rev. Phys. Chem. 1990, 41, 477–496. 

13. Ithurria, S.; Tessier, M. D.; Mahler, B.; Lobo, R. P. S. M.; Dubertret, B.; Efros, A. L., Colloidal nanoplatelets 
with two-dimensional electronic structure. Nat. Mater. 2011, 10, 936. 

14. Ithurria, S.; Bousquet, G.; Dubertret, B., Continuous transition from 3d to 1d confinement observed during 
the formation of CdSe nanoplatelets. J. Am. Chem. Soc. 2011, 133, 3070–3077. 

15. Ithurria, S.; Dubertret, B., Quasi 2d colloidal cdse platelets with thicknesses controlled at the atomic level. J. 
Am. Chem. Soc. 2008, 130, 16504–16505. 

16. Hadar, I.; Hitin, G. B.; Sitt, A.; Faust, A.; Banin, U., Polarization properties of semiconductor nanorod 
heterostructures: From single particles to the ensemble. J. Phys. Chem. Lett. 2013, 4, 502–507. 

17. Sitt, A.; Salant, A.; Menagen, G.; Banin, U., Highly emissive nano rod-in-rod heterostructures with strong 
linear polarization. Nano Lett. 2011, 11, 2054–2060. 

18. Norris, D. J.; Efros, A. L.; Erwin, S. C., Doped nanocrystals. Science 2008, 319, 1776–1779. 
19. Miranti, R.; Krause, C.; Parisi, J.; Borchert, H., Charge transport through thin films made of colloidal CuInS2 

nanocrystals. Mater. Res. Express 2015, 2, 066401. 
20. Mishra, N.; Orfield, N. J.; Wang, F.; Hu, Z.; Krishnamurthy, S.; Malko, A. V.; Casson, J. L.; Htoon, H.; Sykora, 

M.; Hollingsworth, J. A., Using shape to turn off blinking for two-colour multiexciton emission in CdSe/CdS 
tetrapods. Nat Commun 2017, 8. 

21. Pietryga, J. M.; Park, Y. S.; Lim, J.; Fidler, A. F.; Bae, W. K.; Brovelli, S.; Klimov, V. I., Spectroscopic and 
device aspects of nanocrystal quantum dots. Chem. Rev. 2016, 116, 10513–10622. 

22. Reiss, P.; Protière, M.; Li, L., Core/shell semiconductor nanocrystals. Small 2009, 5, 154–168. 
23. Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober, R.; Jensen, K. F.; 

Bawendi, M. G., (CdSe)ZnS core−shell quantum dots:  Synthesis and characterization of a size series of highly 
luminescent nanocrystallites. J. Phys. Chem. B 1997, 101, 9463–9475. 

24. Chandrasekaran, V.; Tessier, M. D.; Dupont, D.; Geiregat, P.; Hens, Z.; Brainis, E., Nearly blinking-free, high-
purity single-photon emission by colloidal InP/ZnSe quantum dots. Nano Lett. 2017, 17, 6104–6109. 

25. Xia, C.; Meeldijk, J. D.; Gerritsen, H. C.; de Mello Donegá, C., Highly luminescent water-dispersible NIR-
emitting wurtzite CuInS2/ZnS core/shell colloidal quantum dots. Chem. Mater. 2017, 29, 4940–4951. 

26. Talapin, D. V.; Nelson, J. H.; Shevchenko, E. V.; Aloni, S.; Sadtler, B.; Alivisatos, A. P., Seeded growth of 
highly luminescent CdSe/CdS nanoheterostructures with rod and tetrapod morphologies. Nano Lett. 2007, 7, 
2951–2959. 

27. Carbone, L.; Nobile, C.; De Giorgi, M.; Sala, F. D.; Morello, G.; Pompa, P.; Hytch, M.; Snoeck, E.; Fiore, A.; 
Franchini, I. R., Synthesis and micrometer-scale assembly of colloidal CdSe/CdS nanorods prepared by a 
seeded growth approach. Nano Lett. 2007, 7, 2942–2950. 

28. de Mello Donegá, C., Formation of nanoscale spatially indirect excitons: Evolution of the type-II optical 
character of CdTe/CdSe heteronanocrystals. Phys Rev B 2010, 81, 165303. 

29. Swart, I.; Sun, Z.; Vanmaekelbergh, D.; Liljeroth, P., Hole-induced electron transport through core−shell 
quantum dots: A direct measurement of the electron−hole interaction. Nano Lett. 2010, 10, 1931–1935. 

30. Zhong, X.; Xie, R.; Zhang, Y.; Basché, T.; Knoll, W., High-quality violet- to red-emitting ZnSe/CdSe 
core/shell nanocrystals. Chem. Mater. 2005, 17, 4038–4042. 

31. Kim, S.; Fisher, B.; Eisler, H.-J.; Bawendi, M., Type-II quantum dots:  CdTe/CdSe(core/shell) and 
CdSe/ZnTe(core/shell) heterostructures. J. Am. Chem. Soc. 2003, 125, 11466–11467. 

32. Ivanov, S. A.; Piryatinski, A.; Nanda, J.; Tretiak, S.; Zavadil, K. R.; Wallace, W. O.; Werder, D.; Klimov, V. I., 
Type-II core/shell CdS/ZnSe nanocrystals:  Synthesis, electronic structures, and spectroscopic properties. J. 
Am. Chem. Soc. 2007, 129, 11708–11719. 

33. Ji, B.; Panfil, Y. E.; Banin, U., Heavy-metal-free fluorescent ZnTe/ZnSe nanodumbbells. ACS Nano 2017, 11, 
7312-7320. 

34. Pietryga, J. M.; Park, Y. S.; Lim, J.; Fidler, A. F.; Bae, W. K.; Brovelli, S.; Klimov, V. I., Spectroscopic and 
device aspects of nanocrystal quantum dots. Chem. Rev. 2016, 116, 10513–10622. 



| Chapter 2  

22 
 

35. Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V., Building devices from colloidal quantum dots. 
Science 2016, 353, aac5523. 

36. Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R. A.; Alves, F.; Andrews, A. M.; Ashraf, S.; Balogh, L. P.; Ballerini, L.; 
Bestetti, A.; Brendel, C., et al., Diverse applications of nanomedicine. ACS Nano 2017, 11, 2313–2381. 

37. Xu, G.; Zeng, S.; Zhang, B.; Swihart, M. T.; Yong, K.-T.; Prasad, P. N., New generation cadmium-free 
quantum dots for biophotonics and nanomedicine. Chem. Rev. 2016, 116, 12234–12327. 

38. Murray, C. B.; Norris, D. J.; Bawendi, M. G., Synthesis and characterization of nearly monodisperse CdE (E = 
Sulfur, Selenium, Tellurium) semiconductor nanocrystallites. J. Am. Chem. Soc. 1993, 115, 8706–8715. 

39. Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T., Synthesis of monodisperse spherical nanocrystals. Angew. 
Chem. Int. Ed. 2007, 46, 4630–4660. 

40. LaMer, V. K.; Dinegar, R. H., Theory, production and mechanism of formation of monodispersed hydrosols. 
J. Am. Chem. Soc. 1950, 72, 4847–4854. 

41. Thanh, N. T. K.; Maclean, N.; Mahiddine, S., Mechanisms of nucleation and growth of nanoparticles in 
solution. Chem. Rev. 2014, 114, 7610–7630. 

42. Peng, Z. A.; Peng, X., Mechanisms of the shape evolution of cdse nanocrystals. J. Am. Chem. Soc. 2001, 123, 
1389–1395. 

43. Peng, X.; Manna, L.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A. P., Shape control of 
CdSe nanocrystals. Nature 2000, 404, 59. 

44. Vreeland, E. C.; Watt, J.; Schober, G. B.; Hance, B. G.; Austin, M. J.; Price, A. D.; Fellows, B. D.; Monson, T. 
C.; Hudak, N. S.; Maldonado-Camargo, L., et al., Enhanced nanoparticle size control by extending lamer’s 
mechanism. Chem. Mater. 2015, 27, 6059–6066. 

45. Coquerel, G., Crystallization of molecular systems from solution: Phase diagrams, supersaturation and other 
basic concepts. Chem. Soc. Rev. 2014, 43, 2286–2300. 

46. Kwon, S. G.; Hyeon, T., Formation mechanisms of uniform nanocrystals via hot‐injection and heat‐up 
methods. Small 2011, 7, 2685–2702. 

47. van Embden, J.; Chesman, A. S. R.; Jasieniak, J. J., The heat-up synthesis of colloidal nanocrystals. Chem. 
Mater. 2015, 27, 2246–2285. 

48. Reiss, P.; Carrière, M.; Lincheneau, C.; Vaure, L.; Tamang, S., Synthesis of semiconductor nanocrystals, 
focusing on nontoxic and earth-abundant materials. Chem. Rev. 2016, 18, 10731−10819 

49. Li, L. S.; Pradhan, N.; Wang, Y.; Peng, X., High quality ZnSe and ZnS nanocrystals formed by activating zinc 
carboxylate precursors. Nano Lett. 2004, 4, 2261−2264. 

50. Qu, L.; Peng, X., Control of photoluminescence properties of CdSe nanocrystals in growth. J. Am. Chem. Soc. 
2002, 124, 2049−2055. 

51. Zhou, J.; Zhu, M.; Meng, R.; Qin, H.; Peng, X., Ideal cdse/cds core/shell nanocrystals enabled by entropic 
ligands and their core size-, shell thickness-, and ligand-dependent photoluminescence properties. J. Am. 
Chem. Soc. 2017, 139, 16556–16567. 

52. Li, L.; Pandey, A.; Werder, D. J.; Khanal, B. P.; Pietryga, J. M.; Klimov, V. I., Efficient synthesis of highly 
luminescent copper indium sulfide-based core/shell nanocrystals with surprisingly long-lived emission. J. 
Am. Chem. Soc. 2011, 133, 1176–1179. 

53. Pradhan, N.; Adhikari, S. D.; Nag, A.; Sarma, D. D., Luminescence, plasmonic, and magnetic properties of 
doped semiconductor nanocrystals. Angew. Chem. Int. Ed. 2017, 56, 7038−7054. 

54. De Trizio, L.; Prato, M.; Genovese, A.; Casu, A.; Povia, M.; Simonutti, R.; Alcocer, M. J. P.; D’Andrea, C.; 
Tassone, F.; Manna, L., Strongly fluorescent quaternary Cu–In–Zn–S nanocrystals prepared from Cu1−xInS2 
nanocrystals by partial cation exchange. Chem. Mater. 2012, 24, 2400–2406. 

55. Xia, C.; Winckelmans, N.; Prins, P. T.; Bals, S.; Gerritsen, H. C.; de Mello Donegá, C., Near-infrared-emitting 
CuInS2/ZnS dot-in-rod colloidal heteronanorods by seeded growth. J. Am. Chem. Soc. 2018, 140, 5755–5763. 

56. Ghosh, Y.; Mangum, B. D.; Casson, J. L.; Williams, D. J.; Htoon, H.; Hollingsworth, J. A., New insights into 
the complexities of shell growth and the strong influence of particle volume in nonblinking “giant” core/shell 
nanocrystal quantum dots. J. Am. Chem. Soc. 2012, 134, 9634–9643. 

57. De Trizio, L.; Manna, L., Forging colloidal nanostructures via cation exchange reactions. Chem. Rev. 2016, 
116, 10852–10887. 



   Synthesis strategies: There is always a way |  

23 
 

58. Beberwyck, B. J.; Surendranath, Y.; Alivisatos, A. P., Cation exchange: A versatile tool for nanomaterials 
synthesis. J. Phy. Chem. C 2013, 117, 19759–19770. 

59. Son, D. H.; Hughes, S. M.; Yin, Y.; Paul Alivisatos, A., Cation exchange reactions in ionic nanocrystals. 
Science 2004, 306, 1009–1012. 

60. Zhou, H. S.; Sasahara, H.; Honma, I.; Komiyama, H.; Haus, J. W., Coated semiconductor nanoparticles: The 
CdS/PbS system's photoluminescence properties. Chem. Mater. 1994, 6, 1534–1541. 

61. Mews, A.; Eychmueller, A.; Giersig, M.; Schooss, D.; Weller, H., Preparation, characterization, and 
photophysics of the quantum dot quantum well system cadmium sulfide/mercury sulfide/cadmium sulfide. J. 
Phy. Chem. C 1994, 98, 934–941. 

62. Rivest, J. B.; Jain, P. K., Cation exchange on the nanoscale: An emerging technique for new material 
synthesis, device fabrication, and chemical sensing. Chem. Soc. Rev. 2013, 42, 89–96. 

63. van der Stam, W.; Rabouw, F. T.; Vonk, S. J. W.; Geuchies, J. J.; Ligthart, H.; Petukhov, A. V.; de Mello 
Donegá, C., Oleic acid-induced atomic alignment of ZnS polyhedral nanocrystals. Nano Lett. 2016, 16, 2608–
2614. 

64. Li, H.; Zanella, M.; Genovese, A.; Povia, M.; Falqui, A.; Giannini, C.; Manna, L., Sequential cation exchange 
in nanocrystals: Preservation of crystal phase and formation of metastable phases. Nano Lett. 2011, 11, 4964–
4970. 

65. Xia, C.; Wu, W.; Yu, T.; Xie, X.; van Oversteeg, C.; Gerritsen, H. C.; de Mello Donegá, C., Size-dependent 
band-gap and molar absorption coefficients of colloidal CuInS2 quantum dots. ACS Nano 2018. 12, 8350–
8361. 

66. van der Stam, W.; Berends, A. C.; Rabouw, F. T.; Willhammar, T.; Ke, X.; Meeldijk, J. D.; Bals, S.; de Mello 
Donegá, C., Luminescent CuInS2 quantum dots by partial cation exchange in Cu2–xS nanocrystals. Chem. 
Mater. 2015, 27, 621–628. 

67. Akkerman, Q. A.; Genovese, A.; George, C.; Prato, M.; Moreels, I.; Casu, A.; Marras, S.; Curcio, A.; 
Scarpellini, A.; Pellegrino, T., et al., From binary Cu2S to ternary Cu–In–S and quaternary Cu–In–Zn–S 
nanocrystals with tunable composition via partial cation exchange. ACS Nano 2015, 9, 521–531. 

68. Jain, P. K.; Amirav, L.; Aloni, S.; Alivisatos, A. P., Nanoheterostructure cation exchange: Anionic framework 
conservation. J. Am. Chem. Soc. 2010, 132, 9997–9999. 

69. Miszta, K.; Dorfs, D.; Genovese, A.; Kim, M. R.; Manna, L., Cation exchange reactions in colloidal branched 
nanocrystals. ACS Nano 2011, 5, 7176–7183. 

70. van der Stam, W.; Berends, A. C.; de Mello Donegá, C., Prospects of colloidal copper chalcogenide 
nanocrystals. Chemphyschem 2016, 17, 559–581. 

71. Tolbert, S. H.; Alivisatos, A. P., Size dependence of a first order solid-solid phase transition: The wurtzite to 
rock salt transformation in CdSe nanocrystals. Science 1994, 265, 373–376. 

72. Li, H.; Kanaras, A. G.; Manna, L., Colloidal branched semiconductor nanocrystals: State of the art and 
perspectives. Acc. Chem. Res. 2013, 46, 1387–1396. 

73. Morris, A. L.; Lin, C.; Benjamin, S. E.; Devarasetty, V. V. N. M.; Tilluck, W. R.; Lozano, E. I.; Hamo, H.; 
Aguilar, X. A.; Van Patten, P. G., Toward improved scalability of cation exchange reactions of metal 
chalcogenide nanocrystals. Chem. Mater. 2017, 29, 6596–6600. 

74. Sadtler, B.; Demchenko, D. O.; Zheng, H.; Hughes, S. M.; Merkle, M. G.; Dahmen, U.; Wang, L. W.; 
Alivisatos, A. P., Selective facet reactivity during cation exchange in cadmium sulfide nanorods. J. Am. Chem. 
Soc. 2009, 131, 5285–5293. 

75. Luther, J. M.; Zheng, H.; Sadtler, B.; Alivisatos, A. P., Synthesis of PbS nanorods and other ionic nanocrystals 
of complex morphology by sequential cation exchange reactions. J. Am. Chem. Soc. 2009, 131, 16851–16857. 

76. Groeneveld, E.; Witteman, L.; Lefferts, M.; Ke, X.; Bals, S.; Van Tendeloo, G.; de Mello Donegá, C., Tailoring 
ZnSe–CdSe colloidal quantum dots via cation exchange: From core/shell to alloy nanocrystals. ACS Nano 
2013, 7, 7913–7930. 

77. Pearson, R. G., Absolute electronegativity and hardness: Application to inorganic chemistry. Inorg. Chem. 
1988, 27, 734–740. 



| Chapter 2  

24 
 

78. Grodzinska, D.; Pietra, F.; van Huis, M. A.; Vanmaekelbergh, D.; de Mello Donegá, C., Thermally induced 
atomic reconstruction of PbSe/CdSe core/shell quantum dots into PbSe/CdSe bi-hemisphere hetero-
nanocrystals. J. Mater. Chem. 2011, 21, 11556–11565. 

79. Chakraborty, P.; Jin, Y.; Barrows, C. J.; Dunham, S. T.; Gamelin, D. R., Kinetics of isovalent (Cd2+) and 
aliovalent (In3+) cation exchange in Cd1–xMnxSe nanocrystals. J. Am. Chem. Soc. 2016, 138, 12885–12893. 

80. Eilers, J.; Groeneveld, E.; de Mello Donegá, C.; Meijerink, A., Optical properties of Mn-doped ZnTe magic 
size nanocrystals. J. Phy. Chem. Lett. 2012, 3, 1663–1667. 

81. Sytnyk, M.; Kirchschlager, R.; Bodnarchuk, M. I.; Primetzhofer, D.; Kriegner, D.; Enser, H.; Stangl, J.; Bauer, 
P.; Voith, M.; Hassel, A. W., et al., Tuning the magnetic properties of metal oxide nanocrystal 
heterostructures by cation exchange. Nano Lett. 2013, 13, 586–593. 

82. Wark, S. E.; Hsia, C. H.; Son, D. H., Effects of ion solvation and volume change of reaction on the 
equilibrium and morphology in cation-exchange reaction of nanocrystals. J. Am. Chem. Soc. 2008, 130, 
9550–9555. 

83. Hu, C.; Chen, W.; Xie, Y.; Verma, S. K.; Destro, P.; Zhan, G.; Chen, X.; Zhao, X.; Schuck, P. J.; Kriegel, I., et 
al., Generating plasmonic heterostructures by cation exchange and redox reactions of covellite CuS 
nanocrystals with Au3+ ions. Nanoscale 2018, 10, 2781–2789 

84. Wong, A. B.; Brittman, S.; Yu, Y.; Dasgupta, N. P.; Yang, P., Core–shell CdS–Cu2S nanorod array solar cells. 
Nano Lett. 2015, 15, 4096–4101. 

85. Zhai, Y.; Shim, M., Cu2S/ZnS heterostructured nanorods: Cation exchange vs. Solution–liquid–solid-like 
growth. Chemphyschem 2016, 17, 741–751. 

86. Nelson, A.; Ha, D. H.; Robinson, R. D., Selective etching of copper sulfide nanoparticles and heterostructures 
through sulfur abstraction: Phase transformations and optical properties. Chem. Mater. 2016, 28, 8530–8541. 

87. Lesnyak, V.; George, C.; Genovese, A.; Prato, M.; Casu, A.; Ayyappan, S.; Scarpellini, A.; Manna, L., Alloyed 
copper chalcogenide nanoplatelets via partial cation exchange reactions. ACS Nano 2014, 8, 8407–8418. 

88. Tu, R.; Xie, Y.; Bertoni, G.; Lak, A.; Gaspari, R.; Rapallo, A.; Cavalli, A.; Trizio, L. D.; Manna, L., Influence of 
the ion coordination number on cation exchange reactions with copper telluride nanocrystals. J. Am. Chem. 
Soc. 2016, 138, 7082–7090. 

89. Lesnyak, V.; Brescia, R.; Messina, G. C.; Manna, L., Cu vacancies boost cation exchange reactions in copper 
selenide nanocrystals. J. Am. Chem. Soc. 2015, 137, 9315–9323. 

90. Justo, Y.; Sagar, L. K.; Flamee, S.; Zhao, Q.; Vantomme, A.; Hens, Z., Less is more. Cation exchange and the 
chemistry of the nanocrystal surface. ACS Nano 2014, 8, 7948–7957. 

91. Zhai, Y.; Flanagan, J. C.; Shim, M., Lattice strain and ligand effects on the formation of Cu2–xS/ I−III−VI2 
nanorod heterostructures through partial cation exchange. Chem. Mater. 2017, 29, 6161−6167. 

92. Gariano, G.; Lesnyak, V.; Brescia, R.; Bertoni, G.; Dang, Z.; Gaspari, R.; De Trizio, L.; Manna, L., Role of the 
crystal structure in cation exchange reactions involving colloidal Cu2Se nanocrystals. J. Am. Chem. Soc. 2017, 
139, 9583−9590. 

93. Dloczik, L.; Könenkamp, R., Nanostructure transfer in semiconductors by ion exchange. Nano Lett. 2003, 3, 
651−653. 

94. Dong, C.; van Veggel, F. C. J. M., Cation exchange in lanthanide fluoride nanoparticles. ACS Nano 2009, 3, 
123−130



 Highly luminescent water-dispersible near-infrared-emitting wurtzite CuInS2/ZnS core/shell colloidal quant um dots |  

25 
 

3
 

 

   

Highly luminescent water-dispersible 
near-infrared-emitting wurtzite 
CuInS2/ZnS core/shell colloidal 
quantum dots 

 

Based on 

Highly luminescent water-dispersible near-infrared-emitting wurtzite CuInS2/ZnS 
core/shell colloidal quantum dots 

Xia, C.; Meeldijk, J. D.; Gerritsen, H. C.; de Mello Donegá, C., Chem. Mater. 2017, 29, 4940−4951. 



| Chapter 3  

26 
 

Abstract: Copper indium sulfide (CuInS2) quantum dots (QDs) are attractive as labels for 
biomedical imaging since they have large absorption coefficients across a broad spectral 
range, size- and composition-tunable photoluminescence (PL) from the visible to the near-
infrared, and low toxicity. However, the application of near-infrared-emitting CuInS2 QDs is 
still hindered by large size and shape dispersions and low PL quantum yields (PLQYs). In this 
chapter, we develop an efficient pathway to synthesize highly luminescent near-infrared-
emitting wurtzite CuInS2/ZnS QDs, starting from template copper sulfide (Ⅰ) (Cu2−xS) 
nanocrystals, which are converted by topotactic partial Cu+ for In3+ exchange into CuInS2 
nanocrystals. These nanocrystals are subsequently used as cores for the overgrowth of ZnS 
shells (≤1 nm thick). The CuInS2/ZnS core/shell QDs exhibit PL tunability from the first to 
the second near-infrared window (750−1100 nm), with PLQYs ranging from 75% (at 820 nm) 
to 25% (at 1050 nm), and can be readily transferred to water upon exchange of the native 
ligands for mercaptoundecanoic acid. The resulting water-dispersible CuInS2/ZnS QDs 
possess good colloidal stability over at least 6 months and PLQYs ranging from 39% (at 820 
nm) to 6% (at 1050 nm). These PLQYs are superior to those of commonly available water-
soluble near-infrared-fluorophores (dyes and QDs), making the hydrophilic CuInS2/ZnS 
QDs developed in this chapter promising candidates for further application as near-infrared 
emitters in bioimaging. The hydrophobic CuInS2/ZnS QDs obtained immediately after the 
ZnS shelling are also attractive as fluorophores in luminescent solar concentrators. 

3.1 Introduction  
Colloidal semiconductor quantum dots (QDs) have attracted much attention as 

luminescent probes for bioimaging due to their outstanding optical properties, such as broad 
absorption spectra, narrow photoluminescence (PL), large absorption cross-sections, high PL 
quantum yields (PLQYs), and high photostability, which make them superior to organic dyes 
and fluorescent proteins.1 Moreover, their PL can be tuned throughout the visible to the near-
infrared (NIR) spectral window by controlling their composition and size.1 These properties 
have been translated into higher sensitivity, multiplexed detection (i.e., multiple PL colors 
upon single excitation wavelength), and longer observation times.1 Colloidal QDs can also be 
used as multimodal probes, allowing two or more imaging techniques (e.g., magnetic 
resonance imaging and optical) to be combined.2 NIR-emitting QDs are of particular interest, 
since wavelengths in the first and second biological spectral windows (viz. 650−950 nm and 
1000−1350 nm, respectively)3 penetrate much deeper in tissue than visible light, while 
inducing negligible autofluorescence.3-5 However, most currently used NIR-emitting QDs 
contain highly toxic elements such as Cd, Pb, and As (e.g., CdTe,6-8 CdSe/CdTe,9 Cd3P2,10 
InAs,11-12 PbS,13-15 PbSe16), which severely hinders their application as biolabels. The search 
for less toxic alternatives is therefore becoming an increasingly relevant topic. 
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Amongst the alternatives, copper indium sulfide (CuInS2) QDs are particularly 
promising, since they combine low toxicity17-19 with large absorption coefficients across a 
broad spectral range and unparalleled PL tunability, spanning a spectral window that covers 
the PL tunability of CdSe (visible), InP and CdTe/CdSe (visible and first NIR biological 
window), and PbS (second NIR biological window).20 Nevertheless, to date high PLQYs 
(≥50%) have only been reported for CuInS2/ZnS and CuInS2/CdS core/shell QDs with core 
diameters below 4 nm and PL up to 750 nm.17-19, 21-24 Although luminescent CuInS2 QDs larger 
than 4 nm have also been reported,24-27 their size and shape dispersion is typically quite large 
due to the difficulty in balancing the reactivities of multiple precursors (In, Cu, S).20 Partial 
topotactic Cu+ for In3+ cation exchange in template copper (Ⅰ) sulfide  (Cu2−xS) nanocrystals 
has been recently established as an effective strategy to circumvent these limitations,28-29 
allowing the preparation of monodisperse luminescent CuInS2 QDs and nanocrystals of sizes 
and shapes that would not be easily attainable by direct routes. 

Interestingly, CuInS2 QDs and nanocrystals obtained by cation exchange adopt the 
hexagonal wurtzite structure, instead of the cubic chalcopyrite structure typically observed 
for CuInS2 QDs synthesized by direct routes.28-29 This creates new opportunities to expand 
the spectral tunability of CuInS2 QDs, since wurtzite CuInS2 QDs emit at lower energies than 
their chalcopyrite counterparts.30 The PLQY of bare CuInS2 QDs is however low (<5−10% 
for chalcopyrite CuInS2;17-27, 31 and <1% for wurtzite CuInS2

30) due to nonradiative 
recombination at surface defects. Overgrowth of a zincblende ZnS shell on chalcopyrite 
CuInS2 QDs has been shown to effectively passivate these surface defects, thereby increasing 
the PLQYs to values as high as 80%, while imparting excellent stability with preservation of 
the inherently low toxicity of CuInS2 QDs.17-19, 22-23, 26 However, ZnS shelling protocols for 
wurtzite CuInS2 QDs are still underdeveloped, as the highest PLQY reported to date for 
wurtzite CuInS2/ZnS QDs is only 1%.30, 32 

Therefore, in order to harness the potential of wurtzite CuInS2 QDs as efficient NIR 
emitters for bioimaging, we developed in this chapter a sequential approach in which 
template high-chalcocite Cu2−xS nanocrystals (4.5−8.1 nm in diameter, 10% size dispersion) 
are first converted into wurtzite CuInS2 QDs with size and shape preservation by topotactic 
partial Cu+ for In3+ cation exchange. The product CuInS2 QDs are subsequently coated with 
a ZnS shell. This yields wurtzite CuInS2/ZnS core/shell QDs with PL tunable from 750 nm to 
1100 nm and PLQYs as high as 75% (at 820 nm). Finally, the product wurtzite CuInS2/ZnS 
core/shell QDs are phase-transferred to water through exchange of the native ligands by 
mercaptoundecanoic acid, while preserving relatively high PLQYs in the NIR spectral region 
(up to 39% at 810 nm). 
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3.2 Results and discussion 
Size-controlled nearly spherical Cu2−xS nanocrystals templates. Colloidal Cu2−xS 

nanocrystals were synthesized following the method reported by Wang and co-workers,33 
with small modifications (See Methods for details). This method is very versatile,33 allowing 
the diameter of nearly spherical Cu2−xS nanocrystals to be tuned from 3 to 8 nm (10% size 
dispersion) by controlling the reaction time from 20 to 160 min (appendix A3.1). As an 
illustrative example, Figure 3.1a shows the high-resolution transmission electron microscopy 
(HRTEM) image of 6 nm Cu2−xS nanocrystals obtained after 90 min at 210 °C. The d−spacing 
of these nanocrystals is 3.4 Å, which can be assigned to the (002) lattice planes of hexagonal 
high-chalcocite Cu2S (JCPDS Card 26−1116). This assignment is also supported by the 
powder X-ray diffraction (XRD) pattern of the sample (appendix A3.2a). 

 

Figure 3.1 (a) HRTEM image of 6 nm diameter Cu2−xS nanocrystals. The upper panels show the Fourier 
transform (FT) pattern (left) and a zoom-in (right) of the nanocrystal indicated by the yellow circle. (b) 
HRTEM image of CuInS2 QDs obtained from the template Cu2−xS nanocrystals shown in (a) by partial 
Cu+ for In3+ cation exchange at 20 °C and TOP/Cu= 0.9 (slow cation exchange). The upper panels show 
the FT pattern (left) and a zoom-in (right) of the nanocrystal indicated by the red circle. The average 
nanocrystal size and polydispersity (~10%) of the template nanocrystals are preserved in the product 
QDs (within the uncertainty of the measurement). 

 

Size-controlled nearly spherical luminescent CuInS2 QDs by cation exchange at 20 °C 
(slow cation exchange). Previous work by our group29 demonstrated that CuInS2 QDs can be 
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obtained by topotactic partial Cu+ for In3+ cation exchange in template Cu2−xS nanocrystals 
at room temperature using trioctylphosphine (TOP) as the Cu-extracting agent and an In-
salt as the In3+ source. Under the conditions used in that study (excess TOP), the Cu+ 
extraction and In3+ incorporation were shown to proceed by separate chemical pathways, 
making the cation exchange reaction subject to a very delicate balance between the Cu+-
extraction and In3+-incorporation rates.29 This strict balance was achieved in ref29 for two 
different template nanocrystal sizes (2.5 and 4 nm) by carrying out the cation exchange 
reaction at low temperatures (room temperature) and low concentrations. These conditions 
were however not sufficient to provide a precise balance for larger template sizes (viz., 11 nm), 
for which a slight deterioration of the size distribution was observed.29 Under excess TOP, 
higher temperatures make the balance between the Cu+-extraction and In3+-incorporation 
rates even harder to achieve, and have been shown to lead to hollow CuInS2 nanoplatelets 
(for template 10 × 50 nm Cu2−xS nanoplatelets at 150 °C and using InCl3 as In-source)34 or 
size reduction (for template 8 nm Cu2−xS nanocrystals at 120 °C).32 A strategy to circumvent 
these difficulties and render the Cu+ for In3+ cation exchange in Cu2−xS nanocrystals more 
amenable to control has recently been developed by our group, and is based on the use of 
stoichiometric TOP−In complexes as both In-source and Cu-extracting agent at high 
temperatures (100 °C).28 In this way, the Cu+ for In3+ exchange becomes a direct place 
exchange reaction, and therefore the extraction and incorporation rates become inherently 
coupled.28 

In this chapter, we intend to expand the applicability of this strategy to a wider range of 
template nanocrystal sizes and reaction temperatures. To this end, we first investigated the 
influence of the TOP/In ratio on the outcome of the partial Cu+ for In3+ cation exchange 
under slow reaction conditions (20 °C, appendix A3.3). Cu2−xS nanocrystals with 6 nm in 
diameter were chosen as templates because they are sufficiently large to be readily analyzed 
with TEM, while still yielding CuInS2 QDs with optical properties in a relevant spectral 
window. It is clear that TOP/In ratios beyond 1.8 induce partial dissolution of the 
nanocrystals, as evidenced by the steady decrease of the absorbance of the product CuInS2 
QDs solutions with increasing TOP concentrations (appendix A3.3a). This can be attributed 
to over-extraction of Cu+ from the nanocrystals as a consequence of the excess of free TOP 
for TOP/In ratios larger than 2. Interestingly, the PL intensity of the product CuInS2 QDs 
decreases dramatically for TOP/In ratios beyond 0.9 (appendix A3.3b), although the 
absorption intensity remains constant up to a TOP/In ratio of 1.8. This implies that even a 
modest excess of free TOP is detrimental to the quality of the product CuInS2 QDs, suggesting 
that accelerated Cu+ extraction rates induce higher concentration of defects. These 
observations are consistent with the direct place exchange mechanism proposed in ref28 and 
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show that the TOP/In ratio is a crucial parameter to control the Cu+ for In3+ cation exchange 
reaction rates. 

The success of the slow partial Cu+ for In3+ cation exchange in template Cu2−xS 
nanocrystals under TOP/In~1 is evidenced not only by the higher PL intensities of the 
product CuInS2 QDs (appendix A3.3b), but also by the preservation of the size and shape of 
the template nanocrystals after the cation exchange reaction (Figure 3.1 and appendix A3.3c, 
average size and polydispersity remain constant within the uncertainty of the measurement). 
The d−spacings (3.4 Å and 2.0 Å) observed in the HRTEM image (Figure 3.1b) are consistent 
with the (100) and (110) lattice planes of the wurtzite CuInS2 crystal structure viewed along 
the [001] direction. This assignment is confirmed by the XRD pattern of the CuInS2 QDs 
(appendix A3.2b). Moreover, the energy dispersive X-ray spectroscopy (EDS) spectrum of 
the product QDs (see appendix A3.4b,d for a representative example) confirms the 
incorporation of In, and reveals a Cu/In ratio of 1.4 ± 0.2. It should be noted that these 
observations are fully consistent with the cation exchange mechanism proposed in our 
previous work (i.e., the partial Cu+ for In3+ cation exchange in hexagonal high-chalcocite 
Cu2−xS nanocrystals is self-limited and topotactic, thereby leading to wurtzite CuInS2).28-29 

Size-controlled nearly spherical luminescent CuInS2 QDs by cation exchange at 125 °C 
(fast cation exchange). Despite its success, the room temperature Cu+ for In3+ cation 
exchange protocol is very time-consuming (the reaction takes 3 days), and is thus not well 
suited for the preparation of a large number of different samples. To circumvent this 
limitation, we have investigated a faster cation exchange protocol, in which a higher reaction 
temperature (125 °C) is used while keeping the TOP/In close to stoichiometric (0.9). In this 
way, the Cu+-extraction and In3+-incorporation rates are expected to remain coupled despite 
accelerated reaction kinetics, as demonstrated in ref28 for cation exchange reactions carried 
out at 100 °C. Previous work by Buhro and coworkers has shown that the reactivity of the In-
source has a dramatic impact on the balance between the extraction and incorporation rates 
of Cu+ for In3+ cation exchange reactions carried out under TOP excess at high temperatures 
(e.g., InCl3 at 150 °C produces hollow CuInS2 nanoplatelets, whereas In(Ac)3 at the same 
temperature yields intact CuInS2 nanoplatelets).34 We have therefore investigated the 
influence of the In-source on the outcome of the Cu+ for In3+ exchange in template Cu2−xS 
nanocrystals at 125 °C under stoichiometric TOP/In ratios (appendix A3.5). In all cases, the 
average size and polydispersity of the template Cu2−xS nanocrystals are well preserved in the 
product CuInS2 QDs, with minor differences between the four different In-precursors 
(appendix A3.5a). However, the product CuInS2 QDs prepared by using In(Ac)3 as the In-
precursor show the highest PL intensity (appendix A3.5b), compared to InCl3, In(NO3)3, and 
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In(acac)3, suggesting that the cation exchange reaction between the TOP−In(Ac)3 complex 
and the template Cu2−xS nanocrystals leads to fewer non-radiative recombination centers. 
In(Ac)3 was thus selected as the In-source for further optimization of the cation exchange 
reaction conditions. It is possible that the lower activation energies for incorporation of In3+ 
from In(Ac)3, as observed by Buhro and coworkers,34 results in a better balance between the 
Cu+ extraction and the In3+ incorporation rates, thereby leaving fewer non-radiative defects 
or, alternatively, more emissive defects.30 The possible nature of these defects and their impact 
on the optical properties of CuInS2 QDs will be discussed in more detail later in this chapter. 

 

Figure 3.2 (a) TEM image and corresponding size histogram of 6.6 nm Cu2−xS nanocrystal templates; 
(b) TEM image and corresponding size histogram of 6.7 nm product CuInS2 QDs obtained from the 
template Cu2−xS nanocrystals shown in (a) by partial Cu+ for In3+ cation exchange at 125 °C for 1 h; (c) 
HRTEM image and (d) FT analysis of a single CuInS2 QD from the same sample shown in (b). The FT 
pattern can be indexed to the axial projection of the wurtzite CuInS2 structure along the [001] direction. 

 

Figure 3.2 provides a representative example of the CuInS2 QDs produced by partial Cu+ 
for In3+ exchange in template Cu2−xS nanocrystals at 125 °C for 1 h, using the TOP−In(Ac)3 
complex as the In-source and under nearly stoichiometric conditions (TOP/In= 0.9). The 
results show that the cation exchange reaction proceeds topotactically, since the average size, 
shape and polydispersity of the template Cu2−xS nanocrystals are inherited by the product 
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CuInS2 QDs (Figure 3.2). The topotactic nature of the partial Cu+ for In3+ cation exchange 
reaction is also evidenced by HRTEM (Figure 3.2) and XRD (appendix A3.2c) analysis, which 
demonstrate that the product CuInS2 QDs are highly crystalline and have the wurtzite 
structure, confirming that the hexagonal anionic sublattice of high-chalcocite Cu2S remains 
largely undisturbed by the cation exchange reaction.28-29 The fast cation exchange protocol 
developed here is also highly versatile and was successfully used to obtain wurtzite CuInS2 
QDs in the 3 to 8 nm size range (polydispersity of ~10%) in just 1 h reaction time. The optical 
properties of these NIR-emitting CuInS2 QDs will be discussed in more detail below, together 
with those of the CuInS2/ZnS core/shell QDs obtained by overcoating them with ZnS shells.  

The high temperature cation exchange protocol can be successfully carried out also at 
different temperatures, such as 100 °C (reaction time: 2 h), or 150 °C (reaction time: 30 min). 
It should be noted that residual trioctylphosphine oxide is very detrimental to the cation 
exchange reaction, deteriorating the size polydispersity. It is therefore of crucial importance 
to properly wash the template Cu2−xS nanocrystals prior to use. The fast cation exchange 
method is advantageous over its room temperature equivalent not only for its much shorter 
reaction times, but also because it yields wurtzite CuInS2 QDs with superior PLQYs (1−2%, 
which are about one order of magnitude higher than those obtained by slow cation exchange). 
To further increase the PLQYs of the CuInS2 QDs prepared at 125 °C, dodecanethiol was 
added to the reaction medium. This enhanced the PLQYs of the as-prepared CuInS2 QDs by 
a factor 5−10 and improved their colloidal stability, without any observable impact on their 
size and polydispersity. The fact that the size, shape and polydispersity of the product CuInS2 
QDs are not affected by the addition of dodecanethiol implies that the beneficial effects of 
dodecanethiol are solely due to its ability to bind to the surface of the QDs. Although 
dodecanethiol is often used as sulfur source in the synthesis of both Cu2−xS (e.g., this work) 
and CuInS2 (e.g., refs23, 31) nanocrystals, the temperatures required for the thermolysis of the 
C−S bond (typically above 200 °C for CuInS2 QDs) are higher than those used in our fast 
cation exchange protocol. Dodecanethiol is also a well-known soft ligand (chemical hardness 
η ~6 eV),35 which strongly binds to soft metal cations such as Cu+ (η~6.28 eV)35 through its 
S-donor atom, thereby passivating surface dangling orbitals.36-37 The enhancement of the 
PLQYs of wurtzite CuInS2 QDs by dodecanethiol has also been observed by post-synthetic 
ligand exchange, and was attributed to the passivation of surface Cu+ sites.30 However, we 
note that although In3+ is a hard Lewis acid (= 13 eV),35 we cannot exclude that in the present 
case dodecanethiol may also bind to surface In sites, albeit weakly, since harder ligands are 
not available and our cation exchange experiments clearly show that TOP (also a soft Lewis 
base with  ~ 6 eV)35 does form complexes with In-compounds, even at nearly stoichiometric 
ratios. The enhancement of the PLQYs upon dodecanethiol addition can thus be interpreted 
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as evidence that carrier trapping at surface metal dangling orbitals is an important non-
radiative decay pathway. The possible nature of the non-radiative and radiative 
recombination processes in wurtzite CuInS2 QDs will be discussed in more detail later. 
Interestingly, the PLQYs observed in the present work for the dodecanethiol capped CuInS2 
QDs obtained by fast cation exchange method (viz., 20−1% in the 5−8 nm size range) are the 
highest reported to date for wurtzite CuInS2 QDs and are comparable to the best values 
reported for chalcopyrite CuInS2 QDs in the 3−5 nm size range (5−10%).20 This implies that 
the PLQYs of wurtzite CuInS2 QDs are not fundamentally lower than those of chalcopyrite 
CuInS2 QDs, in contrast to suggestions made in previous works.30, 38 

 

Figure 3.3 TEM images of CuInS2 QDs obtained by (a) slow and (b) fast cation exchange. (c,d) TEM 
images of CuInS2/ZnS core/shell QDs obtained by ZnS overgrowth on the CuInS2 QDs shown, 
respectively, in (a,b). (e,f) HRTEM images and (g,h) FT analysis of individual CuInS2/ZnS core/shell 
QDs selected from (c,d,), respectively. The lattice spacings in (e,f) are 3.4 and 1.95 Å, which correspond 
well to the {100} and {110} lattice planes of wurtzite CuInS2. The FT patterns (g,h) can be indexed to 
the [001] axial projection of the wurtzite structure. 

