




Abstract

CdSe nanoplatelets (NPLs) exhibit interesting opto-electronic properties. For example,
they have narrow excitonic features and can therefore be used as monochromatic light
emitters. Synthesis methods for CdSe NPLs emitting at 460 nm (460NPLs), 510 nm
(510NPLs) and 550 nm (550NPLs) were reported by Dubertret et al. This thesis reports
that these synthesis methods are reproducible and that the surface of the NPLs can be
modified. The knowledge obtained from investigating surface modifications of quantum
dots and nanorods could be used to modify the surface of the NPLs. This resulted in the
formation of CdSe/CdS core/shell NPLs. A CdS/Cd0.5Zn0.5S/ZnS shell using SILAR
with oleyl amine as a coordination ligand was also synthesized. Synthesis of multishell
quantum dots results in particles with a high quantum yield (QY), but the QY of the
multishell NPLs was reduced compared to bare NPLs. Furthermore, the thickness of
the multishell NPLs was not homogeneous. The edge of the particle was thicker and
an excess of cadmium and sulphur could be found at the edge. Zinc and selenium were
homogeneously distributed in the multishell NPLs.
A second modification reported in this thesis is the cadmium-to-mercury ion-exchange
of CdSe NPLs, but this modification did not result in stable dispersions of NPLs. The
exchange was only partially successful on CdSe QDs with a multishell.
Furthermore, an adaptation to the synthesis of 510NPLs is reported. Instead of adding
only cadmium acetate during the reaction, a mixture of cadmium- and sodium acetate
was added. The cadmium acetate is added during the reaction to induce 2D growth, but
addition of different acetate salts also resulted in the formation of CdSe NPLs. When
cadmium acetate is added, a small amount of thicker or thinner NPLs are present in the
sample. Addition of a mixture of sodium acetate and cadmium acetate resulted in the
formation of 510NPLs only with a high QY of 60 %.
The optical properties of CdSe NPLs are also investigated. Plausible energy trans-
fer is observed between NPLs. The fluorescence intensity decay of the NPLs is multi-
exponential. Photoluminescent lifetime measurements on NPLs in solvents with different
refractive indices showed that none of the components of the multi-exponential decay are
predominantly radiative. Trends obtained with these measurement could not be fitted
by the models used in literature.
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Introduction

1 Introduction

Semiconductor nanocrystals (NCs) have been of great interest due to their size and shape
dependent properties. Especially NCs with at least one dimension smaller than their
exciton Bohr radius have received noticeable attention, since their optical properties are
dictated by the quantum confinement effect. Due to this effect, the band gap of these
materials can be tuned, by changing one of the spatial dimensions of the NC, which
makes these materials very interesting for biomedical labelling [1], solar cells [2], LEDs
[3] and many other applications.
NCs consisting out of a broad variety of materials can be synthesized. Cadmium based
NCs have been researched extensively, because their bandgap lies in the visible range
of the electromagnetic spectrum. This extensive research resulted in cadmium based
NCs with many different shapes and sizes. Examples of different shapes are dots [5],
rods [6], tetrapods [7] and platelets. The synthesis method for nanoplatelets (NPLs)
was reported relatively recent compared to the other cadmium based NC shapes. The
method for wurtzide NPLs dates from 2006 [8] and the method for zinc blende NPLs
is even more recent; the synthesis of these particles was first reported by the group of
Dubertret in 2008 [9]. This thesis will focus on these zinc blende NPLs.
Zinc blende NPLs exhibit very narrow excitonic features without inhomogeneous broad-
ening [10], which makes these particles interesting for monochromatic light emitting
devices. These NPLs have narrow absorption and emission peaks, because there is only
confinement in one dimension. The size of this dimension, the thickness of the NPLs,
can be controlled with atomic precision. Because only the NC size in one dimension has
to be controlled to obtain narrow excitonic features, it is easier to scale-up the synthesis
of NPLs than QDs. Other properties that make platelets interesting for optical applica-
tions are their high quantum yield and fast radiative decay rate.
Over the years extensive research has been done on QDs and nanorods. This resulted in
the formation of heteronanostructures. Ion exchange on these cadmium based structures
also made it possible to obtain NCs of materials which cannot be synthesized directly.
It is of course interesting to investigate if the knowledge obtained from research on QDs
and nanorods can be translated to NPLs.
This thesis will discus the synthesis of CdSe NPLs and heteronanoplatelets (section 5.1
and 5.2). The possibility of cadmium-to-mercury ion-exchange was also investigated,
because HgSe particles are predicted to have interesting optical properties (see section
5.3). The last part of this thesis will focus on the optical properties of CdSe NPLs. Syn-
thesis methods to obtain NPLs with a high QY, energy transfer between NPLs and the
effect of the refractive index of the solvent on the lifetime of the NPLs will be discussed
in section 5.4, 5.5 and 5.6 respectively.
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2 Theory

2.1 Quantum confinement

NCs have different properties compared to bulk crystals of the same material due to their
size. For example, the bandgap becomes size dependent for nanocrystals with spatial
dimensions close to, or below, the exciton Bohr radius (Fig 1). This dependence can be
explained from a chemist’s or physicist’s point of view.
From the chemical point of view this phenomenon is explained using the molecular or-
bital (MO) theory. MO theory describes the MOs of a material as a linear combination
of atomic orbitals (AOs). Due to the combination of many AOs, a band-like structure
forms for bulk materials. There are less combinations of AO in NCs because there are
less atoms present, which results in discrete energy levels near the band edges. As the
number of energy levels decreases with decreasing particles size, the bandgap of the par-
ticles increases.

Figure 1: Schematic representation of quantum confinement in NCs. The bandgap (Eg) becomes larger
when the NC size becomes smaller. Discrete energy levels appear near the edges of the conduction and
valence band. Duplicated from ref. [11].

From the physical point of view this phenomenon is explained using the particle in the
box method [12]. With this method the NC material is described as a finite potential
well with infinite potential barriers at the edges of the crystal. A free particle, e.g.
an electron in a bulk crystal, has a energy dispersion relation that is quasi-continuous.
This dispersion relation is given in equation (1). Because bulk material can be seen as
an infinite crystal when we make use of boundary conditions, there are no restrictions
on the wavevector k. In a NC, however, there are restrictions on the value for k, as
the electron (and hole) wavefunctions have to become zero at the NC edges due to the
infinite potential barrier. For a NC with confinement in one dimension (e.g. NPLs), the
electron wavefunction is given by equation (2). The kxy values are continuous, because
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there is no confinement in the x and y direction. The wavefunction in the z-direction of
the NPLs has to be described by a standing wave, leading to discrete values of kz. To
solve for this problem we impose new boundary conditions: the standing wave term in
the wavefunction has to be zero at z = 0 and z = Lz. This is true for kz = 2πnz

L with
nz ⊂ N. The energy of the wavefunction is then given by equation (3), which is split
into a continuous term and a discreet term.

E = ~ω =
~2k2

2m
(1)

ψ(r) =

√
2

LxLyLz
sin(kzz)exp(ikxyr) (2)

E =
~2kxy2

2me
∗ +

π2~2

2me
∗Lz

2nz
2 (3)

The values for kx and ky will also become quantized, if there is confinement in three
dimensions (like in QD). The wavefunction will then be described by eq.(4) and the
energy by eq. (5). The energy is inversely proportional to the square of the sizes of the
NC. If the size of the NC is reduced, then the spacing between the energy levels becomes
bigger. Resulting in discreet energy levels at the edges of the band and a larger bandgap.

ψ(r) =

√
2

LxLyLz
sin(kxx)sin(kyy)sin(kzz) (4)

E =
π2~2

2me
∗ (
nx

2

Lx
2 +

ny
2

Ly
2 +

nz
2

Lz
2 ) (5)

2.2 Synthesis of nanocrystals

There are many methods to synthesize NCs. In this report the focus will be on the wet-
chemical synthesis of semiconductor NCs. Two general wet-chemical synthesis methods
are the hot-injection method and the heating up method.
The hot-injection method was first reported by Murray et al. [5]. With this method
a cold solution of monomer precursors is injected in a hot mixture of solvent, coor-
dinating ligands and another monomer precursor. The sudden injection results in a
supersaturated mixture which induces the rapid formation of nuclei. Due to the drop in
temperature by the injection of the cold solution, the supersaturation is only short lived.
This results in a short period of time where nucleation can take place. After this period
only growth of the NCs can take place. This effective separation of the nucleation and
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growth stages in the NC formation process ensures a low polydispersity of the NC size.
The second method is the heating up method. All precursors, solvents and coordinating
ligands are mixed before heating. For this method precursors are used that only become
reactive at elevated temperatures. An example is selenium powder. This material is
insoluble in ODE at low temperature, but if the temperature is raised to around 200 ◦C
the selenium will dissolve. At this temperature the selenium concentration will increase
suddenly and the mixture will become supersaturated. Again, nuclei can be formed
together with the cation monomers. The separation between nucleation and growth in
this process is realised by slowly heating the reaction mixture [13]. Synthesis of CdSe
and CdTe NCs with low polydispersity using this method were reported by Cao et al.
[14].

2.3 Stability and shape control of nanocrystals

Ligands play an important role during and after the synthesis of NCs. First, they make
sure that the NCs do not aggregate. This can be either a result from electrostatic
repulsion by charged ligands or due to steric hindrance by the ligands’ long organic
carbon chains. Second, the ligands influence the shape of the crystal. Facets to which
ligands bind strongly are less reactive than facets to which the ligands bind weakly. In
this way anisotropic particles can be synthesised, e.g. rods, platelets and tetrapods.
Ligands have also an impact on the particle size and size distribution of the NCs [13].
Other factors that influence the shape of the particle are the surface free energy of
the NC facets, the reaction temperature, the precursor concentration and the crystal
structure of the NC. At a high temperature, the thermodynamic favoured shape will be
formed. This is the NC shape with the lowest surface free energy. The facets with a
high surface free energy grow the fastest to obtain NCs with the lowest total surface
free energy [15]. At low temperature the ligands bind strongly to the facets with a high
surface free energy. This makes growth of these facets slower. The low energy facets will
grow faster, resulting in the kinetic favoured shape. The relative precursor concentration
will also influence which facet can grow the fastest. The crystal structure of the particle
determines the surface free energy of the facets [13], and has therefore also has a big
influence on the particle shape that will be obtained.

2.4 Heteronanocrystals

Although NCs are stabilized by the ligands on the surface, they still degrade or oxidize
over time. This is due to the dynamic equilibrium of attached and detached ligands.
Detached ligands will expose the NC surface to e.g. oxygen molecules, which form irre-
versible bonds and induce the formation of NC aggregates due to incompatibility with
the solvent. It is difficult to passivate all the cations and anions at the surface with
ligands due to steric hindrance, resulting in dangling bonds at the surface [16]. These
dangling bonds induce energy levels in the bandgap of the particle. Electrons and holes
can be trapped in these states, quenching the luminescence of the particle [13]. Electrons
trapped in deep trap states will primarily decay via non-radiative decay paths [11].
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The before mentioned trap states in the bandgap can be eliminated by growing a shell
of a different material around the NC. This material should have a larger bandgap than
and a small lattice mismatch with the material of the core. There are three types of
these core/shell nanoparticles: Type-I, Type-I

1
2 and Type II heteronanocrystals (Fig 2).

The difference between these types is the offset between the HOMO and LUMO of the
two materials.
For Type I materials, the bandgap of the core lies within the bandgap of the shell ma-
terial. Therefore the hole and electron are confined to the core and cannot get trapped
by the surface states induces by dangling bonds at the outside of the shell. For Type-II
materials, the HOMO of the core has a higher energy than that of the shell. The LUMO
of the core has also a higher energy that the LUMO of the shell. As a result, the electron
is confined to the shell and the hole to the core. This separation of the electron and hole
results in nearly zero overlap between the wavefunctions. This results in NCs with new
properties, for example longer exciton lifetimes [17]. For Type I

1
2 one charge carrier is

delocalized over the entire crystal and the other charge carrier is confined to either the
shell or the core.

Figure 2: Schematic represent of the different types of heteronanostructures. The offsets between the
conduction band (CB) and valence band (VB) of the core and shell for the different types are shown.
The lower panel is a schematic representation of the ground-state wavefunctions of the electron (blue)
and hole (red) in these NCs. Duplicated from ref.[11].

For passivation of the surface a Type-I shell is synthesised around the particle, because
this reduces the trapping of the holes or electron thereby increasing the QY. A problem
arising from certain shell materials is that the offset in energy between the two materials
is not big enough. For example, the bottom of the conduction band (CB) of CdS is
several meV above the CB of CdSe. In a CdSe/CdS core/shell NC the electrons are
not confined to the core because of this small offset in energy. The wavefunction of the
electron will delocalize into the shell. The electron can then still get trapped by surface
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states if the shell is not thick enough.
Synthesizing a thicker shell is not a solution due to the increase of strain within the
particle. A better candidate for a shell around a CdSe core would be ZnS, because it
has a larger energy mismatch with the LUMO of the CdSe core. However, the lattice
mismatch between ZnS and CdSe is too big, resulting in too much strain to successfully
synthesize these shells. A solution was proposed by Xie et al [18]. They combined the
advantages of both materials (CdS and ZnS) by using both of them. The shells were
synthesized layer by layer, increasing the lattice mismatch and the bandgap step by step
by gradually changing the ratio between cadmium and zinc. These particles can be made
using the SILAR (Successive Ion Layer Adsorption and Reaction) method developed by
Peng et al [19]. The QY of these multishell particles was found to be much higher
than the QY of core-only particles and the synthesis of a multishell resulted in a higher
particle stability as well.

2.5 Ion exchange

Ion exchange is a technique which is used to obtain otherwise difficult of even impossible
to synthesize chemical compositions and shapes of nanoparticles (NP) [20]. With this
technique, the cations or anions in a material are replaced with cations and anions of
different elements. The shape of the previous particle is kept after the exchange reaction.
Ion exchange is already used for many years for bulk crystals, but got increasingly
interesting when exchange on NP turned out to be very efficient at ambient temperatures.
The diffusion rate of ions in NCs is very high compared to bulk crystals, due to the larger
surface area to volume ratio [21]. These properties make a complete exchange of the ions
in a NC possible. Although successful anion exchange has been reported, it is harder to
achieve, because anions are bigger than cations, making diffusion harder. During cation
exchange, the anion framework stays intact and unaltered, thereby keeping the original
shape of the starting material [22].
The exact mechanism for ion exchange is not known yet, but many synthesis conditions
and reaction parameters which have an impact on it are known. To start, one of the
most straightforward parameters is the solubility of the ions [23]. The solubility of the
ion that needs to be extracted from the lattice should be higher than the solubility of ion
that is incorporated. If this is not the case, raising the reaction temperature could still
make exchange possible. The addition of specific ligands also has an influence, because
these ligands can stabilize the extracted ions in solution. Which ligand should be used
depends on the hardness of cations that need to be exchanged. Hard cations (hard
acids) have a small atomic radius, high oxidation state and a low polarizability [23].
Hard acids bind with strong bases, and vice versa weak acids bind with weak bases. The
appropriate ligands should be chosen, depending on the hardness of the incoming and
outgoing cations, for the exchange reaction to be favourable. Other factors that influence
ion exchange are the lattice energy difference of the starting material and product, the
size of the NC, reaction temperature and the surface free energy of the NC facets.
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3 Previous studies on CdSe nanoplatelets

The synthesis method for CdSe NPLs with a zinc blende structure was developed in 2008
[9]. Since then a lot of research has been performed on these platelets by the group of
Dubetret and the group of Peng. Four different thicknesses of CdSe NPLs can be syn-
thesised at this moment; platelets emitting at 395, 460, 510 and 550 nm [24]. The exact
thickness of these platelets is debatable. The group of Dubertret assigns a thickness of 2,
3, 4 and 5 monolayers cadmium and selenium plus one addition cadmium layer to these
platelets[25]. Our group measured that the platelets emitting at 460 nm are 4 cadmium
ions thick and that a platelet contains an equal amount of selenium and cadmium [26].
This implies that there cannot be an extra cadmium layer and that the thickness of the
platelets is 3, 4, 5, and 6 monolayers for platelets emitting at 395, 460, 510 and 550 nm
respectively.
The complete mechanism for the formation of these platelets is not exactly known. It
is known that the formation of NPLs start with the formation of small seeds and that
the addition of an acetate salt is necessary for the 2D growth of the initially formed
seeds [9]. The group of Dubetret did investigate whether the platelets were formed by
self-assembly of seeds or if the seeds extend laterally by continuous reaction with the
precursors (Fig. 3) [27]. For example, ultra-thin PbS films are also formed by reactive
self-assembly (oriented attachment) of small elementary PbS crystal seeds [28]. These
films have a patch-like structure. This patch-like structure is shown in figure 3 route 3;
as can be seen, the original constituent nanocrystals can still be recognized in the final
structure. This kind of structure is not observed for CdSe NPLs. Therefore it is unlikely
that the CdSe NPLS are formed by this mechanism.

Figure 3: Possible mechanisms for the formation of CdSe NPLs. First small seeds of 2 nm are formed.
These seeds could self assemble only at the seed level (route 1) or they can self assemble in patches (route
3). Patch 2 shows the formation of NPLs via a continuous reaction with the precursors. Duplicated from
ref.[27].

Another type of assembly that is observed for the formation of NPLs is self-assembly
of seeds, followed by recrystallisation. However, the absorption and emission spectra of
samples taken during the reaction of CdSe NPLs shifts smoothly to higher wavelengths,
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this indicates a continuous growth of the NPLs. A third option is that small clusters
of CdSe could continuously attach to the already formed NPLs (Fig. 3, route 1) or the
precursors directly react at the edges of the NPLs (Fig. 3, route 2). Which mechanism
was most likely was investigated by slowly adding precursors to a mixture of NPLs. The
NPLs grew in the lateral dimensions, but there were no small seeds visible on the TEM
and also no features of small seeds in the absorption spectra. This strongly suggest that
the platelets are formed by continuous reaction of the precursors [27].
The influence of the reaction temperature, ligands, precursor concentration and injection
speed on the formation of NPLs was also discussed in the literature [29]. A higher reac-
tion temperature results in NPLs with greater lateral dimensions, but if the temperature
is too high (above 260 ◦C) other shapes of NCs start to from. Which ligands are used
during the reaction is very important, as the ligands have an important role in ensuring
the 2D growth of the NPLs. If ligands bind strongly to a facet, then the growth at this
facet is slow or not possible. For the synthesis of platelets the reactivity along the polar
axis is reduced [4]. During the synthesis of CdSe NPLs there are only ligands that bind
with cations present. Therefore, it is assumed by the group of Dubertret that the top
and bottom of the NPL are terminated with Cd ions. The group of Peng showed that
if fatty amines are added during the reaction, they are not present in the sample after
purification. This means that these ligands do not bind to the surface of the NPL. This
supports the presence of an additional Cd-layer and that the negatively charged oleic
acid ligands are needed to neutralize the charge of the NPLs [4].
Next to passivation of the polar facets to induce 2D growth, the addition of Se powder
probably also induces 2D growth [4]. Selenium induces 2D growth because the reactiv-
ity of Se is low. Therefore the active monomer concentration is low. For growth in the
direction of the polar axis, a high concentration of monomers is needed [30] [31].
When the precursors are injected fast the lateral dimensions of the NPLs are small. This
is probably because a high concentration of seeds is formed. If the precursors are added
slowly, very large NPLs are formed. These NPLs are referred to as nanosheets. The
lateral dimensions of these nanosheets can be up to 700 nm [29]. Nanosheets emitting
at 510 nm and 550 nm cannot directly be synthesized by the slow addition of precur-
sors. Nanosheets emitting at these wavelength can only be made by using presynthesized
510NPLs or 550NPLs as seeds.
The thinnest nanosheets and NPLs have an addition feature, they tend to roll up to
form helices and flower-like structures. The direction in which they fold ([110] direction)
is always the same even if the shape of the platelet or nanosheet is not the same. An
explanation for the formations of these scrolls could be the difference in alignment of
the cadmium atoms at the bottom and top of the NPLs; the link between the cadmium
atoms and the selenium atoms are rotated by 90 degrees (Supplementary Figure 1 ref.
[29]). The ligands bound to these ions could introduce an asymmetric strain on the NP,
inducing the formation of these scrolls [29].
After the development of the methods to synthesize CdSe NPLs with different thick-
nesses, it became interesting to see whether the same modification could be done on
these platelets as for quantum dots or quantum rods. Therefore recently the synthesis
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of heteronanoplateles has been developed. Over the last two year the synthesis of CdS
and CdZnS shells around these platelets was reported [32]. But also more exotic shells,
like core/crown particles [33] and CdSe platelets with CdS wings are nowadays possible
to synthesize [34]. A paper from 2014 by the group of Dubertret showed that CdSe/CdS
platelets could be exchanged to ZnSe/ZnS and PbSe/PbS platelets reversibly [35].
Next to research on the modification of NPLs, also research was done on the optical
properties of these platelets. As stated before, the absorption and emission spectra of
the platelets have very sharp peaks. The QY of these platelets is high compared to other
nanostructures and the lifetime at low temperature of these particles is very short. In
figure 4 the decay curves of NPLs (red) and QDs (orange) are compared. This figure
shows that the fluorescence lifetime of NPLs is shorter than the fluorescence lifetime
of QDs. The decay curve of the NPLs is multiexponential at room temperature and
single exponential at 6K [29]. Measurements were preformed on single CdSe NPLs,
which showed that single NPLs have similar spectroscopic characteristics and lifetimes
as an ensemble of NPLs [10]. Also some research has been done on decay pathways in
these particles [36], but more research has to be done to get a better insight on these
mechanisms.

Figure 4: Comparison fluorescence lifetime of 550NPLs (red) and QDs (orange) at room temperature.
Duplicated from ref.[24].
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4 Experimental methods

4.1 Chemicals

Methanol (MeOH), ethanol (EtOH), buthanol (BuOH), hexane, cyclohexane, toluene,
tetrachloroethylene (all anhydrous, 99.8% pure) were obtained from Sigma-Aldrich.
Cadmium-, cesium-, cobalt-, lead-, lithium-, magnesium and zinc acetate were also
purchased form Sigma-Aldich (all 99.999% pure on trace metal basis). Potassium-,
and sodium acetate were purchased from Merck (99.999% pure on trace metal basis).
Acetic acid (99,99%), bis(trimethylsilyl)sulfide (TMS2S, 98%), cadmium nitrate tetrahy-
drate (99,99%, trace metal basis), chlorobenzene (99.5 %), dimethyl sulfoxide (DMSO,
≥ 99.99%), mercury(ll)chloride (99.5%), octadecanol (ODA, 99%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), sodium myristate Cd(Myr)2, sulfur (99.98, trace metal basis)
and trioctylphosphine (TOP, 90%) were all obtained from Sigma-Aldrich. All chemicals
were used without further purification. The acetate salts will be referred to in the text
with X(Ac)2 where X denotes Cd, Zn, Li, Na ect.