 

ZnS shell overgrowth on CuInS2 QDs. In order to enhance the PLQYs and 
(photo)chemical stability of the wurtzite CuInS2 QDs prepared by both the slow and the fast 
cation exchange protocols, a ZnS shelling protocol was developed. This procedure yielded 
nearly-spherical wurtzite CuInS2/ZnS core/shell QDs with shell thicknesses of about 0.5 nm 
(~1.5 ZnS monolayer) (Figure 3.3). As expected for heteroepitaxial growth, the ZnS shell 
adopted the wurtzite structure of the CuInS2 cores, as clearly shown by both HRTEM (Figure 
3.3e−h) and XRD (appendix A3.2b,c). The presence of Zn in the product CuInS2/ZnS QDs is 
confirmed by EDS measurements (appendix A3.4e,g). The elemental ratios obtained by 
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quantification of the EDS spectra are roughly consistent with the ZnS shell thicknesses 
estimated from the TEM measurements and indicate that the Cu/In ratios do not significantly 
change after the ZnS overgrowth, implying that Cu+ (and/or In3+) for Zn2+ cation exchange 
during the ZnS shell overgrowth was negligible. In combination with the changes observed 
in the optical spectra of the product CuInS2/ZnS QDs with respect to those of the CuInS2 QDs 
used as cores (Figure 3.4b, Table 3.1, and appendix A3.6,A3.7, see discussion below for 
details), these results suggest that the wurtzite CuInS2/ZnS QDs prepared in this chapter 
possess a core/shell structure with an alloyed heterointerface. 

Table 3.1 Shift observed in the experimental band gaps and PL maxima of wurtzite CuInS2/ZnS QDs 
with respect to those of the wurtzite CuInS2 QDs used as cores. The bandgaps were estimated from the 
absorption spectra by using a Tauc plot (see appendix A3.6). CE represents cation exchange. 

CuInS2 size (nm) 
Band Gap 
Shift (meV) 

PL Shift 
(meV) 

Abs. Spectra PL Spectra 
PLQYs of 

CuInS2 (%) 
PLQYs of 

CuInS2/ZnS (%) 

5.4 (Fast CE) 120 144 Figure 3.4b Figure 3.4b 22 ± 1 75 ± 4 

6.4 (Fast CE) 96 105 Not shown Not shown 10.6 ± 0.5 53 ± 3 

7.2 (Fast CE) 93 74 Not shown Not shown 3.4 ± 0.2 38 ± 2 

8.1 (Fast CE) 51 62 Not shown Not shown 0.31 ± 0.01 25 ± 1 

6.3 (Slow CE) 63 −176 appx. A3.7a appx. A3.7a 0.20 ± 0.05 21 ± 3 

6.5 (Slow CE) 151 159 appx. A3.7b appx. A3.7b 0.24 ± 0.06 30 ± 3 

7.0 (Slow CE) 152 131 appx. A3.7c appx. A3.7c 0.22 ± 0.04 26 ± 2 

 

Optical properties of wurtzite CuInS2 and CuInS2/ZnS QDs. The absorption and PL 
spectra of the wurtzite CuInS2/ZnS QDs prepared in this chapter are blue-shifted with respect 
to those of the wurtzite CuInS2 QDs used as cores (Figure 3.4b, Table 3.1, and appendix 
A3.6,A3.7). The extent of the blue-shift appears to be size-dependent for the CuInS2/ZnS QDs 
obtained from fast cation exchange CuInS2 QDs, decreasing with increasing core diameter 
(Table 3.1). In contrast, there is no apparent trend for CuInS2/ZnS QDs obtained by shelling 
slow cation exchange CuInS2 QDs (Table 3.1). The shifts observed in the PL spectra were in 
most cases not significantly different from those observed in the absorption spectra (see Table 
3.1, difference varies from +20% to −20% depending on the sample), but occasionally 
deviated from the blue-shift trend observed for the majority of the samples (see, e.g., appendix 
A3.7, which shows a red-shift of 176 meV, despite a blue-shift of 63 meV in the absorption 
spectrum). This anomalous PL red-shift can be understood by considering that the PLQY of 
the CuInS2 QDs used as cores was very low (0.2%), and therefore was not representative of 
the QD ensemble and probably originated from a small fraction of smaller or otherwise 
different CuInS2 QDs emitting at higher energies. The dramatic enhancement of the PLQYs 
induced by the ZnS shelling (two orders of magnitude, see Table 3.1) resulted in a PL 
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spectrum that was representative of the ensemble of CuInS2/ZnS QDs, thereby yielding an 
apparent red-shift with respect to the very weak and likely biased PL spectrum of the bare 
CuInS2 QDs used as cores. 

This observation implies that one should exercise caution when interpreting spectral 
shifts derived from comparison of PL spectra prior to and after shelling procedures, since the 
PLQYs of bare CuInS2 QDs are generally low and therefore the observed PL spectrum may 
not necessarily reflect the size, shape and composition polydispersity of the ensemble. The 
comparison between absorption spectra would in principle be more reliable, since they are 
determined by the whole QD ensemble. However, absorption spectra may be distorted by the 
presence of absorbing impurities. Moreover, the band-edge transitions of QDs are strongly 
size dependent and therefore the bandgap estimated from absorption spectra is affected by 
the size polydispersity of the sample.39 This is a particularly serious issue for CuInS2 and other 
ternary copper chalcogenides, which typically present essentially featureless absorption 
spectra without a sharp first absorption transition and often accompanied by a low energy 
tail.20 The difficulties associated with extracting reliable bandgap values from the absorption 
spectra of ternary chalcogenides may be the reason why PL shifts are more frequently 
reported in the literature than absorption shifts. It should also be noted that these peculiarities 
may introduce a considerable uncertainty in the spectral shifts deduced from both PL and 
absorption spectra, and may explain the discrepancies between the observations reported in 
the literature, as we will discuss below. 
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Figure 3.4 (a) Absorption and PL spectra of CuInS2 QDs prepared by fast cation exchange using 
different sizes (4.5 to 8.1 nm) of template Cu2−xS nanocrystals. (b) Absorption and PL spectra of 5.4 nm 
CuInS2 QDs obtained by fast cation exchange before and after ZnS shell overgrowth. (c) PL spectra of 
CuInS2/ZnS core/shell QDs using different sizes (4.5 to 8.1 nm) of CuInS2 QDs as cores. (d) PLQYs of 
CuInS2 QDs obtained by fast cation exchange (black line) and the corresponding CuInS2/ZnS core/shell 
QDs (red line) as a function of the QD core size. (e) Photodegradation of CuInS2/ZnS core/shell QDs 
(core diameter: 4.5 nm, blue line) and indocyanine green (ICG, orange line) under 400 nm illumination. 

 

Spectral blue-shifts have been invariably observed after ZnS shelling of chalcopyrite 
CuInS2 QDs, and have been attributed to a number of reasons. For example, Li and 
coworkers23 reported a 80 meV blue-shift in the PL spectra of 3 nm chalcopyrite CuInS2 QDs 
upon overgrowth of a ZnS shell using both Zn and S precursors, and attributed it to etching 
of the cores prior to shell growth. A similar PL blue-shift (90 meV), accompanied by a 62 
meV blue-shift in absorption spectrum, has been observed by Berends et al.31 for 2.5 nm 
chalcopyrite CuInS2 QDs overcoated with 1 monolayer of ZnS. Exposing chalcopyrite CuInS2 
QDs to Zn2+ precursors in the absence of a S-precursor has been observed to induce even 
larger blue-shifts (as large as 340 meV for a 3.3 nm QD and 200 meV for a 2.4 nm QD) in 
both the PL and absorption spectra.40-41 These pronounced blue-shifts were shown to be due 
to partial Zn2+ for In3+ and Cu+ cation exchange followed by interdiffusion, resulting in 
gradient (CuInZn)S2 alloy QDs with the same size as the parent chalcopyrite CuInS2 QDs, 
but larger bandgaps.40 Simultaneous ZnS overgrowth and Zn interdiffusion, resulting in 
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core/shell QDs with a gradient chalcopyrite (CuInZn)S2 alloy core overcoated by a zinc 
blende ZnS shell, has also been shown to occur upon addition of mixed Zn and S precursors 
to chalcopyrite CuInS2 QDs (3−5 nm diameter), leading to spectral blue-shifts in both 
absorption and emission.41-42 Intriguingly, the PL shifts reported in ref42 (viz., 100−180 meV, 
in the 5 to 3 nm size range) are significantly smaller than those observed in the absorption 
spectra (160−260 meV, in the same size range). There are also works in which only the PL is 
observed to blue-shift upon ZnS shelling of chalcopyrite CuInS2 QDs, while the absorption 
spectra remain unchanged (e.g., 64 meV for chalcopyrite/zinc blende CuInS2/ZnS QDs with 
3 nm cores).18 

From the above, it is clear that shelling of chalcopyrite CuInS2 QDs with ZnS leads to 
spectral blue-shifts and that, despite some dissonant works, the shifts in absorption and 
photoluminescence are comparable. The remarkable diversity of the trends observed for 
chalcopyrite CuInS2/ZnS QDs demonstrates the chemical and electronic complexity of this 
system and may be rationalized by considering that the magnitude of the blue-shift depends 
on the extent of the Zn interdiffusion and alloying into the CuInS2 core: largest (e.g., 340 
meV)40 for extensively alloyed CuInS2/ZnS QDs produced by exposure of chalcopyrite 
CuInS2 QDs to only Zn-precursors and smallest (e.g., 60 meV)31 for CuInS2/ZnS core/shell 
QDs with partially alloyed heterointerfaces obtained by shelling chalcopyrite CuInS2 QDs 
using both Zn- and S-precursors. This behavior is reminiscent of that observed for 
heteronanocrystals of II−VI semiconductors (e.g., ZnS−CdS,37 ZnSe−CdSe,43), whose 
elemental distribution profiles can be seamlessly tuned from core/shell QDs with a well-
defined heterointerface to fully homogeneous alloy QDs, through gradient alloy QDs with 
increasingly smoother gradients.43 As a result, the optical properties of heteronanocrystals of 
II−VI semiconductors can be continuously tuned from those of core/shell heteronanocrystals 
with sharp heterointerfaces to those of homogeneous alloy nanocrystals, with preservation of 
the total volume and composition of the nanocrystal.43 However, it appears that chalcopyrite 
CuInS2/ZnS core/shell QDs with sharp heterointerfaces have yet to be made, since to date 
only spectral blue-shifts have been reported for these materials (see above),18, 23, 31, 38, 40-42 in 
striking contrast with the small red-shifts expected for type−I core/shell QDs as a result of 
the small leakage of the exciton wavefunction into the shell due to the finite band offsets 
between the core and shell.37 Some authors have assumed the formation of a sharp 
CuInS2/ZnS heterointerface, attributing the blue-shift observed after ZnS shelling to 
shrinkage of the core, due to either etching prior to the shell overgrowth23 or shell ingrowth 
by cation exchange.41 However, this assumption has yet to be experimentally validated. 
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Reports on spectral shifts upon ZnS shelling of wurtzite CuInS2 QDs are scarce and 
contradictory,30, 32 since these QDs have only recently been developed.25, 28-30, 32 While Leach et 
al.30 did not observe any spectral shifts (both in PL and absorption) upon exposure of ~10 nm 
diameter wurtzite CuInS2 platelets to Zn2+, Akkerman et al.32 reported a 115 meV blue-shift 
in the PL spectrum of 8 nm diameter gradient alloy wurtzite CuInS2/ZnS QDs, without any 
significant change in the absorption spectrum. These reports are also inconsistent with the 
behavior observed in the present work (Figure 3.4b, Table 3.1 and appendix A3.6,A3.7), 
which unambiguously shows that the absorption and PL spectra of wurtzite CuInS2/ZnS QDs 
blue-shifts with respect to those of the wurtzite CuInS2 QDs used as cores. This behavior is 
analogous to that previously reported for chalcopyrite CuInS2/ZnS QDs (see above), and can 
therefore be interpreted as evidence of a small degree of Zn2+ diffusion into the CuInS2 cores, 
leading to an alloyed CuInS2/ZnS heterointerface.  

The blue-shift in the optical transitions of CuInS2 QDs (both chalcopyrite and wurtzite) 
upon ZnS shelling can be attributed to widening of the bandgap as a result of both the partial 
CuInS2−ZnS alloying (bandgap of ZnS is larger than that of CuInS2, viz., 3.5 eV and 1.53 eV,20, 

37 respectively) and the reduction of the effective volume probed by the exciton wavefunction 
due to the gradient elemental distribution profiles (Zn concentration increases towards the 
surface, which translates into an increasing potential barrier for both electron and hole). The 
increase in bandgap will be directly reflected in the absorption spectrum, and will be most 
evident in the lowest energy transition, which is assigned to 1Se−1Sh transition.44 The impact 
of the ZnS shelling on the PL energies of CuInS2 QDs is likely more complex due to the nature 
of the radiative recombination in these materials.  

The PL of chalcopyrite CuInS2 QDs is characterized by broad bandwidths (full width at 
half maximum, FWHM, ~200−300 meV), large ‘global’ Stokes Shifts (~300−400 meV), and 
multiexponential PL decays with long decay constants (slow component with hundreds of 
ns).20, 38 These characteristics are dramatically different from those of the 1Sh−1Se band-edge 
PL observed for the prototypical II−VI and IV−VI QDs (e.g., CdSe, PbSe),20 and have led to 
an intense debate concerning their origin.20, 38 Most works attribute the PL in chalcopyrite 
CuInS2 to radiative recombination involving defects, but a wide variety of defects and 
recombination mechanisms has been invoked:38 donor−acceptor pair, localized 
electron−valence band (VB) hole, or conduction band (CB) electron−localized hole. An 
intrinsic recombination mechanism, which ascribes the PL to the recombination of CB 
electron states with dark and bright VB hole states, has also been proposed.44 However, recent 
work has unambiguously demonstrated that the PL in chalcopyrite CuInS2 QDs originates 
from the radiative recombination of a delocalized CB electron with a hole localized on a Cu+ 
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ion.31, 45-46 Nevertheless, the nature of the hole localization process (i.e., self-trapping onto a 
regular Cu+ ion,45 or capture by a native defect, such as CuIn

2−) has yet to be unravelled.31 

The PL of wurtzite CuInS2 QDs has also been assigned to radiative recombination at 
defects, but the nature of these defects is thought to be different from those in chalcopyrite 
CuInS2 QDs, since wurtzite CuInS2 nanocrystals typically emit at lower energies than their 
chalcopyrite counterparts, despite showing otherwise similar PL characteristics (i.e., FWHM 
of ~200−300 meV, ‘global’ Stokes Shifts of ~300−400 meV, and multiexponential PL decays 
with long decay constants of hundreds of ns).30, 38 Recent work by Macdonald and coworkers30 
has used density functional theory calculations to shed light on the radiative recombination 
mechanism in wurtzite CuInS2 QDs and concluded that the recombination of an electron 
localized at Ini

2+ with a VB hole was the most likely radiative recombination pathway, since 
it gave the best match to their experimental spectra. However, the authors noted that, among 
the candidate defects that were studied, the transition energies associated with CuIn and VIn

3− 
also agreed well with their experimental data.30 This implies that the PL in wurtzite CuInS2 
QDs may also originate from recombination of a CB electron with a localized hole (either in 
CuIn or VIn

3−).  

We argue that, considering the strong similarity between the PL characteristics of 
chalcopyrite and wurtzite CuInS2 QDs, recombination of a CB electron with a localized hole 
is in fact the most plausible mechanism. However, wurtzite CuInS2 nanocrystals have only 
recently become available and have yet to reach the same level of study of the chalcopyrite 
counterparts. Therefore, a definitive assignment of the radiative decay mechanism in wurtzite 
CuInS2 nanocrystals would be premature at this time. Nevertheless, the pronounced size-
dependence observed in the optical spectra of the wurtzite CuInS2 QDs and wurtzite 
CuInS2/ZnS core/shell QDs prepared in our work (Figure 3.4a), clearly demonstrates that the 
radiative recombination involves at least one delocalized carrier. Considering that the CB 
potential in CuInS2 is more strongly affected by quantum confinement than the VB potential 
(effective masses of the electron and hole are, respectively, 0.16 m0 and 0.85 m0),44 we argue 
that this also suggests that the delocalized carrier is likely the electron. Regardless of the 
nature of the delocalized carrier, the size dependence of the PL energy allowed us to tune the 
PL of the wurtzite CuInS2 QDs from the first to the second NIR biological window (~800 to 
~1050 nm, Figure 3.4c) by increasing the QD size from 4.5 to 8.1 nm. PL at shorter 
wavelengths (650−750 nm) can also be obtained, by using smaller template Cu2−xS 
nanocrystals (2.5−3.5 nm).29 The observation of efficient PL at 1050 nm is particularly 
interesting, since reports on CuInS2 QDs emitting in the second NIR-window are scarce.25, 30, 

32 
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Overcoating by a ZnS shell leads to a large enhancement of the PLQY for all the 
investigated sizes (Figure 3.4b,d), which is accompanied by an increase of the average exciton 
lifetimes (appendix A3.8). This is consistent with previous reports for both chalcopyrite and 
wurtzite CuInS2 QDs,20, 23, 29-31 and indicates that recombination through surface defects is a 
major non-radiative decay pathway.23, 30-31 However, we also observe that the PLQYs are size-
dependent, decreasing for increasing QD size (Figure 3.4d), and that the increase of the PLQY 
upon ZnS shelling is apparently limited by the initial PLQY of the CuInS2 QD cores (i.e., 
CuInS2 QD cores with lower PLQYs produce CuInS2/ZnS core/shell QDs with relatively 
lower PLQYs as well). This suggests that internal defects are also important charge carrier 
traps, generating additional nonradiative relaxation pathways that cannot be eliminated by 
shell overcoating. A strategy to further improve the PLQYs of NIR-emitting CuInS2/ZnS 
core/shell QDs should thus not only address the ZnS shell thickness and quality, but also the 
underlying reasons for the low PLQYs of the CuInS2 QD cores themselves, which requires a 
deeper understanding of the radiative and non-radiative decay pathways in wurtzite CuInS2 
QDs. Nevertheless, we note that the PLQYs obtained in our work using CuInS2 QDs 
produced by fast cation exchange as cores for CuInS2/ZnS core/shell QDs (e.g., 75% at 820 
nm) are, to the best of our knowledge, the highest reported so far for NIR-emitting 
CuInS2/ZnS QDs (Speranskaya et al.17 reported 40% at 750 nm, while Pons et al.18 reported 
30% at 800 nm and 12% at 820 nm). A comparative photodegradation test (Figure 3.4e) shows 
that the photostability of the CuInS2/ZnS QDs is superior to that of commonly available NIR-
emitting dyes (e.g. indocyanine green, ICG). 

Phase transfer of wurtzite CuInS2/ZnS core/shell QDs into water. The wurtzite 
CuInS2/ZnS core/shell QDs were transferred into water through exchange of the native 
ligands by 11-mercaptoundecanoic acid (MUA).47 As the binding energy of Zn−Sthiolate (194.7 
kJ/mol) is much higher than those of S−Sthiolate (105.1 kJ/mol) and Zn−Sthiol (31.8 kJ/mol),47-48 
it is of great importance to control the solution pH (>8), so as to deprotonate the thiol group, 
thereby ensuring a strong bond between the thiolate head-group and the surface of the 
CuInS2/ZnS QDs. However, the high pH will also give rise to the formation of disulfide bonds 
that may trap the photogenerated hole, resulting in PL quenching.47 To prevent disulfide 
formation, reducing agents [e.g., sodium borohydride,49 dithiothreitol,50 tris-(2-
carboxyethyl)phosphine hydrochloride (TCEP)47] are commonly added during the phase 
transfer. In this work, TCEP was chosen as the reducing agent due to its high efficiency and 
low contamination during biolabeling.51 The phase transfer was accomplished at pH ~11.6, 
which resulted in a high concentration of deprotonated MUA thiolate groups that exchanged 
the native ligands at the surface of CuInS2/ZnS core/shell QDs, thereby making them 
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hydrophilic (Figure 3.5). The average Zeta potential of these water-dispersible CuInS2/ZnS 
core/shell QDs is about −60 mV (appendix A3.9). The negatively charged surface is attributed 
to the deprotonation of the carboxyl groups of MUA. This assignment is confirmed by a weak 
stretching mode of the COOH group at 1720 cm−1 and the appearance of a new band at 1398 
cm−1, which is related to the symmetric vibration modes of the COO− group (appendix A3.9). 

The optical properties and morphology of ~5 nm diameter wurtzite CuInS2/ZnS 
core/shell QDs before and after phase-transfer to water are shown in Figure 3.5. The average 
size and polydispersity of the QDs are not significantly affected by the phase-transfer 
procedure (Figure 3.5b), and the resulting negatively-charged QDs are colloidally stable in 
water for long periods of time (at least 6 months). The hydrodynamic size of the CuInS2/ZnS 
core/shell QDs is 14.2 ± 2.7 nm (appendix A3.9). The absorption spectra of the QDs before 
and after the transfer are indistinguishable (Figure 3.5c), indicating that they remain intact 
and that no aggregates are formed, which is also clearly demonstrated by the TEM images 
(Figure 3.5b). The PLQY decreases from 75% to 39% after phase-transfer (Figure 3.5c). The 
PL spectrum also remains essentially the same, apart from a small blue-shift (19 meV) from 
820 nm to 810 nm. The origin of this blue-shift is not yet understood, but may be related to 
the effect of the negative surface charges on the amplitude of the electron wavefunction near 
the QD surface (assuming that the hole is localized within the core, as discussed above). 

 

Figure 3.5 (a) Schematic illustration of the phase transfer of CuInS2/ZnS core/shell QDs by ligand 
exchange using MUA in the presence of TCEP at pH~11.6. (b) Absorption and PL spectra of 5 nm 
CuInS2/ZnS core/shell QDs before and after phase transfer into water. (c) TEM images and size 
histograms of CuInS2/ZnS core/shell QDs before (left) and after (right) ligand exchange. 

 

A decrease in PLQY from 26% to 6% upon phase-transfer to water was also observed for 
9.2 nm CuInS2/ZnS core/shell QDs emitting at 1050 nm. Reductions in PLQY upon transfer 
of core/shell QDs to water are commonly observed,18-19, 52 and are attributed to insufficient 
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shell quality in part of the QD ensemble.52 In the present case, the drop in the PLQY of the 
CuInS2/ZnS core/shell QDs in water may be interpreted as an indication that the ZnS shell in 
some of the QDs is not yet sufficiently robust to withstand the high pHs required for the 
ligand exchange. Therefore, it is likely that further improvements in the ZnS shell thickness 
and quality will lead to higher PLQYs after the phase transfer. Nevertheless, it should be noted 
that the PLQYs observed in the present work (viz. 39% at 810 nm and 6% at 1030 nm) are 
rather high for NIR-emitters in water, and are very competitive with respect to the currently 
available NIR-emitting QDs and dyes (CuInS2/ZnS QDs: 20% at 800 nm,18 8% at 830 nm,19 
Indocyanine green: 12% at 835 nm in DMSO,53 IR-140: 17% at 830 nm,54 ONITCP: 2.3% at 
900 nm,54 ODNITCP: 1.4% at 930 nm54). It is worth noting that the stability of the hydrophilic 
CuInS2/ZnS core/shell QDs in water is also competitive, since they can be stored in the dark 
at 4 °C for at least 6 months with negligible PL loss. Moreover, these QDs are carboxyl 
terminated and can thus be easily functionalized with specific proteins or 
biomacromolecules,6, 12, 18-19, 49, 55-57 what makes them promising as NIR-emitting labels for 
bioimaging. 

3.3 Conclusions 
In conclusion, we have developed a sequential procedure to synthesize highly 

luminescent water-dispersible NIR-emitting wurtzite CuInS2/ZnS core/shell QDs. The 
procedure starts from nearly spherical template Cu2−xS nanocrystals, which are converted 
into wurtzite CuInS2 QDs with size and shape preservation by topotactic partial Cu+ for In3+ 
cation exchange at 125 °C. The use of a nearly stoichiometric TOP/In ratio (0.9) ensures that 
the Cu+-extraction and In3+-incorporation rates remain coupled despite relatively high 
reaction temperatures, leading to a highly versatile and fast method to obtain CuInS2 QDs in 
the 3 to 8 nm size range (polydispersity of ~10%). The product CuInS2 QDs can be readily 
overcoated by a thin (≤1 nm) wurtzite ZnS shell, resulting in CuInS2/ZnS core/shell QDs with 
PL tunable from the first to the second NIR-window (750−1100 nm) with high PLQYs (e.g. 
75% at 820 nm and 25% at 1050 nm). These wurtzite CuInS2/ZnS core/shell QDs are 
subsequently transferred to water upon exchange of the native ligands by 
mercaptoundecanoic acid. The resulting water-dispersible CuInS2/ZnS core/shell QDs have 
PLQYs ranging from 39% (at 810 nm) to 6% (at 1030 nm) and good colloidal stability over at 
least 6 months, and are thus promising candidates for in-vivo bioimaging applications. It 
should be noted that the hydrophobic CuInS2/ZnS QDs obtained immediately after the ZnS 
shell overgrowth are also attractive as fluorophores in luminescent solar concentrators due 
to their large absorption cross-sections throughout the UV−visible− NIR spectral range, high 
PLQYs (75% at 820 nm, which is an ideal wavelength in combination with Si solar cells), and 
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large effective Stokes shifts, which would maximize harvesting of the solar spectrum while 
minimizing reabsorption losses.58-60 

Acknowledgement. Chenghui Xia would like to thank Da Wang for TEM measurements, 
Gang Wang and Donglong Fu for XRD measurements, Ward van der Stam for PL lifetime 
measurements and suggestions concerning the cation exchange reactions, and Chun-Che Lin 
and Elleke van Harten for suggestions regarding the ligand exchange. The authors are also 
grateful to the Soft Condensed Matter group (Debye Institute for Nanomaterials Science, 
Utrecht University) for providing access to Fourier transform infrared spectroscopy, Zeta 
Potential and Dynamic Light Scattering measurements. 

3.4 Methods 
Materials. Copper (I) acetate (CuAc, 97%), indium acetate (In(Ac)3, 99.99%), indium 

chloride (InCl3, 99.999%), indium nitrate hydrate (In(NO3)3·H2O, 99.99%), indium 
acetylacetonate (In(acac)3, 99.99%), 1-dodecanethiol (DDT, ≥98%), 1-octadecene (ODE, 
90%), trioctylphosphine oxide (TOPO, 99%), trioctylphosphine (TOP, 90%), zinc stearate 
(Zn(St)2, 10−12% Zn basis), Tris(2-carboxyethyl)phosphine hydrochloride solution (TCEP, 
0.5 M, pH 7.0), Tetramethylammonium hydroxide pentahydrate (TMAH, ≥97%), 
indocyanine green (ICG, United States Pharmacopeia Reference Standard), anhydrous 
toluene, dimethylsulfoxide, methanol and butanol were purchased from Sigma-Aldrich. 
ODE and TOPO were degassed at 120 ˚C for 3 h prior to use. All other reagents were used as 
received. The chemicals were weighted and handled inside a glovebox under N2, while the 
high temperature reactions were carried out in standard Schlenk lines. 

Synthesis of Cu2−xS nanocrystal templates. Colloidal Cu2−xS nanocrystals were 
synthesized following the method reported by Wang and co-workers,33 with small 
modifications. In brief, 0.6 mmol of CuAc and 5.6 mmol of TOPO were added to 50 mL of 
ODE in a three-neck flask combined with condenser and degassed at 100 °C for 1 h. 
Subsequently, the reaction flask was purged by N2 and the temperature was set to 210 °C. At 
160 °C, 3 mL (12.5 mmol) of DDT was swiftly injected into the flask, causing the solution 
color to change from dark green to brown. After that, the Cu2−xS nanocrystals were allowed 
to grow at 210 °C for variable amounts of time (20−160 min) and the reaction mixture was 
cooled down naturally to room temperature. The crude products were washed using 
isometric butanol and methanol followed by centrifugation at 3000 rpm for 10 min. The 
washing step was repeated three times. Finally, the purified Cu2−xS nanocrystals were 
dissolved into 6 mL of anhydrous toluene to yield a stock-solution. The concentration of this 
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stock-solution is taken to be 0.1 mmol Cu/mL, assuming a 100% reaction yield and no 
purification losses. 

Synthesis of CuInS2 QDs by partial Cu+ for In3+ cation exchange in template Cu2−xS 
nanocrystals at room temperature (slow cation exchange). The slow cation exchange 
reactions were performed using an adaptation of the method reported by Van der Stam et 
al.29 Typically, 1 mL of the stock-solution of purified Cu2−xS nanocrystals was diluted in 3 mL 
of toluene. Then, 0.1 mmol of In(NO3)3·H2O dissolved in 2 mL of methanol in the presence 
of variable amounts of TOP (0−300 μL) were added into the as-prepared Cu2−xS nanocrystals 
solution. The In:Cu molar ratio in the reaction mixtures was ~1 for all nanocrystal sizes. It 
should be noted that this ratio is a lower limit estimate, since it assumes a 100% reaction yield 
and no purification losses in the synthesis of the template Cu2−xS nanocrystals described 
above. This assumption leads to an overestimation of the Cu concentration, especially for 
small nanocrystals.20 This implies that the cation exchange reactions were carried out under 
In/Cu >1. The reaction mixture was maintained at room temperature (19 ± 2 °C) for 3 days. 
The crude products were washed using the method described above. Finally, the purified 
CuInS2 QDs were dissolved into 1 mL toluene and stored in a glovebox under N2. 

Synthesis of CuInS2 QDs by partial Cu+ for In3+ cation exchange in template Cu2−xS 
nanocrystals at high temperature (fast cation exchange). Fast cation exchange reactions at 
high temperatures were performed using nearly stoichiometric “In−TOP” complexes to 
ensure that the cation exchange proceeded as a direct place exchange reaction, as 
demonstrated by Van der Stam et al.28 Briefly, 1 mL of the stock-solution of purified Cu2−xS 
nanocrystals (see above) was degassed under vacuum to remove toluene and then redispersed 
into a solution of 3 mL of ODE and 500 μL of DDT. Meanwhile, 0.1 mmol of an In-source 
(InCl3, In(NO3)3·H2O, In(Ac)3, or In(acac)3), 40 μL (0.09 mmol) of TOP and 3 mL of ODE 
were mixed and degassed at 125 °C for 1 h (these mixtures are often slightly turbid and 
translucent, but this does not have any observable impact on the outcome of the cation 
exchange reaction). The final concentration of TOP was 13.8 mM (TOP/In= 0.9). After that, 
the reaction flask containing the In−TOP complex solution was refilled with dry N2, and kept 
at 125 °C. The Cu2−xS nanocrystal solution was then injected into the In−TOP complex 
solution, and the mixture was maintained at 125 °C for 1 h under stirring, and then cooled 
down to room temperature. The unreacted precursors were removed by centrifuging at 3000 
rpm for 1 min. The supernatant was collected and purified by using the same washing 
procedure described above. Occasionally, especially for reactions involving small 
nanocrystals, the solution became a gel during the washing, requiring the addition of a few 
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drops of octylamine to redisperse the QDs and proceed with the washing cycles. Finally, the 
CuInS2 QDs were dispersed into 1 mL toluene and stored in a glovebox for further use.  

Synthesis of CuInS2/ZnS core/shell QDs. ZnS shell overgrowth on CuInS2 QDs was 
achieved by following a modification of the procedure reported by Li et al.23 The ZnS 
precursor solution was prepared by dissolving 0.2 mmol of Zn(St)2 into 5 mL of ODE at 150 
°C followed by addition of 100 μL of a TOP-S solution (0.2 mmol of elemental sulfur in 100 
μL of TOP). Subsequently, 1 mL of purified CuInS2 QDs in toluene and 5 mL of ODE were 
mixed and degassed at room temperature for 60 min to remove the toluene. The CuInS2 QDs 
solution in ODE was then heated to 210 °C under N2. When the temperature was stable, the 
ZnS precursor solution (5.1 mL) was added dropwise over 25 min. The reaction mixture was 
then kept at 210 °C for 60 min, after which the flask was cooled down to room temperature. 
The product nanocrystals were purified by addition of acetone followed by centrifugation at 
3000 rpm for 10 min, and redispersion in toluene. This washing cycle was repeated three 
times.  

Phase transfer of CuInS2/ZnS core/shell QDs into water. The purified CuInS2/ZnS 
core/shell QDs were transferred into water by adapting a previously reported procedure.47 
Typically, 0.2 mmol of MUA was dispersed in a mixture of 3 mL of deionized water and 400 
μL of 0.5 M TCEP, producing a white turbid suspension that became a clear solution upon 
addition of 0.5 M TMAH under vigorous stirring until pH 11.6 was reached. Meanwhile, 20 
mg of CuInS2/ZnS QDs were dispersed into 4 mL of chloroform. This solution was mixed 
with the MUA solution, followed by stirring (1000 rpm) overnight at room temperature (~20 
°C). Subsequently, the turbid biphasic emulsion was centrifuged at 2500 rpm for 5 min. The 
supernatant (water phase containing the QDs, ~4 mL) was collected in a Millipore centrifugal 
filter VWR (MWCO 30k) and centrifuged at 10000 rpm for 20 min. The CuInS2/ZnS 
core/shell QDs collected in the filter were redispersed in 1 mL deionized water (pH= 7) and 
stored in refrigerator (4 °C). 

Optical spectroscopy. Samples for optical measurements were prepared by dissolving the 
nanocrystals into 3 mL of anhydrous toluene in 10 mm path length sealed quartz cuvettes. 
Sample preparation was conducted in a glovebox under N2. Absorption spectra were 
measured using a double beam Perkin-Elmer Lambda 950 UV/Vis/NIR spectrometer. PL 
spectra were recorded on an Edinburgh Instruments FLS920 spectrofluorometer equipped 
with a 450 W Xe lamp as excitation source and double grating monochromators for both the 
excitation and the emission. The emission grating was blazed at the NIR (1200 nm). A liquid 
N2 cooled Hamamatsu R5509−72 photomultiplier tube was used as detector. This setup 
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allows measurements in the 750−1600 nm spectral range without grating or detector changes. 
The spectra were corrected for the instrumental response. PL decay curves were obtained by 
time-correlated single-photon counting via time-to-amplitude conversion using a liquid N2 
cooled Hamamatsu R5509−72 photomultiplier tube. A pulsed diode laser (EPL−655 
Edinburgh Instruments, 656.6 nm, 62 ps pulse width, 0.5 MHz repetition rate) was used as 
the excitation source.  

Photoluminescence quantum yields (PLQYs). The PLQYs were measured using 
indocyanine green (ICG, PLQY=12%) in DMSO as a standard35. To avoid inner filter effects, 
the absorbances of the QD and ICG solutions at and above the excitation wavelength (678 
nm) were below 0.1.  

Photostability test. The photostability of a selected CuInS2/ZnS core/shell QD sample 
was evaluated using the spectrofluorometer described above. A sample of a NIR-emitting dye 
(ICQ) was also investigated for comparison. The samples (ICQ dye in DMSO, QDs in 
toluene) were loaded in 10 mm path length sealed quartz cuvettes. The absorbances of the 
QD and ICG solutions at 400 nm were below 0.1. The samples were continuously illuminated 
at 400 nm and their PL intensity was recorded every 5 seconds over a period of 12 hours, 
while keeping all the instrumental conditions constant. The conditions used for the dye and 
the QD samples were identical.  

Transmission electron microscopy (TEM). TEM measurements were performed using a 
FEI Tecnai-12 microscope operating at 120 kV. Samples for TEM imaging were prepared by 
drop-casting a toluene solution of purified nanocrystals onto a carbon-coated 200 mesh 
copper TEM grid. The excess liquid was removed by blotting using filter paper. 

High-resolution TEM (HRTEM) and energy dispersive X-ray spectroscopy (EDS). 
HRTEM and EDS measurements were carried out on a FEI Talos F200X microscope 
operating at 200 kV. Lattice spacing of nanocrystals was calculated by Fourier transform (FT) 
from the area of interest in HRTEM images. EDS measurements were performed using a 
dedicated low-background holder and Cu-free 300 mesh aluminum or nickel TEM grids with 
acquisition time ~60 s. To ensure that the elemental concentrations were statistically valid 
and representative of the whole nanocrystal ensemble, EDS analyses were performed on wide 
areas (~104−105 nm2), encompassing several hundreds of nanocrystals, and were repeated for 
three different areas on the TEM grid. The elemental ratios provided in the discussion below 
were obtained by averaging over the different measurement spots. Samples for HRTEM 
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measurements were prepared by drop-casting a toluene solution of purified nanocrystals 
onto a super thin carbon-coated 300 mesh copper TEM grid. 

Powder X-ray diffraction (XRD). XRD patterns were obtained on Bruker D2 Phaser, 
equipped with a Co Kα X-ray source (1.79026 Å). Samples were washed at least 3 times, dried 
under vacuum overnight, and uniformly dispersed on a Si wafer immediately prior the XRD 
measurements.  

Fourier transform infrared spectroscopy (FTIR). FTIR spectra were measured from 400 
to 4000 cm−1 (2 cm−1 resolution) for 400 scans using a vertex 70 FTIR spectrometer 
(BRUKER) equipped with KBr/DLaTGS D301 detector. Approximately 0.1 to 1.0 wt% 
purified sample (powder) was well dispersed into 200−250 mg fine KBr powder, followed by 
grinding under infrared lamp, and pressed into a pellet.  

Zeta potential and dynamic light scattering (DLS). Zeta potential and DLS 
measurements were performed on a Malvern instrument Zetasizer Nano ZS using DTS1070 
folded capillary cell. The samples were thoroughly purified by filtration through centrifugal 
filters from VWR (MWCO 30k) and dispersed in deionized water (pH~7). To prevent 
accidental contamination by dust, this solution was filtered through Millex syringe filter units 
(pore size 0.2 μm) immediately prior the DLS measurement. To obtain reliable results, 10 
runs were operated with measurement angle 173°. The spectra were corrected by the 
instrument software for viscosity (0.8872 cP at 25 °C), absorption (at 532 nm), solvent 
(water), refractive index (1.33), and material (CuInS2) refractive index (2.55). The 
hydrodynamic sizes are collected in automatic mode and expressed in number %. The same 
settings were used to measure the Zeta potential. 
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3.6 Appendices 
A3.1 TEM of Cu2−xS with different sizes

 

Figure A3.1 (a) TEM images of Cu2−xS nanocrystals obtained by controlling the reaction time from 20 to 200 
min at 210 °C. The average size and corresponding polydispersity of nanocrystals were obtained by measuring 
over 100 nanocrystals per image. The nanocrystals are nearly spherical and grow from 3 nm to 8 nm as the 
reaction time increases from 20 to 160 min. Longer reaction times result in hexagonal platelets. The scale bars 
are 50 nm. 

 

A3.2 XRD pattern of Cu2−xS, CuInS2 and CuInS2/ZnS nanocrystals 

 

Figure A3.2 (a) Powder X-ray diffraction (XRD) pattern of 6 nm diameter Cu2−xS nanocrystals obtained after 
90 min at 210 °C. The sharp grey lines indicate the high-chalcocite Cu2S diffraction pattern (JCPDS Card 
26−1116). (b) XRD patterns of slow cation exchange CuInS2 QDs prior to and after ZnS shell overgrowth. 
The red line indicates the wurtzite CuInS2 diffraction pattern (JCPDS Card 01−077−9459). (c) XRD patterns 
of fast cation exchange CuInS2 QDs prior to and after ZnS shell overgrowth. The red line indicates the wurtzite 
CuInS2 diffraction pattern (JCPDS Card 01−077−9459). The extra peaks in XRD patterns of CuInS2/ZnS QDs 
(b and c) are due to the crystalline impurities in the final products, probably excess Zn stearate. (d) XRD 
patterns of fast cation exchange CuInS2 QDs prior to and after ZnS shell overgrowth. The red line indicates 
the wurtzite CuInS2 diffraction pattern (JCPDS Card 01−077−9459). The samples are the same as shown in c 
above, but were washed more extensively (6 times) to remove excess precursors and byproducts. Although 
extensive washing successfully removes the crystalline impurity observed in c, it also decreases the colloidal 
stability of the QDs and leads to the formation of aggregates. All of the XRD patterns were obtained on Bruker 
D2 Phaser, equipped with a Co Kα X-ray source (1.79026 Å). 
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A3.3 Influence of TOP on slow cation exchange 

 

Figure A3.3 (a-b) absorption (a) and PL (b) spectra of CuInS2 QDs prepared by Cu+ for In3+ cation exchange 
in 6 nm diameter template Cu2−xS nanocrystals at 20 °C using different amounts of TOP (0−300 μL). The 
features in the PL spectra at ~1150 nm and ~1200 nm are due to absorption by vibrational overtones of the 
solvent toluene. The insert in panel a shows vials containing crude reaction mixtures with increasing TOP 
concentrations from left to right. (c) Corresponding TEM images of the product CuInS2 QDs. The scale bars 
are 50 nm. 
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A3.4 EDS spectra of Cu2−xS, CuInS2 and CuInS2/ZnS Nanocrystals 

 

Figure A3.4 (a) The schematic diagram of synthesis of Cu2−xS, CuInS2 and CuInS2/ZnS nanocrystals. (b) EDS 
spectra of 6 nm template Cu2−xS nanocrystals. (c) Atomic weight percentages of Cu, In, Zn, and S in Cu2−xS, 
CuInS2, and CuInS2/ZnS nanocrystals, respectively. (d-e) EDS spectra of slow cation exchange CuInS2 QDs 
prior to (d) and after (e) ZnS shell overgrowth. (f-g) EDS spectra of fast cation exchange CuInS2 QDs prior to 
(f) and after (g) ZnS shell overgrowth. Samples for EDS measurements in b and d were prepared by drop-cast 
on a carbon-coated 300 mesh Ni grid, while those in e-g were prepared by drop-cast on a carbon-coated 300 
mesh Al grid. For each sample measurement, three different areas of the grid were captured to acquire an 
arrange EDS results and generate the corresponding standard deviation. 
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A3.5 Influence of Indium precursors 

 

Figure A3.5 (a) TEM images and corresponding size histograms of product CuInS2 QDs prepared by partial 
Cu+ for In3+ exchange in template Cu2−xS nanocrystals using different indium-sources at 125 °C for 1 h. The 
reaction conditions were the same in all cases: 4 mL ODE, 40 μl (0.9 mmol) TOP, 0.1 mmol In-salt, and 0.1 
mmol Cu+ (upper limit estimate) in Cu2−xS nanocrystals (6.5 nm diameter). (b) PL spectra of product CuInS2 
QDs shown in a. The features in the PL spectra at ~1150 nm and ~1200 nm are due to absorption by 
vibrational overtones of the solvent toluene. The samples for PL measurements have the same optical density. 
The scale bars are 50 nm. 