4.2 Synthesis of nanoplatelets

4.2.1 Synthesis of 460NPLs

The thinnest platelets emitting at 460 nm were synthesised using a method described
by Ithurria et al [27]. First, a mixture consisting out of 240 mg Cd(Ac)2 (0.9 mmol), 15
mL ODE and 285 µL OA (0.9 mmol) was degassed for 1 hour at 90 ◦C under vacuum
at the schlenkline. The mixture was then heated to 170◦C under N2 flow. At 170◦C
150 µL 1 M TOPSe solution was injected. This solution was made by dissolving 0.79 g
selenium (10 mmol) in 10 mL TOP. After the injection of the TOPSe the mixture turned
yellow. The mixture was kept at 160◦C for 50 minutes, no further change in colour was
observed. After 50 minutes the mixture was quickly cooled down to room temperature
using an air flow to cool the outside of the flask. The mixture was transferred to a
nitrogen purged glovebox where 10 mL MeOH and 30 mL BuOH were added to the
mixture. After centrifugation at 3000 rpm for 15 minutes, the supernatant was discarded
and the precipitate was redispersed in 10 ml hexane. This washing step was repeated.
If many dots were present in the obtained dispersion, as observed by TEM analysis,
size selection precipitation was preformed. This was done by adding MeOH drop-wise
until the turbidity could not be shaken away manually. With this method the platelets
precipitate during centrifugation, but the dots stay suspended in the supernatant.

4.2.2 Preparation Cadmium myristate for synthesis 510NPLs and 550NPLs

For the synthesis of the platelets emitting at 510 nm and 550 nm a different Cd-precursor
was used [27]. This precursor was made by dissolving 1.23 g Cadmium nitrate (5 mmol)
in 40 mL MeOH and dissolving 3.13 g sodium myristate (12.5 mmol) in 250 mL MeOH.
These two solutions were mixed and the precipitated cadmium myristate was obtained
by filtrating the mixture. The product was dried overnight under vacuum.
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4.2.3 Synthesis of 510NPLs

The synthesis of 510NPLs was based on a method described by Ithurria [27]. To obtain
510NPLs, 170 mg Cd(Myr)2 (0.3 mmol), 12 mg Se (0.15 mmol) and 15 ml ODE were
degassed at room temperature for one hour in a roundbottom flask connected to a
schlenkline. After degassing, the mixture was transferred into a nitrogen purged glovebox
and was heated. During heating the mixture became transparent and at 180◦C the
mixture started to turn yellow. When the mixture started to turn orange (around 190
◦C), 55 mg Cd(Ac)2 (0.20 mmol) was added. Due to the addition of the acetate salt
the colour of the mixture started to turn red. The mixture was heated to 240 ◦C and
was kept at this temperature for 5 minutes. After 5 minutes, the mixture was cooled
down to room temperature by adding 14 mL Hexane. At 95 ◦C 1 mL OA was added.
The mixture was washed using 10 mL MeOH and 30 mL BuOH and was centrifugated
at 3000 rpm for 15 min. The sediment was dispersed in 4 mL Hexane.

4.2.4 Preperation Se-precursor for synthesis 550NPLS

A solution of 79 mg selenium (10 mmol) in 30 mL ODE was sonicated and slowly added
to 70 mL ODE, which was heated to 180 ◦C. After all the selenium was introduced, the
mixture was heated at 220 ◦C for 30 min. A transparent solution with a molarity of 0.1
M was obtained [27].

4.2.5 Synthesis of 550NPLs

The thickest platelets emitting at 550 nm were synthesized in a similar way as the
510NPLs [24]. After the degassing of the Cd(Myr)2, Se and ODE, the mixture was
heated to 240◦C. During heating the colour of the mixture changed form grey to yellow
to red. At 240 ◦C 1.5 mL 0.1 M Se in ODE was injected, 10 seconds after the injection
80 mg Cd(Ac)2 (0.30 mmol) was added. The mixture turned dark red. After 10 minutes
the reaction mixture was cooled down to room temperature by adding 14 mL Hexane.
The mixture was washed using 10 mL MeOH and 30 mL BuOH and was centrifugated
at 3000 rpm for 15 min. The sediment was dispersed in 4 mL Hexane.

4.3 Synthesis of heteronanoplatelets

4.3.1 Synthesis CdSe/CdS core/shell nanoplatelets

The synthesis of a CdS shell around the NPLs was preformed using a layer by layer
method at room temperature described by Dubertret et al [32]. 1.2 mL of an undiluted
CdSe NPL dispersion and 1.2 mL hexane were added to a vial. 50 µL bis-trimethylsilyl
sulfide (TMS2S) was added while stirring. The mixture was stirred for one hour and
washed with 1.5 mL EtOH and centrifuged at 3000 rpm. The precipitate was dispersed
in 5 mL Hexane and 20 mg Cd(Ac)2 was added. The mixture was sonicated for 20 min.
150 µL OA was added in order to prevent the aggregation of the NPLs. Before storing
the sample, it was washed with 3 mL EtOH and redispersed in 4 mL hexane.
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4.3.2 Synthesis of CdS/Cd0.5Zn0.5S/ZnS multishell nanoplatelets using layer by layer method

The synthesis of a multishell around the NPLs was done using two methods. First the
layer by layer method [32] was used. CdSe/CdS core/shell NPLs were used as starting
material for the synthesis of multishells. The same steps were done as for the synthesis
of the CdS shell, but instead of adding 20 mg Cd(Ac)2 a mix of Cd(Ac)2 and Zn(Ac)2
was added for the second and third shell. For the last shell only Zn(Ac)2 was added.

4.3.3 Synthesis of CdS/Cd0.5Zn0.5S/ZnS multishell nanoplatelets using SILAR method

A second method to synthesize a multishell around the NPLs, makes uses of the SILAR
method. The major advantage over the previous method is that it is a one-pot synthesis,
which needs no purification steps.
For this synthesis method Cd, Zn and S-Precursor were made. These precursors were
made by adding Cd(Ac)2, Zn(Ac)2 or S to ODE, degassing the mixtures and heating
them until a transparent solution was obtained. The concentration of all precursors was
0.1 M. A Cd/Zn-precursor can be made by mixing the Cd- and Zn-precursor 1 on 1.
During the first step, 1mL of CdSe/CdS NPLs, 1 g ODA and 3 mL ODE were combined.
This mixture was heated to 150◦C for half an hour to evaporate the hexane. After half
an hour the mixture was heated to 230◦C and 100 µL of S-Precursor was added dropwise.
After 10 minutes 100 µL of Cd/Zn-precursor was added. These two steps were repeated
after 10 minutes. For the last shell 100 µL S-precursor and 100 µL Zn-precursor were
added, again waiting 10 minutes after every addition. This method is also preformed
using oleyl amine in stead of ODA. Oleyl amine is a less strong coordinating ligand than
ODA.

4.4 Hg-Exchange

For the cadmium-to-mercury ion-exchange a method, developed by the group of Hens,
was used [37]. For the exchange reaction 5 mL 15 µM CdSe QDs in toluene and 0.5
mL OLA were added to a vial and stirred. 100 µL 0.5 M HgCl2 was added to the
mixture. The mixture turned black in a few seconds. After 5 minutes, the reaction was
quenched by adding 5 mL MeOH. The product was washed several times with MeOH
and redispersed in toluene.
This method can be used for QDs with a diameter of 4.2 nm. For QDs with a different
size, the amount of mercury precursor had to be calculated. This can be done by
calculating the concentration of cadmium ions present with equation (6). The diameter
and concentration of the QDs can be obtained by the position and intensity of the first
excitonic transition in the optical absorption spectrum [38]. An equivalent amount of
mercury ions compared to cadmium ions was added. The concentration of NPLs was
not know. For the ion exchange reactions on NPLs 500 µL of NPL dispersion was used
and the amount of Hg-precursor was varied between 10 µL and 100µL 0.5 M HgCl2.

[Cd2+] = [QD]ρ
πd3

6

1

M
NA (6)
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4.5 Optical measurements

Absorption spectra were measured with a Perkin-Elmer Lambda 950 UV/VIS/NIR spec-
trophotometer. The emission spectra were recorded using an Edinburgh Instrument
FLS920 with a 450 W Xenon Lamp as the excitation source and a Hamamatsu R928
photomultiplier (PMT) detector. The quantum yield was measured using this set-up and
an integrating sphere. A 1% neutral density filter was used to measure the intensity of
the excitation beam. The lifetime measurements were preformed using a laser operating
at 441 nm as excitation source and a hamamatsu R928 photomultiplier detector.
The TEM (Transmission electron microscopy) images were obtained with a FEI Technai-
10 or FEI Technai-12 operating with an accelerating voltage of 100 or 120 kV. The
TEM samples were made by casting a drop of sample on a copper grid coated with a
polymer (Formvar) and carbon. The EDX measurement were preformed using a FEI
Tecnai20FEG instrument operating at 200kV equipped with a Gatan 694 CCD camera
and a Fischione HAADF detector.
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5 Results and Discussion

5.1 CdSe nanoplatelets

5.1.1 Nanoplatelets emitting at 460 nm

460NPLs were successfully synthesized using the method described in the experimental
method (Chapter 4). The TEM-images of these NPLs are shown in figure 5a and 5b.
These thin NPLs tend to roll up and they also aggregate in small groups, forming flower-
like structures, as can be seen on the TEM-image. In figure 5b one can see that one such
flower-like particle consist out of many NPLs. The estimated size of the NPLs obtained
from the TEM-image is 80 nm by 10 nm. The thickness of the synthesized NPLs can be
deduced from the emission or absorption spectra. The absorption (black) and emission
(red) spectra are shown in figure 6. The peaks at 430 nm and 460 nm in the absorption
spectrum are the electon-light hole and electron-heavy hole transitions respectively. The
peaks at higher energies are not assigned yet to a particular electronic transition. The
emission spectrum gives a clear indication whether there is only one population of NPLs
present in the solution, because the emission maxima for the different populations are
about 50 nm apart. This emission spectrum has only one peak at 460 nm, meaning that
only the thinnest NPLs have been synthesized. A small shoulder is visible at 455 nm,
this is probably emission of QDs which could still be present in the sample. These thin
NPLs also have a broad trap emission peak from 550 nm to 750 nm (not shown).

(a) (b)

Figure 5: TEM-images of 460NPLs. (a) NPLs tend to aggregate in small groups, forming a flower-like
structure. Scale bar 500 nm.(b) Zoomed in image of one flower-like structure. One flower-like structure
exist out of many NPLs which are rolled up and folded. Scale bar 100 nm.

5.1.2 Nanoplatelets emitting at 510 nm

510NPLs were synthesized using the method described in the chapter 4. During the
synthesis samples were taken to follow the growth of the particles. The TEM-images
of these samples are shown in figure 7. The first sample was taken at 185◦C, when
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Figure 6: Absorption (black) and emission (red) spectra of 460NPLs. The heavy hole and light hole
transitions are visible in the absorption spectrum at 460 nm and 430 nm respectively. The emission
spectrum shows the emission of 460NPLs at 460 nm and probably the emission of QDs at 455 nm.

the mixture of Cd(myr)2, Se and ODE started to turn yellow. The TEM-image of this
sample is shown in 7a. The picture shows that small seeds of 2 nm had formed at this
temperature. The second sample was taken just after the addition of cadmium acetate
(Fig 7b). There were still only seeds visible, but when the temperature was increased to
240 ◦C NPLs started to form (Fig 7c). These NPLs had grown during the 5 minutes of
reaction time at 240 ◦C (Fig 7d) and finally resulted in the product shown in fig 7e.
The growth of the NPLs can also be followed optically by measuring the absorption
spectra of the samples. These spectra are shown in figure 8. The absorption spectrum
at 185 ◦C (8, black) has a broad peak at 445 nm which can be assigned to the absorption
of the small seeds present in the sample. Directly after the addition of the acetate salt,
the peak had shifted to 500 nm (Fig. 8, red). This indicates that the seeds had grown,
but the peak was still broad meaning that NPLs had not been formed yet. When
the temperature was raised to 240◦C a narrow peak started to appear at 510 nm in the
absorption spectrum indicating the formation of 510NPLs (8, light blue). The absorption
spectra (Fig 8, blue and green) taken during the 5 minutes at 240◦C have the same shape
as the spectrum of the previous sample. This is because the lateral dimensions of the
NPLs were larger than the confinement regime. More growth would therefore not induce
a shift of the absorption peak to lower energies.
The absorption and emission spectrum of the final product are shown in figure 9. In the
absorption spectrum, the heavy and light hole transitions to the conduction band are
visible at 510 nm and 480 nm respectively. The emission spectrum has a peak at 510
nm which is the emission of the 510NPLs. There is also a peak visible with a very low
intensity at 460 nm. This peak indicates that there is a low concentration of 460NPLs
present in the sample.
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(a) (b)

(c) (d)

(e)

Figure 7: TEM pictures of samples taken during the synthesis of 510NPLs. (a) At 190◦C, scale bar 50
nm. (b) Directly after addition Cd(Ac)2, scale bar 100 nm. (c) At 240◦C, scale bar 50 nm. (d) After 2
minutes at 240◦C, scale bar 100 nm. (e) Final product, scale bar 100 nm.
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Figure 8: Absorption spectra of samples taken during the synthesis of 510NPLs. At 190◦C (black), after
the addition of the acetate salt (red), at 240◦C (light blue), after 2 minutes at 240◦C (green) and the
final product (blue).

Figure 9: Absorption (black) and emission (red) spectra of 510 NPLs. The heavy and light hole transition
are visible in the absorption spectrum at 480 and 510 nm respectively. The emission of the 510NPLs is
visible at 510 nm as well as the emission of 460NPLs at 460 nm.
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5.1.3 Nanoplatelets emitting at 550 nm

The synthesis of the 550NPLs was preformed as described in the experimental section
(Chapter 4). Samples were taken during this synthesis. The TEM-images are shown in
figure 10. The first sample was taken at 190◦C, when the mixture of Cd(myr)2, Se and
ODE was yellow. There are again only 2 nm seeds visible on the TEM-image (Fig 10a).
When the temperature was raised to 240◦C, some NPLs had formed (fig 10b). At 240◦C
Se dispersed in ODE was injected into the reaction mixture followed by the addition of
Cd(Ac)2. During these steps no significant changes were observed on the TEM-images.
The TEM-images of these samples are similar compared to figure 10b. After 3 minutes
at 240◦C the formation of NPLs was clearly visible (fig 10c). These NPLs grow during
the 10 minutes at 240◦C resulting in the product shown in figure 10d.
The absorption spectra of all the samples were measured. The spectra are shown in
figure 11. The black graph is the absorption spectrum of the sample taken at 190◦C.
A broad peak at 470 nm is visible, which indicates the formation of seeds. When the
temperature is raised to 240◦C these seeds have grown significantly, as can be seen
from the red-shift of 60 nm of the peak in the absorption spectrum (Fig.11, red). The
samples taken directly after the injection of the Se and addition of Cd(Ac)2 still have
an absorption spectrum with a broad peak (Fig.11, green and blue), which means that
the concentration of the NPLs seen on the TEM-images is very low. Because of the low
concentration the narrow emission features of the NPLs can not be seen in these spectra.
The position of the peak in these spectra only shifted 4 nm per sample, indicating that
the dots did not grow much. After 3 minutes at 240◦C the absorption spectrum had
changed a lot. A sharp peak at 510 nm is visible, so NPLs which are one monolayer
thinner than the 550NPLs were synthesised. There is a broader peak visible at 545 nm.
This could be emission of seeds still present in the sample. The samples taken at 3
minutes, 6 minutes and the final product all had the same absorption spectrum. If the
formation of 550NPLs was successful a sharp peak at 550 nm should be visible, but it is
not observed.
It was not possible to take samples during the synthesis and obtaining NPLs emitting
at 550 nm. Apparently the reaction is disturbed too much when samples are taken. The
synthesis of the thickest platelets appears less reproducible and robust than the synthesis
of the 460NPLs and 510NPLs. In most experiments a mixture of two populations of
NPLs are formed during the synthesis of the 550NPLs. If the ratio is favourable toward
the 550NPLs, size selective precipitation can be preformed to obtain the 550NPLs. The
absorption and emission spectrum of 550NPLs after size selective precipitation are shown
in figure 12. There is still a small amount of 510NPLs present in this sample.

5.1.4 Conclusion and outlook

The synthesis of 460NPLs, 510NPLs and 550NPLs can be reproduced using the method
described by Dubertret et al. However, the ability to get only one population, i.e. one
thickness, of platelets seems to be less robust and reproducible, especially during the
synthesis of the 550NPLs.
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(a) (b)

(c) (d)

Figure 10: TEM-images of samples taken during the synthesis of 550NPLs. (a) At 190◦C, scale bar 50
nm. (b) After raising the temperature to 240◦C, scale bar 50 nm. (c) After 3 minutes at 240◦C, scale
bar 100 nm. (d) Final product, scale bar 100 nm.
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Figure 11: Absorption spectra of samples taken during synthesis of NPLs emitting at 550 nm. At 190◦C
(black), at 240◦C (red), after the injection of Se (green) and after the addition of Cd(Ac)2 (blue).

Figure 12: Absorption spectrum (black) and emission spectrum (red) of 550NPLs after size selective
precipitation.
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5.2 Heteronanoplatelets

5.2.1 CdSe/CdS core/shell nanoplatelets

A CdS shell was synthesized around CdSe NPLs as described in the experimental meth-
ods (Chapter 4). In figure 13a and 13b TEM-images are shown of these core/shell NPLs.
Figure 13a is a TEM-image of 460NPLs with a CdS shell. These NPLs lay flat on the
TEM-grid. Before the synthesis of the shell these NPLs tent to fold (fig 5a), but with
the CdS shell around them they unfold. An explanation for this unfolding is that the
core/shell NPLs are two monolayers thicker than the bare platelets, which makes them
less flexible.
Figure 13c shows the absorption (black) and the emission (red) spectrum of the 460NPLs
with a CdS shell. The emission and absorption maxima of the core/shell NPLs have a
large red shift of about 90 nm compared to the emission and absorption maxima of the
bare NPLs. The red-shift is due to the increase in thickness of the NPL; the core/shell
particles are two monolayers CdS thicker.
CdS shell were also synthesized around the 510NPLs and 550NPLs. The absorption
and emission spectra of these particles also have a large red-shift compared to the bare
NPLs. 550NPLs with a CdS shell are shown in figure 13b.

(a) (b)

(c)

Figure 13: TEM-images of NPLs with shell (a) 460NPLs with a CdS shell (scale bar 50 nm) (b) 550NPLs
with a CdS shell (scale bar 100 nm). (c) Absorption (black) and emission (red) spectra of 460NPLs with
CdS shell.
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5.2.2 Nanoplatelets with multishell

The luminescence QY and stability of the NPLs can be increased by synthesizing a
multishell around the NPLs. Due to the CdS/Cd0.5Zn0.5S/ZnS multishell the electron
and hole are confined to the core, which reduces the trapping by defects at the surface.
The first method used to synthesize these multishells was the layer by layer method
described in the experimental methods. The NPLs obtained with this method are shown
in figure 14. There are NPLs visible on the TEM-image, but the absorption spectrum
of these NPLs has no clear absorption peaks (fig15a). The thickness of the NPLs is
probably not uniform, resulting in very broad peaks in the absorption spectrum. In the
emission spectrum multiple peaks are visible, but only one is expected. Furthermore,
the intensity of the peaks is very low. The multiple peaks in the emission spectrum
could be due to background noise.

Figure 14: 460NPLs with multishell synthesized using layer by layer method. Scale bar 50 nm

(a) (b)

Figure 15: Absorption (a) and emission (b) spectrum of 460NPLs with a multishell synthesised with the
layer by layer method.
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(a) (b)

Figure 16: TEM-images of 460NPLs with a multishell synthesized using the SILAR method with adding:
(a) octadecanol (scale bar 50 nm) and (b) oleyl amine (scale bar 100 nm).

The layer by layer method was not successful for obtaining NPLs with a stronger emis-
sion. A different shell growing method, the SILAR method, was therefore utilized. The
TEM-image of the particles obtained with this method are shown in figure 16a. On this
image some NPLs can be seen, but also many small particles. These smaller particles are
probably synthesized due to secondary nucleation. To reduce the secondary nucleation
oleyl amine was added instead of octadecanol. Oleyl amine is a less strong coordinating
ligand, which ensures that the secondary nucleation of particles is suppressed. As can
be seen in figure 16b no secondary nucleation is observed when oleyl amine is used as
coordinating ligand.
The absorption spectrum of these NPLs, shown in figure 17 (black), has again no clear
absorption peaks. The emission of these multishells is low compared to the emission of
bare NPLs, but is higher than the emission of the multishells made with the layer by
layer method. There is one emission peak visible in the emission spectrum (Fig 17, red).
The peak is less sharp than the emission of bare NPLs, which could be explained by
some thickness variation between the NPLs.
As can be observed from the TEM-images (Fig. 16a and 16b), both adding octadecanol
and oleyl amine results in NPLs with a darker edge compared to the centre of the NPLs.
To investigate to origin of the darker edge, a High-Angle Annular Dark-Field Scanning
TEM (HAADF-STEM) was used. The results are shown in figure 18a and 18b. These
images also show that the edge is different than the center of the particle. The edge is
brighter than the center. The intensity in HAADF-STEM scales with the atomic num-
ber squared and the thickness of the material. The brightness cannot be due to more
incorporation of zinc at the edge, because zinc has a lower atomic number than cadmium
and would therefore appear less bright on the TEM-image.
To investigate if this intensity difference is due to the distribution of the elements or
due to a thickness difference, electron energy loss spectroscopy (EELS) was preformed
on the multishell NPLs. The elemental maps obtained with these measurements are
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Figure 17: Absorption (black) and emission (red) spectra of 460NPLs with a multishell synthesized using
the SILAR method with oleyl amine as coordinating ligand.

show in figure 19. In 19a and 19b images are shown of the NPLs before and after the
measurements. The green rectangle indicates the scanned region for the measurements.
19c-19f are the elemental maps of Cd, Zn, S an Se. The measurements show that Zn
and Se are homogeneously distributed in the NPL. Cd and S are more concentrated at
the edges of the NPL.
The EELS signal could also be used to examine the topography of the NPLs. The results
are shown in figure 20. Figure 20a is a STEM-image of multishell NPLs. The scanning
area is indicated by the green rectangular. 20b-20d show the topography of the NPL
obtained with low loss EELS. The thickness varies between 0.52 nm and 3.34 nm in this
measurement. A second measurement on a different NPL had a variation of 0.73 nm to
4.32 nm as result. Considering that one monolayer of CdSe has a thickness of 0.3 nm,
this is a significant difference. A thickness of 0.52 nm and 0.73 nm is also thinner than
the thickness of the starting material (460NPLs), which has a thickness of 0.9 nm. The
reduced thickness could be due to beam damage.
The EELS mapping and the electron tomography results show that the brighter inten-
sity at the edge is mainly due to a difference in thickness. The amount of Zn and Se
is constant and does not depend on the thickness of the NPL. The amount of Cd and
S are dependent on the thickness of the NPL, an excess of these materials is located at
the edge of the NPL. An explanation for this observation is not yet known. A similar
observation was reported in literature for a slightly different system where a CdS shell
was continuously grown around a CdSe NPL [32]. These particles also had a darker
and irregular edge on the TEM-image. Because the formation of a thicker edge is also
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(a) (b)

Figure 18: HAADF-STEM images of 460NPLs with a multishells synthesized using SILAR method with
oleyl amine. The inset gives the Fast-Fourier-Transform (FFT) of figure (b), indicating that the top facet
of the NPL is perpendicular to the [001] direction and that the diagonals of the squared NPL correspond
to the <001> direction.