 

A3.6 Band gap estimation 

 

Figure A3.6 Experimental band gap estimate of (a) 6.3 nm slow cation exchange CuInS2 (CIS) QDs and (b) 
6.4 nm fast cation exchange CuInS2 QDs before  (black  lines)  and  after  (red  lines)  ZnS  shell  overgrowth  
using  a  Tauc  plot.  The  absorption coefficient of wurtzite CuInS2 is not well known, so an approximation 
of the Tauc relationship for direct band-gap semiconductors was used: (αhν)2= [hν*(1-Abs)2/2Abs]2 
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A3.7 Absorption and PL spectra of CuInS2 (via slow cation exchange) /ZnS QDs 

 

Figure A3.7 (a-c) Absorption and PL spectra of 6 nm (a), 6.5 nm (b) and 7 nm (c) slow cation exchange 
CuInS2 (CIS) QDs prior to (orange line) and after (purple line) ZnS shell overgrowth. 

 

A3.8 Decay curves of CuInS2 (via fast cation exchange) /ZnS 

 

Figure A3.8 (a) PL decay curves of different sizes (5.4 nm and 6.1 nm) of wurtzite CuInS2 (CIS) QDs 
synthesized via fast cation exchange. (b) PL Decay curves of 5.4 nm wurtzite CuInS2 QDs before and after ZnS 
shell overgrowth. The PL decay constants are not significantly different from those previously reported in the 
literature for both chalcopyrite and wurtzite CuInS2 QDs (reference numbers refer to the main text): 

[23] 3 nm diameter chalcopyrite CuInS2 QDs: 6.5 and 190 ns. After ZnS shelling: 500 ns (PL at 650 nm) 

[31] 2.5 nm diameter chalcopyrite CuInS2 QDs: 25 and 207 ns. After ZnS shelling (1 monolayer): 201 and 
360 ns (PL at 660 nm) 

[30] ~10 nm diameter wurtzite CuInS2 platelets: 30 and 272 ns. After ZnS shelling (partial alloying): 42 and 
529 ns at 950 nm. 

[28] 2.5 nm diameter wurtzite CuInS2 QDs: 26 ns and 205 ns at 665 nm and 42 ns and 500 ns at 900 nm. 
[28] 4 nm diameter wurtzite CuInS2 QDs: 68 ns and 408 ns at 870 nm. 

[42] 2.7 nm chalcopyrite CuInS2-ZnS gradient alloy QDs: 200 ns 
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A3.9 FTIR and DLS of MUA-capped CuInS2/ZnS QDs 

 

Figure A3.9 (a) FTIR spectra of CuInS2/ZnS core/shell QDs before (black line) and after (red line) exchange 
of the native ligands by deprotonated MUA. (b) Hydrodynamic size (14.2 ± 2.7 nm) and Zeta potential (−60 
mV) of water-soluble CuInS2/ZnS core/shell QDs. The inserted digital image shows hydrophilic CuInS2/ZnS 
core/shell QDs in 1 mL deionized H2O
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Abstract: The knowledge of the quantum dot (QD) concentration in a colloidal suspension 
and the quantitative understanding of the size-dependence of the band gap of QDs are of 
crucial importance from both applied and fundamental viewpoints. In this chapter, we 
investigate the size-dependence of the optical properties of nearly spherical wurtzite CuInS2 
QDs in the 2.7 to 6.1 nm diameter range (polydispersity ≤10%). The QDs are synthesized by 
topotactic partial Cu+ for In3+ cation exchange in template Cu2−xS nanocrystals, which yields 
CuInS2 QDs with very small composition variations (In/Cu= 0.91 ± 0.11), regardless of their 
sizes. These well-defined QDs are used to investigate the size dependence of the band gap of 
wurtzite CuInS2 QDs. A sizing curve is also constructed for chalcopyrite CuInS2 QDs by 
collecting and reanalyzing data published by several groups. We observe that both sizing 
curves follow primarily a 1/d dependence. Moreover, the molar absorption coefficients and 
the absorption cross-section per CuInS2 formula unit, both at 3.1 eV and at the band gap, are 
analyzed. The results demonstrate that the molar absorption coefficients of CuInS2 QDs 
follow a power law at the first exciton transition energy (𝜀 5208 𝑑 . ), and scale with 
the QD volume at 3.1 eV. This latter observation implies that the absorption cross-section 
per unit cell at 3.1 eV is size-independent, and therefore can be estimated from bulk optical 
constants. These results also demonstrate that the molar absorption coefficients at 3.1 eV are 
more reliable for analytical purposes, since they are less sensitive to size and shape dispersion. 

4.1 Introduction  
Colloidal semiconductor quantum dots (QDs) exhibit size-dependent optoelectronic 

properties, making them promising materials for many applications, such as solution 
processed solar cells,1−3 luminescent solar concentrators,1 photodetectors,4 light emitting 
devices,1,5 optoelectronic devices,1,6 and biomedical imaging.7−9 The successful development 
of these applications requires a precise control over both the size and the concentration of 
the QDs. Additionally, an accurate knowledge of the QD concentration is also crucial for the 
synthesis of heteronanocrystals (e.g., core/shell QDs),10−12 preparation of QD 
superlattices,13−15 and fundamental studies of the nucleation and growth of nanoparticles.16 
This has made the determination of the molar absorption coefficients ε of QDs an important 
endeavor, since optical absorption spectroscopy offers a very fast and convenient way to 
establish the concentration of colloidal suspensions of QDs. Moreover, the absorption cross-
section of QDs is a relevant parameter for applications requiring the precise knowledge of the 
relationship between excitation fluence and exciton density per QD (e.g., lasers). The 
quantitative understanding of the size-dependence of the optical properties of QDs also 
allows the construction of empirical sizing curves correlating the lowest energy absorption 
peak with the QD size, which can in turn be used to verify the validity of theoretical models 
describing quantum confinement effects and the nature of the radiative recombination in 
semiconductor nanocrystals. Nevertheless, the quantitative study of the size-dependence of 
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the optical properties of QDs has been to date primarily focused on binary compositions (Cd-, 
Pb-, and Ag-chalcogenides,17−35 InP36 and InAs37,38).  

Ternary copper indium sulfide (CuInS2) QDs have attracted increasing attention due to 
their non-toxicity, large absorption coefficients across a broad spectral range, and wide 
photoluminescence (PL) tunability through the visible to the near-infrared (NIR) spectral 
window.39−41 These QDs have been applied in light-emitting devices,42−44 luminescent solar 
concentrators,45−48 and biolabels.49,50 However, despite the importance of these nanomaterials, 
there are at present only two reports on the size-dependence of the molar absorption 
coefficients of CuInS2 QDs.51,52 Intriguingly, the size dependence of the ε values at the first 
exciton transition energy (E1) reported in these works are dramatically different: Qin et al.51 
reported a power law with an exponent of 2.1, while Booth et al.52 found a power law with an 
exponent of 3.7. The latter work also reports that the ε values at higher energy (3.1 eV) scale 
with the diameter to the power of 3.8,52 which is far stronger than the cubic size dependence 
that is theoretically expected, and has been experimentally observed in several binary 
chalcogenides.23,25,28,34,38 Although the reasons for these discrepancies are as yet unclear, they 
may be attributed to the inherent difficulties associated with the determination of sizes, 
absorption peak positions, and concentrations of colloidal QDs. These experimental 
intricacies have in the past been responsible for large inconsistencies between results reported 
by different groups for the size-dependencies of the molar absorption coefficients and band-
gap of binary QDs, such as the prototypical CdSe.24,25,27,29,31−33 From this viewpoint, CuInS2 
QDs are even more challenging, since the synthesis of ternary nanocrystals with well-
controlled size, shape, and composition requires a strict balance between the reactivities of 
three different precursors, to prevent the formation of binary byproducts (e.g., Cu2S and In2S3, 
rather than CuInS2) or hetero-nanocrystals (e.g., Cu2S−CuInS2).40 Moreover, CuInS2 QDs 
produced by direct synthesis are typically trigonal-pyramidal in shape,52−55 further 
complicating the determination of their sizes and introducing ambiguities, since “diameter” 
becomes an ill-defined quantity, leading different authors to use different metrics for the QD 
size (e.g., average edge length,55 average diagonal length,52 Scherrer’s diameter determined 
from powder X-Ray diffraction51,56). 

In this chapter, we circumvent these difficulties by using topotactic partial Cu+ for In3+ 
cation exchange to convert template Cu2−xS nanocrystals into nearly spherical and 
stoichiometric (In/Cu= 0.91 ± 0.11) wurtzite CuInS2 QDs ranging from 2.7 to 6.8 nm in 
diameter (size dispersion ≤10%), which are ideally suited to investigate the size-dependence 
of the band-gap and of the molar absorption coefficients at both the first exciton transition 
energy and far above the band-gap (3.1 eV). We also address the size-dependence of the 
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band-gap of chalcopyrite CuInS2 QDs by re-analyzing experimental data published by several 
groups.51,52,54−57 Our results demonstrate that the molar absorption coefficients of wurtzite 
CuInS2 QDs follow a power law with an exponent of 2.45 at first exciton transition energy 
and scale with the QD volume at 3.1 eV. 

4.2 Results and discussion 
Size-controlled CuInS2 QDs via partial cation exchange. Nearly spherical colloidal 

CuInS2 QDs with small size dispersion (≤10%) were synthesized by partial, self-limited Cu+ 
for In3+ cation exchange in template high-chalcocite copper (Ⅰ) sulphide (Cu2−xS) nanocrystals, 
following previously reported procedures (Figure 4.1a).58 The product CuInS2 QDs inherit 
the shape, size, and polydispersity of the template Cu2−xS nanocrystals (Figure 4.1b,c). High-
resolution transmission electron microscopy (HRTEM) (Figure 4.1c) and powder X-ray 
diffraction (XRD) (appendix A4.1) show that the product CuInS2 QDs have the wurtzite 
crystal structure, demonstrating that the hexagonal sulfide sublattice of the template Cu2−xS 
nanocrystals is preserved in the product nanocrystals, in agreement with previous reports.58,59 
This protocol is highly versatile and can be applied to obtain CuInS2 QDs in the 2.7−6.8 nm 
diameter range by using suitable template Cu2−xS nanocrystals (appendix A4.2). The product 
CuInS2 QDs have a nearly spherical shape and exhibit good TEM contrast, allowing the 
unambiguous determination of the QD diameters with good accuracy (appendix A4.2). 

 

Figure 4.1 (a) Schematic diagram of partial Cu+ for In3+ cation exchange in template Cu2−xS  
nanocrystals. (b) High resolution transmission electron microscopy (HRTEM) image and 
corresponding size histogram of 5.9 nm template Cu2−xS nanocrystals (polydispersity of 6.8%). The 
insert shows the Fourier transform (FT) analysis of a single Cu2−xS nanocrystal indicated by red 
rectangle, which can be indexed to [-120] axial projection of the high-chalcocite Cu2S. (c) HRTEM 
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image and corresponding size histogram of CuInS2 QDs obtained by cation exchange using the Cu2−xS 
nanocrystals shown in (b) as templates (see Methods for details). The size of the product CuInS2 QDs 
is 6 nm with polydispersity of 6.7%. The insert shows the FT analysis of a single CuInS2 QD indicated 
by red rectangle, which can be indexed to [001] axial projection of the wurtzite CuInS2. The size 
histograms are constructed by measuring over 200 nanocrystals and are fitted to a Gaussian distribution 
function. 

 

Composition and concentration of the CuInS2 QDs. The composition of the product 
CuInS2 QDs was determined by ICP-OES analysis and found to be nearly stoichiometric 
(In/Cu= 0.91 ± 0.11) in the 2.7−6.8 nm size range (Figure 4.2a). For simplicity, these nearly 
stoichiometric Cu1.1In0.9S2 QDs will be hereafter referred to as “CuInS2”, without explicit 
reference to their exact composition, unless the composition is relevant to the point under 
discussion. To simplify the calculation of the QD concentration, we approximate the In/Cu 
molar ratio to 1 (see crystallographic model of a single wurtzite CuInS2 QD in Figure 4.2b). 
Given that Cu+ is taken as the reference, the CuInS2 QD concentration can be expressed as 
follows (see appendix A4.3 for detailed calculation): 

𝑛
𝑛

𝑉
𝑉 𝑁 /

 (4.1) 

nCu+ denotes the molar concentration of Cu+ measured by ICP-OES analysis. VQD is the 
volume of a single CuInS2 QD, while Vuc represents the volume of the wurtzite CuInS2 unit 
cell (Vuc= 84.99 Å3),60 and NCu+/uc is the number of Cu+ ions per unit cell (NCu+/uc= 1).60 
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Figure 4.2 (a) In/Cu molar ratios of wurtzite CuInS2 QDs in a size range from 2.7 to 6.8 nm. (b) 
Perspective view of single CuInS2 QD model (Cu+ or In3+ has the same occupation probability). (c) 
In/Cu molar ratios of wurtzite CuInS2 QDs obtained from 5.5 nm template Cu2−xS nanocrystals. Ten 
parallel batches of cation exchange reactions were performed by using different reaction times (20–200 
min) and In/Cu feeding ratios (1−5), while keeping all other parameters constant. (d) The first excitonic 
transition energies of the wurtzite CuInS2 QDs extracted from absorption spectra of the samples 
mentioned in c. 

 

To test the reproducibility and robustness of the synthesis protocol used in our work, ten 
different cation exchange reactions were performed using the same batch of 5.5 nm Cu2−xS 
nanocrystals as templates. The In/Cu feeding ratio was varied from 1 to 5, while the reaction 
time increased from 20 to 200 min, while keeping all other parameters constant. Interestingly, 
the In/Cu ratios of the product CuInS2 QDs fluctuated only slightly (average 0.9 ± 0.09) 
(Figure 4.2c), regardless of the In/Cu feeding ratio and reaction times. This shows that the 
Cu+ for In3+ cation exchange in Cu2−xS nanocrystals is self-limited under mild reaction 
conditions (≤130 °C), in agreement with the model proposed in ref.59, which attributes the 
self-limitation to the high activation energies required to reorganize the anionic sublattice 
from hcp in high-chalcocite Cu2−xS and wurtzite CuInS2 to fcc in In2S3.59 The partial and self-
limited character of the Cu+ for In3+ cation exchange in Cu2−xS nanocrystals thus makes the 
synthesis method developed in this chapter quite robust and reproducible.  

The peak position of the lowest energy absorption transition (E1) of these ten CuInS2 QD 
samples was extracted from the second derivative of their absorption spectra (Figure 4.2d, 
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and  appendix A4.4) and found to be essentially the same (1.722 ± 0.003 eV), despite the slight 
composition fluctuations (In/Cu= 0.90 ± 0.09). In contrast, the PL peak positions randomly 
fluctuate from batch to batch (appendix A4.4,A4.5), probably due to the low 
photoluminescence quantum yields (PLQYs ~1%) of the samples (appendix A4.6). This 
observation implies that the PL peak positions are unreliable quantities to investigate the size 
dependence of the band gap of CuInS2 QDs. It should be noted that the PL spectra of CuInS2 
QD samples with low PLQYs may not necessarily reflect the size, shape and composition 
polydispersity of the ensemble, as will be discussed in detail below. The low PL QYs of the 
wurtzite CuInS2 QD samples investigated here are due to the extensive washing required to 
ensure that the product QDs were free of unreacted precursors, which resulted in a decrease 
of the PLQYs of the as-prepared QDs by one order of magnitude, likely due to defects induced 
by the excessive removal of surface ligands. 

Size dependence of the optical transitions of CuInS2 QDs. The absorption and PL spectra 
of the nearly stoichiometric wurtzite CuInS2 QDs prepared in this chapter shift to lower 
energies with increasing nanocrystal sizes (Figure 4.3 and appendix A4.7), in agreement with 
previous reports on both chalcopyrite and wurtzite CuInS2 QDs.40,41,51,52,55−58,61 However, it is 
as yet unclear whether the wide tunability of the optical properties of CuInS2 nanocrystals 
(and other ternary copper chalcogenides) can be attributed solely to quantum confinement 
effects, in striking contrast with the II−VI, IV−VI and III−V binary analogues.40 The foremost 
difference between ternary copper (and silver) chalcogenides (I−III−VI2) and binary II−VI 
and IV−VI compounds is that the former can easily tolerate large deviations from 
stoichiometry, both in the I/III ratio and VI/(I+III) ratio, resulting in a rich defect 
chemistry.62−65 This has a dramatic impact on the optical properties of ternary copper 
chalcogenides, because the upper valence band in these materials is composed primarily of 
Cu 3d orbitals hybridized with the p orbitals of the chalcogen, while the conduction band 
consists of Cu 4s orbitals with some mixing of p character from the group VI element, which 
makes their band gap composition-dependent.66 For example, band gap reductions of up to 
190 meV have been reported for bulk CuInS2 upon decreasing In/Cu ratio from 1.1 to 0.5, 
accompanied by the development of a low energy tail extending up to 200 meV below the 
band gap.62,63 The potential complications arising from a composition-dependent band gap 
become particularly relevant at the nanoscale, since CuInS2 nanocrystals are even more 
tolerant to off-stoichiometry than their bulk counterpart, being readily made with In/Cu 
ratios ranging from 0.34 to 3.33,67 and also changing composition during the growth process 
(e.g., In/Cu ratio from 0.58 to 1.09 in the 3.6 to 7.6 nm size range55). From this perspective, 
the small composition- and size-distributions of the nearly stoichiometric CuInS2 QDs 
prepared in the present chapter (viz., In/Cu= 0.91 ± 0.11 and ≤10%, respectively) make them 
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ideally suited to investigate the size-dependence of the optical properties of CuInS2 QDs, 
without the confounding contribution of significant composition fluctuations. It should also 
be noted that the size-dependent trends observed in this chapter are likely also representative 
of fully stoichiometric wurtzite CuInS2 nanocrystals, given that the deviation from 
stoichiometry of the investigated CuInS2 QDs is small. The nearly stoichiometric character 
of the wurtzite CuInS2 QDs studied in the present work is also evidenced by the absence of 
localized surface plasmon resonance bands, which are typically associated with Cu-rich 
CuInS2 nanocrystals.40 

 

Figure 4.3 Absorption spectra (a) and corresponding second derivative spectra (b) of wurtzite CuInS2 
QDs ranging from 2.7 to 6.1 nm in size. 

 

However, as shown above, PL peak positions are less reliable metrics for the size 
dependence of the band gap of CuInS2 QDs, since they vary significantly even under roughly 
constant QD size and composition (appendix A4.5). Moreover, the PL quantum yields 
(PLQYs) of bare CuInS2 QDs are generally low (≤10%),40,41,54,57,58,61 and therefore the observed 
PL spectra may not necessarily reflect the size, shape and composition polydispersity of the 
ensemble. The inadequacy of the PL peak positions for quantitative studies of the size 
dependence of the band gap is further aggravated by the fact that the PL in CuInS2 
nanocrystals (and other ternary Cu chalcogenides) is characterized by broad bandwidths [full 
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width at half-maximum (FWHM), 200‒400 meV] and large global Stokes shifts (ΔST300‒
500 meV).40,41,68 For these reasons, the size dependence of the band gap of CuInS2 QDs will 
be investigated here using only the peak position of the lowest energy absorption transition, 
which is more accurate because the absorption spectra are determined by the whole QD 
ensemble. This is however challenging, as the absorption spectra of CuInS2 nanocrystals are 
essentially featureless and do not show a sharp first absorption transition, even for QD 
ensembles with small size dispersion (≤ 10%), such as those prepared in this work (Figure 4.3, 
appendix A4.2,A4.6). Nevertheless, the first absorption transition energy (E1) can be reliably 
determined by locating the minimum of the second derivative of the absorption spectrum 
(Figure 4.3). It should be noted that the absorption spectra of colloidal QDs might be 
distorted by the presence of absorbing impurities. Therefore, the evaluation of the CuInS2 
QD purity prior to acquisition of the absorption spectra is essential (see Methods for details). 
As observed in Figure 4.3, the E1 values are clearly size dependent. This size dependence will 
be quantitatively addressed below, after we have discussed the spectral characteristics of 
CuInS2 QDs in more detail.  

As mentioned above, the optical spectra of CuInS2 nanocrystals are characterized by 
broad features, both in absorption and PL.40,41,52,54,58,68 However, only the PL FWHMs have 
been quantitatively discussed in the literature, probably because they can be readily obtained 
from the PL spectra. In contrast, the FWHM of the lowest energy absorption transition can 
only be extracted from the absorption spectra by fitting a Gaussian distribution function 
centered at the peak position determined from the second derivative of the spectra (appendix 
A4.8). We performed this analysis for the wurtzite CuInS2 QDs prepared in this chapter and 
found that the FWHM of the lowest energy absorption transition varies from 180 to 320 meV, 
while that of the PL peak ranges from 300 to 420 meV (appendix A4.9). For comparison, we 
also analyzed wurtzite CuInS2 QDs that had been investigated in Chapter 3.58 These samples 
have similar compositions to those investigated in the present chapter (viz., In/Cu= 0.7 ± 0.1), 
but present higher PLQYs (22% to 3.4% in the 5.4 to 7.2 nm size range),58 and therefore yield 
more reliable PL FWHM values. It can be seen that the FWHM values of these samples are 
comparable to those of the wurtzite CuInS2 QDs prepared in this chapter, except for the PL 
FWHM of the QD samples with d≥ 5 nm, which are significantly larger for the presently 
investigated samples (viz., 420–380 meV and 320–300 meV, respectively, appendix A4.9). 
This difference can be attributed to the lower PLQYs of the samples investigated in this 
chapter, which result in PL spectra with higher signal to noise ratios, and therefore less 
reliable PL FWHM. Taken together, the data obtained from both groups of samples suggest 
that the PL FWHM is essentially size-independent (300−320 meV in the 2.7 to 7.2 nm 
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diameter range, neglecting the values obtained for the QDs prepared in the present chapter 
with d≥ 5 nm), while that of the lowest energy absorption peak decreases with size from 300 
to 200 meV in the 2.7 to 7.2 nm diameter range. We have also determined the global Stokes 
shifts (ΔST) of the wurtzite CuInS2 QDs investigated in the present chapter and in Chapter 3,58 
and established that they are size-independent (viz., 455 ± 27 meV in the 2.7 to 7.2 nm size 
range, appendix A4.9). This is in contrast with the weakly size-dependent ΔST values (viz., 470 
to 350 meV in the 2.5 to 5.1 nm size range) previously reported for chalcopyrite CuInS2 
QDs.52 The discrepancy is unlikely to be due to the different crystal structures (wurtzite and 
chalcopyrite), since very similar ΔST values have been reported for similarly sized chalcopyrite 
CuInS2 QDs (viz., 460 meV for 2.2 nm nanocrystals,57 436 meV for 2.5 nm nanocrystals54). 
The FWHM observed here for the PL peaks are also comparable to those previously reported 
for chalcopyrite CuInS2 nanocrystals.40,41,52,54,68  

The characteristics of the PL of CuInS2 nanocrystals (viz., broad FWHM: 200−400 meV, 
large ΔST: 300‒500 meV, and long radiative lifetimes τ: 200‒400 ns)40,41,68 are strikingly 
different from those of the 1Sh‒1Se band-edge PL of the prototypical II‒VI nanocrystals (e.g., 
FWHM: 150 to 80 meV,69,70 ΔST21 ± 4 meV,69 and τ: 18‒40 ns,25 for ensembles of CdSe QDs 
in the 2.6 to 8 nm size range with ≤10% size dispersion), indicating that the radiative 
recombination mechanisms in these two classes of materials are fundamentally dissimilar in 
nature. The origin of the PL of CuInS2 (and other ternary Cu and Ag chalcogenides) 
nanocrystals has been under intense debate,40 and likely involves the radiative recombination 
of a delocalized conduction band electron with a localized hole.54,58,71−73 The hole localization 
after photoexcitation occurs on sub-ps time scales, probably on a Cu+ ion.54,73 We note that 
the larger variability of the PL peak positions of CuInS2 nanocrystals with respect to the 
absorption transitions (see discussion above and appendix A4.5) is consistent with this 
radiative recombination model, and can be accounted for by the inherently stochastic nature 
of the hole localization process.  

However, the radiative recombination model presented above cannot account for the 
broad bandwidths observed for the lowest energy absorption transition of CuInS2 QDs 
(200‒300 meV, which is twice as large as those observed for CdSe QDs,69,70 and 4 times 
larger than those reported for PbSe QDs74), since the linewidths of absorption transitions in 
semiconductor QDs cannot be affected by the localization of the photogenerated hole. A 
possible explanation can be found in a recent theoretical paper by Efros and coworkers,75 
which proposes that the PL of spherical chalcopyrite CuInS2 nanocrystals originates from the 
1Sh‒1Se exciton transition, similarly to the cases of the binary II‒VI, IV‒VI and III‒V QDs. 
The exciton radiative recombination in this model thus precludes the involvement of 
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localized carriers. The characteristics of the PL of CuInS2 QDs are attributed to the nature of 
the 1Sh‒1Se exciton fine-structure states, of which the lowest emitting state is nominally a dark 
exciton that hardly contributes to the absorption, and is separated by a large size dependent 
energy gap from three upper bright fine-structure states, which account for most of the 
absorption oscillator strength.75 This model thus explains both the large ΔST values and long 
radiative lifetimes associated with the PL of CuInS2 QDs, and can also explain the broad (and 
size-dependent) linewidths of the lowest energy absorption transition, as the energy 
separation between the highest and the lowest energy bright states varies from 100 to 30 meV 
in the 2 to 3.6 nm diameter range.75 Nevertheless, this model also predicts a strongly size-
dependent Stokes shift (viz., 300 to 100 meV in the 2 to 3.6 nm diameter range), in contrast 
to the size-independent Stokes shift (viz., 455 ± 27 meV in the 2.7 to 7.2 nm size range) 
observed in this chapter. This model is also unable to explain the broad and (essentially) size-
independent PL FWHM displayed by CuInS2 QDs, which suggests that the emitting state is 
subject to a strong exciton-phonon coupling. We note that a strong exciton-phonon coupling 
could also explain the broad bandwidths of the lowest energy absorption transition of CuInS2 
QDs, but this explanation lacks as yet experimental and theoretical support. It is thus clear 
that the full understanding of the exciton transitions in both chalcopyrite and wurtzite CuInS2 
QDs requires further experimental and theoretical work. 

Sizing Curves for wurtzite and chalcopyrite CuInS2 QDs. To shed light in the size 
dependence of the band gap of CuInS2 QDs we constructed empirical sizing curves for both 
wurtzite and chalcopyrite CuInS2 QDs (Figure 4.4). The peak positions of the lowest energy 
absorption transition (E1) of wurtzite CuInS2 QDs were extracted from the second derivative 
of the absorption spectra of the nearly stoichiometric (In/Cu= 0.91 ± 0.11) CuInS2 QDs 
prepared in this work (Figure 4.3), while the QD diameters were determined from TEM 
images (appendix A4.2). The data points for chalcopyrite CuInS2 QDs were collected from 
previous reports,51, 52, 54−57 and were mostly obtained from nearly stoichiometric QDs, with 
In/Cu ratios of 1.0 ± 0.1 (appendix A4.10, for the reported composition of all the chalcopyrite 
CuInS2 QDs included in Figure 4.4b). The composition of the chalcopyrite CuInS2 QDs 
studied by Zhong et al. were reported to be size dependent, changing from In/Cu= 0.42 to 
0.88 in the 3.6 to 7.6 nm size range.55 A modest size dependence of the composition was also 
observed by Li et al. (In/Cu= 1.04 to 0.93 in the 2.2 to 3.3 nm size range).57 It should be noted 
that the sizes and E1 values for chalcopyrite CuInS2 QDs were not all determined in the same 
way. For instance, the effective QD diameter was taken to be the edge length of the pyramidal 
nanocrystals by Zhong et al.,55 while Booth et al.52 took their height (i.e., the diagonal length 
of the 2D TEM projections), and Qin et al.51 and Akdas et al.56 used the Scherrer’s diameter 
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determined from powder X-Ray diffraction. The E1 values were also determined by using 
different methods (e.g., extrapolation of Tauc plots in ref.55, double tangent method in ref.51). 
Nevertheless, as we will show below, the uncertainties and systematic errors associated with 
individual reports, as well as the compositional variations between CuInS2 QD samples 
investigated in different studies, are averaged out when the combined data set is analyzed as 
a whole. 

 

Figure 4.4 (a) Sizing curve of colloidal wurtzite CuInS2 QDs (In/Cu= 0.91 ± 0.11). The solid line is a fit 
based on a theoretical expression (Eq. 2) and is described by Eq. 3. (b) Sizing curve of colloidal 
chalcopyrite CuInS2 QDs. The symbols represent experimental data collected from previous 
reports.51,52,54−57 The In/Cu ratio of most samples is 1.0 ± 0.1 (appendix A4.10, for the reported 
composition of all samples). The composition of the CuInS2 QDs studied by Zhong et al.55 and Li et al.57 
were reported to be size dependent (In/Cu= 0.42 to 0.88 in the 3.6 to 7.6 nm size range;55 and 1.04 to 
0.93 in the 2.2 to 3.3 nm size range,57 respectively). The purple dashed line represents a calculation based 
on a finite depth-well effective mass approximation model.55 The orange solid line is a fit based on a 
theoretical expression (Eq. 2) and is described by Eq. 4. The green data points circled by the dashed 
ellipsoidal line are derived from an empirical polynomial function reported by Booth et al. using their 
data,52 and was not included in the fit (see text for further details). For convenience, sizing curves 
correlating the QD diameter with the wavelength of the first absorption peak are provided in the 
appendix A4.11. 

 

To fit the empirical size dependent trends shown in Figure 4.4, we used an expression 
previously proposed by Allan and Delerue based on tight binding calculations76 

𝐸 𝑑 𝐸 ∞
1

𝑎𝑑 𝑏𝑑 𝑐
 (4.2) 
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where Eg(d) and Eg(∞) are the band gap (in eV) for a QD of diameter d (in nm) and for bulk, 
respectively, and a, b, and c are constants. Equation 2 has been successfully used to fit the 
empirical trends observed for PbSe,28,76 PbS,23 CdSe,25 and CdTe25 QDs. Fitting the 
experimental data for wurtzite CuInS2 QDs (Figure 4.4a) to equation 4.2 yields (2~0.9999) 

𝐸 𝑤𝑢𝑟𝑡𝑧𝑖𝑡𝑒 CuInS2 1.327
1

0.0125𝑑 0.225𝑑 0.938
 (4.3) 

Interestingly, the Eg(∞) value obtained from the fit (1.327) is very close to the bulk band gap 
of wurtzite CuInS2 calculated by Tomić and coworkers using hybrid DFT (viz., 1.3 eV).77 Bulk 
wurtzite CuInS2 is metastable at room temperature and therefore experimental data on its 
band gap has only recently become available, owing to the development of synthesis methods 
yielding ensembles of large wurtzite CuInS2 nanoparticles.60,78 The reported band gap values, 
however, still carry a significant uncertainty and are spread over a wide range (viz., 1.10‒1.23 
eV in ref.60, and 1.42 eV for 20 nm nanocrystals in ref.78). Nevertheless, it is clear that the band 
gap of wurtzite CuInS2 is smaller than that of chalcopyrite CuInS2, which explains why 
wurtzite CuInS2 QDs typically show PL at lower energies than similarly sized chalcopyrite 
CuInS2 QDs.58,68 This is also consistent with the expression obtained by fitting the 
experimental data for chalcopyrite CuInS2 QDs (Figure 4.4b) to eq 4.2 (2~0.9997) 

𝐸 𝑐ℎ𝑎𝑙𝑐𝑜𝑝𝑦𝑟𝑖𝑡𝑒 CuInS2 1.532
1

0.0882𝑑 0.587𝑑 0.517
 (4.4) 

which yields a Eg(∞) value that agrees very well with the band gap reported for bulk 
chalcopyrite CuInS2 (viz., 1.535 eV at 300 K).79 We note that some data points (indicated by 
the dashed ellipsoidal in Figure 4.4b) were not included in the fit because they clearly deviated 
from the general trend evidenced by the other data points. The excluded data points were 
obtained from an empirical sizing curve reported by Booth and coworkers,52 which was 
constructed using PL peak positions. To make these E1 values comparable to the values 
extracted from absorption data, we corrected them by using the size-dependent Stokes shifts 
reported in the same work.52 The evident discrepancy between this group of data points and 
the E1 values extracted directly from absorption spectra (including the spectra reported by 
Booth and coworkers in ref.52), clearly demonstrates the inadequacy of PL peak positions as 
metrics for the band gap, as discussed in detail above. A systematic error can also be identified 
in the data reported by Qin et al.51 for chalcopyrite CuInS2 QDs with diameters equal to or 
larger than 4 nm, probably due to the large uncertainties associated with the determination 
of E1 by the double tangent method in absorption spectra with broad and indistinct peaks. 
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The fitting results (eqs 4.3 and 4.4) show that the increase in band gap with the reduction 
of the CuInS2 QD size is mainly determined by the 1/d term, for both wurtzite and 
chalcopyrite QDs. The contribution of the 1/d2 term only becomes relevant for sufficiently 
small QDs. This is in striking contrast with the size-dependence of the band gap reported for 
CdSe and CdTe QDs, which is almost completely due to the 1/d2 term,25 but is analogous to 
that observed for PbSe and PbS QDs, which also varies mainly with 1/d.23,28,76 The 1/d2 term 
is typically associated with the quantum confinement contribution, since this is the 
dependence predicted based on the effective mass approximation (EMA), while the 1/d 
dependence reflects the Coulomb interaction contribution.80 However, the contribution of 
the Coulomb interaction decreases with increasing dielectric constant ε,80 and should thus 
not be significant for CuInS2 QDs (ε= 10).81 Therefore, the dominance of the 1/d term can be 
interpreted as evidence that, similarly to the Pb-chalcogenides, the energy dispersion is 
mostly linear around the band gap, being parabolic only in a very small region near the 
extrema (i.e., top of valence band and bottom of conduction band).76 This implies that the 
hole and electron effective masses should not be relevant quantities to determine the extent 
of quantum confinement effects in CuInS2 QDs. However, it is clear that the size-dependence 
of the band gap of chalcopyrite CuInS2 QDs is much stronger than that of wurtzite CuInS2 
QDs (see Figures 4.4a and b, and eqs 4.3 and 4.4). A possible explanation for this difference 
can be found in the electron and hole effective masses of the two materials, which are smaller 
for chalcopyrite CuInS2 (viz., me= 0.153 m0, mh= 0.958 m0)77 than for wurtzite CuInS2 (viz., 
me= 0.173 m0, mh= 2.181 m0).77 Since the experimental effective masses for wurtzite CuInS2 
are not yet known, we compared theoretical values calculated by hybrid DFT for both 
wurtzite and chalcopyrite CuInS2.77 However, it should be pointed out that the calculated 
values for chalcopyrite CuInS2 are slightly different from the experimental ones (viz., me= 
0.16 m0, mh=1.3 m0).55  

We note that a model based on the EMA (viz., the finite depth-well EMA)82 has been 
successfully used by Zhong and coworkers55 to describe the empirical size dependence 
observed in their work for chalcopyrite CuInS2 QDs (3.6 to 7.3 nm, see dashed line in Figure 
4.4b, parameters used: me= 0.16 m0, mh=1.3 m0; Eg(bulk)= 1.53 eV; Eg(cap)= 7 eV). This modified 
EMA model takes into account the fact that the confinement potential V0 is finite and 
estimates it as being the difference between the HOMO-LUMO energy gap of the capping 
ligands and the band gap of the semiconductor (V0= [Eg(cap) – Eg(bulk)]/2).82 However, Figure 
4.4 clearly shows that the fit based on eq 4.2 (i.e., eq 4.4 above) is more accurate over the 
whole QD size range analyzed than the calculations based on the modified EMA (dashed line). 
The sizing curves reported in this chapter (Figure 4.4 and eqs 4.3 and 4.4) thus offer a 
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convenient and accurate way of determining the sizes of both wurtzite and chalcopyrite 
CuInS2 QDs directly from absorption spectroscopy measurements. For convenience, sizing 
curves directly correlating the QD diameter with the wavelength of the first absorption peak 
are provided in appendix A4.11. 

Molar absorption coefficient of wurtzite CuInS2 QDs at the first exciton transition 
energy. The molar absorption coefficients ε of CuInS2 QDs can be obtained using the Beer-
Lambert law 

𝐴 𝜀𝑐𝑙 (4.5) 

where A is the measured absorbance at the lowest energy absorption transition E1 (i.e., the 
first exciton transition 1Sh‒1Se), c denotes the molar concentration of CuInS2 QDs, and l is 
the optical path length. The concentration of CuInS2 QDs is obtained as discussed above (see 
also SI, method 1 for details). The peak positions E1 were extracted from the second derivative 
of the absorption spectra as described above. The size-dependent molar absorption 
coefficients at the first exciton transition energy (εE1 in 105 M−1·cm−1) of CuInS2 QDs can thus 
be readily obtained (Figure 4.5a). We observed that CuInS2 QDs larger than 6.1 nm tend to 
lose their colloidal stability after extensive purification, which results in the formation of 
aggregates that introduce light scattering contributions to the measured absorption spectra. 
This issue affects the accuracy of the determination of absorption coefficients, thus data 
concerning CuInS2 QDs larger than 6.1 nm is not included in Figure 4.5. 
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Figure 4.5 (a) Size-dependent molar absorption coefficients E1 at the first exciton transition energy (E1) 
of nearly spherical wurtzite CuInS2 QDs (In/Cu= 0.91 ± 0.11). The orange solid line is a fit to the data 
using a power law function (eq 4.6). Purple and green dashed lines denote the size-dependent trends 
reported in the literature for pyramidal chalcopyrite CuInS2 QDs (In/Cu= 0.91 and 1).51,52 (b) Size-
dependent absorption cross-section per formula unit at E1 (μE1) of wurtzite CuInS2 QDs (In/Cu= 0.91 
± 0.11). The orange solid line is a fit to the data using a power law function (eq 4.9). (c) Size-dependent 
molar absorption coefficients 3.1eV at 3.1 eV of wurtzite CuInS2 QDs (In/Cu= 0.91 ± 0.11). The orange 
solid line is a fit to the data using a power law function (eq 4.11). The purple dashed line denotes the 
size-dependent trend reported in the literature for pyramidal chalcopyrite CuInS2 QDs (In/Cu= 0.91) 
by Booth et al.52 (d) Size-dependent absorption cross-section per formula unit at 3.1 eV (μ3.1eV) of 
wurtzite CuInS2 QDs (In/Cu= 0.91 ± 0.11). 

 

Similarly to previous work on binary InAs,37,38 Cd-chalcogenide,25,29,31−33 and Pb- 
chalcogenide QDs,23,26,28,30 the data in Figure 4.5a can be fitted to a power law as follows (2= 
0.999): 

𝜀 5208 𝑑 . (4.6) 

It is evident that the size dependence observed in our work is significantly different from 
those reported by both Qin and coworkers (viz., 11430d2.147)51 and Booth and coworkers (viz., 
(830 ± 660)d3.7 ± 0.6).52 Moreover, the absolute εE1 values in both reports are overestimated with 
respect to those presented here (in the case of Booth et al. only for d<4.5nm). As discussed 
above, these discrepancies likely originate from the inherent experimental difficulties 
associated with the accurate determination of the effective diameter of trigonal-pyramidal 
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nanocrystals (which may or may not be truncated depending on the size), peak positions 
from broad and indistinct absorption spectra, and concentrations of ternary QDs that may 
have significant compositional polydispersity. The combined effect of these uncertainties 
may be very large, especially considering that the QD concentrations are affected by the 
uncertainties in both their size and composition. Moreover, colloidal stability issues may 
introduce additional errors due to light scattering contributions, which may go unnoticed 
given the typically featureless aspect of the absorption spectra of CuInS2 nanocrystals.  