Figure 19: EELS mapping at 80kV of multishell NPLs synthesized with SILAR method using oleyl amine
as coordination ligand. (a) and (b) are the images of the NPLs before and after the measurements. The
green rectangle indicates the scanned region. (c)-(f) are the elemental maps of Cd, Zn, S and Se
respectively.
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Figure 20: (a) STEM-image of multishell NPL measured on. Green rectangle indicates the selected NPL.
(b)-(d) topography using low loss EELS. The estimated thickness of the NPL varies from 0.52 to 3.34.

observed for a CdS shell, the lattice mismatch apparently is not causing this effect. A
possible explanation for the observation given in the paper is that the shell grows with a
wurtzite or a polytypic structure in the presence of primary amines. This is also observed
for CdSe/CdS QDs [39]. However, the thicker edge is also observed in our experiments
when octadecanol is added as coordination ligand. Therefore the presence of primary
amines cannot explain the observations.
The 460NPLs used as starting material for the synthesis of the multishells were more ag-
gregated than the 460NPLs shown in figure 5. Furthermore, the Fast-Fourier-Transform
of the STEM image in figure 18b shows that the diagonals of the squared platelets cor-
respond to the <100> direction. The growth direction of 510NPLs and 550NPLs is
45◦ rotated compared to these NPLs [27]. The growth direction of the flower-like NPLs
in figure 5 was not determined, but research on nanosheets emitting at 460 nm showed
that the growth direction of these nanosheets depends on the concentration of the Se-
precursor (TOPSe) [29]. This precursor was also used for the synthesis of the 460NPLs.
It is therefore possible that the 460NPLs used here have a different growth direction
compared to the flower-like 460NPLs, which influences the growth of the multishell.
Preforming the multishell synthesis on a flower-like 460NPLs, 510NPLs and 550 NPLs,
also resulted in the formation of an edge with a different contrast (Fig. 21). Therefore
it can be concluded that the growth direction and the thickness of the NPL have no
influence on the formation of the thicker shell. When 510NPLs and 550NPLs were used,
secondary nucleation was observer even though oleyl amine was used as coordinating
ligand. It could be that the concentration of precursor was too high, making secondary
nucleation possible even with the addition of oleyl amine.
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For further research the amount of precursor added during the synthesis of the mul-
tishell NPLs should be lowered to investigate if this results in a multishell NPL without
a thicker edge. It could be that the amount of precursor added is too high and there-
fore continuous growth takes place instead of layer by layer growth. As stated before,
continuous growth of a CdS shell also resulted in a thicker edge around the particle.

(a) (b) (c)

Figure 21: TEM-images of multishell NPLs using the SILAR method with oleyl amine as coordination
ligand. Multishells were synthesized on (a) flower-like 460NPLs, (b) 510NPLs and (c) 550NPLs (scale
bar 50 nm). Scale of (a) and (b) is not known.

5.2.3 Conclusion and outlook

The synthesis of CdSe/CdS core/shell NPLs using the layer by layer method was not
successful. Both the layer by layer method and the SILAR method did not result in
NPLs with a stronger emission. When using the SILAR method, oleyl amine needs to
be used to prevent secondary nucleation, because it is a less strong coordination ligand
than octadecanol. The NPLs with multishell had a darker edge on the TEM-images for
both using octadecanol or oleyl amine. EELS measurements indicated that a thicker
edge had formed around the NPL and that an excess of Cd and S was present at the
edge. Zn and Se was homogeneously distributed in the NPLs. When using thicker NPLs
and NPLs with a different growth direction, the formation of a thicker shell was still
observed. Also comparing the observations with experiments reported in literature did
not result in an explanation. For further research the concentration of the precursor
added during the growth of the multishells could be varied to investigate if this has an
influence on the formation of the thicker edge.
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5.3 Cadmium-to-mercury ion exchange

To obtain HgSe NPLs, cadmium-to-mercury ion exchange was preformed on CdSe NPLs.
HgSe nanoparticles are topological insulators; materials that have conductive surface
states, but do not conduct in the bulk of the material. This property makes these
materials very interesting for all kinds of applications. A method to exchange CdSe QD
to HgSe QD was developed by the group of Hens [37]. This method is described in the
experimental methods (Chapter 4). 70% of the Cd ions are exchanged to Hg with this
method. In this section the reproducibility of these experiments will be discussed as well
as the exchange on NPLs and QDs with a multishell.

5.3.1 Cadmium-to-mercury ion exchange on CdSe QDs

The first problem encountered was that the CdSe QDs used in our experiments were
smaller than the QDs used by the group of Hens. Therefore different amounts of mercury
precursor were added. When the mercury precursor was added the mixture turned black
within a couple of seconds. This black mixture was not stable; the particles precipitated
over time. Figure 22a to 22c are the TEM-images of experiments where 100µL, 40
µL and 10µL mercury precursor was added. No dots are visible on the TEM-images,
only clustered particles. In figure 22a big black spots are visible, that vanish during
measurements with the TEM. This was probably mercury that was evaporating, due to
local heating by the electron beam. There is also a white haze over the TEM-image,
probably due to an excess of HgCl2. If 10 µL mercury precursor is added, no big black
spots are visible and also less white haze is observed. The dispersions are also not
entirely black, but have a more red-black color. Less particle clustering is also observed
in the sample where only 10 µL mercury precursor was added, but no stable dispersion
was obtained.

(a) (b) (c)

Figure 22: TEM-images of cadmium-to-mercury exchange reaction on CdSe QDs when adding (a) 100µL
(scale bar 500 nm), (b) 40 µL (scale bar 50 nm) and (c) 10µL mercury precursor (scale bar 50 nm).

The light sensitivity of the mercury precursor was investigated, because the results ob-
tained by the group of Hens could not be reproduced. HgCl2 is light sensitive, this is not
mentioned in the thesis where the cadmium-to-mercury ion exchange is described [37].
Therefore the actual concentration of HgCl2 could be less than claimed if the precursor
was exposed to light. For the light sensitivity experiment, a vial with mercury precursor
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was exposed to light for three days (precursor A). The second HgCl2 solution (precursor
B) was made shortly before the exchange was preformed. For these experiments the
amount of HgCl2 that should be added to obtain solutions with a ratio between mercury
and cadmium of 0.5:1, 1:1 and 2:1 were calculated, which is described in the experimental
method. In the experiments by the group of Hens one equivalent of Hg ions compared
to Cd ions was added.
The addition of precursor A and precursor B did both not result in the formation of sta-
ble dispersions; all particles precipitated over time. The absorption spectra are shown
in figure 23 for the synthesis were a half equivalent (red and green) and one equivalent
(light blue and blue) mercury were added. There is a difference in the shape of the
absorption spectra if more mercury precursor is added, but there is no difference in the
absorption spectra for added precursor A or B. Exposure to light for 3 days does not
influence the concentration of the precursor.

Figure 23: Absorption spectra of CdSe QDs treated with a precursor that was exposed to light (precursor
A) and not exposed to light (precursor B). 20 and 40 µL precursor was added, which corresponds to 0.5
and 1 equivalent of mercury compared to cadmium.

Another explanation why the exchange was not successful could be that the ligands on
the QD disturb the reaction. The QDs used by the group of Hens are passivated with
oleic acid (OA), whereas the QDs used in the previous experiments are passivated with
TOPO, TOP and OA. Therefore the ligands were exchanged to OA by adding an access
of OA to a mixture with CdSe QDs. The mixture was stirred for 12 hours and washed.
An amount of a half, one, two and four equivalents of mercury precursor compared to
cadmium were added. Again particle instability was observed. On the TEM-images big
black dots and a white haze are observed if four equivalents Hg was added (Fig. 24a).
When a half equivalent Hg was added some clustered dots were visible (Fig. 24b). It
can be conclused that ligand exchange did not result in stable QDs after Hg-exchange.
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(a) (b)

Figure 24: TEM-images of QDs with exchanged ligands treated with HgCl2. (a) addition of four equiva-
lents mercury precursor, scale bar 100 nm. (b) addition of a half equivalent Hg-precursor, scale bar 100
nm.

5.3.2 Cadmium-to-mercury ion exchange on CdSe nanoplatelets

The exchange reaction to mercury was also preformed on CdSe NPLs. Because the
concentration of the NPLs is not known, different amounts of mercury precursor were
added. The exchange reaction was first preformed on 460NPLs. After the addition of
the Hg-precursor the mixtures turned black. The Hg-exchange did not result in stable
solution with NPLs; the platelets precipitated. On the TEM-images only a few NPLs
were visible, but mostly clustered particles (Fig25a and 25b).

(a) (b)

Figure 25: TEM-images of 460NPLs treated with HgCl2. (a) with addition of 6 µL Hg-precursor (scale
bar 200 nm). (b) with addition of 40 µL Hg-precursor (scale bar 100 nm)

The synthesis method for the CdSe QDs used by the group of Hens and the synthesis
method for 510NPLs are similar. In both cases cadmium myristate is use as a Cd-
precursor and OA is added at the end of the reaction. Therefore an exchange reaction
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was also preformed on 510NPLs. Figure 26a shows the TEM-image of 510NPLs before
exchange and figure 26b shows the TEM-image of 510NPLS after Cadmium-to-mercury
exchange reaction. There are still NPLs visible, but they appear to be more deformed
than before the exchange reaction.

(a) (b)

Figure 26: TEM-images of 510NPLs before cadmium-to-mercury cation exchange reaction (a) and after
(b). Scale bar 50 nm for both images.

To see if the Cadmium-to-mercury cation exchange reaction was successful, EDX (En-
ergy dispersive X-ray spectroscopy) was preformed on these NPLs. The EDX spectrum
is shown in figure 27. The EDX spectrum shows that there is Hg present in the sample.
This could indicate that the exchange was successful. The atomic percentage of the
elements present in the sample was calculated by integrating the peaks for each element
(Table 1). 12% of the sample consist out of Hg, but there is also 18% Cd present. Ap-
parently the Cd was not fully exchanged into Hg. There is also a large percentage of Cl
present in the sample. Therefore, it is also possible that Hg is not incorporated in the
NPLs, but that it is still present in the sample as a precursor. For further experiments
the samples could be washed more times. If the percentage of Hg present in the sample
decreases when the sample is washed more times, then the Hg is not incorporated in the
NPL.

Element Atomic %

Chloride 31.93

Selenium 38.03

Cadmium 18.25

Mercury 11.77

Table 1: Quantitative determination of the composition of the NPLs after cadmium-to-mercury exchange
reaction.
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Figure 27: EDX spectrum of 510NPLs on which the Cadmium-to-mercury ion exchange reaction was
performed. Hg is present in the sample, there is less Cd present than Se, but there is also a lot of Cl
present.

5.3.3 Cadmium-to-mercury ion exchange on multishell quantum QDs

Exchange was partially successful on QDs with a multishell. After the exchange reaction
many dots were still visible on the TEM-image, as can be seen in figure 28. Different
amounts of mercury precursor were added, samples with a low concentration of HgCl2
turned yellow and with a high concentration of HgCl2 orange. To investigate if exchange
had taken place, EDX was preformed on the samples (Fig. 29). A large peak at 2.2
keV is visible in the spectrum. This peak can be assigned to Hg, but the S peak is
at almost the same position. This means that the peak of Hg could be overestimated
during quantitative analysis. There is also a peak around 10 keV which also indicates
that Hg is present. There is a small peak visible at 2.6 keV, which can be assigned to
Cl. The intensity of the peaks in an EDX spectrum depends on the atomic number of
the element. If the amount of Cl would be equal to the amount of Hg present, then
the intensity of the chlorine peak would still be lower, because Cl has al lower atomic
number. In this case the Cl peak is much lower. This means that not all Hg is present
as a salt, but some could be incorporated in the dots. More washing steps to remove
the excess Cl, followed by more EDX analysis could prove this. Quantitative analysis of
the EDX data could not be performed on this sample.
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Figure 28: TEM-figure ion exchange on multishell particles. scale bar 200 nm

Figure 29: EDX spectrum of multishell particle exposed to HgCl2. There is an intense signal of mercury
and the signal of chloride is low. This could indicate that ion-exchange was successfull to some extent.
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5.3.4 Conclusion and outlook

Ion-exchange from cadmium-to-mercury was not successful on 460NPLs and CdSe QDs
with a size of 3 nm or smaller. Exchange reactions on multishells and 510NPLs was
more successful. Exchange on multishell particles resulted in a stable dispersion and the
TEM-images showed that there were still dots present in the sample. The TEM-images
of the samples with 510NPLs treated with HgCl2 showed that there were still NPLs
present, but these samples were no stable dispersions. From the EDX measurement it
is not clear if the Hg is incorporated in the NPLs. This is because there is also Cl
present in the sample, which could mean that the signal of Hg is due to the HgCl2 salt
still present in the sample after purification steps. Washing the particles more after ion
exchange could give insight on whether the Hg is incorporated in the particle or present
as precursor.
An explanation why the ion-exchange on QDs could not be reproduced, could be that
the size of the QDs is too small. If the reaction zone is large compared to the dimensions
of the particle, then the original shape of the NP cannot be preserved. This could also be
the reason why the exchange reaction on NPLs does not work. E.g. in a paper published
by the group of Dubetret, the exchange of 1.2 nm thick CdSe platelets to CuSe was also
not successful. Exchange on core/shell NPLs with 1 to 3 CdS was possible [35]. It would
be interesting to investigate if Hg-exchange is possible on CdSe/CdS core/shell particles.
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5.4 Adaptation to original synthesis

5.4.1 Addition of different acetates salts

The addition of a different acetates salts than cadmium acetate during the synthesis of
the 510NPLs also resulted in the formation of 510NPLs. This is also stated in papers
published by Dubertret et al. [9] and Peng et al [4]. In these papers it is stated that
the formation of the NPLs is acetate facilitated, but there is nothing published on the
influence of the cation that is added. The influence of the cation on the formation of
NPLs will be the topic of this section.

(a) 100 nm
(b)

Figure 30: (a) Absorption (black) and emission (red) spectra of NP synthesized when no acetate salt
is added during the reaction. (b) TEM-image of sample where no acetate salt was added during the
reaction (scale bar 100 nm).

First some experiments were done to verify that the addition of an acetate salt is nec-
essary for the formation of 510NPLs. In the first experiment, no acetate salt was added
during the reaction. If no acetate salt was added there were still some NPLs synthesized
during the reaction, but mostly dots were synthesized as can be seen on the TEM-image
(Fig. 30b). The absorption and emission spectra of the obtained dispersion are shown
in (Fig. 30a). A sharp peak is visible at 490 nm in the absorption spectrum and at 500
nm in the emission spectrum. This is not the expected peak position in the absorption
and emission spectrum for these NPLs when synthesized according to the standard pro-
cedure. Because the peak has a small FWHM, it is unlikely that the absorption and
emission at this position originates from QDs or nanorods. However, no CdSe NPLs
have been synthesized so far that emit and absorb at these wavelengths. It is possible
that the lateral dimensions of the NPL are not large enough to exceed the confinement
regime. If this is indeed the case, there is still confinement in the lateral dimensions,
resulting in emission and absorption at higher energies. It could also be that these NPLs
have a thickness in between the thickness of the 460NPLs and the 510NPLs. This would
mean that these NPLs are half a monolayer thicker than the 460NPLs. This thickness
is not reported by other groups.
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Next to the sharp peak, the emission spectrum of this sample also has a double peak
around 540 nm. These peaks are broader and probably originate from the dots visible on
the TEM-image. Although the type of particles formed during this synthesis is unclear,
it can be stated that the formation of 510NPLs is not successful when no acetate salt is
added.
Addition of a different cadmium source (cadmium myristate) did not result in obtaining
a dispersion with only NPLs. A few NPLs can be identified on the TEM-image (Fig.
31b), but mostly QDs are observed. The absorpion and emission spectra (Fig. 31a) have
broad peaks which confirms that mostly QDs were synthesized.
From these two experiments, the addition of no acetate salt and the addition of cadmium
myristate, it can be concluded that for the formation of 510NPLs the addition of an
acetate salt is essential.

(a)
(b)

Figure 31: (a) Absorption (black) and emission (red) spectra of NP synthesized when Cd(myr)2 is added.
(b) TEM-image of a sample where Cd(myr)2 was added during the reaction (scale bar 100 nm)

Different acetates salts were added to investigate if NPLs would form. Addition of zinc-,
cobalt-, magnesium- and lead acetate all resulted in the formation of NPLs. Addition of
copper acetate did not result in the formation of NPLs. The TEM-images, absorption
spectra and emission spectra of these samples are included in appendix (A). A selection
of acetates salts was made to investigate the influence of the cation on the formation of
the NPLs. Acetic acid (hydrogen acetate), lithium acetate, sodium acetate, potassium
acetate and cesium acetate, the first group in the periodic table, were added during the
reaction.
When acetic acid was added, many different kinds of particles were obtained. The TEM-
image (Fig. 32b) shows that the dispersion contained dots, small NPLs or rods and large
NPLs. The large NPLs tend to stack in the middle, but the ends of the NPLs are twisted
and lay flat on the TEM-grid. The absorption (Fig. 32a, black) and emission (Fig. 32a,
red) spectra also show that there was more than one population of NP present in the
dispersion.
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(a) (b)

Figure 32: (a) absorption (black) and emission (red) spectra of a sample where 40 µL acetic acid was
added during the reaction. (b) TEM-image of a similar sample as in (a) (scale bar 50 nm).

In the absorption spectrum mainly features characteristic for 460NPLs can be seen; The
sharp peaks at 460 nm and 430 nm and the bumps at higher energies. There are also
some peaks visible with a low intensity at longer wavelength than 460 nm. These peaks
are more prominent in the emission spectrum than in the absorption spectrum. This
difference in ratio between the peaks in the emission and absorption spectrum will be
discussed in chapter 5.5. The emission spectrum also indicates the presence of 460NPLs,
because there is a sharp emission peak at 460 nm. There is also a sharp peak around
490 nm, which is a position in between the absorption and emission maximum of the
460NPLs and 510NPLS. This peak was also seen when no acetate salt was added, but it
is not at the exact same position. The peak could be the emission of small NPLs where
there is still confinement in the lateral dimensions, or it could be the emission of NPLs
which are half a monolayer thicker than the 460NPLs. The first explanation is more
plausible considering that the peak is not at the same position as when no acetate salt
was added. The third peak in the emission spectrum is broad, therefore it is probably
emission of QDs present in the sample. The start of a fourth peak is also visible. This
is the trap emission of 460NPLs [24].
If less acetic acid is added during the synthesis, a sharp peaks becomes visible 510 nm
(Fig 33a). This sharp peak is emission of 510NPLS. However, there is also a broad
peak at the same position with a lower intensity, which is again probably emission of
dots present in the sample. Furthermore, the absorption and emission spectra have the
characteristic peak at 460 nm, indicating that there are also 460NPLs present in the
sample. These experiments show that addition of acetic acid results in the formation of
NPLs, but also other NP are obtained.
When lithium acetate or sodium acetate was added only 510NPLs were formed. The

emission spectra and absorption spectra only show features of the 510NPLs (Fig 34a
and 35a). If different amounts of lithium or sodium acetate were added, there was still
only one peak visible at 510 nm. This is different compared to cadmium acetate, where
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(a)
(b)

Figure 33: (a) absorption (black) and emission (red) spectra of a sample where 27 µL acetic acid was
added during the reaction. (b) TEM-picture of a similar sample as in (a) (scale bar 100 nm).

the trend was that if less cadmium acetate was used also 460NPLs were present in the
sample and when more cadmium acetate was used 550 NPLs were present. The addition
of sodium acetate gives more square-like particles than when lithium acetate is added
(34b and 35b).

When potassium or cesium acetate was added, no or almost no NPLs were formed.
When potassium acetate was added, some NPLs were formed as can be seen on the
TEM-image (Fig 36b), but also triangular particles and particles with an even less
well defined structure were formed. The triangular particles could be bipyramids of
tetrahedrals, because there appears to be contrast difference within one particle. The
absorption spectrum (Fig 36a, red) of the dispersion has almost no distinct features,
indicating that no NPLs were formed during this reaction, but rather three dimensional
NPs with a large polydispersity. The particles did show photoluminescence (PL), but
the PL signal was very low. The emission spectrum is shown in black in figure 36a.
There are small peaks visible at 460 nm and 510 nm, which could indicate that some
460NPLs and 510NPLs were present in the sample. The broad peak at 560 nm confirms
that three dimensional particles were present in the sample. The addition of cesium
acetate resulted in particles where the PL signal was almost completely quenched (Fig
37a , red). There are no clear features present in the absorption spectrum either (Fig 37a
, black). On the TEM-image shown in figure 37b only particles with a not well-defined
shape are observed.
To summarize, the addition of acetic acid gave a mixture of NP including NPLs. Adding

lithium- and sodium acetate resulted in the formation of NPLs, whereas the addition
of potassium and cesium acetate did not. A trend in the above results becomes visible
when the ionic radius of the cations is compared to the ionic radius of a cadmium ion.
If the ionic radius of the cation has a similar or smaller size than the ionic radius of
the cadmium ion, then there appear to be NPLs forming with well defined absorption
and emission features, which is confirmed by TEM and optical measurements. The ionic
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(a) (b)

Figure 34: (a) absorption (black) and emission (red) spectra of 510NPLs with addition of 46 mg Li(Ac)
(b) TEM-image of 510NPLs with addition of 46 mg Li(Ac) (scale bar 100 nm).