The molar absorption coefficient ε is related to the absorption cross-section per QD σ 
by25,30,33,38 

𝜀
𝜎𝑁

2303
 (4.7) 

where NA is Avogadro's constant. The absorption cross-section per formula unit μ is given 
by25 

𝜇
𝜎

𝑁 /

𝜎𝑉
𝑍𝑉

𝑉
𝑍𝑉

2303𝜀
𝑁

 (4.8) 

where Nunit/QD denotes the number of unit cells per QD. The number of formula units per unit 
cell (Z= 1) can be obtained from the crystal lattice parameters of wurtzite CuInS2 QDs.60 As 
shown in Figure 4.5b, the absorption cross-section per formula unit at the first exciton 
transition energy (μE1) of wurtzite CuInS2 QDs is size dependent, and can be described as (2= 
0.998): 

𝜇 6.298 10 2.940 10 𝑑 . (4.9) 

This size dependence strongly deviates from the theoretically expected one, since a nearly 
size-independent oscillator strength per QD is predicted for the first exciton transition 1Sh‒
1Se by several theoretical models (viz., k·p EMA,80,83, tight-binding,84 and effective bond-
orbital model85), which implies that μE1 should follow a 1/d3 dependence. Nevertheless, 
discrepancies between this theoretical prediction and empirical trends are commonly 
observed. For example, a 1/d2 dependence has been reported for a number colloidal QD 
systems (CdSe QDs with d= 1.5–8 nm,25,33, CdTe QDs with d= 3.5–9 nm,25 PbSe QDs with d= 
3−8 nm,28 and CdS QDs with d= 2.4−5.6 nm35). To date, a 1/d3 dependence has only been 
reported for CdTe QDs with d= 2–4 nm,25,86 and CdS QDs with d= 1.3−2.4 nm.35 The reasons 
for the divergence between the theoretical prediction and the experimental observations 
remain as yet unclear. Furthermore, it is important to note that the strong size-dependence 
of the absorption coefficient of the lowest energy absorption transition of colloidal QDs 
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makes it less suitable as a tool to determine QD concentrations, since its accuracy may be 
strongly compromised by the size and shape polydispersity of the sample under consideration. 

Molar absorption coefficient of CuInS2 QDs at energies far above the band-edge. The 
molar absorption coefficient at higher energy (3.1 eV) of the wurtzite CuInS2 QDs prepared 
in this chapter can be obtained by 

𝜀 .
𝐴 .

𝐴
𝜀  (4.10) 

where A3.1eV and AE1 are the absorbances at 3.1 eV and at the first exciton transition energy, 
respectively. The obtained data was plotted with respect to the CuInS2 QD diameter (d) 
(Figure 4.5c), and fitted to a power function yielding (2= 0.998) 

𝜀 . 10175 𝑑 (4.11) 

It is interesting to note that the ε3.1eV values scale with the volume of QDs, showing that the 
spectral density of states is no longer significantly affected by quantum confinement effects. 
This has been experimentally observed for a number of colloidal QD systems (CdSe,24,25,33,87 
CdTe,25 PbSe,28 InAs38), and is consistent with theoretical predictions based on the EMA 
model.87 In contrast, the size-dependence of ε3.1eV  reported by Booth and coworkers for 
chalcopyrite CuInS2 QDs (viz., (2123 ± 1090)d3.8 ± 0.3)52 is far stronger than the theoretical 
expectation and the previous experimental observations. The reasons for the inconsistency 
between the present results and those previously reported in ref.52 are probably the same 
already discussed above for the size-dependence of the εE1 values. The absorption cross-
section per formula unit at 3.1 eV (μ3.1 eV) can be determined by applying eq 4.8 above, and is 
observed to be size independent over the whole size range investigated in our work (Figure 
4.5d). These results confirm that ε3.1eV scales with the volume of the CuInS2 QDs and imply 
that ε3.1eV is a more reliable parameter to accurately determine the concentrations of colloidal 
suspensions of CuInS2 QDs.  

The fact that the absorption cross-sections per unit cell at sufficiently high energies above 
the band gap are size-independent implies that they can be estimated from bulk optical 
constants. This is indeed the case, as has been demonstrated for a number of materials (e.g., 
CdSe,25,87 InAs38). The absolute absorption cross-section per formula unit of both wurtzite 
and chalcopyrite CuInS2 QDs at 3.1 eV can then be calculated based on the Bruggeman 
effective media theory,25,33,88 which can be written as 
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𝜇 .  
𝜎

𝑁 /

𝑉
𝑧

𝑛
𝑛

|𝑓 | 𝛼 .   (4.12) 

where ns and n are, respectively, the refractive indices of the solvent (1.5 for toluene) and the 
semiconductor at 3.1 eV (2.636 for wurtzite CuInS2

89 and 2.795 for chalcopyrite CuInS2
79). α

3.1 eV is the absorption coefficient of bulk CuInS2 QDs at 3.1 eV (1.9 × 105 cm−1 for wurtzite 
CuInS2 and 2.55 × 105 cm−1 for chalcopyrite CuInS2), which is calculated by90 

𝛼 .
4𝜋
𝜆

𝑘 𝜆  (4.13) 

where λ is the wavelength of light in the vacuum. k denotes the extinction coefficient of bulk 
CuInS2 at 3.1 eV (0.605 for WZ CuInS2

89 and 0.813 for chalcopyrite CuInS2
79). The term fLF in 

eq 4.12 is the local field correction factor, which is given by25,33,88 

𝑓
3𝑚

𝑚 2𝑚
 

(4.14) 

m1 (m1= n−ik) and m2 are the complex refractive indices of the semiconductor and solvent, 
respectively. Since the absorption of toluene at 3.1 eV is negligible, m2 can be replaced by ns 
(viz., 1.5). The absolute absorption cross-section per formula unit of wurtzite and 
chalcopyrite CuInS2 at 3.1 eV is thus calculated to be 9.7 × 10−18 cm2 and 1.18 × 10−17 cm2, 
respectively. It should be noted that the bulk optical constants (n and k) used for wurtzite 
CuInS2 are theoretical values obtained by DFT calculations,89 since experimental data is 
available only for bulk chalcopyrite CuInS2. Nevertheless, the calculated μ3.1 eV value of 
wurtzite CuInS2 is very close to that of chalcopyrite CuInS2 QDs, and they are both in good 
agreement with the value experimentally determined in our work for wurtzite CuInS2 QDs 
[μ3.1eV = (6.3 ± 0.4) × 10−18 cm2]. This demonstrates that the absorption cross section of CuInS2 
QDs at high energies can be indeed deduced from the bulk optical constants. 

4.3 Conclusions 
We have reported here a detailed study of the size-dependence of the optical properties 

of colloidal wurtzite CuInS2 QDs in the 2.7 to 6.1 nm diameter range, with emphasis on the 
energy of the first absorption transition (1Se‒1Sh) and its absorption coefficient εE1, and on 
the absorption coefficient at higher energy (3.1 eV). Nearly spherical wurtzite CuInS2 QDs 
with small size dispersion (≤10%) are synthesized by self-limited topotactic partial Cu+ for 
In3+ cation exchange in template Cu2−xS nanocrystals. This synthesis protocol is robust and 
highly reproducible, yielding nearly stoichiometric CuInS2 QDs with very small composition 
variations (In/Cu= 0.91 ± 0.11), regardless of their sizes. The well-defined nearly spherical 
size and small composition- and size-distributions of the CuInS2 QDs prepared in this 
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chapter make them ideally suited to this study. Our results show that the band gap of wurtzite 
CuInS2 QDs increases with decreasing QD size, following a trend that depends primarily on 
1/d. A sizing curve is also constructed for chalcopyrite CuInS2 QDs by collecting and 
reanalyzing data published by several different groups.51,52,54−57 The size dependence of the 
band gap of chalcopyrite CuInS2 QDs is observed to be slightly stronger than that of wurtzite 
CuInS2 QDs, but also follows primarily a 1/d dependence. These sizing curves provide a 
convenient and accurate way of determining the sizes of both wurtzite and chalcopyrite 
CuInS2 QDs directly from absorption spectroscopy measurements. Moreover, we find that 
the experimental size dependence of the molar absorption coefficient εE1 of wurtzite CuInS2 
QDs at the first exciton transition energy can be accurately fit by the expression 𝜀
5208 𝑑 . . Interestingly, we observe that the absorption coefficients of the wurtzite CuInS2 
QDs at energies far above the band gap (i.e., 3.1 eV) scale directly with the QD volume, which 
implies that the absorption cross-sections per unit cell are size-independent, and therefore 
can be estimated from bulk optical constants. Indeed, the absolute absorption cross-sections 
per formula unit calculated from the bulk optical constants of wurtzite and chalcopyrite 
CuInS2 at 3.1 eV (viz., 9.7 × 10−18 cm2 and 1.18 × 10−17 cm2, respectively) are in good agreement 
with the value experimentally determined in our work for wurtzite CuInS2 QDs [(6.3 ± 0.4) 
× 10−18 cm2]. These results demonstrate that the absorption coefficients at 3.1 eV are better 
suited to determine the concentrations of colloidal suspensions of CuInS2 QDs, since they are 
less sensitive to size and shape dispersion. 

4.4 Methods 
Materials. Copper (I) acetate (CuAc, 97%), indium acetate (In(Ac)3, 99.99%), 1-

dodecanethiol (DDT, ≥ 98%), trioctylphosphine (TOP, 90%), trioctylphosphine oxide 
(TOPO, 99%), 1-octadecene (ODE, 90%), nitric acid (HNO3, 69.5%), anhydrous toluene, 
methanol and butanol were purchased from Sigma-Aldrich. Multi-Element calibration 
standard 3 and Multi-Element calibration standard 5 (10 μg/mL of each element) were 
purchased from PerkinElmer. TOPO and ODE were degassed at 120 °C under vacuum 
overnight prior to synthesis. Other reagents were used as received. The chemicals were 
weighted and handled inside a glovebox. 

Synthesis of Cu2−xS nanocrystals. Template Cu2−xS nanocrystals were synthesized in a 
standard schlenkline according to previously reported procedures.58 CuAc (1 mmol, 0.126 g) 
and TOPO (4.65 mmol, 1.834 g) were mixed with 10 ml of pre-degassed ODE in a 100 ml 
three-neck flask. The mixture was degassed at 100 °C for 1 h. Then, the flask was purged by 
N2 and further heated to 210 °C. At 160 °C, 2.5 ml of DDT were swiftly injected accompanied 
with a sharp decrease of temperature to 147 °C. Change in solution color from dark green to 
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brown indicates the nucleation and growth of Cu2−xS nanocrystals. These nanocrystals were 
allowed to grow at 210 °C for 5–70 min, followed by naturally cooling down to room 
temperature. The crude reaction products were washed using isometric butanol and 
methanol, followed by centrifugation at 3000 rpm for 10 min. The washing step was repeated 
twice to remove residual precursors. Finally, the purified Cu2−xS nanocrystals were dispersed 
into 5 ml of anhydrous toluene and stored in a glovebox for further use. 

Synthesis of CuInS2 nanocrystals. The wurtzite CuInS2 QDs were prepared following 
previously published procedures.58 1 ml of purified Cu2−xS nanocrystals was degassed to 
remove toluene and was then redispersed into a solution of DDT (0.5 ml) and ODE (1.5 ml). 
In the meantime, In(Ac)3 (0.2 mmol, 0.0584 g), TOP (0.2 mmol, 100 μl) and 2 mL of ODE 
were mixed and degassed at 125 °C for 1 h. Subsequently, the reaction flask containing the 
In−TOP complex (In/TOP= 1) solution was refilled with N2, and maintained at 125 °C. After 
that, the aforementioned Cu2−xS nanocrystals solution was swiftly injected into the In−TOP 
complex solution under N2. The mixture was kept at 125 °C for a variable amount of time 
depending on the size of template Cu2−xS nanocrystals. The mixture was vigorously stirred, 
then naturally cooled down to room temperature. The crude reaction mixture was directly 
centrifuged at 2500 rpm for 1 min to isolate unreacted precursors. The supernatant was 
collected and the product CuInS2 QDs were isolated and extensively washed (at least 3 times), 
using the same purification procedure described above. Occasionally, the solution became a 
gel after cooling down or during the washing, requiring the addition of a few drops of 
octylamine to redisperse the QDs and proceed with the washing cycles. Finally, the CuInS2 
QDs were dispersed into 4 ml anhydrous toluene, well-sealed and stored in a glovebox for 
further use. 

Assessment of the sample purity. Prior to the ICP-OES analysis and absorption 
spectroscopy measurement, the purity of the CuInS2 QDs was assessed by powder X-ray 
diffraction (XRD) after different steps of purification. Since the indium source in the cation 
exchange reaction is In(Ac)3, which is insoluble in non-polar solvents, residual In(Ac)3 may 
still be present after the reaction. To remove In(Ac)3, the crude samples were directly 
centrifuged without adding any anti-solvents, followed by collecting suspended QDs in 
supernatant. This step essentially removes unreacted In(Ac)3, as evidenced by XRD 
measurements (appendix A4.12). The suspended QDs in the supernatant were subsequently 
washed, using the same purification procedure described above, for at least 3 times to ensure 
complete removal of In(Ac)3 and other byproducts. After this purification step, the CuInS2 
QDs were dispersed into anhydrous toluene and were stored in a glovebox. 
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Optical spectroscopy. Prior to optical measurements, the quartz cuvettes were immersed 
in 69.5% nitric acid for 5 min, then thoroughly rinsed with Milli-Q water, absolute ethanol 
for a final rinse and dried by compressed air flow. This step is crucial for reducing 
experimental error caused by contaminations from the cuvettes. Samples for optical 
measurements were prepared by dispersing CuInS2 QDs into 3 ml anhydrous toluene in pre-
cleaned sealable quartz cuvettes under N2. To reduce inner filter effects, the optical density at 
the lowest energy transition was below 0.1. Absorption spectra were recorded on a double-
beam PerkinElmer Lambda 950 UV/Vis/NIR spectrometer (175–3300 nm). PL spectra were 
acquired using an Edinburgh Instruments FLS920 spectrofluorometer equipped with a 450 
W Xe lamp as excitation source and double grating monochromators for both the excitation 
and the emission. A Hamamatsu R928 photomultiplier tube (250–800 nm) and a liquid N2 
cooled Hamamatsu R5509−72 photomultiplier tube (750–1600 nm) were used as detectors 
for obtaining PL spectra. 

Photoluminescence quantum yields (PLQYs). The PLQYs were measured using 
indocyanine green (ICG, PLQY=12%) in DMSO as a standard.58,91 To avoid inner filter 
effects, the absorbances of the QD and ICG solutions at and above the excitation wavelength 
(678 nm) were below 0.1. 

Powder X-ray diffraction (XRD). XRD results were recorded on Bruker D2 Phaser, 
equipped with a Co Kα X-ray source (1.79026 Å). Samples were washed at least 3 times, dried 
under vacuum overnight, and uniformly dispersed on a silicon wafer prior to XRD 
measurements. 

Transmission electron microscopy (TEM). Conventional TEM images were acquired 
using a FEI Tecnai-20 microscope operating at 200 kV. High resolution TEM (HRTEM) was 
performed on a FEI Talos F200X microscope operating at 200 kV. The lattice spacings of 
nanocrystals were obtained by Fourier transform (FT) from the area of interest in HRTEM 
images. Samples for TEM imaging were prepared by drop-casting a toluene solution of 
purified nanocrystals onto a carbon-coated 200 mesh copper TEM grid. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP 
measurements were performed on a PerkinElmer Optima 8300 ICP-OES spectrometer 
equipped with high-performance Segmented-array Charge-coupled Device (SCD) detector. 
Samples were carefully dried under vacuum overnight, and then thoroughly dissolved in 
HNO3 (69.5%), yielding clean yellow solutions. This solution was further diluted by 1000 
times to reach the ppm ranges required for the measurement. In the meantime, Cu+ and In3+ 
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calibration curves were prepared using Multi-Element calibration standard 3 (10 μg/mL of 
each element in 5% HNO3) with trace concentrations ranging from 0 to 1 ppm. S2– calibration 
curves were prepared using Multi-Element calibration standard 5 (10 μg/mL of each element 
in H2O with trace of HF) with trace concentrations ranging from 0 to 1 ppm. All the 
calibration curves were fitted to lines with R-values larger than 0.999. The relative standard 
deviation of Cu+ (324.752 nm) or In3+ (325.609 nm) concentration were less than 3%. 
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4.6 Appendices 
A4.1 XRD of Cu2−xS and CuInS2 

 

Figure A4.1 Powder X-ray diffraction (XRD) patterns of template Cu2−xS nanocrystals and product CuInS2 
QDs. The gray lines indicate the high-chalcocite Cu2S diffraction pattern (JCPDS Card 00−026−1116). The 
orange lines indicate the wurtzite CuInS2 diffraction pattern (JCPDS Card 01−077−9459). The XRD patterns 
were obtained on Bruker D2 Phaser, equipped with a Co Kα X-ray source (1.79026 Å). 
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A4.2 TEM images and corresponding size distribution of CuInS2 QDs 

 

Figure A4.2 TEM images (a-j) and corresponding size histograms (a’-j’) of CuInS2 QDs with size ranging 
from 2.7 to 6.8 nm. The CuInS2 QDs (polydispersity ≤10%) were obtained by topotactic partial Cu+ for In3+ 
cation exchange in template Cu2−xS nanocrystals. The size distribution histograms were constructed by 
measuring over 200 particles per image and were then fitted by a Gaussian distribution function. The scale 
bars are 20 nm. 
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A4.3 QD concentration calculation 

Method 4.1: QD concentration (6.1 nm CuInS2 QDs as an example).  

From ICP measurements, the Cu+ and In3+ concentration in product 6.1 nm CuInS2 QDs are 0.00687 
mmol/ml and 0.00576 mmol/ml, respectively. The product CuInS2 QDs are wurtzite structure. In this 
hexagonal close packing, each unit cell possesses 2 cations (Cu+ or In3+) and 2 anions (S2-). For simplicity, we 
approximate the Cu/In to 1. If the QD concentration is determined by Cu+, then the QD concentration is 
deduced as follows: 

As the average diameter (d) of the CuInS2 QDs is 6.1 nm, the volume of a single QD is: 

 𝑉 𝜋 𝜋 . 118.847 𝑛𝑚 1.188 10 Å  

The unit cell volume of wurtzite CuInS2 QDs is: 

 𝑉 𝑎 𝑐 ∙ sin 60° √ 𝑎 𝑐 84.99 Å  

The number of unit cells per QD is: 

 𝑁 /
 . Å

.  Å
1397.81 

The number of Cu atoms in each unit cell is: 

 𝑁 / 2 50% 1 

The number of Cu atoms per QD is: 

 𝑁 / 𝑁 / 𝑁 / 1397.81 

Since the Cu+ amount of 1ml of product QDs is: 

 𝑛 0.00687 𝑚𝑚𝑜𝑙 

The amount of QDs in 1 ml solution is:  

𝑛
𝑁 𝑛

𝑁 𝑁 /

0.00687 𝑚𝑚𝑜𝑙
1397.81

4.92 10 𝑚𝑚𝑜𝑙 

Therefore, the CuInS2 QDs concentration is 4.92×10-6 mmol/ml. 
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A4.4 Second derivative of the absorption spectra and PL spectra of CuInS2 QDs 

 

Figure A4.3 (a) Second derivative of the absorption spectra and (b) PL spectra of 5.5 nm wurtzite CuInS2 
QDs. Ten different cation exchange reactions were performed using the same batch of 5.5 nm Cu2−xS 
nanocrystals as templates and varying the reaction time (20–200 min) and the In/Cu feeding ratio (1 to 5), 
while keeping all other parameters constant. The dashed arrow lines indicate the increase of reaction time. 
All samples were measured under the same conditions (same QD concentration in trichloroethylene, 
excitation wavelength at 650 nm with a 715 nm long pass filter).  
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A4.5 PL peak positions of CuInS2 QDs 

 

Figure A4.4 PL peak positions of different batches of 5.5 nm wurtzite CuInS2 QDs produced by partial Cu+ 
for In3+ cation exchange using the same batch of 5.5 nm Cu2−xS nanocrystals as templates, and varying the 
reaction time (20–200 min) and the In/Cu feeding ratio (1 to 5), while keeping all other parameters constant. 

 

A4.6 Absorption and PL spectra of indocyanine green 

 

Figure A4.5 (a) Absorption (purple line) and PL (orange line) spectra of indocyanine green (ICG) in DMSO. 
This dye has a photoluminescence quantum yield (PLQY) of 12% in DMSO, and was used as a standard to 
determine the PLQYs of the product CuInS2 QDs (see Methods in the main text for details). (b) PL spectra of 
5.5 nm wurtzite CuInS2 QDs prior to (red line, PLQY11%) and after 5 washing cycles (brown line, 
PLQY~1%). 
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A4.7 PL spectra of wurtzite CuInS2 QDs 

 

Figure A4.6 PL spectra of wurtzite CuInS2 QDs ranging from 2.7 to 6.1 nm in size. The spectra were corrected 
for the instrumental response. PL peak positions shift to longer wavelengths with increasing QD size. As the 
PL quantum yields of larger QDs are very low, the noise at the edge of detector (~750 nm) become obvious 
after correction for the instrumental response. All samples were measured under the same conditions (same 
QD concentration in trichloroethylene, Excitation wavelength at 650 nm with a 715 nm long pass filter). 

 

A4.8 Absorption and PL spectra of 3.6 nm wurtzite CuInS2 QDs 

 

Figure A4.7 Absorption (blue solid line) and PL (cyan solid line) spectra of 3.6 nm wurtzite CuInS2 QDs. The 
dashed red line is the first absorption peak obtained by fitting a Gaussian distribution function centered at 
the lowest absorption transition energy, which is determined from the second derivative of the absorption 
spectrum.  
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A4.9 Optical parameters of CuInS2 QDs 

 

Figure A4.8 (a) Full-width at half-maximum (FWHM) of the lowest energy absorption transition (Abs, green 
symbols) and of the PL band (PL, purple symbols) of wurtzite CuInS2 QDs prepared in the present chapter 
(squares, In/Cu= 0.91±0.11, PLQY≤1%) and reported in Chapter 3 (triangles and stars, In/Cu= 0.7±0.1, PLQY 
from 22% to 3.4% in the 5.4 to 7.2 nm size range). The FWHM of lowest energy absorption transition is 
obtained as shown in Figure A4.7 above. The PL FWHM is obtained by fitting a Gaussian distribution 
function to the PL spectrum in energy scale. It should be noted that the PL FWHM of the samples with 
diameters larger than 4.2 nm are less reliable due to the higher signal to noise ratio of their PL spectra (see 
Figure A4.6 above). (b) Global Stokes shifts of the wurtzite CuInS2 QDs investigated in the present chapter 
(hexagons) and in Chapter 3 as a function of their diameter. 
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A4.10 In/Cu feeding and actual ratios of CuInS2 QD samples 

Table 4.1 In/Cu feeding and actual ratios of CuInS2 QD samples used in previous studies to obtain the data 
shown in Figure 4.4b. ICP= Inductively Coupled Plasma Spectroscopy; EDX: Energy Dispersive X-Ray 
Spectroscopy; XPS= X-ray Photoelectron Spectroscopy. 

Reference Feeding amount of In and Cu 
precursors  

In/Cu ratio in the product CuInS2 QDs 

Qin et al. [51] 0.1 mmol In(acetate)3 + 0.1 mmol 
CuCl (In/Cu=1) 

Product nanocrystals are reported to be nearly 
stoichiometric (by EDX), but the actual ratio and 
EDX data are not provided 

Booth et al. [52] 0.25 mmol In(acetate)3 + 0.25 
mmol CuI (In/Cu=1) 

In/Cu= 1 (by EDX) and 0.91 (by XPS) 

Zhong et al. 
[55] 

1.0 mmol In(acetate)3 + 1.0 mmol 
CuI (In/Cu=1) 

The composition is size dependent:  

3.6 nm (In/Cu= 0.58 by EDX and 0.42 by ICP)  

4.0 nm (In/Cu= 0.64 by EDX and 0.50 by ICP)  

5.1 nm (In/Cu= 0.74 by EDX and 0.56 by ICP)  

5.5 nm (In/Cu= 0.83 by EDX and 0.56 by ICP)  

6.1 nm (In/Cu= 0.97 by EDX and 0.58 by ICP)  

7.6 nm (In/Cu= 1.09 by EDX and 0.88 by ICP) 

Li et al. [57] 1.0 mmol In(acetate)3 + 1.0 mmol 
CuI (In/Cu=1) 

The composition is size dependent: 

2.2 nm (In/Cu= 1.04 by EDX)  

2.7 nm (In/Cu= 1.03 by EDX)  

3.3 nm (In/Cu= 0.93 by EDX)   

Berends et al. 
[54] 

1.0 mmol In(acetate)3 + 1.0 mmol 
CuI (In/Cu=1) 

Not reported 

Akdas et al. [56] 0.66 mmol In(acetate)3 + 0.66 
mmol Cu(I) acetate (In/Cu=1) 

In/Cu= 1.1 by ICP 
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A4.11 Sizing curves of CuInS2 QDs. 

 

Figure A4.9 Sizing curves of wurtzite (a) and chalcopyrite (b) CuInS2 QDs. The curves are obtained from fits 
to experimental data reported in Figure 4.4 in the main text (eqs 4.3 and 4.4).  

 

A4.12 XRD patterns of CuInS2 QDs. 

 

Figure A4.10 XRD patterns of CuInS2 QDs washed once (blue) or three times (orange). The gray line indicates 
the wurtzite CuInS2 diffraction pattern (JCPDS Card 01−077−9459). The pink line is the XRD pattern of 
In(Ac)3 (99.99%). The dashed red box indicates that the additional peak in the CuInS2 QDs that were washed 
only once may originate from residual In(Ac)3. After 3 washing cycles, no additional peak can be detected, 
which implies complete removal of unreacted indium salts. The XRD patterns were obtained on Bruker D2 
Phaser, equipped with a Co Kα X-ray source (1.79026 Å). 
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Abstract: Synthesis protocols for anisotropic CuInX2 (X= S, Se, Te)-based heteronanocrystals 
are scarce due to the difficulty in balancing the reactivities of multiple precursors and the 
high solid-state diffusion rates of the cations involved in the CuInX2 lattice. In this work, we 
report a multi-step seeded growth synthesis protocol that yields colloidal wurtzite 
CuInS2/ZnS dot core/ rod shell heteronanocrystals with photoluminescence in the near-
infrared spectral range (~800 nm). The wurtzite CuInS2 nanocrystals used as seeds are 
obtained by topotactic partial Cu+ for In3+ cation exchange in template Cu2−xS nanocrystals. 
The seed nanocrystals are injected in a hot solution of zinc oleate and hexadecylamine in 
octadecene, 20 s after the injection of sulfur in octadecene. This results in heteroepitaxial 
growth of wurtzite ZnS primarily on the Sulfur-terminated polar facet of the CuInS2 seed 
nanocrystals, the other facets being overcoated only by a thin (1 monolayer) shell. The fast 
(21 nm/min) asymmetric axial growth of the nanorod proceeds by addition of [ZnS] 
monomer units, so that the polarity of the terminal (002) facet is preserved throughout the 
growth. The delayed injection of the CuInS2 seed nanocrystals is crucial to allow the 
concentration of [ZnS] monomers to build up, thereby maximizing the anisotropic 
heteroepitaxial growth rates while minimizing the rates of competing processes (etching, 
cation exchange, alloying). Nevertheless, a mild etching still occurred, likely prior to the onset 
of heteroepitaxial overgrowth, shrinking the core size from 5.5 to 4 nm. The insights 
provided by this work open up new possibilities in designing multi-functional Cu-
chalcogenide based colloidal heteronanocrystals. 

5.1 Introduction  
Ternary CuInX2 (X= S, Se, Te) nanocrystals have attracted increasing attention as 

promising alternatives for CdX and PbX nanocrystals in applications such as solar cells,1-2 
luminescent solar concentrators,3-4 bioimaging,5-6 and light-emitting devices,7-8 due to their 
lower toxicity, large absorption cross-sections across a broad spectral range and wide 
photoluminescence (PL) tunability.9 To achieve properties that are inaccessible to single 
component nanocrystals (such as high PL quantum yields and photostability, spatial charge 
carrier separation, reduced blinking, etc.),10-12 researchers have been developing synthesis 
methods for colloidal CuInX2-based heteronanocrystals (e.g., CuInS2/ZnS concentric 
core/shell heteronanocrystals,13-14 CuInS2/CdS tetrapods,15 CuInSe2/CuInS2 dot-in-rod 
heteronanocrystals16). Anisotropic CuInX2-based heteronanocrystals are particularly 
interesting, since they are expected to exhibit novel properties, such as polarized near-
infrared (NIR) PL and spatial charge separation, which are attractive for many applications 
(e.g., polarized LEDs,17 photocatalysts,18-19 etc.). 

Nevertheless, reports on the synthesis of anisotropic CuInX2-based heteronanocrystals 
are scarce. This is most likely related to the difficulty in balancing the reactivities of multiple 
precursors and the high solid-state diffusion rates of all the cations involved in the CuInX2 
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lattice. These difficulties have been circumvented in recent works by performing cation 
exchange in nanocrystal templates, which yielded a variety of otherwise inaccessible 
anisotropic heteronanocrystals, such as Cu2−xS/CuInS2 core/crown nanoplatelets,20 
CuInSe2/CuInS2 dot core/rod shell nanorods,16 axially segmented Cu2−xS/ZnS,21 and 
Cu2−xS/CuAS2 (A= In, Ga) heteronanorods.22 Cation exchange-based protocols are however 
limited by the availability of suitable template nanocrystals or heteronanocrystals, by the 
difficulty in completely removing the native cations, and by atom economy (and toxicity) 
considerations, particularly when using sequential cation exchange protocols starting from 
Cd-based heteronanocrystal templates. 

In this work, we report a multi-step synthesis protocol that yields CuInS2/ZnS dot core/ 
rod shell heteronanocrystals. The method is based on the synthesis of wurtzite CuInS2 
nanocrystals by topotactic partial Cu+ for In3+ cation exchange in template Cu2−xS 
nanocrystals, and their subsequent injection together with sulfur in a hot solution of 
Zn(oleate)2 and suitable coordinating ligands (hexadecylamine). This results in 
heteroepitaxial growth of wurtzite ZnS primarily on the anion-terminated polar facet of the 
CuInS2 nanocrystal seeds. The resulting colloidal wurtzite CuInS2/ZnS dot-in-rod 
heteronanocrystals have large molar extinction coefficients, PL in the NIR (~800 nm) with a 
quantum yield of ~20%, and are readily dispersible in a variety of solvents. 

5.2 Results and discussion 
Wurtzite CuInS2 nanocrystals by cation exchange in template Cu2−xS nanocrystals. The 

wurtzite CuInS2 nanocrystals used as seeds were obtained by topotactic partial Cu+ for In3+ 
cation exchange in template Cu2−xS nanocrystals, following previously reported procedures 
(see Method Section for details).14, 23 Figure 5.1 shows that the product CuInS2 nanocrystals 
inherit the shape, size (~5.5 nm) and polydispersity (~7%) of the template Cu2−xS 
nanocrystals. Moreover, as previously reported,14, 23 the anionic sublattice of the hexagonal 
high-chalcocite Cu2−xS nanocrystal templates is preserved after the partial Cu+ for In3+ 
exchange, and therefore the product CuInS2 nanocrystals adopt the hexagonal wurtzite 
crystal structure (Figure 5.1c). The concentration (5.68×10−5 M) and composition 
(Cu1.63In0.79S2) of the product CuInS2 nanocrystals were determined by inductively coupled 
plasma optical emission spectroscopy (ICP-OES) measurements. 
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Figure 5.1 (a,b) TEM images and corresponding size histograms of CuInS2 nanocrystals (b) obtained 
by partial Cu+ for In3+ cation exchange in template Cu2−xS nanocrystals (a). The size histograms are 
constructed by measuring over 200 nanocrystals and are fitted to a Gaussian distribution function. (c) 
Powder X-ray diffraction patterns of template Cu2−xS nanocrystals and product CuInS2 nanocrystals. 
The gray lines indicate the high-chalcocite Cu2S diffraction pattern (JCPDS Card 00-026-1116). The 
orange lines indicate the wurtzite CuInS2 diffraction pattern (JCPDS Card 01-077-9459). 

 

Colloidal CuInS2/ZnS heteronanocrystals by seeded injection. A solution of wurtzite 
CuInS2 nanocrystal seeds in 1-octadecene (ODE) (100 μL, 5.68×10−5 M) combined with 100 
μL of sulfur/1-octadecene (S/ODE, 0.5 M) was swiftly injected into a solution of Zn(oleate)2 
and different coordinating ligands (2 mmol) in ODE at 210 °C (see Method Section and 
appendix A5.1 for details). The reaction was allowed to proceed at this temperature for 10 
min. Transmission electron microscopy (TEM) images show that the shape of the product 
heteronanocrystals strongly depends on the coordinating ligands present in the reaction 
medium (appendix A5.1). The use of aliphatic primary amines results in nanorods (appendix 
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A5.1b) with PL at ~800 nm (appendix A5.1c), while the other ligands investigated lead to 
either nanocrystals with ill-defined shapes (oleic acid, trioctylamine, dodecanethiol), 
nanorods with no PL (trioctylphosphine oxide), or simply no growth at all 
(trioctylphosphine). We have therefore selected hexadecylamine as coordinating ligand for 
further optimization of the synthesis protocol.  

To investigate whether the size and shape control over the product heteronanocrystals 
could be improved, we studied the influence of the injection sequence in the reaction 
outcome (Figure 5.2). TEM images reveal that the injection sequence has a pronounced 
impact on the size and shape of the product heteronanocrystals (Figure 5.2a). Injecting either 
the CuInS2 nanocrystal seeds mixed with the S-precursor or first the CuInS2 nanocrystal seeds 
and later the S-precursor leads to a mixture of shorter misformed nanorods and irregularly-
shaped nanocrystals (Figure 5.2a II and III), while injecting the S-precursor before the CuInS2 
nanocrystal seeds yields longer and generally better shaped nanorods (Figure 5.2a IV). The 
heteronanocrystals obtained by injection method IV (i.e., S-precursor followed by CuInS2 
nanocrystal seeds) exhibit not only better size and shape characteristics, but also superior 
optical properties (viz., higher PL intensity at 810 nm and absorption spectrum without 
additional strong bands in the NIR, Figure 5.2b). The strong and broad NIR absorption bands 
observed in the spectra of the product CuInS2/ZnS heteronanocrystals obtained by using 
injection methods II and III (Figure 5.2b) are assigned to localized surface plasmon 
resonances (LSPR), which are often observed in Cu-chalcogenide nanocrystals.9, 24-25 LSPR 
bands involve excess charge carriers, which are due to stoichiometry deviations, typically Cu-
vacancies, which lead to excess holes in the valence band.9, 24 However, LSPRs due to In-
vacancies have also been reported.25 These observations imply that methods II and III lead to 
product heteronanocrystals that are rich in cation (Cu or In) vacancies, in contrast to method 
IV.  
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Figure 5.2 (a) Schematic illustration of four seeded injection methods. All the experimental conditions 
are the same unless otherwise specified. (I) S/ODE (control experiment, no CuInS2 nanocrystal seeds 
were added), (II) a mixture of S/ODE and CuInS2 nanocrystal seeds is injected, (III) CuInS2 nanocrystal 
seeds followed by S/ODE (injection interval time, 20 seconds), (IV) S/ODE followed by CuInS2 
nanocrystal seeds (injection interval time, 20 seconds). The corresponding TEM images of purified 
products are displayed on the right side of the panel. Scale bars are 50 nm. (b−c) Absorption (a) and PL 
(b) spectra of the reaction products obtained from the four different seeded injection methods 
schematically depicted in a. Samples for absorption and PL spectra measurements (excitation at 470 
nm) were prepared by diluting 300 μL of the crude reaction mixture into 3 mL anhydrous toluene. 

 

It should be noted that the control experiments (injection of S-precursor only, Figure 
5.2I) yielded only small ZnS nanocrystals, clearly demonstrating that the product 
nanocrystals isolated from reaction protocols II, III and IV are indeed formed by seeded 
heteroepitaxial growth, and are thus CuInS2/ZnS heteronanocrystals. The control 
experiments also demonstrate that the used reaction conditions promote the conversion of 
the S- and Zn-precursors into [ZnS] monomers, indicating that the different outcomes of the 
three seeded injection methods reflect the balance between the [ZnS] monomer formation 
rates and a number of other competing processes that interfere with ZnS heteroepitaxial 
overgrowth on the CuInS2 seed nanocrystals. This is also clearly evidenced by the high 
concentration of cation vacancies in the products obtained from protocols II and III (see 
Figure 5.2b and discussion above). The significance of these observations will be discussed in 
more detail later (Mechanism Section).  
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Considering the success of injection method IV, we further investigated the injection 
interval time (viz., 0 s, 20 s, 60 s, 300 s and 600 s), while keeping all other reaction parameters 
constant (appendix A5.2). The results show that longer intervals (≥60 s) result in irregular 
and shorter nanorods (appendix A5.2a). The simultaneous injection of S and CuInS2 
nanocrystal seeds also deteriorates the size and shape control, yielding primarily small and 
irregularly shaped heteronanocrystals (appendix A5.2a), which display a pronounced LSPR 
band in the absorption spectrum (appendix A5.2b). We have therefore selected an injection 
interval of 20 s for further optimization of the heteronanocrystal growth, by investigating the 
effect of the Zn/S ratio (1, 2, 4 and 8, 10 min at 210 °C), reaction time (1-60 min at 210 °C 
and Zn/S= 4), and reaction temperature (190, 210 and 230 °C, at Zn/S= 4 and 10 min reaction 
time). We observed that increasing the Zn/S ratio up to 4 improves the shape control, but 
further increase leads to shape distortions (appendix A5.3a). We note that increasing the Zn/S 
ratio also results in larger blue-shifts in the optical spectra (appendix A5.3b,c), suggesting 
that Zn2+ partially interdiffuses in the CuInS2 seed nanocrystals, as previously observed for 
isotropic CuInS2/ZnS core/shell heteronanocrystals.14 The optimum reaction temperature is 
found to be 210 °C, since lower temperatures result in a larger fraction of misformed 
nanorods, while higher temperatures increase the magnitude of the spectral blue-shift 
(appendix A5.4). Our studies reveal that the growth of the CuInS2/ZnS heteronanocrystals is 
very fast, being essentially completed in 5 min at 210 °C (appendix A5.5). Longer reaction 
times do not lead to significant changes in size and shape, but increase the magnitude of the 
spectral blue-shift (appendix A5.5), implying that the interdiffusion of Zn2+ continues after 
the heteroepitaxial growth is finished. Control experiments using wurtzite CuInS2 seed 
nanocrystals with the same size and shape of the nanocrystals used in the experiments 
described above but a different stoichiometry (In/Cu= 0.83 instead of 0.48) show that the 
stoichiometry of seed nanocrystals does not have a pronounced impact on the outcome of 
the seeded growth reaction, since heteronanorods are obtained in both cases (appendix A5.6). 
A possible mechanism for the formation and growth of CuInS2/ZnS heteronanorods by 
injection of wurtzite CuInS2 nanocrystal seeds will be discussed in more detail below 
(Mechanism Section). It is worth noting that the seeded injection method developed in our 
work can be scaled up by a factor 10 by increasing the concentration of precursors while 
keeping all other reaction parameters fixed (see Method Section for details, appendix A5.7). 

Optical properties of colloidal CuInS2/ZnS heteronanocrystals. Figure 5.3 shows the 
TEM image, the size distribution, and the optical properties of a representative sample of 
CuInS2/ZnS heteronanocrystals obtained by the optimized seeded injection method 
described above using the CuInS2 seeds nanocrystals shown in Figure 5.1b (viz., Method IV: 
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S-precursor injected 20 s before the CuInS2 nanocrystal seeds at 210 °C, hexadecylamine as 
ligand, Zn/S= 4, 10 min reaction time). The CuInS2/ZnS nanorods are 79 ± 11 nm long and 
have a diameter of 4.2 ± 0.7 nm (Figure 5.3a, b). They exhibit a featureless absorption spectra 
extending up to the NIR (~ 1.5 eV) and a broad (FWHM= 308 meV) PL band with maximum 
at 780 nm (1.59 eV) (Figure 5.3c). The PL quantum yield (QY) of the CuInS2/ZnS 
heteronanocrystals (20%) is greatly improved with respect to that of the CuInS2 seed 
nanocrystals (~0.2%). This is in line with the behavior previously reported for isotropic ZnS 
shelling of both chalcopyrite and wurtzite CuInS2 nanocrystals.9, 13-14 The significant 
enhancement of the PLQYs upon overgrowth of ZnS on the CuInS2 nanocrystal seeds 
indicates that recombination through surface defects is the major non-radiative decay 
pathway,26-28 and that the anisotropic ZnS shell is effectively passivating these defects. The 
molar extinction coefficient (1.4×106 M−1cm−1) of the CuInS2/ZnS heteronanocrystals at 3.54 
eV was determined by ICP-OES measurements combined with absorption spectrometry 
analysis. Reliable PL decay curves could not be obtained for the CuInS2 nanocrystal seeds due 
to their very inefficient PL (PLQY= 0.2%). The CuInS2/ZnS heteronanocrystals exhibit multi-
exponential PL decay that is initially rather fast (a few ns), and then slows down to several 
hundreds of ns (Figure 5.3d), similar to the behavior previously reported for both 
chalcopyrite and wurtzite isotropic CuInS2/ZnS core/shell heteronanocrystal.9, 14, 23, 26-32 The 
slow PL decay dynamics is potentially beneficial for photovoltaic33 and photocatalytic 
applications,34 since long carrier lifetimes are of great importance for effectively extracting 
charge carriers.  