(a) (b)

Figure 35: (a) absorption (black) and emission (red) spectra of 510NPLs with addition of 39 mg Na(Ac)
(b) TEM-picture of 510NPLs with addition of 39 mg Na(Ac) (scale bar 50 nm).
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(a)
(b)

Figure 36: (a) absorption (red) and emission (black) spectra of a sample where 47 mg K(Ac) was added.
(b) TEM-image of a similar sample as in (a). scale bar 50 nm.

(a)
(b)

Figure 37: (a) absorption (black) and emission (red) spectra of a sample where 133 mg Cs(Ac) was
added. (b) TEM-image of corresponding particles. scale bar 200 nm.
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radii of the cations is shown in figure 38. An explanation for the observed trend cannot
be given by the information available at this point, but the dissociation energy of the
cation-acetate ionic bond could play a role. This could influence the active concentration
of the monomers in the solution during the reaction, which has a big influence on the
formation of NPLs (see section 2.3 and chapter 3). Further research has to be done to
investigate this hypothesis.

Figure 38: Schematic representation of the ionic radii of lithium, sodium, potassium, cesium and cad-
miun. Gray circles indicate the size of the ions and the colored circles indicate the size of the neutral
atoms. Size of the ionic radius is given in picometers. Data duplicated from ref. [40].

5.4.2 EDX-measurements

The absorption and emission spectra of the NPLs obtained when adding lithium- or
sodium acetate are the same as the absorption and emission spectra of the NPLs ob-
tained when cadmium acetate is added. This indicates that lithium and sodium are
not incorporated in the NPL. Incorporation of these ions would result in a different
band structure and therefore different absorption and emission maxima. To be sure that
these ions are not incorporated, elemental analysis using EDX was preformed on these
particles. This could only be done on the sample were sodium was added, because the
detector used for the measurements was equipped with a beryllium window, making ele-
mental analysis on elements with a lighter atom mass than sodium not possible. Figure
39 shows the EDX spectrum of a sample were sodium acetate was added during the
synthesis of the NPLs. Instead of using a conventional Cu TEM-grid, a Ni TEM-grid
was used, as the Cu emission lines overlap strongly with the Na emission lines. The
peak around 1.40 keV indicates that there is Se present in the sample. There is also a
peak of Cd at 3.1 keV, which has the same intensity as the selenium peak. The peak of
Na should be positioned at 1.04 keV. Figure 40 is a zoom of the EDX spectrum. In this
spectum there is a small bump around 1 keV, but this peak could not be distinguished
from the background noise. Another measurement was done on a different spot on the
TEM-grid. In this measurement there is no peak visible at 1 keV (Fig 41). Keeping in
mind that 49.1 mg sodium acetate (0.67 mmol Na) and 170 mg cadmium myristate (0.30
mmol Cd) were added during the reaction, one would expect to measure the presence of
Na in the resulting NPLs if it is incorporated. These EDX measurements show that Na
is not incorporated in the NPLs, and are most likely removed in subsequent purification
steps.
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Figure 39: EDX of 510NPLs with addition of Na(Ac)2.

Figure 40: Zoom in the energy region between 0.7 and 1.5 keV of the EDX spectrum shown in figure 39.
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Figure 41: Zoom in the energy region between 0.7 and 1.5 keV of EDX spectum of second measurement
on 510NPLs with addition of Na(Ac)2.

5.4.3 Photoluminescence quantum yield measurements

The addition of lithium- and sodium acetate results in the formation of NPLs. The
emission and absorption spectra show that lithium and sodium are not incorporated in
the NPLs. This was confirmed by the EDX-measurements. To see whether there is a
difference in the optical quality of the NPLs when lithium-, sodium-, or cadmium acetate
were added during the reaction, the PL-quantum yield (QY) was measured. The QY
measurements were preformed using an integrating sphere. The QY was measured of
samples where different amounts of acetates salts were added. In the case of cadmium
acetate 40 mg, 55 mg and 80 mg was added. An equivalent amount of moles acetate was
added in the case of lithium- and cadmium acetate. The amounts are listed in table 2.
The QY was measured for two excitation wavelengths. The results are listed in table
2. The first observation is that the QY is higher when the NPLs are excited at 430 nm
than at 480 nm. This is an unexpected result, since there is no physical reason for the
QY to be different for the NPLs when exciting at these two wavelengths. Differences in
QY when exciting at different wavelengths can be observed when the cuvette absorbs as
well. However, the quartz cuvettes used in these measurements should absorb stronger
at shorter wavelengths, which would result in a lower QY when exciting at 430 nm. This
is the opposite of what is observed in these measurements. There could be some other
particles in the sample that disturb the measurements, but the TEM-images, absorption
spectra and emission spectra do not give reason to assume this. The measurements could
be done using a dye to investigate if this difference in QY is also seen.
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X(Ac)x Amount of acetate
salt (mg)

QY exciting at 430
nm (%)

QY exciting at 480
nm (%)

Cd(Ac)2 40 48 16

55 40 13

80 33 13

Na(Ac) 29 16 6.0

39 18 6.0

57 17 4.0

Li(Ac) 23 26 6.1

32 19 6.9

46 11 3.5

Table 2: Comparison of measured QY when adding different acetate salts

Even though is proves to be difficult to measure the absolute QY, a trend is observed
nonetheless between the different NPLs. The QY when adding cadmium acetate is
higher than when lithium- or sodium acetate is added. A possible explanation for this
is that the concentration of cadmium was not high enough during the synthesis where
lithium- or sodium acetate was added and therefore defects were introduces in the NPLs,
reducing the QY.
A second trend that can be observed is that the QY is higher when less acetate salt
is added, except for when sodium acetate is added; The QY of these NPLs is roughly
the same. From these measurement it can be concluded that NPLs with the highest
optical quality can be obtained by adding 40 mg, or presumably even less, of cadmium
acetate during the synthesis. The problem is however that if less cadmium acetate is
added, more 460NPLs are formed during the reaction next to 510NPLs. It would be
ideal if only one population is present. The NPLs can to some extend be separated with
size-selective precipitation, but this reduces the emission (and hence the QY) of the
NPLs. Washing removes the unbound ligands present in the solvent. A new equilibrium
between ligands in solution and ligands bound to the NPLs surface will be established
when the particles are redispersed. This means that after every washing step less ligand
will be bound to the surface of the NPLs. This will result in more dangling bonds at the
surface, which result in more trapping and hence the QY will be reduced. It would be
ideal if size-selective precipitation could be avoided by finding a method to synthesize
only one population of NPLs. When only cadmium acetate is added it proves to be
difficult to obtain one population. If more acetate salt is added, there is no formation of
460NPLs, but then a mixture of 510NPLs and 550NPLs is obtained. What stands out is
that when sodium- or lithium acetate is added only formation of 510NPLs is observed,
independent of the amount of acetate salt added. If a mixture of Cd(Ac)2 and Na(Ac)
or Cd(Ac)2 and Li(Ac) is added during the reaction, it could be possible to obtain only
one population of NPLs which do have a high QY.
A mixture of cadmium acetate and sodium acetate was added during the reaction to
investigate if one population of NPLs with a high QY can be obtained. The amount of
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cadmium acetate was kept the same for all experiments. The amount of sodium acetate
was varied. The measured QY of these samples are shown in table 3. All samples have
a high QY compared to when only sodium acetate is added. If a mix of 40 mg cadmium
acetate and 20 mg sodium acetate is added, then the QY is even higher than when only
cadmium acetate is added.
The remaining question is if there is only one population of NPLs obtained when a
mixture is added. Therefore the absorption spectra of these samples were measured.
Using the emission spectra would make it easier to distinguish between the two popula-
tions, but the difference in QY would also influence the ratio between the peaks. The
absorption spectra are shown in figure 42. All absorption spectra have a peak at 510
nm and 480 nm, which are the heavy and light hole transitions of the 510NPLs. In the
blue, light blue and red spectra there is also a small peak visible at 460 nm, which is
the heavy hole transition of the 460NPLs. This peak disappears upon addition of more
sodium acetate. With the addition of a mixture of cadmium- and sodium acetate one
population of NPLs can be obtained with a high QY.

Cd(Ac)2 (mg) Na(Ac) (mg) QY exciting at 430
nm (%)

QY exciting at 480
nm (%)

40 0 mg 48 16

40 5 mg 47 38

40 10 mg 49 40

40 20 mg 61 44

Table 3: Comparison of measured QY when adding mixture of cadmium- and sodium acetate.

Figure 42: Absorption spectra NPLs when adding mixture of cadmium- and sodium acetate.
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5.4.4 Conclusion and outlook

Addition of an acetate salt is necessary to obtain CdSe NPLs, but it is not necessary
to add cadmium acetate. Addition of cobalt acetate, zinc acetate, magnesium acetate,
lithium acetate and sodium acetate also results in the formation of NPLs. The cation
of the added acetate salt has an influence on the formation of the NPLs. If a cation
which has a larger ionic radius than cadmium is added, the reaction does not result in
the formation of NPLs. A possible explanation could be that the dissociation energy of
the acetate salt has an influence on the formation of the NPLs, however more research
has to be done to confirm this statement.
NPLs with a higher QY are obtained when cadmium acetate is added. However, when
cadmium acetate is added, a mixture of different populations of NPLs are obtained.
Addition of a mixture of cadmium acetate and sodium acetate result in the formation
of one population of NPLs with a high QY. This adaptation to the synthesis method of
the 510NPLs results in NPLs with a high QY and no size-selective precipitation, which
results in degradation of the optical properties of the NPLs, is required.
It would be interesting to investigate whether this adaptation would also work for the
formation of 550NPLs, as with the current synthesis method for these NPLs a mixture
of several NPL thicknesses is obtained as well. Sometimes the ratio of obtained NPLs is
one-to-one, which makes the isolation of 550NPLs with size selective precipitation very
difficult without reducing the QY.

52



Results and Discussion

5.5 Energy transfer

5.5.1 Energy transfer in dispersion obtained when adding acetic acid

The absorption and emission spectra of the sample where acetic acid was added during
the reaction (see figure 43), hinted towards possible energy transfer (ET) between the
NPs in the dispersion, as the ratio between the peaks in the absorption spectrum differs
from the ratio between the peaks in the emission spectrum. The intensity of the peaks at
485 nm and 510 nm is relatively higher in the emission spectrum than in the absorption
spectrum when comparing it with the intensity of the peak at 460 nm. A first explanation
for this observation is that the obtained NPs have different QYs. A second explanation
is that ET occurs from 460NPLs to the other NPs present in the dispersion. This process
can occur non-radiatively or radiatively. ET occurs radiatively if the emitted photon by
the 460NPLs is reabsorbed by the particles that absorb at lower energies. Energy can
also be transferred through a strongly distance dependent dipole-dipole coupling; a non-
radiative process. The observation of non-radiative ET, would be very interesting. In
order to confirm the presence of ET, the concentration of the NP dispersion was varied
and excitation spectra were measured (Fig. 44 and 45).

Figure 43: (Absorption (black) and emission (red) spectra of a sample which was synthesized with the
addition of 40 µL acetic acid.

The amount of ET between the particles increases if the interparticle distance is de-
creased, both for radiative and non-radiative transfer pathways. The emission spectra
for different concentrations of the sample are shown in figure 44a. The concentrations
were varied qualitatively by adding 10uL (black), 50uL (red) and 100 uL (green) of a
NPL dispersion to 3 mL of hexane. The spectra are normalized on the emission peak of
the 460NPLs. The intensity of the peaks at 490 nm and 510 nm increase with respect to
the peak of the 460NPLs upon increasing the relative concentration of the NP solution.
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(a) (b)

Figure 44: (a) normalized emission spectra of different concentration of a sample were acetic acid was
added during the reaction. Relative sample concentrations: 10 µL (black), 50 µL (red) and 100 µL
(green) of sample in 3 ml hexane. (b) Not-normalized emission spectra of this sample. Relative sample
concentrations: 10 µL (black), 25 µL (red) and 50 µL (green) and 100 µL (blue) of sample in 3 ml
hexane.