The band gap values of the seed CuInS2 nanocrystals (1.43 eV) and the CuInS2/ZnS 
heteronanocrystals (1.81 eV) were extracted from the absorption spectra (appendix A5.8). A 
significant spectral blue-shift (viz., 380 and 304 meV in the absorption and PL spectra, 
respectively) occurs after overgrowth of ZnS on the CuInS2 nanocrystal seeds. Spectral blue-
shifts have been widely observed after isotropic ZnS shelling of both chalcopyrite and 
wurtzite CuInS2 nanocrystals,13-14, 27-28, 31 and have been attributed to a variety of reasons (viz., 
interdiffusion of Zn2+ into the CuInS2 cores after either cation exchange31 or heteroepitaxial 
shell overgrowth,14 reduction of the core diameter due to either etching prior to the shell 
overgrowth28 or shell ingrowth by cation exchange13, 35). Possible causes for the spectral blue-
shift observed for the CuInS2/ZnS heteronanocrystals prepared in the present work will be 
presented below, after the discussion of the structural characterization of the 
heteronanocrystals and in conjunction with the proposed growth mechanism. 
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Figure 5.3 (a-b) TEM image and corresponding size histogram of CuInS2/ZnS heteronanocrystals 
prepared by injection of wurtzite CuInS2 nanocrystal seeds and S/ODE into a solution of Zn(oleate)2 
and hexadecylamine in ODE at 210 °C following injection protocol IV described above. The size 
histograms were constructed by measuring the diameter (4.2 nm with a polydispersity of 17%) and 
length (79 nm with a polydispersity of 14%) of over 200 heteronanocrystals and are independently fitted 
to Gaussian distribution functions. (c) Absorption (dashed lines) and PL (solid lines) spectra of the 
template Cu2−xS nanocrystals, the product CuInS2 nanocrystals obtained by cation exchange, and the 
final CuInS2/ZnS heteronanocrystals obtained by seeded injection and shown in (a). As the emission of 
CuInS2/ZnS heteronanocrystals (780 nm) is at the limit of both the UV-Vis and the NIR detector, the 
full PL spectra were acquired by a combination of the two detectors (excitation wavelength 450 nm). (d) 
PL decay curve of the CuInS2/ZnS heteronanocrystals shown in (a). The detected wavelength was set at 
780 nm. The data is best fit by a triple exponential decay (τ1=7.5 ns (1.85%), τ2=107 ns (18.93%), τ3=410 
ns (79.22%)). Insert shows a digital image of a CuInS2/ZnS heteronanocrystals suspension in toluene 
illuminated by a 405 nm diode laser. 

 

Structural characterization of colloidal CuInS2/ZnS heteronanocrystals. The 
composition of the CuInS2/ZnS heteronanocrystals was determined by ICP-OES. The In/Cu 
ratio of the product CuInS2/ZnS heteronanocrystals (In/Cu= 0.43) is almost the same as that 
of the CuInS2 seed nanocrystals (In/Cu= 0.48). The slight excess of Zn compared to S may be 
ascribed to capping of the heteronanocrystals surface by Zn(oleate)2. The CuInS2 seed 
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nanocrystals and the product CuInS2/ZnS heteronanocrystals obtained by seeded injection 
method IV (see Figure 5.3 above for TEM image and optical properties) were analyzed by 
high-resolution TEM and high angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM). High-resolution TEM shows that the CuInS2 seed 
nanocrystals have the wurtzite structure with a thickness of 14 to 15 atomic columns, and 
have a shape that can be approximated to a hexagonal bifrustum (Figure 5.4a and appendix 
A5.9a,b). High-resolution HAADF-STEM images (Figure 5.4c,e and appendix A5.9c−f) and 
XRD patterns (appendix A5.10) demonstrate that the CuInS2/ZnS heteronanocrystals 
inherited the wurtzite structure of the CuInS2 seed nanocrystals, since the Fourier Transform 
(FT) analysis shows the characteristic (010) and (002) wurtzite ZnS lattice planes with a <001> 
growth direction, along the c-axis of the hexagonal close-packed ZnS structure. This confirms 
the heteroepitaxial nature of the ZnS growth. 

 

Figure 5.4 (a) High-resolution TEM image of the CuInS2 seed nanocrystals. The Fourier transform (FT) 
analysis shows that the CuInS2 nanocrystals have the wurtzite crystal structure (see details in the 
appendix A5.9a,b). (b) Overview HAADF-STEM image of the CuInS2/ZnS heteronanocrystals. The line 
profile in the insert reveals that the intensity is higher at one end of the nanorods. (c-f) High-resolution 
HAADF-STEM images. FT analyses of the regions indicated with red squares are shown in the inserts. 
Cell views of the CuInS2/ZnS heteronanocrystals are given in (d,f). The FT patterns in (c) and (e) are 
consistent with the [420] and the [100] zone axis of the wurtzite, respectively. For clarity, the cell views 
simulated from FT patterns in (c) and (e) are presented in (d) and (f), respectively (red represents 
Cu/In/Zn atoms while yellow denotes S atoms). 
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The thickness of a single nanorod is approximately 6 to 16 atomic layers, which is similar 
to the thickness of the CuInS2 seed nanocrystals, implying that the CuInS2 core is likely 
located at the thicker side of the nanorods. Elemental energy-dispersive X-ray spectroscopy 
(EDS) line scans were not possible due to the e-beam sensitivity of the nanorods, which could 
not withstanding the large electron doses required to obtain reliable elemental maps. Instead, 
HAADF-STEM imaging was used to determine the location of the CuInS2 core, since the 
differences in atomic number between the CuInS2 and ZnS constituents are sufficiently large 
to ensure significant intensity differences (ZCu= 29, ZIn= 49, ZZn= 30). A line profile confirms 
that the intensity is much higher at one side of the rod (Figure 5.4b and appendix A5.11a,b). 
The heavier CuInS2 appears brighter in the HAADF-STEM images, from which it can be 
deduced that the CuInS2 nanocrystal seed is likely located at one end of the nanorod (Figure 
5.4b and appendix A5.11a,b). However, since the intensity in HAADF-STEM images scales 
with both the projected thickness and the atomic number of the elements present, 2D images 
cannot unambiguously confirm core-shell architectures. Therefore, electron tomography was 
performed to study the internal structure of the CuInS2/ZnS heteronanocrystals. The electron 
tomography reconstruction of a single CuInS2/ZnS core/shell heteronanocrystal shows that 
the CuInS2 nanocrystal core is indeed located at one side of the nanorod, since the highest 
intensity occurs near the thickest tip, but is not equal in regions of equal thickness (Figure 5.5 
and appendix A5.12), and therefore must originate from the larger Z-number of In in 
comparison to Zn (49 and 30, respectively). The CuInS2 core appears to be slightly prolate 
with a diameter of ~4 nm, which is smaller than that of the CuInS2 seed nanocrystals (5.5 nm). 
We also performed electron tomography measurements on other CuInS2/ZnS nanorods, 
including misformed ones (appendix A5.12). In all cases, the CuInS2 cores are located at one 
end of the nanorods, and are smaller than the original seed nanocrystals and slightly prolate. 
We note that the size reduction of the CuInS2 nanocrystal seeds after ZnS anisotropic 
heteroepitaxial overgrowth offers a plausible explanation for the blue-shifts observed in the 
absorption and PL spectra (see Figure 5.3 and discussion above). We note that the HAADF-
STEM overview images also show the presence of smaller nanoparticles (Figure 5.4b and 
appendix A5.11), which are likely unintentional byproducts of the baking procedure used to 
reduce the carbon contamination (this is particularly evident in the image shown in appendix 
A5.11c). 
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Figure 5.5 Electron tomography reconstruction of a single CuInS2/ZnS heteronanocrystals. The core 
appears brighter in the 2D image (a) and the orthoslice (b). (c) A threshold is used to distinguish the 
core from the shell in 3D. Additional measurements are provided in appendix A5.12. 

 

Growth mechanism of colloidal CuInS2/ZnS dot core/rod shell heteronanocrystals. 
Seeded growth protocols have been widely used to synthesize heteronanocrystals with a 
diversity of compositions, morphologies, and heteroarchitectures (e.g., CdSe/CdS dot 
core/rod shell nanorods and tetrapods, and CdSe/CdS quasi-spherical concentric core/shell 
quantum dots).10-11, 36-39 This synthesis technique is based on coinjecting one of the shell 
precursors (typically the chalcogen precursor) and preformed nanocrystal cores into a hot 
solution containing adjuvant coordinating ligands and the second shell precursor (typically 
the metal precursor).10 The preformed nanocrystals act as seeds for heterogenous nucleation 
and heteroepitaxial growth, thereby suppressing homogeneous nucleation and directing the 
shape evolution of the product heteronanocrystal.10 The outcome of the reaction is dictated 
by the shape and crystal structure of the seed nanocrystals and the growth conditions.10 For 
example, under conditions that favor anisotropic growth (viz., high monomer concentrations, 
suitable surfactants and sufficiently high temperatures),10 coinjection of wurtzite CdSe seed 
nanocrystals and S-precursors into a hot solution of Cd-precursors leads to CdSe/CdS dot 
core/ rod shell heteronanorods,10, 37-38 while zinc-blende CdSe seed nanocrystals yield 
CdSe/CdS dot core/ multipod shell heterotetrapods.10, 37 The different morphologies of the 
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resulting heteronanocrystals can be understood by considering the faceting of the seeds.10, 37-

38 Zinc-blende CdSe nanocrystals expose four equivalent (111) facets, leading to the 
anisotropic growth of four equivalent wurtzite CdS rods (i.e., tetrapods). In contrast, wurtzite 
CdSe nanocrystals contain two (002) polar facets, which have a higher free-energy than the 
other facets, thereby showing lower activation energies for heterogenous nucleation and 
faster growth rates.10, 37-38 Consequently, the heteroepitaxial growth rates along the c-axis 
direction are much faster than in the other directions, leading to CdSe/CdS dot-in-rod 
core/shell heteronanorods. Interestingly, the growth on the Se-terminated polar facet is faster 
than on the Cd-terminated polar facet, resulting in core/shell heteronanorods in which the 
seed nanocrystal ends up closer to one side of the rod, rather than in its center.10, 37-38 This 
implies that the nanocrystal growth proceeds by addition of monomer units (e.g., [CdS]) to 
the facets, since the layer-by-layer adsorption of atomic species would periodically reverse 
the termination of the polar facets, leading to identical growth rates in both directions of the 
nanorod axis.10 This inference is further supported by recent work on wurtzite CdSe/CdS 
core/shell heteronanocrystals (both quasi-spherical39 and bullet-shaped40), which suggests 
that heteroepitaxial shells grow by incorporation of monomer units, even when the SILAR 
strategy is employed.40  

The formation of wurtzite CuInS2/ZnS dot core/rod shell heteronanorods by seeded 
injection can thus be understood by considering that the CuInS2 nanocrystals used as seeds 
in our work have the wurtzite structure (Figure 5.1, Figure 5.4a, and appendix A5.9a,b). The 
information obtained from high resolution TEM measurements can be used to model the 
shape of the CuInS2 seed nanocrystals (appendix A5.13), showing that the top and bottom 
facets of the hexagonal bifrustrum shaped seed nanocrystals correspond to the (00-2) and 
(002) polar facets of the wurtzite structure, which have different chemical compositions and 
polarities (Cu+/In3+ terminated and S2- terminated, respectively). As discussed above, 
heterogeneous nucleation and heteroepitaxial growth on the polar facets is favored, especially 
considering the small lattice mismatch (2.8%) between the {002} planes of wurtzite CuInS2 
and wurtzite ZnS, thereby leading to heteroepitaxial growth primarily in the c-direction 
(Figure 5.6). Under the optimized conditions used to produce the CuInS2/ZnS 
heteronanorods displayed in Figures 5.3−5.5 above, the ZnS growth rate in the polar direction 
is very fast (~21 nm/min, appendix A5.5b), being comparable to that observed for CdS on 
wurtzite CdSe seed nanocrystals (~19 nm/min).36 Remarkably, in contrast to the case of 
CdSe/CdS dot core/ rod shell heteronanorods, we observe that fast heteroepitaxial growth of 
ZnS occurs primarily on one of the polar facets of the wurtzite CuInS2 seed nanocrystals, even 
in misformed nanorods (Figures 5.4−5.5 and appendix A5.11−5.12), since growth on both 
polar facets would result in the cores being far from both nanorod tips, albeit off-centered in 
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case of different growth rates. We propose that this preferred facet is the anion terminated 
polar facet, which is unpassivated under the conditions prevalent in our experiments, since 
the ligands present in the reaction medium, viz., oleic acid and hexadecylamine, are both hard 
Lewis bases and therefore cannot  bind to sulfide anions (which are also hard Lewis bases). 
This facet is thus fully accessible for deposition of [ZnS] monomer units. The lack of ligands 
on the S-terminated polar facet of hexagonal bifrustum shaped wurtzite nanocrystals has also 
been demonstrated for ZnS nanocrystals obtained by Cu+ for Zn2+ cation exchange in 
template Cu2−xS nanocrystals, which were observed to adsorb at a toluene-air interface 
primarily through the anion-terminated (002) facet.41 The fact that the ZnS nanorod growth 
remains axially asymmetric implies that it proceeds by addition of [ZnS] monomer units to 
the anion terminated (002) facet, so that its polarity is preserved throughout the growth, 
consistent with the growth mechanism recently proposed for other heteronanocrystals and 
discussed above.10,39,40 Heteroepitaxial growth on the other facets, including the cation 
terminated (002) facet, is prevented by the presence of ligands (oleic acid and/or 
hexadecylamine). The dramatic impact of ligand passivation on the accessibility of surface 
sites, and consequently on the heteroepitaxial growth rates, is demonstrated by a control 
experiment in which all the reaction conditions were kept unchanged, and the seed 
nanocrystals were replaced by wurtzite CuInS2 quantum dots with the same size and shape of 
the previously used seeds, but capped with dodecanethiol. Remarkably, the product 
nanocrystals obtained from this reaction were still nearly spherical and had roughly the same 
size of the seed nanocrystals (appendix A5.14), showing that dodecanethiol prevented fast 
ZnS heteroepitaxial growth on all facets. This is most likely due to the strong surface 
passivation of CuInS2 by dodecanethiol, which can bind to both Cu(I) and In(III) sites and 
also form the sulfur terminated polar facet.42,43 The blue-shift observed in the optical spectra 
of the product nanocrystals can be attributed to slow etching and alloying reactions following 
slow ZnS overgrowth. These competing processes will be discussed in more detail below. 
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Figure 5.6 Schematic illustration of the mechanism proposed for the multi-step seeded growth protocol 
used in this work to synthesize colloidal CuInS2/ZnS dot core/rod shell heteronanocrystals. 

 

As discussed above, controlled anisotropic heteroepitaxial ZnS growth on wurtzite 
CuInS2 seed nanocrystals requires a very specific set of conditions. The different products 
obtained from the three different seeded injection methods (II, III, and IV in Figure 5.2 above) 
clearly demonstrate that the outcome of the seeded growth reaction is determined by a 
delicate balance between the [ZnS] monomer formation from the precursors and a number 
of competing processes (etching, alloying, cation exchange), that either consume the 
precursors prior to their conversion to monomers or directly interfere with the ZnS 
heteroepitaxial overgrowth on the CuInS2 seed nanocrystals by making the surface too 
dynamic or inaccessible. This is in agreement with a recent study in which the intricate 
interplay between these competing processes and their impact on the outcome of ZnS shelling 
reactions was investigated in detail using chalcopyrite CuInS2 nanocrystals in a seeded growth 
approach without delayed injection (equivalent to injection protocol II in Fig. 2 above).44 This 
study showed that under most conditions etching, selective cation extraction, and alloying 
prevailed, and that ZnS heteroepitaxial shell overgrowth is only dominant if reactive S- and 
Zn-precursors and high reaction temperatures (210 °C) are used.44 The prevalence of etching 
and selective cation extraction is also evident in injection protocols II and III in the present 
work, since the product heteronanocrystals are characterized by large spectral blue-shifts and 
high concentration of cation vacancies (see Figure 5.2b and discussion above). To examine 
potential etching effects, the CuInS2 seed nanocrystals were exposed to an ODE solution 
containing different ligands (oleic acid, hexadecylamine, Zn(oleate)2, and S/ODE) at 210 °C 
for 10 min (appendix A5.15). We observe that hexadecylamine and oleic acid induce ripening, 
while S/ODE and Zn(oleate)2 lead to etching of CuInS2 nanocrystals. The etching induced by 
S/ODE can be ascribed to side-reactions with the Sulfur precursor, since elemental sulfur is 



| Chapter 5  

108 
 

known to react with ODE/alkylamines forming a number of reactive S-species (e.g., H2S),25, 45 
which have been shown to extract In3+ (and to a lesser extent also Cu+) from CuInS2 
nanocrystals.25 The etching induced by Zn(oleate)2 can be attributed to a reaction through 
which Zn2+ in solution and In3+/Cu+ on the surface of CuInS2 nanocrystals exchange 
coordinating molecules, resulting in In/Cu oleate complex and S/S2− in solution.46 Cation 
exchange is also likely in Protocol III, since the CuInS2 nanocrystal seeds are directly injected 
in a hot solution containing only Zn-precursors.31 The injection of S/ODE in the hot solution 
containing Zn(oleate)2 and hexadecylamine prior to the injection of the CuInS2 seed 
nanocrystals is thus beneficial for a number of reasons. First, it minimizes etching, cation 
exchange and alloying processes because the sulfur species formed upon reaction of elemental 
S with hexadecylamine will quickly react with Zn(oleate)2 (activated by hexadecylamine)47 to 
form [ZnS] monomers. Consequently, the injected CuInS2 seed nanocrystals will be exposed 
to lower concentrations of both active S-species and Zn-precursors. Second, the 
concentration of [ZnS] monomers will be higher, thereby promoting fast anisotropic growth. 
The precursor to monomer conversion has been shown to be the rate-limiting step in the 
formation of a variety of binary metal chalcogenide nanocrystals (viz., CdX, PbX, Cu2S, X= S, 
Se),10, 47-51 and therefore it is advantageous in the present case to allow the [ZnS] monomer 
concentration to build up prior to injection of the CuInS2 seeds. This explains why a delay of 
20 s between the injections of S/ODE and CuInS2 seed nanocrystals was found necessary to 
improve the size and shape control over the product CuInS2/ZnS heteronanorods. Longer 
delays are less effective because too high monomer concentrations will favor homogeneous 
nucleation of ZnS nanocrystals. 

Nevertheless, the delayed injection of the CuInS2 seed nanocrystals was not sufficient to 
completely suppress etching, since size reduction of the CuInS2 cores from 5.5 to ~4 nm was 
still observed (Figure 5.5 and appendix A5.12). It is probable that most of the etching occurs 
at early stages of the reaction, before the onset of heteroepitaxial ZnS overgrowth. The thin 
(1 monolayer) ZnS shell that overcoats all other facets is likely formed also at the onset of 
the ZnS heteroepitaxial growth, preventing further etching of the CuInS2 cores. However, 
ZnS overgrowth on these facets does not proceed beyond the early stages, possibly because 
the fast growing S-terminated (002) polar facet outcompetes them for the limited [ZnS] 
monomer supply and because access to these facets is hindered by a dense layer of ligands 
(both oleic acid and hexadecylamine) strongly bound to the Zn-rich surface. We note that it 
is unlikely that cation exchange is a relevant competing process, since the Cu/In ratio of the 
CuInS2 seed nanocrystals remains essentially unchanged in the product CuInS2/ZnS 
heteronanorods. However, slow ZnS diffusion into the CuInS2 cores, causing spectral blue-
shifts, seems to occur throughout the reaction, continuing even after the ZnS heteroepitaxial 
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growth has stopped, particularly at high reaction temperatures and Zn/S ratios. This process 
can be minimized by using short reaction times (10 min) and the optimal reaction 
temperature of 210 °C. Longer reaction times are also undesirable because they favor internal 
ripening of the nanorods, which become shorter and thicker (length decreases from ~100 to 
~70 nm, diameter increases from ~4 to 4.2 nm, appendix A5.5). Internal ripening of nanorods 
is a commonly observed free-energy minimization process, which sets in when the monomer 
concentrations in solution are no longer able to sustain anisotropic growth.10, 52 Under these 
conditions mass transport from high-energy to low-energy facets becomes favorable.  

It is interesting to note that, even under the optimized conditions described above, the 
fraction of CuInS2/ZnS core/shell heteronanorods displaying deviations from the ideal linear 
nanorod shape is significant (Figures 5.3 and 5.4, and appendix A5.11−5.12). These 
deviations from linearity can be ascribed to stacking faults in the nanorods, which arise when 
zinc blende layers form during the growth of the predominantly wurtzite lattice. This type of 
planar defect is very common in nanorods and nanowires of II-VI and III-V semiconductors 
and result from the very small activation energy required to interconvert wurtzite and zinc 
blende, and from the fact that the (001) facets of wurtzite are indistinguishable from the (111) 
facets of zinc blende.53-57 Therefore, small fluctuations in the local growth conditions (e.g., 
thermal fluctuations, differences in concentration gradients, transient proximity with other 
growing nanocrystals, etc.) can lead to switching from wurtzite to zincblende (and vice-versa), 
resulting in phase alternations and stacking faults.53-57 Future work will thus be directed 
toward further optimization of the growth conditions, in order to minimize local fluctuations 
in the growth conditions. 

5.3 Conclusions 
To summarize, we developed a multi-step seeded growth protocol that yields CuInS2/ZnS 

dot core/ rod shell heteronanocrystals with photoluminescence in the NIR. The method is 
based on the synthesis of wurtzite CuInS2 nanocrystals by topotactic partial Cu+ for In3+ 
cation exchange in template Cu2−xS nanocrystals, and their subsequent use as seed 
nanocrystals. The CuInS2 seed nanocrystals are injected in a hot solution of zinc oleate and 
hexadecylamine in octadecene, 20 s after the injection of sulfur in octadecene. The delayed 
injection of the seed nanocrystals is crucial to allow the concentration of [ZnS] monomers to 
build up, thereby maximizing the anisotropic heteroepitaxial growth rates while minimizing 
the rates of competing processes (etching, cation exchange, alloying). This results in fast (21 
nm/min) heteroepitaxial growth of wurtzite ZnS primarily on the Sulfur-terminated polar 
facet of the CuInS2 seed nanocrystals, the other facets being overcoated only by a thin (1 
monolayer) shell. The asymmetric axial growth of the nanorod proceeds by addition of [ZnS] 
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monomer units, so that the polarity of the terminal (002) facet is preserved throughout the 
growth. The colloidal wurtzite CuInS2/ZnS dot core/ rod shell heteronanocrystals obtained 
in our work have a large molar extinction coefficient (1.4×106 M−1cm−1 at 3.54 eV) and show 
PL in the NIR (~800 nm) with PLQYs of ~20%. The synthesis approach presented here can 
be upscaled by a factor 10. Our findings provide new insights on the growth mechanism of 
anisotropic CuInS2/ZnS heteronanocrystals, which open up new possibilities in designing 
multi-functional Cu-chalcogenide based colloidal heteronanocrystals. 

5.4 Methods 
Materials. Copper (I) acetate (97%), indium nitrate hydrate (99.99%), dodecanethiol 

(98%), trioctylphosphine oxide (99%), octadecene (ODE, 90%), trioctylphosphine (90%), 
zinc acetate (Zn(OAc)2, 99.99%), oleic acid (90%), hexadecylamine (90%), oleylamine (70%), 
trioctylamine (98%), sulfur (S, 99.998%), nitric acid (HNO3, 69.5 %), anhydrous toluene, 
methanol and butanol were purchased from Sigma-Aldrich. Lumogen red 305 (Article No.: 
94720) was from Kremer Pigmente GmbH & Co. KG. ODE, trioctylphosphine oxide, oleic 
acid, hexadecylamine, oleylamine and trioctylamine were degassed at 120 °C for overnight 
prior to synthesis. Other reagents were used as received. The chemicals were weighted and 
handled inside a glovebox. 

Synthesis of Cu2−xS nanocrystals. Colloidal high-chalcocite Cu2−xS nanocrystals were 
synthesized following a previously reported method.14 Copper (I) acetate (0.253 g, 2 mmol), 
3.667 g of trioctylphosphine oxide (3.667g, 9.3 mmol), and 20 ml ODE were degassed at 100 
°C for 1 hours. Subsequently, the reaction flask was purged by N2 and the temperature was 
set to 210 °C with heating speed ~20 °C /min. At 160 °C, 5 ml of dodecanethiol were swiftly 
injected into the flask. A gradual change in solution color indicated nucleation and growth 
of Cu2−xS nanocrystals. These nanocrystals were allowed to grow at 210 °C for 40 min, and 
quenched by naturally cooling down to room temperature. The crude products (~30 ml) were 
mixed with isometric butanol and methanol, followed by centrifugation at 5000 rpm for 15 
min. This washing step was repeated twice to remove residual precursors. After that, the 
purified Cu2−xS pellet was dispersed into 10 ml of anhydrous toluene. 

Synthesis of CuInS2 nanocrystals. Wurtzite CuInS2 nanocrystals were obtained from 
template Cu2−xS nanocrystals by partial Cu+ for In3+ cation exchange following previously 
reported procedures.14 10 ml of previously purified Cu2−xS nanocrystals were diluted by 
adding 70 ml of toluene. The In-precursor solution was prepared by dissolving 0.640 g 
indium nitrate hydrate (2 mmol) in a mixture of 40 ml methanol and 990 μl trioctylphosphine 
(~2 mmol), which was subsequently added to the diluted Cu2−xS nanocrystals solution and 
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vigorously stirred at room temperature (~20 °C) for 3 days. The product CuInS2 nanocrystals 
were purified by using aforementioned washing procedure. Finally, the product CuInS2 
nanocrystals were redispersed into degassed ODE (20 ml) and stored in a glovebox for further 
use. The concentration of CuInS2 nanocrystals (5.68×10-5 M) was determined by ICP-OES 
measurements. 

Preparation of S and Zn Stock Solution. 0.5 M S stock solution was prepared by 
dissolving sulfur flakes (0.321 g, 10 mmol) in ODE (20 ml) at 180 °C for 2 min under N2 

protection. 0.25 mmol/g Zn stock solution was obtained by heating the mixture of Zn(OAc)2 
(2.19 g, 10 mmol), oleic acid (6.21 g, 22 mmol) and ODE (33 g) in a three-neck flask at 140 
°C for 1h followed by degassing at 100 °C for another 1 h to remove generated acetic acid and 
water. 

Synthesis of CuInS2/ZnS heteronanocrystals. In a typical optimized synthesis, a mixture 
of Zn stock solution (0.8 g), hexadecylamine (690 μl, 2 mmol) and ODE (3.39 ml) was heated 
to 210 °C under N2. When the temperature stabilized at 210 °C, 100 μl of S stock solution 
were swiftly injected. After 20 seconds, 100 μl of a solution of CuInS2 nanocrystals in ODE 
(5.68×10-6 mmol) were swiftly injected into the hot reaction mixture under vigorous stirring. 
The reaction was allowed to proceed at 210 °C for 10 min, followed by naturally cooling down 
to room temperature. The crude reaction mixture was purified by using the same washing 
procedure described above. Finally, the washed CuInS2/ZnS heteronanocrystals were 
dispersed into 4 ml of toluene, and stored in a glovebox. 

Scale-up synthesis of CuInS2/ZnS heteronanocrystals. The seeded injection approach 
can be scaled up ten times by increasing the amount of each precursor while keeping all the 
ratios fixed. Briefly, Zn(oleate)2 (8 g), hexadecylamine (6.9 ml, 20 mmol) and ODE (33.9 ml) 
were loaded into a 100 ml three-neck flask, and then heated to 210 °C in a glovebox. At 210 
°C, 1 ml of S stock solution was rapidly injected. After 20 seconds, 1 ml of a solution of CuInS2 
nanocrystals in ODE (5.68×10-5 mmol) was swiftly injected into the hot reaction mixture 
under vigorous stirring. The reaction was allowed to proceed at 210 °C for 10 min, and then 
quenched by injecting 10 ml of butanol. The crude reaction mixture was purified by using 
the same washing procedure described above. Finally, the washed CuInS2/ZnS 
heteronanocrystals were dispersed into 10 ml of toluene, and stored in a glovebox.   

Optical Spectroscopy. Samples for optical measurements were prepared by dispersing 
them into 3 ml anhydrous toluene in sealed quartz cuvettes under N2 protection. Absorption 
spectra were recorded on a Perkin-Elmer Lambda 950 UV/Vis/NIR spectrometer. PL spectra 
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were measured by an Edinburgh Instruments FLS920 spectrofluorometer equipped with a 
450 W Xe lamp as excitation source and double grating monochromators for both the 
excitation and the emission. As the emission of samples (~800 nm) stands at the edges of UV-
Vis and NIR detector, the full PL spectra were obtained by separately using a Hamamatsu 
R928 photomultiplier tube (250 - 800 nm) and a liquid N2 cooled Hamamatsu R5509-72 
photomultiplier tube (750 - 1600 nm) as detectors. The spectra were corrected for the 
instrumental response. PL decay curves were acquired by time-correlated single-photon 
counting via time-to-amplitude conversion using a Hamamatsu photosensor module H7422 
as a detector, while a pulsed diode laser (EPL-445 Edinburgh Instruments, 441.4 nm, 80.2 ps 
pulse width, 0.02 - 20 MHz repetition rate) as the excitation source. 

Photoluminescence Quantum Yields (PLQYs). The PLQYs were measured using 
Lumogen red 305 (PLQY=95%) in anhydrous toluene as a standard. To avoid inner filter 
effects, the absorbances of nanocrystals and lumogen red 305 solutions at and above the 
excitation wavelength (442 nm) below 0.1. 

Powder X-ray Diffraction (XRD). XRD results were recorded on Bruker D2 Phaser, 
equipped with a Co Kα X-ray source (1.79026 Å). Samples were washed at least 3 times, dried 
under vacuum overnight, and uniformly dispersed on a silicon wafer prior the XRD 
measurements. 

Transmission Electron Microscopy (TEM). TEM images were acquired using a FEI 
Tecnai-12 microscope operating at 120 kV. Samples for TEM imaging were prepared by 
drop-casting a toluene solution of purified nanocrystals onto a carbon-coated 200 mesh 
copper TEM grid. 

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM). HAADF-STEM images were acquired with a Tecnai Osiris electron microscope 
operated at 200 kV and high resolution images were acquired on an aberration corrected 
‘cubed’ FEI Titan 60-300 electron microscope operated at 300 kV. The sample was drop-
casted on an ultra-thin grid to reduce the background signal from the carbon support and 
thereby improve the image quality. 

Electron tomography (ET). Prior to the measurements, the sample was baked at 120 °C 
for several hours and an additional further plasma treatment of 2×10’’ was performed to 
reduce contamination. ET experiments were performed on a Tecnai G² electron microscope 
operated at 200 kV. Series of 15 projection images were acquired with an angular range from 
-70° to +70° and a tilt increment of 10°. 
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Inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP-OES 
measurements were performed on a PerkinElmer Optima 8300 ICP-OES spectrometer 
equipped with high-performance Segmented-array Charge-coupled Device (SCD) detector. 
Samples were carefully dried under vacuum overnight and thoroughly dissolved in HNO3 
(69.5 %). The digested samples were further diluted 1000 times to reach <1ppm range for the 
measurement. The relative standard deviation of Cu (at 327.393 nm), In (at 230.606 nm) and 
Zn (at 206.200 nm) is less than 1%. 
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5.6 Appendices 
A5.1 Role of coordinating ligands 

 

Figure A5.1 (a) Different coordinating ligands (2 mmol) were used in combination with Zn(oleate)2 (0.25 
mmol/g) for seeded injection of CuInS2 nanocrystal seeds and S/ODE. (b‒c) TEM images (b) and PL spectra 
(c) of the CuInS2/ZnS samples obtained from the seeded injection syntheses summarized in a. Scale bars in b 
are 50 nm in b.  Samples for PL spectra measurements (excited at 470 nm) were prepared by diluting 300 μL 
of the crude reaction mixture into 3 mL anhydrous toluene. 
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A5.2 Injection interval time 

 

Figure A5.2 (a‒c) TEM images (a), Absorption (b) and PL (c) of CuInS2/ZnS heteronanocrystals synthesized 
by injecting S/ODE and CuInS2 seed nanocrystals into a solution of Zn(oleate)2 and hexadecylamine in ODE 
at 210 °C, using injection method IV with variable injection interval times (0‒600 s). Scale bars are 50 nm in 
a. Samples for optical spectra measurements were prepared by diluting 300 μL of the crude reaction mixture 
into 3 mL anhydrous toluene. 

 

A5.3 Zn/S ratio 

  

Figure A5.3 (a‒c) TEM images (a), Absorption (b), and PL (c) spectra of CuInS2/ZnS heteronanocrystals 
synthesized by injecting S/ODE and CuInS2 seed nanocrystals into a solution of Zn(oleate)2 and 
hexadecylamine in ODE at 210 °C, using injection method IV with injection interval time of 20 s and variable 
Zn/S ratios (1‒8). The reaction time was 10 min. Scale bar are 50 nm in a. Samples for optical spectra 
measurements were prepared by diluting 300 μL of the crude reaction mixture into 3 mL anhydrous toluene. 
As the emission of CuInS2/ZnS heteronanocrystals (~800 nm) stands at the edges of UV-Vis and NIR detector, 
the full PL spectra were acquired by combination of two detectors.  
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A5.4 Reaction temperature 

 

Figure A5.4 (a−c) TEM images (a), absorption (b) and PL spectra (c) of CuInS2/ZnS heteronanocrystals 
synthesized by injecting S/ODE and CuInS2 seed nanocrystals into a solution of Zn(oleate)2 and 
hexadecylamine in ODE at different reaction temperatures (190−230 °C), using injection method IV with 
injection interval time of 20 s and Zn/S= 4. The reaction time was 10 min. Scale bars are 50 nm in a. Samples 
for absorption and PL spectra measurements (excitation at 470 nm) were prepared by diluting 300 μL of the 
crude reaction mixture into 3 mL anhydrous toluene.  
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A5.5 Reaction time 

 

Figure A5.5 (a,d) TEM images (a), PL spectra (d) of CuInS2/ZnS heteronanocrystals synthesized by injecting 
S/ODE and CuInS2 seed nanocrystals into a solution of Zn(oleate)2 and hexadecylamine in ODE at 210 °C, 
using injection method IV with injection interval time of 20 s and Zn/S= 4. The reaction time was varied from 
1 to 60 min. Scale bars are 50 nm in a. Samples for PL spectra measurements (excitation at 470 nm) were 
prepared by diluting 300 μL of the crude reaction mixture into 3 mL anhydrous toluene. (b-c) Dimensions of 
the product CuInS2/ZnS heteronanocrystals as a function of the reaction time. The dashed line indicates the 
growth rate of CuInS2/ZnS heteronanocrystals in length and diameter. 
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A5.6 Seed composition 

 

Figure A5.6 (a) TEM images of CuInS2/ZnS heteronanocrystals obtained by injection of wurtzite CuInS2 seed 
nanocrystals with two different compositions (left: In/Cu= 0.48, right: In/Cu= 0.83) and S/ODE into a 
solution of Zn(oleate)2 and hexadecylamine in ODE at 210 °C following injection protocol IV. (b-c) 
Absorption and PL spectra of CuInS2/ZnS heteronanocrystals shown in (a). The different CuInS2 seed 
nanocrystals were obtained by room temperature Cu+ for In3+ cation exchange in the same batch of template 
Cu2−xS nanocrystals, using the same conditions (see Method Section in the main text for details), except for 
the reaction time (3 and 7 days for the In/Cu= 0.48 and 0.83, respectively). 
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A5.7 Upscaled synthesis 

 

Figure A5.7 (a) TEM image and corresponding size histogram of CuInS2/ZnS heteronanocrystals prepared 
by injection of wurtzite CuInS2 nanocrystals seeds and S/ODE into a solution of Zn(oleate)2 and 
hexadecylamine in ODE at 210 °C following injection protocol IV. The size histograms were constructed by 
measuring the diameter (4.6 nm with a polydispersity of 21.7%) and length (62.3 nm with a polydispersity of 
28.9%) of over 200 heteronanocrystals and are independently fitted to Gaussian distribution functions. (b) 
Absorption and PL spectra of the product CuInS2/ZnS heteronanocrystals obtained by seeded injection, 
shown in (a). As the emission of CuInS2/ZnS heteronanocrystals (765 nm) is at the limit of both the UV-Vis 
and the NIR detector, the full PL spectra were acquired by a combination of the two detectors (excitation 
wavelength 450 nm). 

 

A5.8 Experimental band gap estimation 

 

Figure A5.8 Experimental band gap estimation of (a) CuInS2 nanocrystals seeds and (b) CuInS2/ZnS 
heteronanocrystals using a Tauc plot according to an equation:1 (αhν)2= [hν*(1-Abs)2/2Abs]2. 

[1] X. Lu, Z. Zhuang, Q. Peng, Y. Li, Chem. Commun. 2011, 47, 3141–3143. 
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A5.9 HRTEM of CuInS2 seed nanocrystals and CuInS2/ZnS heteronanocrystals 

 

Figure A5.9 (a-b) High-resolution TEM images and diffractograms of CuInS2 nanocrystals. (a) High 
resolution TEM image and diffractograms of the regions indicated with red squares. For the first 
diffractogram, the distances from the center to (002) and (0-10) are equal to 3.46 Å and 3.23 Å, respectively, 
and the angle between them is 90°, which is in agreement with the [100] zone axis of wurtzite. For the second 
diffractogram, the distance from the center to (-110) is equal to 3.42 Å. The angle between (-110) and (-101) 
is 63° and the angle between (-101) and (0-11) is 53°, which is in agreement with the [111] zone axis of wurtzite. 
(b) High resolution TEM image and diffractograms of the regions indicated with red squares. For the first 
diffractogram, the distance from the center to (-110) is equal to 3.42 Å. The angle between (-110) and (-101) 
is equal to 63° and the angle between (-101) and (0-11) is 53°, which is in agreement with the [111] zone axis 
of wurtzite. For the second diffractogram, the distances between the center to (1-20), (0-12) and (-104) are 
equal to 2.14 Å, 2.73 Å and 1.81 Å. The angle between (1-20) and (0-12) is equal to 52° and the angle between 
(0-12) and (-104) is equal to 38°, which is in agreement with the [421] zone axis of wurtzite. (c-f) High-
resolution HAADF-STEM image of the CuInS2/ZnS heteronanocrystals. Fourier transform analysis of the 
ZnS nanorods shows that they inherited the wurtzite structure of the CuInS2 nanocrystal seeds, confirming 
the heteroepitaxial nature of the growth.  



   Near-infrared-emitting CuInS2/ZnS dot-in-rod colloidal heteronan orods by seeded growth |  

123 
 

A5.10 XRD of CuInS2/ZnS heteronanocrystals 

 

Figure A5.10 XRD patterns of CuInS2/ZnS heteronanocrystals (blue line). The gray line indicates the wurtzite 
CuInS2 diffraction pattern (JCPDS Card 01-077-9459). The orange line indicates the wurtzite ZnS diffraction 
pattern (JCPDS Card 01-084-3995). 

 

A5.11 HAADF-STEM of CuInS2/ZnS heteronanocrystals 

 

Figure A5.11 (a−b) HAADF-STEM image of the CuInS2/ZnS heteronanocrystals. Both on sight as from the 
line profile, it is clear that one end of the nanorods has a higher intensity. (c) HAADF-STEM image of the 
CuInS2/ZnS heteronanocrystals after baking to reduce carbon contamination. It is clear that after baking some 
nanorods are broken. 
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A5.12 Electron tomography of CuInS2/ZnS heteronanocrystals 

 

Figure A5.12 (a-a1, b-b1, c-c1) 2D HAADF-STEM image and orthoslice through the reconstruction of a 
misformed CuInS2/ZnS dot-in-rod heteronanocrystals. The core appears brighter in the 2D image and the 
orthoslice. (a2, b2, c2) A threshold is used to distinguish the core from the shell in 3D.
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A5.13 Crystal shape of CuInS2 nanocrystals 

Crystal structure (JCPDS Card 01-077-9459) 

Formula CuInS2 

Crystal system     Wurtzite 

Space group          P63mc (186) 

Lattice parameters    a=b= 3.90652Å; c= 6.42896 Å; α =β=90 °; γ=120 °  

 

NO. h k l d (Å)

1 0 -1 0 3.23

2 0 1 0 3.23

3 0 0 2 3.46

4 0 0 -2 3.46

5 -1 0 1 3.42

6 1 0 -1 3.42

7 0 -1 1 3.42

8 0 1 -1 3.42

9 -1 1 0 3.42

10 1 -1 0 3.42

 

 

Figure A5.13 Crystal shape of CuInS2 nanocrystals. (a) perspective view, (b) [001] projection, (c) [00-1] 
projection 

  



| Chapter 5  

126 
 

A5.14 TEM images of dodecanethiol capped CuInS2 and CuInS2/ZnS nanocrystals 

 

Figure A5.14 (a-b) TEM images of dodecanethiol capped CuInS2 nanocrystals (a) and product nanocrystals 
(b) obtained from a seeded growth reaction in which the nanocrystals shown in (a) were used as seeds. The 
reaction conditions were the same as used for the seeded growth reactions discussed above (method IV). (c) 
Absorption and PL spectra of the dodecanethiol capped CuInS2 nanocrystals shown in (a) and the product 
nanocrystals shown in (b). The dodecanethiol capped CuInS2 nanocrystals used as seeds were synthesized by 
Cu+ for In3+ cation exchange in 5.6 nm template Cu2−xS nanocrystals at 125 °C, following previously reported 
procedures in Chapter 3. 

 

A5.15 Etching test of CuInS2 seed nanocrystals 

 

Figure A5.15 TEM images of CuInS2 seed nanocrystals (100 μL of a solution of 5.68×10-6 mmol CuInS2 
nanocrystals in octadecene) (a) prior to and (b-f) after 10 min in a hot solution (210 °C) containing 0.1 mmol 
of different ligands in 5 ml of octadecene (ODE): (b) No ligands (ODE only); (c) Sulfur in ODE (S/ODE); (d) 
Zinc oleate (Zn(oleate)2); (e) Oleic acid; (f) Hexadecylamine (hexadecylamine).
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Abstract: Colloidal copper sulfide (Cu2−xS) semiconductor nanocrystals have attracted much 
attention for a wide range of applications (e.g., solar cells, photovoltaics, photocatalysis, 
nanoplasmonics) due to their unique optoelectronic properties (e.g., composition-dependent 
band gaps, crystal structures, and localized surface plasmon resonances). These intriguing 
features are driving scientists to explore the potential of using Cu2−xS nanocrystals as seeds in 
the synthesis of heteronanocrystals for achieving new multifunctional materials. In this 
chapter, I developed a multi-step synthetic strategy towards the synthesis of Cu2−xS/ZnS 
heteronanorods. The Cu2−xS/ZnS heteronanorods are obtained based on the co-injection of 
Cu2−xS nanocrystal seeds and sulfur precursors in a hot zinc oleate solution in the presence of 
suitable surfactants. The Cu2−xS seed nanocrystals offer a high surface energy (100) facet for 
the heterogeneous nucleation and growth of ZnS along a direction that is perpendicular to 
the c–axis, thus leading to the one-dimensional growth of ZnS nanorods. Upon further 
growth of the ZnS segment, the heteronanocrystals evolve into Janus-like Cu2−xS/ZnS 
heteronanorods. These nanorods can also be used as templates for the synthesis of single-
component Cu2−xS and CuInS2 nanorods by sequential cation exchange. 

6.1 Introduction  
Colloidal semiconductor heteronanocrystals exhibit unique optoelectronic properties 

that are inaccessible to single-component nanocrystals, making them promising materials for 
a wide range of applications such as light emitting devices,1-2 luminescent solar 
concentrators,1, 3 optoelectronic devices,1, 4 photocatalysis,5-6 and biomedical imaging.7-9 To 
date, numerous advances have been made in the liquid phase synthesis of various 
heteronanocrystals with controlled size, shape, and composition.10-13 Most of the work has 
been focused on cadmium chalcogenide- and lead chalcogenide-based heteronanocrystals. 
As a consequence, the synthetic methodologies have stepped into a rather mature stage, 
which has led to materials with exceptional properties that are suitable for many applications 
(e.g., solar cells,1, 14 photovoltaics,15 low-threshold lasing,16 hydrogen evolution,6 etc.). 
Considering their toxicity and sustainability, the up-scaled application of these materials is 
however questionable. 

Copper (Ⅰ) sulfide (Cu2−xS) is a p-type semiconductor that possesses composition-
dependent band gaps and crystal structures (1.1−1.4 eV for djurleite, x= 0−0.04; 1.5 eV for 
digenite, x= 0.2; 2.0 eV for covellite, x= 1).17-18 Compared with its cadmium and lead-based 
counterparts, it offers environmental benefits by using non-toxic and earth-abundant 
materials. These combined characteristics make Cu2−xS a promising candidate for 
constructing high performance photovoltaics in conjunction with n-type semiconductors 
(e.g., Cu2S/CdS19 and Cu2S/In2S3

20). In addition, the stoichiometry of Cu2−xS has been 
observed to have a great impact on the carrier density and the plasmonic properties.17-18 With 
the increase of copper deficiency x, the hole concentration increases, which can give rise to 
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broad localized surface plasmon resonances in the near-infrared (NIR) spectral range.17-18 
Control over the stoichiometry in Cu2−xS therefore provides a useful tool for achieving 
tunable absorption bands by varying the free hole density. These intriguing features are 
driving scientists to explore the potential of using Cu2−xS nanoparticles as seeds in the 
synthesis of heteronanocrystals for achieving new multifunctional materials for 
optoelectronic, photovoltaic, photocatalytic, and nanoplasmonic applications.17-18, 21-22 

Great progress has been made in the synthesis of colloidal Cu2−xS-based 
heteronanocrystals with diverse morphologies and compositions, either by single-stage 
approach or by multi-stage seeded growth approach.18, 21-22 In the single-stage approach, the 
heteronanocrystals are obtained by sequentially adding precursors of different components 
in the same reaction flask (e.g., Cu2−xS−CuInS2

23 and Cu2−xS−ZnS heteronanorods24-25). This 
method is appealing due to its simplicity, but the control over the heteronanocrystals is rather 
difficult because of several competing processes (e.g., formation of shells of mixed 
composition, homogeneous nucleation, heterogeneous nucleation, etching, cation exchange, 
etc.).10 In the multi-stage seeded growth approach, the nanocrystal seeds can be separated 
from the precursors of the second component of the heteronanocrystals (either precursors 
are added to the seeds or the seeds are injected into a solution of the precursors).10, 18, 21-22 This 
seed mediated synthesis technique is highly versatile and has been successfully used to obtain 
various shapes of Cu2−xS-based heteronanocrystals, such as rod-, teardrop- and matchstick-
like Cu2S/In2S3,20 rod-like and dimeric Cu2−xS/ZnS,26-29  Cu2−xS/CuInS2

27, 30-31 and 
Cu1.94S−ZnxCd1−xS32-33 heteronanorods. Most of these heteronanostructures are achieved by 
injecting precursors into a suspension of Cu2−xS nanocrystals seeds. Such operation makes 
the control of the size, shape and composition of the product heteronanocrystals challenging, 
since the Cu2−xS nanocrystal seeds are unstable at elevated temperatures, especially in the 
presence of commonly used surfactants (e.g., alkaline amines, oleic acid, and phosphines).18, 

34 Moreover, the underlying growth mechanisms are still under-developed compared with 
those of cadmium or lead chalcogenide-based heteronanocrystals.  

In this chapter, I developed a seed mediated growth approach towards Cu2−xS/ZnS 
heteronanocrystals. The method is based on the injection of preformed Cu2−xS nanocrystal 
seeds in a hot zinc oleate solution in the presence of suitable surfactants, 20 s after the 
injection of sulfur precursors. The delayed injection reduces the changes in size, shape, and 
composition of the Cu2−xS seeds prior to the onset of growth of ZnS. This method results in 
epitaxial overgrowth of wurtzite ZnS on a single facet of the Cu2−xS seeds, thereby yielding a 
Janus-like Cu2−xS/ZnS heteronanorods. These product nanorods can be used as templates for 
the synthesis of single-component Cu2−xS and CuInS2 nanorods via cation exchange. 



| Chapter 6 

130 
 

6.2 Results and discussion 
Colloidal Cu2−xS/ZnS heteronanocrystals. Figure 6.1a depicts the pathway of 

synthesizing Cu2−xS/ZnS heteronanocrystals via a seeded growth approach by adapting 
previously reported procedures.35 In a typical synthesis, ~5.3 nm Cu2−xS nanocrystals (Figure 
6.1b, 500 μL, 6.525 × 10−5 M) were injected in a hot solution of zinc oleate and 
trioctylphosphine oxide and hexadecylamine in octadecene, 20 s after the injection of 500 μL 
of sulfur/ trioctylphosphine oxide (S/TOPO, 0.5 M) at 210 °C (Figure 6.1a, see Method 
Section for details). The reaction solution was kept at this temperature for 10 min. 
Transmission electron microscopy (TEM) image shows that the product nanocrystals possess 
a rod-like shape and are well dispersed with an average diameter of 6.2 ± 0.7 nm and length 
of 17.8 ± 1.2 nm (Figure 6.1c). The powder X-ray diffraction (XRD) pattern of the Cu2−xS seed 
nanocrystals can be assigned to a hexagonal high-chalcocite crystal structure (Figure 6.1d).35-

36 The XRD pattern of the product nanorods is dominated by wurtzite ZnS with extra peaks 
(43.9° and 63.6°) of high-chalcocite Cu2S (Figure 6.1d), indicating the coexistence of Cu2S 
and ZnS. Control experiments were performed without injection of the Cu2−xS nanocrystal 
seeds in hot zinc solution, while keeping all the other parameters unchanged. TEM analysis 
shows that only tiny ZnS nanocrystals are formed under these conditions (appendix A6.1). 
These observations indicate that the product nanocrystals in Figure 6.1c are formed by seeded 
heteroepitaxial growth, and are thus likely Cu2−xS/ZnS heteronanocrystals. 
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Figure 6.1 (a) Synthesis scheme of Cu2−xS/ZnS heteronanocrystals via a seeded growth approach. Zn2+ 
represents a mixture of zinc oleate, trioctylphosphine oxide and hexadecylamine in octadecene. (b-c) 
TEM images and corresponding size histograms of Cu2−xS seed nanocrystals (b, diameter: 5.3 ± 0.4 nm) 
and Cu2−xS/ZnS heteronaocrystals (c, diameter: 6.2 ± 0.7 nm; length: 17.8 ± 1.2 nm). The size 
distribution histograms are constructed by measuring over 200 nanocrystals and are fitted to Gaussian 
functions. (d) Powder X-ray diffraction patterns of the Cu2−xS seed nanocrystals (grey line) and the 
Cu2−xS/ZnS heteronanocrystals (orange line). The dashed line indicates the extra diffraction peaks (43.9° 
and 63.6°) caused by the presence of Cu2−xS. The sharp grey line indicates the high-chalcocite Cu2S 
diffraction pattern (JCPDS Card 00−026−1116). The sharp orange line indicates the wurtzite ZnS 
diffraction pattern (JCPDS Card 01−084−3995). 
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To further improve the quality of Cu2−xS/ZnS heteronanocrystals, we studied the 
influence of surfactants, ZnS precursor concentration, and reaction temperature. It is found 
that the morphology of Cu2−xS/ZnS heteronanocrystals is greatly affected by the amount of 
TOPO in the presence of hexadecylamine-activated zinc oleate solution. By introducing a 
nearly equal amount of TOPO and hexadecylamine, the product nanocrystals become 
straighter and less ill-defined (appendix A6.2). An excess of TOPO, however, results in 
distortion of nanocrystals and formation of nanodisks (appendix A6.2). We thus use an 
equimolar mixture of TOPO and hexadecylamine as the surfactants (i.e., 2 mmol of each) 
and study the influence of ZnS precursor concentration on the formation of Cu2−xS/ZnS 
heteronanocrystals. As shown in Figure 6.2a−d, the aspect ratio of the product Cu2−xS/ZnS 
heteronanocrystals could be varied by controlling the concentration of ZnS precursors. The 
product heteronanocrystals, however, display significant deviations from the ideal linear 
nanorod shape, especially in the case of high concentration of ZnS precursors (Figure 6.2a−d). 
It is interesting to note that, the aspect ratio of the Cu2−xS/ZnS heteronanocrystals could also 
be tuned by adjusting the reaction temperature. Higher reaction temperatures promotes the 
growth of longer and straighter nanorods (Figure 6.2e−h). However, too high temperatures 
(e.g., 250 °C) lead to the formation of many isolated tiny dots, which coexist with the 
nanorods (appendix A6.3). These dots are likely ZnS nanocrystals since alkylamines can 
activate zinc carboxylate precursors, thereby promoting the formation of ZnS at elevated 
temperature (over 200 °C).37 A possible mechanism for the formation and growth of 
Cu2−xS/ZnS heteronanocrystals is discussed in more detail after the structural 
characterization section. 
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Figure 6.2 (a-d) TEM images of Cu2−xS/ZnS heteronanocrystals synthesized by injecting Cu2−xS 
nanocrystals in a hot solution of zinc oleate and TOPO and hexadecylamine in octadecene, 20 s after 
the injection of S/TOPO, using an increasing concentration of ZnS precursors (from left to right). The 
reaction was allowed to proceed at 210 °C for 10 min. Scale bars are 50 nm. (e-h) TEM images of 
Cu2−xS/ZnS heteronanocrystals synthesized by injecting Cu2−xS nanocrystals in a hot solution of zinc 
oleate and TOPO and hexadecylamine in octadecene, 20 s after the injection of S/TOPO, at reaction 
temperatures from 190 °C to 250 °. Scale bars are 50 nm. 

 

Structural Characterization of Colloidal Cu2−xS/ZnS Heteronanocrystals. High angle 
annular dark field scanning transmission electron microscopy (HAADF-STEM) image of 
Cu2−xS/ZnS heteronanocrystals shows a pronounced difference in contrast within a single 
heteronanocrystal (Figure 6.3a). Two-dimensional elemental mapping (Figure 6.3b) reveals 
that this contrast difference is likely due to the differences in atomic number between the 
Cu2S (ZCu= 29) and ZnS (ZZn= 30); brighter segments of the heteronanocrystals correspond 
to Cu2S and the darker ones to ZnS. Moreover, the Cu2S segments are prolate and larger 
compared to the initial nearly spherical Cu2S nanocrystal seeds. The volumes of copper 
sulfide in these heteronanocrystals are roughly calculated based on the difference in contrast 
(Figure 6.3a) and elemental distribution (Figure 6.3b). This analysis shows that the volume 
of copper sulfide parts is 3.7 ± 1.5 times larger than that of the Cu2−xS seed nanocrystals, which 
implies some seeds might experience ripening or coalescence prior to the onset of epitaxial 
overgrowth of ZnS (see Mechanism Section for details). A line scan of a single 
heteronanocrystal gives information on the distribution of each constituent (Figure 6.3c). 
The copper sulfide part is Cu1.7 ± 0.4S while the zinc sulfide part is Zn1.1 ± 0.4S. The resulting 
Cu2−xS/ZnS nanocrystals show broad and weak NIR absorption bands, which can be 
attributed to localized surface plasmon resonances (appendix A6.4). These broad bands 
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involve excess charge carriers, typically holes, which originate from Cu vacancies that are 
often observed in Cu-based chalcogenide nanocrystals.17-18, 21, 35, 38 The non-stoichiometric 
copper sulfide segments in Cu2−xS/ZnS nanocrystals are likely the source of the broad NIR 
absorption band shown in appendix A6.4, since they contain Cu vacancies that lead to excess 
holes in the valence band. The intensity of the NIR absorption bands is however very weak, 
indicating that the hole density (and thus the concentration of Cu vacancies) in the Cu2−xS 
segment of the product Cu2−xS/ZnS heteronanocrystals is low, consistent with the observed 
crystal structure (x for high-chalcocite is typically smaller than 0.03). The high-resolution 
TEM (HRTEM) image and corresponding Fourier transform patterns of a single nanoparticle 
show that the Cu2−xS/ZnS heteronanocrystal is highly crystalline and composed of two 
different crystal structures (viz., hexagonal high-chalcocite Cu2S and hexagonal wurtzite ZnS) 
with a clear heterointerface (Figure 6.3d,e). The hexagonal wurtzite ZnS nanorod coherently 
attaches to the (100) plane of high-chalcocite Cu2S through its (100) plane and epitaxially 
grow along <010> direction (Figure 6.3f). A possible growth mechanism is discussed below. 

 

Figure 6.3 (a-b) High angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) image (a) and corresponding elemental mapping (b) of Cu2−xS/ZnS heteronanocrystals. (c) 
Elemental line scan of single Cu2−xS/ZnS heteronanocrystal (atomic ratio: Zn/S= 1.1 ± 0.4; Cu/S= 1.7 ± 
0.4). (d) HRTEM image of single Cu2−xS/ZnS heteronanocrystal. A yellow arrow mark highlights the 
interface between Cu2−xS (red dash line) and ZnS (blue dash line). (e) Fourier transform (FT) patterns 
of Cu2−xS part (upper panel) and ZnS part (lower panel) of the crystal. The FT patterns can be indexed 
to the axial projection of the high-chalcocite Cu2S and the wurtzite ZnS structures along the [001] 
direction, respectively. (f) A simulated model for the atomic arrangement in the epitaxial planes for 
(100) Cu2S and (100) ZnS viewed along c axial projection. 
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Growth Mechanism of Colloidal Cu2−xS/ZnS Heteronanorods. In a seed mediated 
growth, the preformed seed nanocrystals provide a low-energy interface for the nucleation of 
the second material with a relatively low activation energy. As a result, heterogeneous 
nucleation usually occurs at lower supersaturation and/or lower temperature than 
homogeneous nucleation and it is greatly dependent on the interfacial tension between the 
nucleating phase and the adjuvant facets.10 Therefore, homogeneous nucleation can be 
effectively suppressed by controlling the reaction conditions, thereby ensuring that the 
precursors of the second material are solely used to promote heteroepitaxial growth over the 
pre-existing nanocrystal seeds. Moreover, as the interfacial tension in the shared solid-solid 
interfaces is primarily related to the lattice mismatch between the two material domains, a 
small lattice mismatch is good for reducing the total activation energy, thus being more 
efficient in promoting heteroepitaxial growth.10 The outcome of the heteroepitaxial growth 
is therefore greatly dependent on the shape and crystal structure of the seed nanocrystals and 
the growth conditions. For example, in chapter 5, the hexagonal wurtzite CuInS2 has two (002) 
polar facets, which have higher free-energies than the other facets.35 These high energy facets 
promote the heterogeneous nucleation and faster growth rates than the other facets, thus 
leading to faster heteroepitaxial overgrowth of ZnS along c-axis and forming one-
dimensional CuInS2/ZnS dot-in-rod heteronanocrystals,35 which is also observed in 
CdSe/CdS dot-in-rod39 or tetrapod40 heteronanostructures. 

 

Figure 6.4 Schematic illustration of the mechanism proposed for the multistep seeded growth protocol 
used in this work to synthesize colloidal Cu2−xS/ZnS heteronanorods. 
 

A similar facet-assisted growth mechanism is proposed for the formation of the 
Cu2−xS/ZnS heteronanorods. As demonstrated by the elemental mapping and HRTEM 
images (Figure 6.3a−d), the product Cu2−xS/ZnS is a Janus-like heteronanorod composed of 
hexagonal high-chalcocite Cu2S and hexagonal wurtzite ZnS, joined through a (100) 
heterointerface. Intriguingly, the volume of the Cu2−xS segment in the Cu2−xS/ZnS 
heteronanorods measured from elemental mapping profiles is 3.7 ± 1.5 larger than that of the 
Cu2−xS seed nanocrystals (Figure 6.3a,b). This implies that Cu2−xS seed nanocrystals may 
undergo a phase of rapid attachment and ripening prior to the onset of ZnS heteroepitaxial 
growth, as depicted in Figure 6.4. These changes in seed nanocrystals are likely due to two 
reasons: 1) immediately after the injection, the concentration of Cu2−xS seed nanocrystals is 
still high and therefore collision between them is more likely; 2) the Cu2−xS nanocrystals are 
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inherently unstable in the presence of ligands (e.g., hexadecylamine) at elevated 
temperatures.18, 34 

The attachment or collision process is not only related to dipole interactions between 
particles but also surface chemistry of nanocrystals.34 The hexagonal high-chalcocite Cu2S 
seed nanocrystals likely have a dipole due the crystal structure anisotropy. Previous 
calculation shows that hexagonal close-packed zinc and cadmium metals with c/a ratios 
larger than the ideal hexagonal values (i.e., c/a > 1.633) have (101) and (100) surface energies 
about 1.5 times larger than those of the (001) facets.41 The hexagonal high-chalcocite Cu2S 
has a c/a ratio of 1.697,42 which is larger than the ideal hexagonal value. The surface energies 
of side (100) and (101) facets of the Cu2−xS seed nanocrystals are also likely larger than those 
of (001) facets.43 In addition, alkylamine binds strongly with the c-axis facets of Cu2−xS 
nanocrystals, evidenced by the synthesis of Cu2−xS nanoplatelets.43 Considering the nearly 
four times volume of Cu2−xS part in the product Cu2−xS/ZnS heteronanorods than that of the 
seeds, we propose that ~ 4 Cu2−xS seed nanocrystals undergo a phase of rapid attachment 
through the side (100) or (101) facet prior to the onset of ZnS heteroepitaxial growth (Figure 
6.4). The attached nanocrystals experience internal ripening and evolve into larger particles, 
which act as new seeds for the heteroepitaxial growth of ZnS (Figure 6.4). Fourier transform 
analysis shows that the heteroepitaxial growth of ZnS occurs on the side (100) facets of the 
newly-formed Cu2−xS nanocrystals (Figure 6.3d,e), instead of the top and bottom polar facets 
which are commonly observed in wurtzite CdSe39-40 and CuInS2

35. This observation suggests 
that the newly-formed Cu2−xS seed nanocrystals preserve the high energy (100) facet under 
the conditions prevalent during the growth (i.e., taking into account the presence of ligands 
and the possibility of preferred binding). In addition, the other high energy side (101) facet 
may be eliminated due to the reconstruction of the Cu2−xS seed nanocrystals through internal 
ripening. The preserved (100) facets therefore act as the only preferential sites for the 
nucleation and growth of ZnS nanocrystals.  

A clear lattice interface visible in the HRTEM image (Figure 6.3d) suggests that the 
heteroepitaxial growth of ZnS occurs on a single (100) facet of Cu2−xS seed nanocrystals while 
all of the other facets are blocked. The selective growth of ZnS indicates that facets of seed 
Cu2−xS nanocrystals may have different compositions and polarities (Cu+-terminated facet 
and S2−-terminated facet, respectively). The (100) facet is likely terminated by sulfide ions (a 

hard Lewis base), which show no binding with the ligands (hexadecylamine, oleic acid, and 
trioctylphosphine oxide), which are also hard Lewis base, used in the experiments.35  The 
combination of the unpassivated high surface energy (100) facet and low lattice mismatch 
(~3.5%) between the {100} planes of hexagonal high-chalcocite Cu2S and hexagonal wurtzite 
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ZnS greatly promotes heterogeneous nucleation and epitaxial growth of ZnS along a direction 
that is perpendicular to c axis (Figure 6.4). As shown in Figure 6.3d, the growth of ZnS 
remains on only one of anion (100) facets, resulting in Janus-like Cu2−xS heteronanorods. It 
suggests that the other two (100) facets of original hexagonal Cu2−xS bifrustum seeds 
disappear likely due to the attachments and reconstruction through internal ripening, prior 
to the onset of heteoepitaxial growth of ZnS. It also reflects that the growth of ZnS  proceeds 
by addition of [ZnS] monomer units instead of Zn2+ and S2− ions to the (100) facets, so that 
the polarity is preserved throughout the growth, in agreement with literature.10, 35, 44 The lack 
of heteroepitaxial growth on other facets implies that the surface passivation of these facets is 
sufficiently strong to prevent the addition of [ZnS] monomers. This is also observed in the 
synthesis of CuInS2/ZnS dot-in-rod heteronanorods described in Chapter 5.35 In those 
experiments, heteronanorods were obtained only when oleic acid and hexadecylamine were 
present as ligands. Dodecanethiol-capped wurtzite CuInS2 nanocrystals resulted in product 
nanocrystals that were still nearly spherical with roughly the same sizes of the seed 
nanocrystals. This shows that dodecanethiol prevents the heteroepitaxial overgrowth of ZnS 
on all facets.35 This is because dodecanethiol is a well-known soft ligand (chemical hardness 
η ∼ 6 eV),45 which strongly binds to soft metal cations such as Cu+ (η = 6.28 eV)45 through its 
S-donor atom,10, 46 thereby passivating the surface and preventing the addition of [ZnS] to it. 

Based on the mechanism proposed above, the influence of kinetic factors on the synthesis 
of Cu2−xS/ZnS heteronanorods can be readily undertood. Increasing the amount of ZnS 
precursor and reaction temperature (Figure 6.2) promotes the formation of [ZnS] 
monomers,35, 37 and allows the concentration of [ZnS] monomer units to build up, thus 
resulting in longer ZnS rods. The high reaction temperature (e.g., 250 °C) also accelerates the 
growth rate of ZnS and reduces the concentration of stacking faults,37, 47 making the product 
heteronanorods longer and straighter (Figure 6.2e−h). During the growth of ZnS, 
interdiffusion may also occurs. This is due to the small lattice mismatch (~3.5%), similar ionic 
radius (Cu+: 0.91 Å48; Zn2+: 0.88 Å48) and high mobility of Cu+ in the interstitial sites formed 
by the S sublattice17, 23, as shown in the elemental mapping and line scan (Figure 6.3b,c). 

Cu2−xS/ZnS Heteronanocrystals as Templates for the Synthesis of Cu2−xS and CuInS2 
Nanorods via Cation Exchange. To date, a number of ways have been developed to 
synthesize Cu-based chalcogenide nanorods, such as hot injection method,49-50 
decomposition of single source precursors,51 orientated attachment,34 and one-pot heating up 
methods23, 27. The nanorods obtained by these approaches, however, often have a quite large 
size with diameters of about dozens of nanometers, which are much larger than the exciton 
Bohr radius of Cu2−xS (3−5 nm52). Therefore, they lack dimensionality-induced quantum 
confinement effects. In addition, the diameter of those nanorods usually has a limited 
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tunability. To solve this problem, post-synthetic cation exchange reactions were applied in 
this work.  Depending on the chemical system and the reaction conditions, the elemental 
distribution profile within the product nanocrystals can be tailored while their size and shape 
can be maintained.12, 17 Figure 6.5a depicts the pathway for synthesizing Cu2−xS and CuInS2 
nanorods by means of post-synthetic cation exchange using the Cu2−xS/ZnS 
heteronanocrystals discussed above as templates. The Cu2−xS nanorods were achieved by Zn2+ 
for Cu+ cation exchange using an adapted protocol reported in literature (see Method Section 
for details).53 The HAADF-STEM image of product nanocrystals shows that the exchanged 
nanocrystals preserved the rod-shape and size of the template Cu2−xS/ZnS heteronanocrystals 
(Figure 6.5b). Two-dimensional elemental mapping was employed to analyze the 
composition of the product nanorods. The acquired image shows that the nanocrystals are 
composed of Cu+ and S2−, suggesting that the nanocrystals are Cu2−xS (Figure 6.5c). The 
elemental line scan of a single Cu2−xS nanorod reveals the composition distribution of each 
element (Figure 6.5d). It is found that the nanorod is made up of Cu and S ions with a molar 
ratio of Cu/S= 1.6 ± 0.4, which is very close to the composition of copper sulfide part in 
Cu2−xS/ZnS heteronanorods (Cu/S= 1.7 ± 0.4). Moreover, it should be noted that a difference 
in contrast is still observed in the HAADF-STEM image of single Cu2−xS nanorod (Inset in 
Figure 6.5d). Considering that this contrast is not due to compositional differences, since the 
Cu/S ratio throughout the nanorod is essentially the same (Figure 6.5d), we conclude that the 
product nanorods are probably “match-like” rods with a thicker head. As shown in HRTEM 
images, a portion of the Cu2−xS nanorods indeed shows slight inhomogeneities in diameter 
within a single rod (appendix A6.5a). Fourier transform patterns of the single Cu2−xS nanorod 
at the thicker head and the thinner part were analyzed. No difference was observed 
throughout the rod and the Fourier transform patterns can be indexed to hexagonal high-
chalcocite Cu2S viewed along [001] direction. The XRD pattern of the ensemble nanocrystals 
was also obtained and is consistent with the diffraction pattern of high-chalcocite Cu2S (2θ= 
43.8°, 53.7°, and 57°) (Figure 6.5e), without the characteristic peaks of wurtzite ZnS (2θ= 31.4°, 
33.3°, and 35.7°). This confirms that the ZnS segments of the Cu2−xS/ZnS heteronanorods 
were successfully converted to Cu2−xS by Zn2+ for Cu+ exchange. 
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Figure 6.5 (a) Synthesis scheme of Cu2−xS and CuInS2 nanorods via sequential cation exchange in 
template Cu2−xS/ZnS heteronanorods. (b-c) HAADF-STEM image (b) and corresponding elemental 
mapping (c) of Cu2−xS nanorods. (d) Elemental line scan of a single Cu2−xS nanorod (atomic ratio: Cu/S= 
1.6 ± 0.4). (e) X-ray diffraction pattern of the Cu2−xS nanorods. The grey line indicates the high-
chalcocite Cu2S diffraction pattern (JCPDS Card 00−026−1116). (f-g) HAADF-STEM image (f) and 
corresponding elemental mapping (g) of CuInS2 nanorods. (h) Elemental line scan of single CuInS2 

nanorod (atomic ratio: Cu/S= 0.9 ± 0.1; In/S= 0.3 ± 0.1). (i) Powder X-ray diffraction patterns of the 
non-stoichiometric exchanged (No.1, In/Cu ~0.3) and stoichiometric exchanged (No.2, In/Cu ~1.0) 
CuInS2 nanorods. The sharp grey line indicates the high-chalcocite Cu2S diffraction pattern (JCPDS 
Card 00−026−1116). The sharp orange line indicates the wurtzite CuInS2 diffraction pattern (JCPDS 
Card 01−077−9459).   

 

The conversion from Cu2−xS to CuInS2 was achieved by topotactic partial Cu+ for In3+ 
cation exchange in template high-chalcocite Cu2−xS nanorods according to our previously 
reported procedures (see Method Section for details).36 The product nanocrystals inherit the 
size, polydispersity, and rod-like shape of the template Cu2−xS nanorods (Figure 6.5f). Two-
dimensional elemental mapping analysis shows that the product nanorods not only contain 
Cu+ and S2− but also In3+, indicating the successful incorporation of indium ions by the cation 
exchange (Figure 6.5g). The In3+ are however inhomogeneously distributed within most of 
the nanorods. By elemental line scan of a single product nanorod, the amount of In3+ (In/S= 
0.3 ± 0.1) is much lower than that of Cu+ and S2− (Cu/S= 0.9 ± 0.1) (Figure 6.5h). Moreover, 
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these atomic ratios are nearly constant along the axial direction, suggesting that some alloy 
non-stoichiometric CuxInyS2 might be formed by the cation exchange. To obtain nearly 
stoichiometric CuInS2 nanorods, we simply prolong the reaction time to overnight, while 
keeping all the other conditions unchanged. The two-dimensional elemental mapping images 
show that the Cu+, In3+, and S2− are homogeneously distributed and the atomic ratio of Cu/In 
is close to stoichiometric (Cu/In= 1.1 ± 0.2) (appendix A6.6). These findings suggest that the 
Cu+ for In3+ cation exchange essentially starts from the surface of nanorods and proceeds 
inwards through solid-state ion diffusion.12, 17 HRTEM image (appendix A6.5d) and XRD 
pattern (Figure 6.5i) of the product CuInS2 nanorods shows that the CuInS2 nanorods have 
the hexagonal wurtzite crystal structure, demonstrating that the hexagonal sulfide sublattice 
of the template Cu2−xS nanorods is preserved in the product nanocrystals, which is consistent 
with previous reports.36, 54 The wurtzite CuInS2 nanorods show a featureless absorption 
spectrum that covers the whole visible and the first NIR spectral region (≤ 1100 nm), resulting 
in a black color of the materials (appendix A6.6f). Intriguingly, a weak and broad NIR 
absorption band can be observed, which can be ascribed to localized surface plasmon 
resonances due to excess of free carriers induced by cation vacancies, either Cu-vacancies17, 

38 or In-vacancies55. 

6.3 Conclusions 
In this chapter, I developed a multi-step synthetic strategy towards the synthesis of 

Cu2−xS/ZnS, Cu2−xS and CuInS2 nanorods. The Cu2−xS/ZnS heteronanorods are obtained 
based on the injection of preformed Cu2−xS seed nanocrystals in a hot zinc oleate solution in 
the presence of suitable surfactants, 20 s after the injection of sulfur precursors. The Cu2−xS 
seed nanocrystals offer a high surface energy (100) facet for the heterogeneous nucleation 
and growth of ZnS along a direction that is perpendicular to the c axis, thus leading to the 
one-dimensional growth of ZnS nanorods. The growth occurs on the single (100) facet while 
all the other facets are strongly blocked by surface ligands from the addition of [ZnS] 
monomers, resulting in Janus-like Cu2−xS/ZnS heteronanorods. These nanorods can be used 
as templates for the synthesis of single-component Cu2−xS and CuInS2 nanorods by sequential 
cation exchange. By tuning the size of Cu2−xS nanocrystal seeds, we expect to obtain different 
sizes of Cu2−xS/ZnS, Cu2−xS and CuInS2 nanorods, which are promising materials for 
photocatalysis, photovoltaics and optoelectronic devices. 

6.4 Methods 
Materials. Copper (I) acetate (CuOAc, 97%), indium acetate (In(Ac)3, 99.99%), zinc 

acetate (99.99%), tetrakis(acetonitrile)copper(I) hexafluorophosphate ([(CH3CN)4Cu]PF6, 
97%), sulfur (S, 99.98%), trioctylphosphine oxide (TOPO, 99%), 1-dodecanethiol (DDT, 
98%), trioctylphosphine (TOP, 90%), 1-octadecene (ODE, 90%), hexadecylamine (HDA, 
90%), oleic acid (90%), nitric acid (HNO3, 69.5 %), anhydrous toluene, methanol, acetonitrile 
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and butanol were purchased from Sigma-Aldrich. Zinc oleate solution (Zn(oleate)2, 0.25 
mmol/g) was prepared according to the previously published procedures. TOPO, ODE, and 
HDA were degassed at 120 °C overnight prior to synthesis. Other reagents were used as 
received. The chemicals were weighted and handled inside a glovebox.  

Synthesis of Cu2−xS seed nanocrystals. The Cu2−xS seed nanocrystals were synthesized 
according to previously reported procedures.36, 56 CuOAc (0.253 g, 2 mmol), TOPO (3.667g, 
9.3 mmol), and 20 mL of ODE were loaded in a 100 mL three-neck flask and degassed at 100 
°C for 1 hour. Then, the flask was purged by N2 and the temperature was set to 210 °C. At 160 
°C, 5 mL of DDT were swiftly injected into the flask. These nanocrystals were allowed to grow 
at 210 °C for 40 min, followed by cooling down to room temperature. The crude products 
were mixed with isometric butanol and methanol, followed by centrifugation at 5000 rpm for 
15 min. This washing step was repeated twice to remove residual precursors. The purified 
Cu2−xS nanocrystals were dispersed into 20 mL of anhydrous toluene. The nanocrystal 
concentration (~2.25×10−5 M) was determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) measurements (see appendix A6.7 for details). 

Cu2−xS/ZnS colloidal heteronanorods. The Cu2−xS/ZnS heteronanorods were synthesized 
by adapting a previously reported procedure.35 In a typical synthesis, Zn(oleate)2 (0.5 mmol), 
HDA (10 mmol), TOPO (10 mmol) and ODE (15 mL) were loaded into 100 mL three-neck 
flask and degassed at 100 °C for 1 hour. The flask was then purged by N2 and heated to 210 
°C. In the meantime, a stock solution of Cu2−xS seed nanocrystals (6.525 × 10−5 M) was 
prepared by precipitating 1.45 mL of the preformed Cu2−xS nanocrystals solution and 
redispersing into 500 μL of ODE. At 210 °C, 500 μL of pre-heated S/TOPO solution (0.5 M) 
were rapidly injected into the flask. After 20 seconds, the 500 μL of Cu2−xS nanocrystals were 
swiftly injected into the flask. This mixture was vigorously stirred at 210 °C for 10 min. The 
reaction was then quenched by injecting 10 mL of butanol. Resulting crude products were 
purified by using the same washing procedure described above. The purified Cu2−xS/ZnS 
nanorods were dispersed into 10 mL of anhydrous toluene and stored in a glovebox. 

Cu2−xS nanorods. The Cu2−xS nanorods were synthesized by full Zn2+ for Cu+ cation 
exchange in Cu2−xS/ZnS heteronanorods. 32 mL of 0.0625 M [(CH3CN)4Cu]PF6 in anhydrous 
methanol were swiftly injected into 4 mL of the preformed Cu2−xS/ZnS solution. The mixture 
was allowed to react for 30 minutes at room temperature in a glovebox. The products were 
collected by centrifugation at 2500 rpm for 15 min. The brown precipitates were further 
washed by adding 2 mL of toluene and 10 mL of methanol/butanol followed by centrifugation 
at 2500 rpm for 10 min. The Cu2−xS nanorod products were dispersed into a mixture of DDT 
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(1 mL) and ODE (4 mL), and then kept under stirring at 100 °C for 3 hours (this step is crucial 
to improve the stability of the Cu2−xS nanorods). The resulting products were washed for 3 
times using the same washing step mentioned above. The purified Cu2−xS nanorods were 
dispersed into 4 mL of anhydrous toluene. 

CuInS2 nanorods. The CuInS2 nanorods were synthesized by partial Cu+ for In3+ cation 
exchange in Cu2−xS nanorods following previously published procedures.36 2 mL of the 
preformed Cu2−xS nanorods solution were degassed to remove toluene, and then dispersed 
into 500 μL of DDT and 4.5 mL of pre-degassed ODE. Meanwhile, a mixture of In(Ac)3 (1 
mmol), TOP (500 μL) and ODE (4.5 mL) was heated to 120 °C. Then, ~5 mL of Cu2−xS 
nanorod solution was added into the hot indium complex solution. To ensure exchange, the 
mixture was kept at 120 °C overnight. The product CuInS2 nanorods were washed 3 times 
using the same washing procedure described above. The purified CuInS2 nanorods were 
dispersed into 2 mL of anhydrous toluene. 

Characterization. Absorption spectra were recorded on a PerkinElmer Lambda 950 
UV/Vis/NIR spectrometer. Powder X-ray diffraction (XRD) patterns were recorded on a 
Bruker D2 Phaser, equipped with a Co Kα X-ray source (1.79026 Å). Samples were washed 
at least 3 times, dried under vacuum overnight, and uniformly dispersed on a silicon wafer 
prior to the XRD measurements. Conventional transmission electron microscopy (TEM) 
images were acquired using an FEI Tecnai-20 microscope operating at 200 kV. High 
resolution TEM (HRTEM), elemental mapping, and line scan were performed on a Talos 
F200X  (ThermoFisher Scientific) operated at 200 kV. The elemental mapping results were 
acquired in an area of 1024 × 1024 pixels with an acquisition time of 5 min. The samples were 
drop-casted on ultra-thin copper/aluminum grids. ICP-OES measurements were performed 
on a PerkinElmer Optima 8300 ICP-OES spectrometer equipped with a high-performance 
segmented-array charge-coupled device detector. Samples were carefully dried under 
vacuum overnight and thoroughly dissolved in HNO3 (69%). The digested samples were 
further diluted 1000 times to reach <1ppm range for the measurements. The relative standard 
deviation of Cu (at 327.393 nm), In (at 230.606 nm) and Zn (at 206.200 nm) is less than 1%. 
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6.6 Appendices 
A6.1 Synthesis scheme of a control experiment and corresponding TEM image 

 

Figure A6.1 (a) Synthesis scheme and TEM image (lower panel) of Cu2−xS/ZnS heteronanocrystals via a 
seeded growth approach using ~5.3 nm Cu2−xS nanocrystals as the seeds. (b) Synthesis scheme of a control 
experiment and corresponding TEM image (lower panel) of the product nanocrystals obtained by a seeded 
growth approach without delayed injection of ~5.3 nm Cu2−xS nanocrystals seeds, while keeping all the other 
parameters unchanged. 

 

A6.2 Influence of trioctylphosphine oxide 

 

Figure A6.2 (a−d) TEM images of Cu2−xS/ZnS heteronanocrystals obtained by a seeded growth approach 
using ~5.3 nm Cu2−xS nanocrystals as the seeds in the presence of different amount of trioctylphosphine oxide 
(TOPO). Same amount of hexadecylamine (2 mmol) was added in these four groups. All the other parameters 
were kept unchanged unless otherwise noted. Scale bars are 50 nm. 
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A6.3 TEM of Cu2−xS/ZnS heteronanocrystals obtained by seeded growth approach at 250 °C 

 

Figure A6.3 (a) TEM image of Cu2−xS/ZnS heteronanocrystals obtained by a seeded growth approach using 
~5.3 nm Cu2−xS nanocrystals as the seeds in the presence of an equimolar mixture of TOPO and 
hexadecylamine as the surfactants (i.e., 2 mmol for each) at 250 °C. The concentration of ZnS precursors is 
0.2 mmol and all the other parameters were kept unchanged unless otherwise noted. (b) Zoom in TEM image 
of Cu2−xS/ZnS heteronanocrystals in the area of the square in a. The tiny nanocrystals nearby the rods are 
likely isolated ZnS nanocrystals formed at high reaction temperature after the injection of S/TOPO. 

 

A6.4 Absorption spectrum of Cu2−xS/ZnS heteronanocrystals 

 

Figure A6.4 Absorption spectrum of Cu2−xS/ZnS heteronanocrystals obtained by a seeded growth approach 
shown in Figure 6.1c. 
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A6.5 HRTEM images of Cu2−xS and CuInS2 nanorods. 

 

Figure A6.5 (a) High resolution transmission electron microscopy (HRTEM) image of Cu2−xS nanorods 
obtained by cation exchange from Cu2−xS/ZnS heteronanocrystals. (b) Magnified HRTEM image of a single 
Cu2−xS nanorod indicated by a red box in a. (c) Fourier transform (FT) analysis of the Cu2−xS nanorod in b. 
The FT pattern can be indexed to the high-chalcocite Cu2S viewed along [001] direction. (d) HRTEM image 
of CuInS2 nanorods achieved by partial cation exchange from Cu2−xS nanorods. (e) Magnified HRTEM image 
of a single CuInS2 nanorod indicated by a blue box in d. (f) FT analysis of the CuInS2 nanorod in e. The FT 
pattern can be indexed to the wurtzite CuInS2 viewed along [001] direction. 

 

A6.6 Two-dimensional elemental mapping of CuInS2 nanorods. 

 

Figure A6.6 (a) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 
image of nearly stoichiometric CuInS2 nanorods (Cu/In= 1.09 ± 0.1) obtained by Cu+ for In3+ cation exchange 
in template high-chalcocite Cu2−xS nanorods. (b-e) Corresponding two-dimensional elemental mapping 
images of Cu+ (b), In3+ (c), S2− (d) and overlay of them (e). (f) Absorption spectrum of CuInS2 nanorods 
described in a. 
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A6.7 Supporting method: Determination of Cu2−xS nanocrystal concentration. 

According to ICP-OES measurements, the Cu+ concentration in product 5.3 nm Cu2−xS nanocrystals is 0.0769 
mmol/mL. The product Cu2−xS nanocrystals are high-chalcocite structure. In this hexagonal close packing, 
each unit cell has 4 Cu ions. For simplicity, we approximate the Cu/S ratio to 2. If the nanocrystal 
concentration is determined by Cu+, then the nanocrystal concentration is deduced as follows: 

As the average diameter (d) of Cu2−xS nanocrystals is 5.3 nm, the volume of a single nanocrystal is: 

 𝑉  𝜋 𝜋 . 77.95 𝑛𝑚 7.795 10  Å  

The unit cell volume of high-chalcocite Cu2−xS nanocrystals is: 

 𝑉  𝑎 𝑐 ∙ sin 60° √ 𝑎 𝑐 91.34 Å  

The number of unit cells per nanocrystal is: 

 𝑁  
  

 

. Å

.  Å
853.40 

The number of Cu atoms in each unit cell is: 

 𝑁 / 4 

The number of Cu atoms per nanocrystal is: 

 𝑁 / 𝑁  𝑁 / 3413.62 

Since the Cu+ amount of 1mL of product nanocrystals is: 

 𝑛 0.0769 𝑚𝑚𝑜𝑙 

The amount of nanocrystals in 1 mL solution is: 

 𝑛
/

.  

.
2.25 10  𝑚𝑚𝑜𝑙 

Therefore, the Cu2−xS nanocrystal concentration is 2.25×10-5 mmol/mL. 
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Abstract: Colloidal semiconductor quantum dot (QD)-based Förster resonance energy 
transfer (FRET) nanoprobes play an important role in a wide range of biological and 
biophysical studies. Herein, we report a strategy for constructing FRET-based nanoprobes 
using CuInS2/ZnS QDs and dark quencher dye molecules (IRDye QC-1). Oleate-capped QDs 
are transferred into water by using two types of multifunctional polymer ligands combining 
imidazole groups and specific moieties with or without amine groups as the terminal sites. 
The imidazole groups act as anchors to the ZnS-rich QD surfaces through the formation of 
Zn-N bonds. The resulting water-dispersible QDs preserve 80% of the PL intensity of the 
original oleate capped QDs and exhibit long-term colloidal stability (10 months at 4 °C in the 
dark) with a compact hydrodynamic size of less than 20 nm. A side-by-side comparison 
experiment was performed using amine or methoxy-functionalized QDs for coupling to dark 
quencher dye molecules. The results show that amine-functionalized QDs are linked with the 
dark quencher dye molecules via chemical covalent bonds while methoxy-functionalized 
ones bind only weakly and non-specifically with the dye molecules. The progressive 
quenching of the QD emission and shortening of its photoluminescence decay time upon 
increasing the number of dye molecules immobilized to the QDs demonstrate that the QD 
acts as the energy donor and the dark quencher dye as the energy acceptor in a donor-
acceptor FRET pair. The FRET efficiency can reach 78% with 4 dye molecules per QD. 

7.1 Introduction  
Colloidal semiconductor quantum dot (QD)-based Förster resonance energy transfer 

(FRET) has been studied for a wide range of applications, such as biomedical imaging,1-4 
photodynamic therapy,4-7 light harvesting,4, 8-9 and diagnostic and sensing devices.4, 10-12 The 
QD in a FRET pair can function as either an energy donor or an energy acceptor upon 
coupling to, e.g., lanthanide-doped nanoparticles,13-15 fluorescent dye molecules,2, 8-10, 16-23 or 
bioluminescent enzymes.24-25 Amongst those, a QD donor paired with an organic dye 
acceptor is attractive, since QDs can be excited over a wide spectral range with high 
absorption cross sections, making it possible to excite it at wavelengths where absorption by 
the dye molecule is minimal, thus minimizing the direct excitation of the acceptor and 
enhancing FRET sensitivity.3-4, 13, 26 Moreover, the tunable photoluminescence (PL) of QDs 
provides flexibility in optimizing spectral overlap between the emission of QD donors and 
absorption of dye acceptors, thereby avoiding crosstalk between FRET donor and acceptor.3-

4, 13, 26 

To date, the most commonly used QDs for FRET-based probes and sensors are CdX-
based (X= Se, Te),1, 4 which are however of restricted applicability due to the high toxicity of 
Cd.1, 4 Non-toxic alternatives are thus highly needed, but are still underdeveloped. Recently, 
copper indium sulfide (CuInS2) QDs have attracted much attention since they combine low 
toxicity,27-29 high PL quantum yields (PLQYs, ~80% at 590 nm,30 ~75% at 810 nm,31 ~25% at 
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1050 nm31), large absorption coefficients (105 M−1cm−1),32 and unparalleled PL tunability from 
visible to the near-infrared biological window (500−1100 nm).33 These advantages make 
CuInS2 QDs a promising alternative to CdX-based QDs for biomedical applications. 

Nonetheless, achieving robust colloidal stability for hydrophilic QDs under ambient 
conditions while keeping a compact hydrodynamic size is challenging, which has motivated 
extensive research over the past decade.1, 4 Post-synthetic ligand exchange is commonly used 
to transfer ZnS capped QDs into water using ligands with thiol (-SH) head groups due to 
their strong affinity for Zn-rich surfaces.31, 34-38 Thiol-ligated QDs, however, tend to oxidize 
and desorb from the surface of the QDs in time, leading to particle aggregation and PL 
quenching.34-36, 39 Encapsulation of the QDs within amphiphilic polymers or phospholipid 
micelles have also been reported to make them dispersible in water.2, 34, 40 The hydrodynamic 
sizes of the product QDs are however quite large, resulting in low FRET rates, since they are 
strongly dependent on the donor-acceptor distance.4 Recently, polymer ligands containing 
multiple imidazole (or pyridine) groups have been developed that provide an attractive 
alternative to thiol ligands and amphiphilic polymers as hydrophilic ligands to obtain water-
dispersible CdSe/ZnS QDs.21-22 As the imidazole groups are more robust than thiol groups 
towards oxidation, the product water-dispersible QDs show improved long-term (at least 1 
year) colloidal stability at very low concentrations (10 nM) under ambient conditions (room 
temperature and ambient light).21-22 They also exhibit good biocompatibility and compact 
hydrodynamic size (10 nm).21-22 Owing to these advantageous characteristics, this new class 
of ligands was chosen in the present study to obtain water-dispersible CuInS2/ZnS core/shell 
QDs by post-synthetic ligand exchange.  

Previous works on CdX QDs have demonstrated that the assembly of multiple acceptor 
dyes at the surface of a QD increases the overall FRET efficiency.16, 41-43 However, this may 
also result in energy transfer between neighboring dye molecules,42 leading to self-quenching 
of the dye emission, which complicates the analysis and extraction of the FRET rates. The use 
of non-fluorescent dyes as energy acceptors provides an effective way to prevent 
complications due to cross-talk between acceptors. In our work, we chose a commercial 
quencher dye molecule, IRDye QC-1,44 as the energy acceptor. This dye absorbs light over a 
broad spectral range (600−1000 nm), which overlaps well with the emission of CuInS2 QDs, 
while not emitting any light. This characteristic is of interest not only because it eliminates 
cross-talk between acceptors, but also because it allows to circumvent inherent limitations of 
CuInS2 QDs as donors. CuInS2 QDs exhibit broad PL bandwidths (∼200−300 meV) and a 
low-energy tail in the absorption spectrum,33 which may lead to cross-talk between donor 
and acceptor due to simultaneous detection of QD and dye emission, and bleed-through in 
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excitation caused by reabsorption of dye emission by QDs. As the IRDye QC-1 dark quencher 
dye only absorbs light without any emission, cross-talk between acceptors and between 
donors and acceptors, as well as excitation bleed-through, are no longer relevant, which 
greatly simplifies the extraction of the FRET rates.  

In this chapter, we report a strategy for assembling FRET-based nanoprobes using 
CuInS2/ZnS QDs and dark quencher dye molecules (IRDye QC-1) as donor-acceptor pairs. 
The CuInS2/ZnS core/shell QDs are synthesized by a sequential multistage method and have 
PL quantum yields of 55%. These QDs are transferred into water through the exchange of the 
native oleate ligands for multifunctional polymer ligands combining imidazole groups and 
specific moieties with amine or methoxy groups as the terminal sites. The ligand exchange 
yields robust and compact QDs that are suitable for coupling to dark quencher dye molecules 
via covalent coupling between the amine groups and NHS ester groups. The FRET efficiency 
increases with the number of dyes attached per QD, reaching 78% with 4 dye molecules per 
QD. 

7.2 Results and discussion 
Ligand Design. The polymer ligands were synthesized via nucleophilic addition reaction 

by introducing histamine (His), amine-polyethylene glycol-methoxy (NH2-PEG-OMe, 
MW= 753 g/mol), amine-polyethylene glycol-amine (NH2-PEG-NH2, MW= 600 g/mol) to 
the maleic anhydride groups of poly(isobutylene-alt-maleic anhydride) (PIMA) backbone 
(MW= 6000 g/mol; ∼39 maleic anhydrides per chain), following previously reported 
procedures (see Methods Section for details).21-22 The nucleophilic addition reaction between 
amine groups and anhydride rings is highly efficient, allowing controlled insertion of specific 
moieties to the multidentate PIMA backbone. Moreover, the presence of dimethyl groups 
between adjacent cis-trans anhydride rings improves the reactivity and reduces the steric 
hindrance, leading to efficient substitution reactions and compact configuration of polymer 
ligands.21-22 The architecture of the product ligands is strongly dependent on the feeding 
ratios of the introduced segments with respect to PIMA. In this work, two types of polymer 
ligands (viz., His-PIMA-PEG/OMe and His-PIMA-PEG/NH2) were prepared, as 
schematically depicted in Figure 7.1a. The polymer His-PIMA-PEG/OMe was obtained by 
reacting PIMA with a mixture of 50% His and 50% NH2-PEG-OMe per chain, while the 
polymer His-PIMA-PEG/NH2 was synthesized by replacing 20% NH2-PEG-OMe for NH2-
PEG-NH2, viz., 50% His, 40% NH2-PEG-OMe and 10% NH2-PEG-NH2 per chain. The 
experimental numbers of the functional groups per chain were measured by 1H nuclear 
magnetic resonance (NMR) spectroscopy (Figure 7.1b and appendix A7.1). The resulting 
values are consistent with the nominal values, demonstrating the high efficiency of the 
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nucleophilic addition reactions. The purity of the product His-PIMA-PEG/OMe and His-
PIMA-PEG/NH2 is ~82.32% and ~71.30%, respectively (Figure 7.1b and appendix A7.1). 
Different from the methoxy-terminated His-PIMA-PEG/OMe, the end-capping −NH2 
moieties in the product His-PIMA-PEG/NH2 make the conjugation of the IRDye QC-1 dark 
quencher dye easier, since it allows the use of the N-hydroxysuccinimide ester (NHS) reaction 
chemistry. These two types of polymer ligands allow side-by-side comparison of the FRET 
process in chemically bound (amine-terminated polymers) and physisorbed (methoxy-
terminated polymers) QD−dye systems.  

 

Figure 7.1 (a) Schematic illustration of the nucleophilic addition reaction for preparing His-PIMA-
PEG/OMe and His-PIMA-PEG/NH2 polymer ligands. The His-PIMA-PEG/NH2 was obtained by 
partially replacing NH2-PEG-OMe for NH2-PEG-NH2. (b) Detailed information on the prepared 
ligands, including the feeding molar fractions of each functional groups (x: His, y: NH2-PEG-OMe, z: 
NH2-PEG-NH2) with respect to PIMA backbone, corresponding nominal and experimental numbers 
per PIMA chain, and the product purity. The experimental numbers per chain were estimated by 
comparing the 1H-NMR signal integrations of the 3 protons from terminal methoxy group of the 
polyethylene glycol (PEG) segments (3.37 ppm), the proton from imidazole rings (7.14 ppm), and the 
protons from methyl groups of PIMA chains (~1.04 ppm) (appendix A7.1). The purity was estimated 
using the information of grafting degree and the known amount of ferrocene in deuterated chloroform 
as a standard (see appendix A7.1 for details). 

 

Oleate Capped CuInS2/ZnS Colloidal QDs. The CuInS2/ZnS QDs used in this study were 
synthesized by a multistage approach in three steps (Figure 7.2a) (see Methods Section for 
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details). Briefly, preformed CuInS2 QDs were used as cores for the overgrowth of a thin ZnS 
shell by using highly reactive ZnS precursors (a mixture of zinc iodide and 
sulfur/trioctylphosphine in octadecene). This process yields gradient-alloy (CuInZn)S2 (CIZS) 
QDs, which were further used as cores for additional ZnS shelling by a successive ion layer 
adsorption and reaction (SILAR) method at 230 °C (see Methods Section for details). Powder 
X-ray diffraction (XRD, Figure 7.2b) and high-resolution transmission electron microscope 
(HRTEM, appendix A7.2a) analysis demonstrate that the CuInS2 QDs used as cores have the 
chalcopyrite crystal structure. These QDs have a size of 3.2 nm, which agrees well with the 
size estimated (3.1 nm) from absorption spectrophotometry analysis using a previously 
reported sizing curve.32 The chalcopyrite crystal structure is preserved after the first ZnS 
shelling cycle (Figure 7.2b), which is accompanied by an increase in size to 3.6 nm (appendix 
A7.2), a shift of the absorption and PL spectra to higher energies (viz., 80 meV and 164 meV, 
respectively), and a pronounced improvement of the PL quantum yields from ~20% to ~70% 
(Figure 7.2c and appendix A7.3). Spectral blue-shifts after ZnS shell overgrowth on CuInS2 
QDs have been previously reported in many studies and are ascribed to several reasons (e.g., 
partial Zn2+ for In3+ and Cu+ cation exchange followed by interdiffusion,30-31, 45-48 shrinkage of 
the core due to either etching prior to the shell overgrowth49-50 or shell ingrowth by cation 
exchange45, see Chapter 3 for a detailed discussion of this topic). Considering the nature of 
the ZnS precursors used for the first ZnS shelling cycle (i.e., a very reactive Zn precursor, ZnI2, 
combined with a less reactive sulfur precursor, TOP-S, in the presence of a Cu+ extracting 
agent TOP), we attribute the spectral blue-shift observed in the present study to the formation 
of a gradient alloy (Cu,In,Zn)S2 QD with a ZnS-rich surface, since under these conditions 
cation exchange followed by interdiffusion is expected to be dominant process.48 

Following the first ZnS shelling cycle and after purification of the product (Cu,In,Zn)S2 
QDs, a SILAR method was adopted to further grow the ZnS shell using zinc oleate and 
sulfur/octadecene as the ZnS precursors (Figure 7.2a). The chalcopyrite crystal structure is 
preserved in the final CuInS2/ZnS core/shell QDs (Figure 7.2b and appendix A7.2c,d) 
showing that the ZnS overgrowth proceeds by heteroepitaxy. The QD size increases from 3.6 
to 4.2 nm (appendix A7.2c,d) demonstrating that the CuInS2 cores are overcoated by ~2 ZnS 
monolayers. The PLQY of the product CuInS2/ZnS core/shell QDs however decreases from 
70% to 55%, which is possibly due to the formation of new nonradiative recombination sites 
during the fast heteroepitaxial growth process.51-52 Moreover, the second ZnS shelling cycle 
resulted in QDs capped by oleate ligands, as evidenced by Fourier transform infrared 
spectroscopy (FTIR), which clearly shows the asymmetric CO2‒ stretching vibration of the 
carboxylic acid group from Zn(oleate)2 at 1556 cm‒1(appendix A7.4).  
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Figure 7.2 (a) Schematic diagram of the synthesis of CuInS2/ZnS QDs (CIS= CuInS2, CIZS= 
(Cu,In,Zn)S2. (b) XRD patterns of CuInS2 QDs before and after ZnS shelling. The red line indicates 
standard PDF card (PDF Card‒01‒081‒9515) of the chalcopyrite CuInS2. (c) Absorption (dashed line) 
and PL (solid line) spectra of CuInS2 QDs before and after ZnS shelling (color code is the same used in 
panel b). The final product CuInS2/ZnS QDs have PLQYs of 55 ± 4 %. 

 

Exchange of the Native Ligands for the Designed Polymers. The oleate-capped 
CuInS2/ZnS QDs (QDs-oleate) are transferred into water through exchange of the native 
ligands for His-PIMA-PEG/OMe and His-PIMA-PEG/NH2, respectively.21-22 This step 
results in two types of water-dispersible QDs: His-PIMA-PEG/OMe capped QDs (QDs-
OMe) and His-PIMA-PEG/NH2 capped QDs (QDs-NH2). Figure 7.3a shows the schematic 
diagram of the ligand exchange process. The functionalized imidazole rings serve as the 
anchors onto the ZnS surface of the CuInS2/ZnS QDs. As Zn2+ forms strong coordination 
bonds with the electron-donor groups of imidazole rings,53-54 the ligand cap exchange can be 
readily completed at room temperature overnight with only a slight excess of polymer ligands 
(npolymer ligands/nQDs ~40, see Methods Section for details). 1H‒NMR spectra of CuInS2/ZnS QDs 
before and after ligand exchange were acquired (Figure 7.3b−d). A pronounced broad C=C 
double bond resonance (~5.3 ppm) coming from the surface oleate group disappears after 
transfer to water (Figure 7.3b−d). For the water-dispersible QDs, a broad peak is observed at 
~0.8 ppm, which is attributed to the protons from PIMA backbones (Figure 7.3c,d and 
appendix A7.5). In addition, the characteristic peaks of imidazole rings (~7.4 ppm and ~8.6 
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ppm) become broad compared with the ligand alone, demonstrating that the designed 
polymer ligands bind to the QDs through their imidazole groups (Figure 7.3c,d and appendix 
A7.1, A7.5). 

 
Figure 7.3 (a) Schematic diagram of the ligand exchange process. Hydrophobic CuInS2/ZnS QDs were 
transferred to water upon exchange of native ligands for His-PIMA-PEG/OMe and His-PIMA-
PEG/NH2, respectively. Inset digital image is the water-dispersible QDs-OMe and QDs-NH2 under 405 
nm ultra-violet lamp. (b) 1H NMR spectrum of hydrophobic QDs-oleate. The broad peak at ~5.3 ppm 
is ascribed to the protons from the C=C double bond. The strong signatures at ~1.2 ppm and at 0.88 
ppm are attributed to the resonances from the protons in the methylene groups and in the terminal 
methyl groups, respectively. Deuterated chloroform (CDCl3) was used as the solvent. (c-d) 1H NMR 
spectrum of QDs-OMe (c) and QDs-NH2 (d). The weak broad resonances at ~7.4 and ~8.6 ppm are 
ascribed to the protons from the imidazole rings. The strong signatures at 3.57 ppm and at 3.25 ppm 
are attributed to the resonances from the protons in the PEG segments and in the terminal methoxy 
groups, respectively. Deuterium oxide (D2O) was used as the solvent. 

 

NMR spectroscopy was further employed to quantify the ligand coverage density on QDs 
by comparing the molar concentrations of the polymer ligands and the QDs. The QD molar 
concentration was calculated by absorption spectrophotometric analysis using molar 
absorption coefficients recently provided in the literature (see also Chapter 4 for details).32 
The molar concentration of polymer ligands was achieved by comparing the integrations of 
the methyl-proton of the PIMA backbone and the γ-proton of the pyridine standard. This 
analysis yields a value of ~10 His-PIMA-PEG/NH2 ligands per QD, which corresponds to 
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~195 imidazole anchors and ~39 amines per QD (appendix A7.5). The same calculation was 
applied to the QDs-OMe, yielding ~3 His-PIMA-PEG/OMe per QDs, which corresponds to 
~59 imidazole anchors per QD (appendix A7.5). 
 

After transfer to water, the absorption spectra of the hydrophilic CuInS2/ZnS QDs 
remains nearly the same (Figure 7.4a), indicating that no aggregates are formed. The PL 
spectra are also essentially the same, apart from a small red-shift (35 meV for QDs-OMe and 
12 meV for QDs-NH2) accompanied by a reduction in the PL intensity (Figure 7.4a,c). Red-
shifts in PL spectra are commonly observed after ligand exchange55-56 and may be attributed 
to partial extension of the exciton wavefunction in the ligand shell, thereby relaxing its 
confinement within the QD. Reductions in PLQY upon transfer of QDs to water have also 
been widely reported, and are commonly ascribed to insufficient shell quality in part of the 
QD ensemble.31, 37 Nonetheless, the PLQYs of polymer capped CuInS2/ZnS QDs (~27% and 
~44% for QDs-OMe and QDs-NH2, respectively) are comparable with those of other water-
dispersible CuInS2-based QDs and dyes previously reported in the literature.28-29, 31, 56-57 Figure 
7.4b shows that the PL decay is multiexponential, with decay times varying from ~20 ns to 
several hundreds of ns. The average exciton lifetime of CuInS2/ZnS QDs decreases after the 
ligand exchange, reflecting an increase in the non-radiative recombination rates, which is 
consistent with the decrease of PLQYs (Figure 7.4b,c). 
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Figure 7.4 (a) Absorption (dashed line) and PL (solid line) spectra of CuInS2/ZnS QDs before and after 
transfer to deionized water upon exchange of the native ligands for His-PIMA-PEG/OMe and His-
PIMA-PEG/NH2 polymer ligands. (b) PL decay curves of CuInS2/ZnS QDs before and after ligand 
exchange. The decay curves are fitted by triple exponential functions. For QDs-oleate: τ1= 20 ns (25.2 %), 
τ2= 140 ns (43.5 %), τ3= 408 ns (31.3 %), χ2= 1.027, average τQDs-oleate = 314 ns; for QDs-OMe: τ1= 17 ns 
(35.9 %), τ2= 128 ns (41.6 %), τ3= 400 ns (22.5 %), χ2= 1.04, average τQDs-OMe= 287 ns; for QDs-NH2: τ1= 
15 ns (34.8 %), τ2= 122 ns (38.5 %), τ3= 394 ns (26.7 %), χ2= 1.06, average τQDs-NH2= 300 ns. (c) Histogram 
plot of relative integrated PL intensity of QDs-oleate (PLQY ~55%), QDs-OMe (PLQY ~27%), and 
QDs-NH2 (PLQY ~44%). The QD concentrations were kept the same. (d) Hydrodynamic sizes of QDs-
OMe and QDs-NH2. Inset is the product hydrophilic QDs obtained by scaled-up ligand exchange (see 
Method Section for details). 

 

The resulting negatively charged polymer capped QDs (ζ-potential, ~ −40 mV) exhibit 
good colloidal stability in water for at least 1.5 years in the dark at 4 °C. Dynamic light 
scattering (DLS) analysis shows that the QDs-NH2 have a compact hydrodynamic size of ~13 
nm, which slightly increases to ~19 nm after storing in dark at 4 °C for 10 months (Figure 
7.4d and appendix A7.6). For comparison, we performed exchange of native ligands for other 
common hydrophilic surfactants (i.e., 11-mercaptoundecanoic acid and cysteine) (appendix 
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A7.7). The QDs-NH2 show the highest PLQYs (~25%), while the QDs capped by small 
molecules show lower PLQYs (<10%). After 180-day storage in dark at 4 °C (QD 
concentrations ~10 μM), the PLQYs of QDs-NH2 were still nearly 80% of the initial value. In 
contrast, the 11-mercaptoundecanoic acid or cysteine capped QD suspensions, became 
turbid and exhibited PLQYs below 5% (appendix A7.8). 

QD−Dark Quencher FRET Nanoprobes. The schematic diagram in Figure 7.5a shows 
the conjugation of amine-functionalized CuInS2/ZnS QDs and IRDye QC-1 dark quencher 
molecules (appendix A7.9) via NHS reaction chemistry. Herein, a side-by-side comparison 
experiment was performed by using amine-functionalized QDs-NH2 and control methoxy-
functionalized QDs-OMe for targeting the dark quencher dye molecules in a dye/QD feeding 
molar ratio from 0 to 20 (see Method Section for details). After removal of the free dye 
molecules and byproducts by size-exclusion chromatography, the product QD−dye 
conjugate suspensions show obvious differences in color: green for QDs-NH2−dye conjugates 
and nearly colorless for QDs-OMe−dye conjugates (appendix A7.10). The corresponding 
absorption and PL spectra, and PL decay curves of QD−dye conjugates were measured 
(Figure 7.5b−g). In the case of using QDs-OMe, very small absorbances (< 0.03) at ~740 nm 
(a characteristic peak of IRDye QC-1, appendix A7.9) are observed upon increasing the 
dye/QD feeding molar ratio up to 20 (Figure 7.5b). These low absorbance values indicate 
negligible binding efficiencies, as expected for methoxy-functionalized dyes, since the –OMe 
group is unable to react with the –NHS moieties in the IRDYe QC-1 dyes. In contrast, the 
conjugates using QDs-NH2 show progressive increase of the absorption peak of the dark 
quencher dye, indicating that an increasing number of dye molecules are immobilized to the 
QDs (Figure 7.5e).  

The average dye coverage density on the QDs is estimated by absorption 
spectrophotometric analysis of the QD−dye conjugates using known extinction coefficients 
of the QDs (88027 M−1cm−1 at 400 nm32) and the dye molecules (96000 M−1cm−1 at 737 nm44). 
It is worthwhile noting that the absorbance of the dark quencher dye at 400 nm is not 
negligible and therefore the absorbance of the QDs at 400 nm is deduced by subtracting the 
contribution by the dark quencher from that of the ensemble. We found that the binding 
efficiencies of the dye molecules to QDs-OMe were very low (~3.2%) and essentially the same 
for all feeding ratios, indicating minimal nonspecific adsorption of the dye molecules onto 
QDs (Figure 7.6a). In sharp contrast, the binding efficiencies of the dye molecules to QDs-
NH2 decreases upon increasing the dye/QD molar feeding ratio with a much higher average 
value of ~36.9% (Figure 7.6a). The clear differences in suspension color and binding 
efficiency of the two sets of experiments demonstrate that the QDs-NH2 are indeed linked 
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with the dark quencher dye molecules via chemical covalent bonds with the NHS group, 
while the QDs-OMe show no indication of coupling/binding, which is consistent with the 
functionality of the designed polymer ligands. However, it should be noted that the number 
of dye molecules per QD (e.g., a dye/QD feeding molar ratio of 20 results in only ~4 dyes per 
QD) is much lower than the number of amine groups per QD (~39) calculated by NMR 
spectroscopy analysis. This is possibly due to two reasons: 1) self-crosslinking of NH2-PEG-
NH2 during the ligand synthesis;21 2) direct coordination of the amine groups to the QD 
surface, since the Zn2+-NH2 coordinating bond is known to be quite strong.58 A detailed 
investigation of these side-reactions is beyond the scope of this work and will be the subject 
of follow-up work. 

 

Figure 7.5 (a) Schematic diagram of the conjugation between QDs-NH2 and IRDye QC-1 dark 
quencher through NHS esters reaction at pH= 8.5. (b-d) Absorption and PL spectra and PL decay 
curves of QDs-OMe−dye conjugates with an increase of Dye/QD molar feeding ratio. (e-g) Absorption 
and PL spectra and PL decay curves of QDs-NH2−dye conjugates with an increase of Dye/QD ratio. 
The arrows in (b-g) indicate the trends upon increasing the Dye/QD molar feeding ratio. 
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Intriguingly, the PL spectra are observed to blue-shift upon increasing of the dark 
quencher dye to QDs ratio (Figure 7.5f). This is likely related to the polydispersity-induced 
heterogeneity of the QDs emission wavelengths, which translates into different extents of 
overlap between the PL spectrum of the donor QD and the absorption spectrum of the 
acceptor dye. For instance, the larger QDs emit at lower energies, resulting in larger spectral 
overlaps with the dark quencher dye molecules, thereby leading to more efficient energy 
transfer and consequently more pronounced quenching of the QD PL. As a result, the 
emission spectra of the ensemble exhibit blue-shifts, which are accompanied by narrowing of 
PL emission spectra (appendix A7.11). Nevertheless, the PL bandwidths (~410 meV) remain 
broad (Figure 7.5f and appendix A7.11), which demonstrates that the emission bandwidths 
of CuInS2/ZnS core/shell QDs is due to the intrinsic nature of the emission transition (likely 
the radiative recombination of a conduction band electron with a localized hole31, 47, 59). 

 

Figure 7.6 (a) Binding efficiency of the dark quencher dye molecules to QD-OMe (orange hexagons) 
and QD-NH2 (purple disks). The binding efficiency was calculated by comparing the experimental 
dye/QD ratio to the nominal dye/QD feeding molar ratio. (b-d) Overall FRET efficiency (b), single 
donor-acceptor pair separation distances rD-A (c), and single donor-acceptor pair FRET rates kD-A (d) of 
QDs-OMe−dye (orange hexagons) and QDs-NH2−dye (purple disks) conjugates upon increasing the 
amount of dark quencher dye molecules immobilized on QDs. The FRET efficiencies in b were obtained 
from the shortening of exciton lifetimes of the QDs after conjugation with the dyes, using eq 7.1. The 
donor-acceptor distance rD-A was calculated using eq. 7.3, and the donor-acceptor FRET rate kD-A was 
estimated combining eqs. 7.1 and 7.2. 
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Increasing the number of dye molecules conjugated to the QDs leads to progressive 
quenching of the QD emission and shortening of its exciton lifetime (Figure 7.5c,d,f,g). This 
shows that the QD acts as the energy donor (D) and the dark quencher dye as the energy 
acceptor (A) in a donor-acceptor FRET pair. The FRET efficiency 𝜂 can thus be calculated 
using the integrated intensity of the QD emission and the average exciton lifetime 𝜏̅ of the 
QD−dye conjugates compared to that of the isolated QDs, as follows: 

𝜂
𝑘

𝑘 𝜏
1

𝐼
𝐼

1
𝜏

𝜏
 (7.1) 

where 𝐼  and 𝐼  are the integrated PL emission intensity of the donor QD in the presence 
and absence of the acceptor dye, respectively. 𝜏  is the exciton lifetime of QD−dye 
conjugates while 𝜏  is the exciton lifetime of the isolated QDs in the absence of acceptor dye 
molecules. The average exciton lifetimes 𝜏̅ are obtained from PL decay curves (Figure 7.5d,g) 
by 

𝜏̅
𝑡𝐼 𝑡 𝑑𝑡

𝐼 𝑡 𝑑𝑡
 

(7.2) 

where 𝐼 𝑡  denotes the time-dependent PL intensity. The FRET efficiencies can be readily 
estimated by the shortening of exciton lifetimes. The results show that increasing the number 
of dark dye molecules conjugated to the QDs leads to significant increase of FRET efficiencies, 
which reach 78% with 4 dye molecules per QD (Figure 7.6a,b). It should be noted that the 
FRET efficiencies can also be estimated from the PL quenching data (i.e., using ID and 𝐼   
in eq. 7.1), but are lower than those estimated from the PL decay data (appendix A7.12), in 
contradiction to what would be expected based on Eq. 7.1. The discrepancy is likely due to 
the different QD concentration in each cuvette. As emission spectra are very sensitive to the 
measurement conditions, a slight difference in QD concentration may have a great impact 
on the absolute PL intensity. Although the control experiments were carefully performed, it 
is quite challenge to keep exactly the same QD concentration, especially in the microliter scale 
reaction. It is possibly to correct the PL spectra by dividing the absorbance of QDs either at 
first absorption peak or at high-energy wavelength (e.g., 400 nm). The absorption overlap 
between QDs and dark quencher dye molecules makes the deconvolution of QDs 
concentration difficult. In contrast, the PL decay curve measurements are most robust to the 
fluctuations in concentration. Therefore, in the discussion below we use the FRET efficiencies 
obtained from the shortening of the exciton lifetimes, unless otherwise specified. 
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The trends in the FRET efficiency demonstrate that one QD donor can interact with 
multiple acceptor dyes, since the FRET efficiency increases with the number of dye molecules 
conjugated to the QD (Figure 7.6a,b). Under the assumption that the energy transfer between 
the QD donor and the dye acceptor can be well described by the interaction between two 
point-dipoles, the QD center to dye distance can be estimated by taking the number of dye 
molecules per QD (𝑛) into consideration as follows:16 

𝑟 𝑅
1 𝜂

𝜂
∙ 𝑛

/

 
(7.3) 

where 𝑅  denotes the Fo ̈rster distance, which is equal to16, 60 
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The term Φ  is the PL quantum yield of the donor in the absence of the acceptor (viz., 18% 
for QD-OMe and 25% for QD-NH2). 𝑁  is Avogadro’s constant and 𝑛  (1.33) is the 
refractive index of the medium (deionized water). The term 𝜅  is a factor describing the 
relative orientation in space of the transition electric dipoles of the donor and acceptor. 
Assuming that the donor-acceptor pair is dynamically random averaged, 𝜅  is equal to 2/3.16, 

60 The spectral overlap integral 𝐽 defined in wavelength 𝜆 (in nm) is given by 

𝐽 𝐼 𝜀 𝜆 d𝜆 (7.5) 

where 𝐼  is the normalized emission intensity of the QD donors and 𝜀  is the extinction 
coefficient of the acceptor dyes. After analysis of the overlap integral 𝐽  (1.62 × 1018 

M−1cm−1nm4) between the emission spectrum of donor QDs and the wavelength-dependent 
molar absorptivity of acceptor dyes, the Förster distance (𝑅 = 6.5 nm) between the QD 
donors and the dye acceptors is estimated from eq. 7.3 (appendix A7.13). The calculated 𝑅  
is approximate to the half of QDs-NH2 hydrodynamic size (~13.4 nm, Figure 7.4d and 
appendix A7.6). This is sufficiently large for FRET to occur in the custom-designed QD−dye 
conjugate (Figure 7.5f,g). Assuming that the QD−dye conjugate can be well described by two 
coupled point electric dipoles, the distance 𝑟  for an isolated donor-acceptor pair can be 
estimated by inserting 𝑅  and the FRET efficiencies obtained from eq 7.1 into eq 7.3. The 
FRET rates 𝑘  can then be estimated as follows:4, 60 

𝑘
1

𝜏
𝑅

𝑟
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The single donor-acceptor pair distance and energy transfer rate for the QD-NH2−dye 
conjugates are nearly constant with an average 𝑟  of 6.87 ± 0.15 nm and 𝑘  of 3.56 ± 
0.43 μs−1

 (Figure 7.6c,d), demonstrating that the architecture of the covalently bonded QD-
NH2−dye conjugates is quite stable. This also suggests that the designed QD-NH2 is a well-
suited model for studying the FRET process between one donor and multiple acceptors. 

7.3 Conclusions 
To conclude, we developed a multi-step protocol that yields water-soluble FRET-based 

nanoprobes combining colloidal CuInS2/ZnS QD and IRDye QC-1 dark quencher dye 
molecules. Near-infrared-emitting CuInS2/ZnS QDs (PLQYs ~55%) were synthesized 
through a combination of one-pot heating method and two-step ZnS shelling steps. These 
QDs were subsequently transferred into water by exchange of the native oleate ligands for 
two different types of polymer ligands (viz., methoxy-functionalized His-PIMA-PEG and 
amine-functionalized His-PIMA-PEG/NH2). The product water-dispersible QDs have 
PLQYs of25%, a compact hydrodynamic size of less than 20 nm, and excellent colloidal 
stability for at least 10 months. These two types of polymer capped QDs (viz., QD-OMe and 
QD-NH2) were then conjugated with the IRDye QC-1 through NHS chemical reaction. The 
results show that QDs-NH2 are indeed conjugated with dark quencher dye molecules via 
covalent bonds, while the QDs-OMe bind only non-specifically, likely through adsorption. 
The progressive quenching of the QD emission and shortening of its exciton lifetime upon 
increasing the number of dye molecules conjugated to the QDs demonstrate that the QD acts 
as the energy donor and the dark quencher dye as the energy acceptor in a donor-acceptor 
FRET pair. The FRET efficiency reaches 78% with 4 dye molecules per QD. Moreover, the 
nearly constant energy transfer rates (3.56 ± 0.43 μs−1) of an isolated QD-NH2−dye pair shows 
that the architecture of covalently bonded QD-NH2−dye conjugates is stable and well-suited 
for investigating the FRET process between one donor and multiple acceptors. This study 
sheds light on designing new efficient QD-based FRET nanoprobes, which is beneficial to a 
wide range of biological and biophysical studies such as biomedical imaging, photodynamic 
therapy, diagnostic and sensing devices, etc. 
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7.4 Methods 
Materials. Copper (I) iodide (CuI, 98%), indium acetate (In(Ac)3, 99.99%), zinc acetate 

dihydrate (Zn(Ac)2·H2O, 98%), zinc iodide (ZnI2), sulfur powder (99.98%), 1-dodecanethiol 
(DDT, 98%), 1-octadecene (ODE, 90%), trioctylphosphine (TOP, 90%), oleic acid (OA, 90%), 
poly(isobutylene-alt-maleic anhydride) [PIMA, average Mw ~6,000, 12−200 mesh (85%)], 
histamine (97%), N,N-Dimethylformamide (DMF, 99.8%), deuterated chloroform (CDCl3, 
99.8 atom % D), deuterium oxide (D2O, 99.9 atom % D), dimethyl sulfoxide (DMSO, 99.9%), 
anhydrous toluene, methanol and butanol were purchased from Sigma-Aldrich. Lumogen 
red 305 (Article No.: 94720) was from Kremer Pigmente GmbH & Co. KG. IRDye QC-1 dark 
quencher was purchased from LI-COR Biosciences. ODE and OA were degassed at 120 °C 
for 3 hours prior to synthesis. The precursors H2N-PEG750-OCH3 and H2N-PEG600-NH2, were 
respectively synthesized starting from poly(ethylene glycol) methyl ether (average MW ~750 
Da), and poly(ethylene glycol) (average MW ~600 Da), following previously reported 
procedures.61-62 Other reagents were used as received. The synthesis was performed in a 
standard Schlenkline.  

Synthesis of His-PIMA-PEG/OMe (50% His and 50% NH2-PEG-OMe). The polymer 
ligands were synthesized following the method reported by Wang and co-workers.21-22 In 
brief, a solution A was prepared by dissolving PIMA (0.385 g, ~2.5 mmol monomer units) in 
10 mL of anhydrous DMF. The solution was loaded into a three-neck flask and heated to 
40 °C under N2 flow. In the meantime, a solution B was prepared by mixing histamine (0.139 
g, 1.25 mmol) and NH2-PEG-OMe (0.941 g, 1.25 mmol) in 2 mL of DMF. Solution B was 
dropwise added to solution A, and the mixture was stirred overnight at 40 °C. Then, the 
solution was degassed to remove the solvents and the crude reaction product was dispersed 
into 3 mL of anhydrous chloroform. The resulting solution was loaded onto a silica column 
and the compound was purified with chloroform as the eluent to collect the final yellow gel-
like product. 

His-PIMA-PEG/NH2 (50% His, 40% NH2-PEG-OMe, and 10% NH2-PEG-NH2). The 
amine-functionalized polymer ligands were synthesized by following a modification of the 
procedure mentioned above. Specifically, a solution A was prepared by dissolving PIMA 
(0.385 g, ~2.5 mmol monomer units) in 10 mL of anhydrous DMF. The solution was loaded 
into a three-neck flask and heated to 40 °C under N2 flow. Meanwhile, a solution B was 
prepared by dissolving histamine (0.139 g, 1.25 mmol) and H2N-PEG-OMe (0.377 g, 0.5 
mmol) in 2 mL of DMF and a solution C was obtained by dissolving H2N-PEG-OMe (0.377 
g, 0.5 mmol) and NH2-PEG-NH2 (0.150 g, 0.25 mmol) in 2 mL of DMF. To the flask 
containing solution A, the as-prepared solution B was dropwise added, and the mixture was 
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kept stirring for 1 hour at 40 °C. Subsequently,  solution C was also dropwise added to this 
mixture. The reaction mixture was left stirring overnight at 40 °C, followed by purification 
using the same procedure described above.  

Synthesis of CuInS2 core QDs. The CuInS2 core QDs were synthesized following a 
previously reported method.49 CuI (190 mg, 1 mmol), In(Ac)3 (292 mg, 1 mmol) and DDT 
(10 mL) were degassed at 60 °C for 2 hours. Then, the reaction flask was purged by N2 and 
heated to 230 °C. The mixture was allowed to react for 25 min, and was then cooled down to 
210 °C for further synthesis. 

Synthesis of alloy (CuInZn)S2 QDs. Prior to synthesis, the ZnS stock solution was 
prepared by dissolving ZnI2 (1629 mg, 5 mmol) and S/TOP (160 mg of S in 5 mL of TOP) 
into 5 mL of ODE. Gradient alloy (CuInZn)S2 QDs were synthesized by slowly injecting the 
as-prepared ZnS precursors (0.5 mL/min) into the preformed CuInS2 QDs solution at 210 °C. 
The reaction mixture was kept at 210 °C for 2 hours, followed by naturally cooling down to 
room temperature. The crude products were washed twice by repeated precipitation with 
isometric butanol and methanol mixture and redispersion into toluene. The purified 
products were dried under vacuum for 2 hours.  

Synthesis of CuInS2/ZnS core/shell QDs. The gradient alloy (CuInZn)S2 QDs were coated 
by additional ZnS shell through a successive ion layer adsorption and reaction (SILAR) 
method at 230 °C. The Zn-solution (0.25 mmol/g) was prepared by degassing a mixture of 
Zn(Ac)2·H2O (2.19 g, 10 mmol) into OA (6.21 g, 22 mmol) and ODE (33 g) at 140 °C for 2 
hours. The S-solution (0.5 M) was prepared by dissolving S powder (0.321 g, 10 mmol) into 
ODE (20 mL) at 180 °C. For a typical CuInS2/ZnS core/shell QD synthesis, all of the dried 
gradient alloy (CuInZn)S2 QD products were redispersed into DDT (2 mL) and ODE (8 mL) 
in a 100 mL three-neck flask. The reaction mixture was heated to 230 °C for the injections. 
The first injection cycle was 1 mL of Zn-solution (~0.2 mmol) followed by injecting 400 μL 
of S-solution (0.2 mmol) after 10 min. This injection procedure was repeated 5 times with an 
interval time of 10 min. After the multi-injections, the reaction mixture was annealed at 
230 °C for another 1 hour. Finally, the crude reaction products were cooled down to room 
temperature, and were washed 3 times by using the same washing procedure described above. 
The purified QDs were dried under vacuum to obtain ~1.2 g red powder. The product 
CuInS2/ZnS core/shell QDs were redispersed into 20 mL of anhydrous toluene (60 mg/mL, 
4.74 × 10−4 M) for further use. 
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Ligand exchange. The ligand exchange reaction was performed using an adaptation of 
the protocol reported by Wang et. al.21-22 Typically, 50 μL of as-prepared CuInS2/ZnS QDs (3 
mg) were dried and redispersed in 300 μL of chloroform. Then, 25 mg of His-PIMA-
PEG/NH2 or His-PIMA-PEG/OMe dissolved in 300 μL of chloroform were added to the QD 
solution. This homogeneous mixture was stirred (600 rpm) at room temperature overnight. 
After that, the QDs were precipitated by adding 400 μL of methanol and 4 mL of hexane 
followed by centrifugation at 3600 rpm for 7 min. The top layer of solvents was removed and 
the red precipitate was redispersed in 300 μL of chloroform and 300 μL of methanol, followed 
by addition of 4 mL of hexane. The resulting turbid solution was sonicated for 1 min and 
centrifuged at 3600 rpm for 7 min. The supernatant was discarded and the precipitate was 
dried under vacuum for 10 min to obtain a red pellet. This pellet was redispersed into 4 mL 
of deionized water and the clear QDs solution was filtered through a disposable syringe filter 
(~0.45 μm). The excess free ligands were removed by applying 3 rounds of 
concentration/dilution using a centrifugal filtration device (Millipore, MW cutoff = 50 kDa) 
by centrifugation at 3600 rpm for 9 min. Finally, the purified QDs were dispersed in 2 mL of 
deionized water (~13 μM) and stored in dark at 4 °C for further use. The QD concentration 
was estimated according to the literature.32 The ligand exchange approach can be scaled up 
ten times by increasing the amount of each component while keeping all the ratios fixed (inset 
in Figure 7.4d). Briefly, 500 μL of as-prepared CuInS2/ZnS QDs (30 mg) were dried and 
redispersed in 3 mL of chloroform. Then, 250 mg of His-PIMA-PEG/NH2 or His-PIMA-
PEG/OMe dissolved in 3 mL of chloroform were added to the QD solution. This 
homogeneous mixture was stirred (600 rpm) at room temperature overnight. The products 
were purified using the same procedure described above, and then dispersed in 4 ml of 
deionized water. 

Conjugation of QDs to IRDye QC-1 dark quencher. The amino group of water-soluble 
QDs was reacted with NHS ester group of IRDye QC-1 dark quencher to provide QD−dye 
conjugate. The preformed 900 μL of amine-functionalized His-PIMA-PEG/NH2 capped QDs 
(~13.05 μM) were transferred into 900 μL of potassium phosphate buffer (50 mM, pH= 8.5) 
by applying 2 rounds of concentration/dilution using a centrifugal filtration device (Millipore, 
MW cutoff = 50 kDa) by centrifugation at 3600 rpm for 9 min. The QDs (80 μL) in phosphate 
buffer were mixed with a certain amount of dye (0−7.79 μL, 2.23 mg/mL in anhydrous 
DMSO), and were then incubated overnight in dark at 4 °C. Subsequently, the QD−dye 
conjugates were separated from free dye molecules and NHS by-products via size-exclusion 
chromatography using G-25 columns, resulting in ~80 μL of QD−dye conjugates. A side-by-
side control experiment was performed under the same conditions but using His-PIMA-
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PEG/OMe capped QDs instead. To avoid inner filter effects, the optical density of the 
QD−dye conjugates at the excitation wavelength (445 nm) was kept below 0.05 by diluting 
50 μL of the QD−dye eluates in 2 ml of deionized water for optical measurements. 

Optical Spectroscopy. Samples for optical measurements were prepared by dissolving the 
QDs into 3 mL of anhydrous toluene or deionized water in 1 cm path length sealed quartz 
cuvettes. Absorption spectra were measured using PerkinElmer Lambda 950 UV/Vis/NIR 
spectrometer. PL spectra were recorded on an Edinburgh Instruments FLS920 
spectrofluorometer. The PL spectra were corrected for the instrumental response. PL decay 
measurements were carried out in the same spectrofluorometer using Edinburgh 
Instruments picosecond pulsed diode laser (EPL 445) operating at 441.4 nm (80.2 ps pulse 
width, 0.02−20 MHz repetition rate) as an excitation source, and a fast Hamamatsu 
photomultiplier tube (H7422-40) as the detector. A 455 nm long pass filter was fixed before 
the detector. The peak position of steady PL spectra of each sample was used as the detection 
wavelength for the PL decay measurements.  

Photoluminescence Quantum Yields (PLQYs). The PLQYs were measured using 
lumogen red 305 (PLQY= 95%) in anhydrous toluene as a standard. To avoid inner filter 
effects, the absorbances of QD and lumogen red 305 solutions at and above the excitation 
wavelength (442 nm) were below 0.1. The PLQYs were calculated according to ∅

∅ , where the subscripts ST and X denote standard and sample respectively, Φ 

is the PLQY, Grad the gradient from the plot of integrated fluorescence intensity versus 
absorbance, and n the refractive index of the solvent (toluene for lumogen red 305, and 
toluene or water for the QDs). 

Powder X-ray Diffraction (XRD). XRD results were obtained on Bruker D2 Phaser, 
equipped with a Co Kα X-ray source (1.79026 Å). Samples were washed at least 3 times, dried 
under vacuum overnight, and uniformly dispersed on a silicon wafer prior to the XRD 
measurements. 

Nuclear magnetic resonance spectroscopy (NMR). 1H-NMR measurements were 
performed using an Agilent MRF400 equipped with a OneNMR probe and Optima Tune 
system. Spectra were collected using: 400 MHz, 25 °C, a pulse repetition time of 25.0 s, a pulse 
width of 14.0 μs, and acquisition time of 5 min. The hydrophobic samples were dried and 
dispersed into anhydrous CDCl3, while hydrophilic samples were dissolved in D2O. All 
samples have a volume of 500 μL. The concentration of organic molecules was 30 mg/mL. 
The QD concentration was ~40 μM. Ferrocene (0.2 M) was used as the reference for 
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calculating the polymer concentration. Pyridine (0.1 M) was used as the reference for 
calculating the ligand density per QD.  

Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra were measured from 
400 to 4000 cm−1 (2 cm−1 resolution) for 400 scans using a vertex 70 FTIR spectrometer 
(BRUKER) equipped with KBr/DLaTGS D301 detector. Approximately 0.1 to 1.0 wt% 
purified sample was well dispersed into 200−250 mg fine KBr powder, followed by grinding 
under an infrared lamp, and pressed into a pellet. 

Zeta Potential and Dynamic Light Scattering (DLS). Zeta potential and DLS 
measurements were conducted on a Malvern instrument Zetasizer Nano ZS using DTS1070 
folded capillary cell. The samples were loaded into the folded capillary cell after passing 
through a Millex syringe filter units (pore size 0.45 μm). To reduce incident error, a sample 
was separately measured for 3 times with 20 scans for each measurement. The spectra were 
corrected by the instrument software for viscosity (0.8872 cP at 25 °C), absorption (at 532 
nm), solvent (water), refractive index (1.33), and material (CuInS2) refractive index (2.55). 
The hydrodynamic sizes were collected in automatic mode and expressed in number (%). 
The same settings were used to measure the Zeta potential. 
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7.6 Appendices 
A7.1 Purity assessment of the product polymer ligands by 1H nuclear magnetic resonance (NMR) 
analysis 

 

Figure A7.1 1H nuclear magnetic resonance (NMR) spectra of the product His-PIMA-PEG/OMe (a) and His-
PIMA-PEG/NH2 (b) polymer ligands. The resonances at ~7.15 ppm are ascribed to the protons from the 
imidazole rings. The strong signatures at 3.63 ppm and at 3.37 ppm are attributed to the resonances from the 
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protons in the PEG segments and in the terminal methoxy groups, respectively. The peaks at 2.87 ppm and 
2.94 ppm are from the protons of methyl groups in the residual N,N-Dimethylformamide (DMF) after the 
synthesis and purification. It should be noted that the proton from the acyl group of DMF might also 
contribute to the resonance at 8.01 ppm. This peak therefore is not suitable for estimating the number of 
imidazole rings unless the DMF is completely removed. A broad peak at ~1.04 ppm is attributed to the protons 
of methyl groups in the PIMA backbone. The degree of grafting is estimated by comparing the signal 
integrations of the 3 protons from terminal methoxy group of the polyethylene glycol (PEG) segments (3.37 
ppm), the proton from imidazole rings (7.14 ppm), and the protons from methyl groups of PIMA chains 
(~1.04 ppm). The results are shown in Figure 7.1b in the main text. Deuterated chloroform (CDCl3, 7.26 ppm) 
was used as the solvent. The purity was estimated using the information of grafting degree and known amount 
of ferrocene in CDCl3 as a standard. The detailed calculation is listed below. 

(1) 14 mg product His-PIMA-PEG/OMe and 16 mg product His-PIMA-PEG/NH2 polymer ligands were 
dissolved into 600 μL of CDCl3 in the presence of 10.9 μL and 14.9 μL of 0.2 M ferrocene, respectively. 

(2) Estimation of the average molecular weight Mx using the NMR results in appendix A7.1 and Figure 7.1b. 
Since the number of NH2-PEG-NH2 groups could not be precisely determined, the average molecular weight 
of His-PIMA-PEG/NH2 was estimated by assuming 0, 1, 2, 3 NH2-PEG-NH2 groups per PIMA chain, 
respectively. Herein, two groups per chain were used as an example. 

MHis-PIMA-PEG/OMe = MWPIMA + NHis × MWHis + NNH2-PEG-OMe × MWNH2-PEG-OMe  

= (6000 + 18 × 111.15 + 19 × 753) g/mol= 22307.7 g/mol 

MHis-PIMA-PEG/NH2 = MWPIMA + NHis × MWHis + NNH2-PEG-OMe × MWNH2-PEG-OMe + NNH2-PEG-OMe × MWNH2-PEG-NH2 

= (6000 + 19 × 111.15 + 17 × 753 + 2 × 600) g/mol= 22112.9 g/mol 

(3) The gross amount ngross of polymers then is, 

ngross His-PIMA-PEG/OMe= mHis-PIMA-PEG/OMe/MHis-PIMA-PEG/OMe = 14 / 22307.7 mmol= 6.28 × 10‒4 mmol 

ngross His-PIMA-PEG/NH2= mHis-PIMA-PEG/NH2/MHis-PIMA-PEG/NH2 = 16 / 22112.9 mmol= 7.24 × 10‒4 mmol 

(4) The net amount nnet of polymers can be obtained from NMR results, 

nnet His-PIMA-PEG/OMe= 5.17 × 10‒4 mmol 

nnet His-PIMA-PEG/NH2= 5.23 × 10‒4 mmol 

(5) Therefore, the purity P of polymer ligands is, 

 PHis-PIMA-PEG/OMe= nnet His-PIMA-PEG/OMe / nHis-PIMA-PEG/OMe = 82.32% 

PHis-PIMA-PEG/NH2= nnet His-PIMA-PEG/NH2 / nHis-PIMA-PEG/NH2 = 72.24% 

Remarks: The purity of His-PIMA-PEG/NH2 was averaged by redoing the calculation but changing the 
number of NH2-PEG-NH2 groups (P0= 68.37%, P1= 70.30%, P2= 72.24%, P3= 74.29%). In this case, the 
average purity of His-PIMA-PEG/NH2 was 71.30%. 
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A7.2 TEM images of CuInS2 QDs before and after ZnS shell overgrowth 

 

Figure A7.2 (a-c) HRTEM, corresponding Fourier transform (FT) analysis, and inverse FT images of bare 
CuInS2 cores (a), gradient-alloy (CuInZn)S2 QDs (b) and CuInS2/ZnS core/shell QDs (c). FT patterns are 
acquired from the area of interest indicated by the red box. The lattice spacings in a, b and c are 2.4, 3.2 and 
3.2 Å, which correspond well to the {211}, {112} and {112} lattice planes of the chalcopyrite CuInS2, 
respectively. (d) Zoom out TEM image of CuInS2/ZnS core/shell QDs in c. The inserted size histogram was 
constructed by measuring the diameter (4.2 nm with a polydispersity of 9.5%) of over 200 QDs and was fitted 
to a Gaussian distribution function. 

 

A7.3 Experimental band gap estimation 

 

Figure A7.3 Experimental band gap estimation of (a) CuInS2 core QDs, (b) gradient-alloy (CuInZn)S2 
QDs and product CuInS2/ZnS QDs using a Tauc plot. A pronounced blue-shift (80 meV) is observed 
after the first ZnS shelling cycle, while a slight blue-shift (10 meV) is found after the second ZnS shelling 
cycle. An approximation of the Tauc relationship for direct band-gap semiconductors was used:63 
(αhν)2= [hν×(1‒Abs)2/2Abs]2.  
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A7.4 FTIR spectra of CuInS2 QDs before and after ZnS shell overgrowth 

 

Figure A7.4 FTIR spectra of bare CuInS2 QDs (dark red), gradient-alloy (CuInZn)S2 QDs (orange line) and 
CuInS2/ZnS core/shell QDs (purple line). The peak at 1556 cm‒1 in the spectrum of the product CuInS2/ZnS 

QDs after SILAR reaction is assigned to asymmetric CO2‒ stretching of the carboxylic acid group from 
Zn(oleate)2. 

 

A7.5 1H NMR spectra of QDs-OMe (a) and QDs-NH2 (b) mixed with a certain amount of pyridine. 

 

Figure A7.5 1H NMR spectra of QDs-OMe (a) and QDs-NH2 (b) mixed with a certain amount of pyridine. 
The resonances at ~8.4 ppm, ~7.9 ppm and ~7.5 ppm are attributed to the protons from pyridine while broad 
resonances at ~0.9 ppm are ascribed to the protons of methyl groups in the PIMA backbone. The ligand 
density was estimated by comparing the molar concentrations of the polymer ligands and that of the 
CuInS2/ZnS  QDs in the medium. The concentration of polymer ligands can be obtained by comparing the 
integrations of the methyl-protons of the PIMA backbone and γ-proton of the pyridine standard. Deuterated 
oxide (D2O) was used as the solvent. 
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A7.6 Hydrodynamic size plot of QDs-NH2 

 

Figure A7.6 The distribution of number vs hydrodynamic size plot of QDs-NH2 after storing in a fridge at 
4 °C for 10 months. The zeta potential results (fresh QD: −53.7 mV, QDs after 10 months: −47.6 mV) are 
obtained during the measurements. 

 

A7.7 Ligand exchange of QDs using MUA and Cysteine 

 

Figure A7.7 (a) Absorption and PL spectra of 11-mercaptoundecanoic acid (MUA) and cysteine capped 
CuInS2/ZnS QDs. (b) Digital images of the ligand exchange process using MUA and cysteine. The bottom 
panels in b are CuInS2/ZnS QD solutions under 365 nm ultra-violet lamp. The upper layer in scintillation vial 
is water while the bottom layer is chloroform. The ligand exchange was performed following previously 
reported procedures.31 
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A7.8 PLQYs of polymer, MUA, and cysteine capped QDs 

 

Figure A7.8 Histogram plots of PLQYs of His-PIMA-PEG/NH2, 11-mercaptoundecanoic acid (MUA) and 
cysteine capped CuInS2/ZnS QDs before and after 180-day storage in dark at 4 °C.. The absorption and PL 
spectra of MUA and cysteine capped CuInS2/ZnS QDs CuInS2/ZnS QDs are shown in Figure A7.7 above. 

 

A7.9 Detailed information of IRDye QC-1 dark quencher 

 

Figure A7.9 (a) Molecular structure of IRDye QC-1 dark quencher. (b) Absorption spectrum of IRDye QC-
1 dark quencher in 1×PBS solution. 
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A7.10 Purification of QD−dye conjugates 

 

Figure A7.10 The upper panel shows digital images of the used G-25 columns after the separation by size-
exclusion chromatography. The lower panel shows digital images of colloidal dispersions of the product QDs-
OMe−dye and QDs-NH2−dye conjugates in water. The QD−dye conjugates are ordered according to the 
dye/QD molar feeding ratios (increasing from left to right). 

 

A7.11 PL bandwidth of QD−dye conjugates 

 

Figure A7.11 Full width at half maximum (fwhm) of the PL bands shown in Figure 7.5f upon increasing the 
amount of dark quencher dye molecules attached to QDs. 
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A7.12 FRET efficiency of QD−dye conjugates 

 

Figure A7.12 Overall FRET efficiency of (a) QDs-OMe−dye and (b) QDs-NH2−dye conjugates upon 
increasing the amount of dark quencher dye molecules conjugated to the QD donors. Note that the nominal 
Dye/QD feeding ratio is used instead of the actual Dye/QD ratio. The FRET efficiencies were obtained from 
the PL quenching data (green) or from the shortening of the exciton lifetimes of the QDs (pink) using eq. 7.1 
in the main text. 

 

A7.13 Calculation of Fo ̈rster distance 𝑹𝟎 

 

Figure A7.13 (a) Normalized emission spectrum of QC-NH2 (orange line) and absorption spectrum of IRDye 
QC-1 dark quencher molecules (grey line). The overlap integral (1.62 × 1018 M−1cm−1nm4) was calculated by 
eq. 7.5 in the main text. (b) A plot of the distance-dependent FRET efficiency in a QC-NH2−Dye donor-
acceptor pair. The Förster distance 𝑅  is 6.5 nm. 
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Abstract: Synthesis of ternary CuInS2 nanocrystals with controlled size and shape is 
challenging due to the difficulty in balancing the reactivities of multiple precursors (In, Cu, 
S). To circumvent this issue, a post-synthetic cation exchange method has been developed. 
Nearly spherical Cu2−xS nanocrystal templates are used for the conversion of CuInS2 
nanocrystals by topotactic partial Cu+ for In3+ cation exchange. The product wurtzite CuInS2 
nanocrystals have good size and shape preservation and can be used to study size-dependent 
optical properties. They can also act as cores or seeds for heteroepitaxial overgrowth of ZnS 
semiconductors, yielding either isotropic or anisotropic CuInS2/ZnS heteronanocrystals with 
a pronounced improvement of photoluminescence quantum yields. The surface of these 
core/shell nanocrystals can be functionalized by organic molecules or polymers so as to 
transfer them into water or construct Förster resonance energy transfer-based nanoprobes in 
combination with organic dye molecules. Potential applications of the nanocrystals prepared 
in this thesis are summarized. 

8.1 Synthesis and optical properties of colloidal CuInS2–based 
(hetero)nanocrystals  

Ternary copper indium sulfide (CuInS2) nanocrystals have drawn much attention 
because of their low toxicity, large absorption coefficients across a broad spectral range, and 
large global Stokes shifts.1 Moreover, they possess unparalleled photoluminescence tunability 
spanning a spectral window that covers the photoluminescence tunability of CdSe (visible), 
CdTe/CdSe (visible and first near-infrared biological window), and PbS (second near-
infrared biological window).1 The combination of these features allows CuInS2 compounds 
to challenge the performance of the established class of Cd and Pb-based nanocrystals in a 
wide range of applications such as solar cells,2 light emitting devices3 and biomedical 
applications4. However, the synthesis of colloidal CuInS2 nanocrystals has yet to reach the 
same level of control already achieved for Cd- or Pb-chalcogenide nanocrystals due to the 
difficulty in balancing the reactivities of multiple precursors (In, Cu, S).1 

To solve this problem, a post-synthetic cation exchange approach is described in Chapter 
3. The procedure starts from nearly spherical template Cu2−xS nanocrystals, which are 
converted into wurtzite CuInS2 quantum dots (QDs) with good size and shape preservation 
by topotactic partial Cu+ for In3+ cation exchange at 125 °C (Figure 8.1). This synthesis 
protocol is robust and highly reproducible, yielding nearly stoichiometric CuInS2 QDs with 
very small composition variations (In/Cu = 0.91 ± 0.11), regardless of their sizes. The well-
defined nearly spherical size and small composition and size distributions of the obtained 
CuInS2 QDs make them ideally suited to study their size-dependent optical properties (e.g., 
band gap and molar absorption coefficient), as discussed in Chapter 4. Our results show that 
the band gap of wurtzite CuInS2 QDs increases with decreasing QD size d, following a trend 
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that depends primarily on 1/d. A sizing curve is also constructed for chalcopyrite CuInS2 QDs 
(a common crystal structure of CuInS2) by collecting and reanalyzing data published by 
several different groups.5-10 The size-dependence of the band gap of chalcopyrite CuInS2 QDs 
is observed to be slightly stronger than that of wurtzite CuInS2 QDs, but also follows primarily 
a 1/d dependence. These sizing curves provide a convenient and accurate way of determining 
the sizes of both wurtzite and chalcopyrite CuInS2 QDs directly from absorption spectroscopy 
measurements (Chapter 4). Moreover, we find that the absorption coefficients of wurtzite 
CuInS2 QDs at 3.1 eV scale directly with the QD volume and are better suited to determine 
the concentrations of colloidal suspensions of CuInS2 QDs, since they are less sensitive to size 
and shape dispersion. 

We also observed that the product wurtzite CuInS2 QDs show interesting emission in the 
near-infrared (NIR) spectral range. The photoluminescence quantum yield is, however, very 
small (<10%). In order to enhance the photoluminescence quantum yields and 
(photo)chemical stability, a ZnS shelling protocol was developed in Chapter 3. The bare 
CuInS2 QDs can be isotropically coated with a thin (≤1 nm) wurtzite ZnS shell (Figure 8.1), 
resulting in CuInS2/ZnS concentric core/shell QDs with photoluminescence tunable from the 
first to the second NIR window (750−1100 nm) with high photoluminescence quantum yield 
(e.g., 75% at 820 nm and 25% at 1050 nm). The wurtzite CuInS2 QDs also can be used as seed 
nanocrystals for the synthesis of colloidal CuInS2/ZnS asymmetric dot-in-rod 
heteronanocrystals (Chapter 5). Specifically, the wurtzite CuInS2 seed nanocrystals are 
injected in a hot solution of zinc oleate and hexadecylamine in octadecene, 20 s after the 
injection of sulfur in octadecene (Figure 8.1). This results in fast (∼21 nm/min) 
heteroepitaxial growth of wurtzite ZnS primarily on the Sulfur-terminated polar facet of the 
CuInS2 seed nanocrystals, the other facets being overcoated only by a thin (∼1 monolayer) 
shell. The asymmetric axial growth of the nanorod proceeds by addition of [ZnS] monomer 
units, so that the polarity of the terminal (002) facet is preserved throughout the growth. The 
product colloidal wurtzite CuInS2/ZnS dot core/rod shell heteronanocrystals described in 
that chapter have a large molar extinction coefficient (1.4 × 106 M−1cm−1 at 3.54 eV) and show 
photoluminescence in the NIR (∼800 nm) with photoluminescence quantum yields of ∼20%. 
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Figure 8.1 The outline scheme of the thesis. The work starts with the synthesis of CuInS2 QDs by two 
different ways: 1) one-pot heating up method using copper iodide (CuI), indium acetate (In(acetate)3), 
and dodecanethiol as the Cu, In, S precursors, respectively; 2) partial Cu+ for In3+ cation exchange in 
nearly spherical template Cu2−xS nanocrystals. The CuInS2 QDs obtained by one-pot heating up method 
are used as cores for the isotropic ZnS shell overgrowth. The product CuInS2/ZnS concentric core/shell 
QDs are used for constructing FRET nanoprobes conjugated with IRDye QC-1 dark quencher dye 
molecules (Chapter 7). The CuInS2 QDs synthesized by cation exchange are used to study their size-
dependent optical properties (Chapter 4). They are further used either as the cores or as seeds for the 
isotropic (Chapter 3) and anisotropic (Chapter 5) ZnS shell overgrowth. The template Cu2−xS 
nanocrystals are also used as seeds for the heteroepitaxial growth of ZnS (Chapter 6). The product 
Cu2−xS/ZnS heteronanorods are used as templates for the synthesis of Cu2−xS and CuInS2 nanorods 
(Chapter 6). 

 

In Chapter 6, we extended the seed mediated growth approach described in Chapter 5 to 
the synthesis of anisotropic Cu2−xS/ZnS heteronanocrystals. The Cu2−xS/ZnS heteronanorods 
are obtained by injecting hexagonal high-chalcocite Cu2−xS seed nanocrystals instead of 
wurtzite CuInS2 seed nanocrystals in a hot zinc oleate solution in the presence of suitable 
surfactants, 20 s after the injection of sulfur precursors (Figure 8.1). The Cu2−xS seed 
nanocrystals offer a high surface energy (100) facet for the heterogeneous nucleation and 
growth of ZnS along a direction that is perpendicular to the c axis of the high-chalcocite 
structure, thus leading to the one-dimensional growth of ZnS nanorods. These nanorods can 
be used as templates for the synthesis of single-component Cu2−xS and CuInS2 nanorods by 
sequential cation exchange (Figure 8.1). 
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Chapter 3 and Chapter 7 show a way to transfer the colloidal hydrophobic CuInS2/ZnS 
QDs into water by exchange of the native ligands for small molecules (11-
mercaptoundecanoic acid) and designed polymers (Figure 8.1). The resulting water-
dispersible CuInS2/ZnS core/shell QDs both preserve high photoluminescence quantum 
yields and good colloidal stability over at least 6 months. In Chapter 7, we report a strategy 
for constructing Förster resonance energy transfer (FRET) nanoprobes using CuInS2/ZnS 
QDs and N-hydroxysuccinimide functionalized dark quencher dye molecules (IRDye QC-1 
NHS Ester) (Figure 8.1). The QDs are capped by polymer ligands with specific moieties (viz., 
amine or methoxy groups) as the terminal sites. Experimental results show that amine-
functionalized QDs can be linked with the dark quencher dye molecules via chemical 
covalent bonds while methoxy-functionalized ones bind only weakly and non-specifically 
with the dye molecules. The progressive quenching of the QD emission and shortening of its 
exciton lifetime upon increasing the number of dye molecules conjugated to the QDs, 
demonstrate that the QD acts as the energy donor and the dark quencher dye as the energy 
acceptor in a donor-acceptor FRET pair. Moreover, the nearly constant energy transfer rates 
(3.56 ± 0.43 μs−1) of an isolated QD−dye pair shows that the architecture of covalently bonded 
amine-functionalized QD−dye conjugates is stable and well-suited for investigating the FRET 
process between one donor and multiple acceptors. 

8.2 Potential applications 
The hydrophobic CuInS2/ZnS nanocrystals obtained after the ZnS shell overgrowth in 

Chapter 3, Chapter 5, and Chapter 7 are attractive as fluorophores in luminescent solar 
concentrators. This is due to several reasons: 1) large absorption cross sections throughout 
the UV-visible-NIR spectral range; 2) suitable emission wavelength range (~550−1100 nm) 
that matches well with Si solar cells; 3) high photoluminescence quantum yields; and 4) large 
effective Stokes shifts which would maximize harvesting of the solar spectrum while 
minimizing reabsorption losses.11-13 After transferring into water, these NIR-emitting 
nanocrystals also hold great promise in deep tissue biomedical imaging. As discussed in 
Chapter 7, they can be used to construct FRET-based nanoprobes with organic dye molecules 
for a wide range of biological and biophysical studies such as biomedical imaging, 
photodynamic therapy, diagnostic and sensing devices, etc.14-15 Moreover, the Cu2−xS/ZnS 
heteronanorods synthesized in Chapter 6 by a seed mediated growth approach proposed in 
Chapter 5 are promising materials for photocatalysis and photovoltaics, since the p–n 
heterojunction between Cu2−xS (p-type semiconductor) and ZnS (n-type semiconductor) may 
facilitate an effective charge separation and a rapid charge transfer.16-18 
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Overzicht. De synthese van ternaire CuInS2 nano-kristallen met een goed gedefinieerde 
grootte en vorm is uitdagend doordat het moeilijk is om de reactiviteit van de verschillende 
precursors (Cu, In, S) op elkaar af te stemmen. Om dit probleem te omzeilen is een methode 
ontwikkeld gebaseerd op de uitwisseling van kationen. Vrijwel bolvormige Cu2−xS nano-
kristallen worden gebruikt om CuInS2 nano-kristallen te vormen door een deel van de Cu+ 
kationen uit te wisselen met In3+ ionen met behoud van de vorm van de kristallen. De 
resulterende wurtzite CuInS2 nano-kristallen hebben een goed gedefinieerde grootte en vorm 
en kunnen gebruikt worden om de grootte-afhankelijke optische eigenschappen van de 
kristallen te bestuderen. De nano-kristallen kunnen gebruikt worden als kernen voor 
heteroepitaxiale overgroei van ZnS halfgeleiders Dit resulteert in isotrope of anisotrope 
CuInS2/ZnS hetero-nano-kristallen met een sterk verbeterde fotoluminescentie kwantum 
opbrengst. Het oppervlak van deze kern-schil nano-kristallen kan worden gebruikt als 
aanhechtingspunt voor organische moleculen en polymeren. Hiermee kunnen de deeltjes 
water oplosbaar gemaakt worden en ook om op Förster resonante energie-overdracht 
gebaseerde nano-sensoren te maken in combinatie met organische kleurstoffen. Potentiële 
toepassingen van de nano-kristallen die hierin bereid zijn worden ook samengevat. 
 
Synthese en optische eigenschappen van colloïdale op CuInS2 gebaseerde (hetero)nano-
kristallen. Ternaire koper indium sulfide (CuInS2) nano-kristallen hebben veel aandacht 
getrokken door hun lage giftigheid, grote absorptie coëfficiënten over een breed spectrum en 
grote Stokes shifts. Verder hebben deze deeltjes ongeëvenaarde afstembaarheid over een 
breed fotoluminescentie gebied. Dit beslaat het gebied van zowel CdSe (zichtbaar), 
CdTe/CdSe (zichtbaar en nabij-infrarood) als PbS (midde-infrarood). Door deze combinatie 
van eigenschappen komen op CuInS2 gebaseerde nano-kristallen in de buurt van de prestaties 
van op Cd en Pb gebaseerde nano-kristallen die gebruikt worden in bijvoorbeeld zonnecellen, 
LEDs en biomedische toepassingen. De synthese van CuInS2 is echter nog niet op het niveau 
van op Cd en Pb gebaseerde chalkogenide-nano-kristallen omdat het moeilijk is om de 
reactiviteit van de verschillende precursoren (Cu, In, S) te balanceren. 

Om dit probleem op te lossen is een post-synthetische kation-uitwisselingsmethode 
ontwikkeld die beschreven is in hoofdstuk 3. De procedure begint bij een bijna rond Cu2‒xS 
nano-kristal als mal, deze wordt omgezet in een wurtzite CuInS2 kwantum dot (QD) met 
behoud van de grootte en vorm door topotaktische kation uitwisseling van Cu+ voor In3+ op 
125°C. Dit synthese protocol is robuust en zeer goed reproduceerbaar, resulterend in vrijwel 
stoichiometrische CuInS2 QDs. De goed gedefinieerde, vrijwel bolvormige grootte en kleine 
samenstellings- en afmetingsspreiding van het verkregen CuInS2 zorgen ervoor dat deze 
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deeltjes ideaal zijn om de grootte-afhankelijke optische eigenschappen te bestuderen (b.v. 
band gap en absorptiecoëfficiënt), dit wordt beschreven in hoofdstuk 4. Onze resultaten laten 
zien dat de band gap van wurtzite CuInS2 QDs toeneemt met afnemende afmeting d, deze 
volgt een trend die vooral afhangt van 1/d. Een experimentele curve is ook gemaakt voor 
chalcopyriet CuInS2 QDs (een veelvoorkomende kristalstructuur van CuInS2) door middel 
van verzamelen en analyseren van reeds gepubliceerde data van verschillende groepen. De 
geobserveerde grootteafhankelijkheid van de band gap van chalcopyriet CuInS2 QDs is iets 
sterker dan die van wurtzite CuInS2 QDs, maar volgt ook een 1/d afhankelijkheid. Deze 
experimentele curves vormen een makkelijke en nauwkeurige manier om de grootte van 
zowel wurtzite als chalcopyriet CuInS2 QDs direct vanuit absorptiespectra metingen af te 
leiden (hoofdstuk 4). Verder hebben we geconstateerd dat de absorptie coëfficiënten van 
wurtzite CuInS2 QD bij 3.1eV direct schalen met het QD-volume en beter geschikt zijn om 
de concentratie van colloïdale suspensies van CuInS2 QDs te bepalen, aangezien ze minder 
gevoelig zijn voor afmetings- en vormafwijkingen. 

We hebben ook waargenomen dat de wurtzite CuInS2 QDs emitteren in het nabij-
infrarode spectrum (NIR). De fotoluminescentie kwantum opbrengst is echter erg klein 
(<10%). Om de fotoluminescentie en (foto)chemische stabiliteit te verbeteren, hebben we een 
zink inkapseling protocol ontwikkeld, dit is beschreven in hoofdstuk 3. De kale CuInS2 QDs 
werden hiertoe op isotrope wijze omhuld met een dun laagje (<1nm) zink wurtzite. Hierdoor 
ontstaan CuInS2/ZnS deeltjes waarvan de fotoluminescentie een hoge kwantum opbrengst 
heeft (75% bij 820 nm en 25% bij 1050 nm) en aan te passen is van het eerste tot het tweede 
NIR-gebied (750−1100 nm). De wurtzite CuInS2 QDs kunnen ook worden gebruikt als het 
startpunt voor de synthese van colloïdale CuInS2/ZnS asymmetrische dot-in-rod hetero-
nano-kristallen (hoofdstuk 5). Hiertoe worden wurtzite CuInS2 nano-kristallen geïnjecteerd 
in een hete oplossing van zinkoleaat en hexadecylamine in octadeceen, 20 seconden na de 
injectie van zwavel in het octadeceen. Dit resulteert in snelle (~ 21 nm/ min) heteroepitaxiale 
groei van wurtzite ZnS. Dit gebeurt voornamelijk op het met zwavel-bedekte polaire facet van 
de CuInS2-zaad-nanokristallen, terwijl de andere facetten alleen worden bedekt met 1 
monolaag. De asymmetrische axiale groei van het nano-staafje vindt plaats door toevoeging 
van [ZnS]-monomeereenheden, zodat de polariteit van het terminale (002) facet gedurende 
de gehele groei behouden blijft. De resulterende colloïdale wurtzite CuInS2/ZnS kern& 
staaf/schil hetero-nano-kristallen worden beschreven in hoofdstuk 5. Deze hebben een grote 
molaire extinctiecoëfficiënt (1.4 × 106 M‒1 cm‒1 bij 3.54 eV) en vertonen fotoluminescentie in 
het NIR (~ 800 nm) met een kwantum opbrengst van ~ 20%. 

In Hoofdstuk 6 wordt de in Hoofdstuk 5 beschreven groei route uitgebreid met de 
synthese van anisotrope Cu2‒xS/ZnS hetero-nano-kristallen. Deze hetero-nano-staafjes 
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worden verkregen door het injecteren van hexagonale hoog-chalcocite Cu2‒xS-zaad nano-
kristallen in plaats van wurtzite CuInS2-zaad nano-kristallen. Dit vindt plaats in een hete 
zinkoleaat oplossing in aanwezigheid van geschikte oppervlakte-actieve stoffen, 20 seconden 
na de injectie van zwavelprecursoren. De Cu2‒xS-zaad nano-kristallen bieden een hoog 
oppervlakte-energetisch (100) facet voor de heterogene nucleatie en groei van ZnS langs een 
richting die loodrecht op de c-as van de hoge chalcocite structuur staat, wat leidt tot de 
eendimensionale groei van ZnS nano-staafjes. Deze nano-staafjes kunnen worden gebruikt 
als sjablonen voor de synthese van afzonderlijk-bestanddeel Cu2‒xS en CuInS2 nano-staafjes 
door sequentiële kationuitwisseling. 

Hoofdstuk 3 en Hoofdstuk 7 beschrijven een methode om de colloïdale hydrofobe 
CuInS2/ ZnS QDs naar water over te brengen door uitwisseling van de originele liganden voor 
kleine moleculen (11-mercaptoundecaanzuur) en speciale polymeren. Dit resulteert in water 
dispergeerbare CuInS2/ZnS-kern/ schil-QDs met een hoge fotoluminescentie-
kwantumopbrengst en een goede colloïdale stabiliteit (ten minste 6 maanden houdbaar). In 
Hoofdstuk 7 wordt een strategie beschreven voor het construeren van op Förster resonante 
energieoverdracht (FRET) gebaseerde nano sensoren met behulp van CuInS2/ZnS QDs en N-
hydroxysuccinimide gefunctionaliseerde niet fluorescerende kleurstofmoleculen (IRDye 
QC-1 NHS Ester, een zogenaamde dark quencher). De QDs worden bedekt met 
polymeerliganden met amine- of methoxygroepen aan het uiteinde. Experimentele resultaten 
laten zien dat amine-gefunctionaliseerde QDs via chemische covalente bindingen met de niet 
fluorescente kleurstofmoleculen kunnen worden gekoppeld, terwijl de methoxy-
gefunctionaliseerden alleen zwak en niet specifiek binden met de kleurstofmoleculen. Het 
progressieve uitdoven van de QD-emissie en verkorten van de exciton-levensduur bij het 
verhogen van het aantal dempende kleurstofmoleculen geconjugeerd met de QDs, tonen aan 
dat de QD werkt als de energiedonor en de kleurstof als de acceptor in een donor-acceptor 
FRET-paar. De bijna constante energieoverdrachtssnelheid (3.56 ± 0.43 μs‒1) per 
kleurstofmolecuul laat zien dat de architectuur van covalent gebonden amine-
gefunctionaliseerde QD-kleurstof conjugaten stabiel is en goed geschikt voor het 
onderzoeken van het FRET-proces tussen één donor en meerdere acceptoren. 
 
Potentiële toepassingen. De hydrofobe CuInS2/ZnS-nano-kristallen beschreven in Hoofdstuk 
3, Hoofdstuk 5 en Hoofdstuk 7 zijn aantrekkelijk als fluoroforen in luminescente 
zonneconcentrators. Voordelen zijn: 1) de grote absorptie over het gehele UV-zichtbare-NIR 
spectrum; 2) het emissie golflengtebereik (~ 550‒1100 nm), geschikt voor Si zonnecellen; 3) 
de hoge fotoluminescentie kwantumopbrengsten; en 4) de grote effectieve Stokes-shift die de 
koppeling naar zonnecellen kan maximaliseren terwijl her-absorptieverliezen worden 
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geminimaliseerd. De wateroplosbare NIR nano-kristallen zijn veelbelovend in biomedische 
beeldvorming van diepliggende weefsels. Zoals besproken in hoofdstuk 7, kunnen de nano-
kristallen worden gebruikt om op FRET gebaseerde nano-sensoren te synthetiseren met 
behulp van organische kleurstofmoleculen. Dit heeft mogelijke toepassingen voor een breed 
scala aan biologische en biofysische studies, zoals biomedische beeldvorming, foto 
dynamische therapie, diagnostiek, enz. De Cu2‒xS/ZnS hetero-nano-staafjes beschreven in 
Hoofdstuk 6 en Hoofdstuk 5, zijn veelbelovende materialen voor fotokatalyse en 
fotovoltaïsche cellen; de p-n hetero-junction tussen Cu2‒xS (p-type halfgeleider) en ZnS (n-
type) halfgeleider) maken een effectieve ladingsscheiding en snelle ladingsoverdracht 
mogelijk. 
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