This is an indication for ET between the 460NPLs and the particles that emit at 490
nm and 510 nm. With these experiments we cannot distinguish between radiative and
non-radiative ET between the 460NPLs and the other NPs. What we can conclude from
these experiments is that there is radiative ET (reabsorption) taking place between the
460NPLs, seen by the red-shift of the emission peak at 460 nm for higher concentrations.
This red-shift occurs because the absorption and emission maximum do not coincide, due
to the stokes-shift between the absorption and emission features. Due to this stokes-shift,
the photons emitted at higher energy are more strongly reabsorbed than the photons
emitted at lower energy, resulting in a red-shift of the emission peak. Comparing the
absolute intensities of the emission features (Fig 44b shows that other processes next to
the possible ET are occurring. For example, the peak at 490 nm does not increase by
2.5 times in intensity when the concentration of the dispersion is increased by 2.5 times
(Fig 44b black and red). If ET is occurring, the intensity should increase more than
2.5 times, if the concentration is increased by 2.5 times. It should be noted that there
is much overlap between the peaks, making it hard to estimate how much the intensity
is increased. When the green and blue spectrum in figure 44b are compared, it is even
more certain that more processes are occurring; upon increasing the concentration of the
dispersion, the intensity of the emission decreases. This could be due to concentration
quenching. Concentration quenching occurs when the amount of ET is very high, so the
stored energy can migrate through the sample until it reaches a defect and is quenched.
A second explanation for the reduced emission could be that the concentration of the
sample is so high that the light of incoming beam during the measurements is absorbed
before the focal point of the beam. The emission is measured in the focal point of the
beam, but if the incoming light is mostly absorbed before this point, then there is less
excitation in the focal point and therefore less emission that will be measured.
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Although the emission spectra measured at different concentrations do not give a clear
view if there is ET between the NPs, the excitation measurements give further evidence
for ET (Fig 45). These spectra were measured for the emission maxima, seen in figure
45a, and were normalized on the peak at 460 nm. We can observe several features in
the excitation spectrum recorded for an emission wavelength of 464 nm, namely the
light hole (430 nm) and the heavy hole (460 nm) transitions of 460NPLs The excitation
spectra of the other emission wavelengths (486 nm and 508 nm) have the same features,
indicating the presence of ET from the 460NPLs to the other NPs. However, there is
overlap between the peaks and therefore we probe not only one emission feature, hence
not only one type of NP present in the solution. If more than one type of NP is excited,
this could result in measuring the same excitation features. Furthermore, the origin of
the emission peaks at 490 nm and 510 nm are not known at this time, so definitive con-
clusions from these experiments cannot be made. For example, the broad peak at 510
nm could be from the seeds which are formed at the beginning of the reaction. These
seeds also emit and absorb at 460 nm, but a have a trapping peak at 510 nm [27]. These
seeds will have a similar excitation spectrum as the 460NPLs.

(a) (b)

Figure 45: (a) Emission spectrum of the sample where acetic acid was added during the reaction (b)
Excitation spectra for the peaks at 464 (black), 486 (red) and 503(green) nm.

5.5.2 Energy transfer between 460NPLs and 510NPLs

Even though the results of investigating ET are inconclusive, it would seem reasonable
to assume ET occurs between NPLs in general. As the NPLs have facets with a higher
surface area than QDs, there should be ET occurring, as it is also observer in QDs [41].
To further study the possibility of ET, two NPL populations, 460 NPLs and 510 NPLs,
were mixed. It is easier to interpret the results for this system, because the origin of the
emission features for these NPLs are known. Emission spectra were measured for various
concentrations of NPLs, which are shown in figure 46. The spectra are normalized on
the emission peak of the 460NPLs. If the concentration of the mixture of 460NPLs and
510NPLs is increased, the intensity of the emission of the 510NPLs and the trap emisssion
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of the 460NPLs (at 630 nm) increases compared to the emission of the 460NPLs. This
can again indicate ET between 460NPLs and 510NPLs. As a red-shift of the 460NPL
emission peak is observed again, reabsorption seems to be occurring as well.
To investigate if the change in ratio is due to radiative ET (reabsorption) or due to non-
radiative ET,time-resolved PL measurements can be preformed. If the change in ratio is
only due to reabsorption then the lifetime of the 460NPLs would not change, but if there
is non-radiative ET then there is an extra decay path for the exciton in the 460NPLs at
higher concentrations. This extra decay path lowers the lifetime of the 460NPLs. There
should be no difference for the lifetime of the 510NPLs if there is ET. Measuring the
lifetime of the 460NPLs and 510NPLs in this sample will not give clear information, as
their emission peaks overlap significantly. Because of the broad trap emission peak of
the 460NPLs, the lifetime of the 510NPL emission cannot be measured without having
significant contributions from the trap emission. Especially at high concentrations of
the dispersion. The lifetime will be a convolution of the lifetime of the 510NPLs and the
trapped excitons/charge carriers of the 460NPLs.

Figure 46: Emission spectra of a mixture of 460NPLs en 510NPLs with different concentrations. The
spectra are normalized on the the emission peak at 460 nm.
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5.5.3 Energy transfer between 510NPLs and 550NPLs

To be able to investigate ET between the NPLs two problems had to be solved. First,
there should be less overlap between the emission peaks. Second, the platelet-platelet
distance should be decreased without increasing the overall concentration of the solu-
tion. At high concentration other processes can occur next to non-radiative ET, like
concentration quenching and reabsorption. The concentration could also be so high that
all light is absorbed before the focus of the beam. The first issue can be solved by mixing
510NPLs and 550NPLs, as these NPLs have no trap emission. The second issue can be
solved by adding a anti-solvent to the mixture. Addition of a anti-solvent induces the
formation of stacks of NPLs in solution as their stability in the solvent is decreased [42].
Therefore, if more anti-solvent is added, the distance between the NPLs will be reduced,
hence increasing the possibility of ET.
In figure 47 the emission spectra are shown of a mixture of 510NPLs and 550NPLs
where a 1:4 (v/v) methanol/butanol mixture was added stepwise. When adding more
anti-solvent a relative increase of the intensity of the 550NPLs emission was observed.
This could indicate that there is an increase of ET from the 510NPLs to the 550NPLs
upon increasing the amount of anti-solvent. To investigate whether this is non-radiative
ET, the lifetime of the emission of 510NPLs was measured. The lifetime curves are
shown in figure 48. The lifetime of the emission of 510NPLs becomes shorter when more
anti-solvent is added. This is a convincing observation that there is non-radiative ET,
because non-radiative ET induces an extra decay path, shortening the lifetime of the
emission of the 510NPLs. However, the not normalized emission spectra (Fig 50) show
quenching for both the emission of the 510NPLs and the 550NPLs when more anti-
solvent is added. Furthermore, the lifetime of the 550NPLs also decreases when more
anti-solvent is added (Fig 49). These two observations make the existence of ET from
the 510NPLs to the 550NPLs debatable.

Figure 47: Emission spectra of the mixture of 510NPLs and 550NPLs where different amounts of Me/Bu
are added. Spectra are normalized on the emission peak of the 550NPLs.
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Figure 48: Lifetime of the 510NPLs emission in a mixture of 510NPLs and 550NPLs. More Me/Bu was
added stepwise.

Figure 49: Lifetime of the 550NPLs emission in a mixture of 510NPLs and 550NPLs. More Me/Bu was
added stepwise.
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Figure 50: Emission spectra of a mixture of 510NPLs and 550 NPLs with different amounts of added
Me/Bu solution.

The existence of ET from the 510NPLs to the 550NPLs is debatable, because there are
two possible explanations for the observations in the emission and lifetime measurements.
First explanation, there is non-radiative ET from the 510NPLs to the 550NPLs. This
explains the shorter lifetime of the 510NPLs and the change in ratio between the emission
peaks upon the addition of more anti-solvent. The decrease of the emission of both NPLs
and the the shorter lifetime of the emission of 550NPLs can be explained by an increase
in ET between NPLs of the same thickness when more anti-solvent is added. Due to
this increases in ET between the same NPLs, the probability of quenching the emission
is increased, as the energy can migrate to non-emitting NPLs.
A second explanation is that the anti-solvent interacts with the NPLs, which results in
quenching of the emission. This explains the lower emission intensity and the decrease
in lifetime when more anti-solvent is added. The change in ratio between the emission
peaks can be explained by that the quenching of the emission, due to the anti-solvent,
will be stronger for the 510NPLs than the 550NPLs. As the surface-to-volume ratio of
the 510NPLs is bigger, their effective interaction with the solvent will be larger than
for the 550NPLs. What the possible mechanism is behind the quenching due to the
anti-solvent is not know. Further research has to be done to investigate if one of these
two explanations is true.

5.5.4 Conclusion and outlook

It is shown that there could be ET occurring between the NPLs, but the results are
inconclusive. Overlap between the emission peaks of different NPLs forms a problem,
because it makes it difficult to conclude if there is ET between the NPLs. Due to the
high concentration that have to be used to observe ET between these NPLs, other pro-
cesses like concentration quenching also start to play a roll. These problems could be
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circumvented by adding a anti-solvent to a mixture of 510NPLs and 550 NPLs. For the
measurements on this sample it was also not clear if there was ET between the particles.
The anti-solvent could also quench to emission, which could also explain all observations.
For future research, a different anti-solvent could be added to see what the effect is on
the emission and luminescence lifetime. A second measurement that could be done is
adding a Me/Bu mixture to a lower concentration of 510NPLs and 550NPLs. Due to the
lower concentration, shorter stacks will be formed. This will lower the ET between the
NPLs and also decrease the chance that an exciton gets trapped. Therefore the decay
curves will be longer compared to the decay curves in figure 48 and 49. However, if our
obtained data is due to quenching of the emission by the anti-solvent, there should be
no difference in the lifetime.
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5.6 Influence refractive index on the decay rate and the quantum yield

5.6.1 Background information

510NPLs were dispersed in solutions with different refractive indices to obtain more in-
formation about the radiative and non-radiative decay. The non-radiative decay rate
is invariant when changing the refractive index of the solvent, but the radiative decay
rate is affected. The radiative decay rate is higher in solvents with a higher refractive
index. For an emitter in a homogeneous dielectric surrounding an expression for this
dependence is given by equation (7), where Γ is the radiative decay rate, Γ0 the radiative
decay rate in vacuum and n the refractive index of the solvent [43]. However, in a real
system the dielectric surroundings are not perfectly homogeneous. Therefore the local
field factor χ is introduced (Eq (8)) [44].

Γ = Γ0n (7)

Γ = Γ0nχ
2 (8)

There are many models to obtain an expression for this local field factor. The model
that will be used here is the empty cavity model, because this model accounts for the
fact that the emitter and the solvent cannot occupy the same space and that the emitter
has a different refractive index than the solvent [43]. The expression for χ in this model
is given by equation (9). One adaptation has to be made to this expression, because the
cavity where the emitter is located does not have a refractive index of vacuum (n = 1).
The refractive index of the cavity in our system is the refractive index of the CdSe NC
(n = 2.65). This results in an expression for χ and Γ given by equation (10) and (11)
respectively [45].
This model has an spherical cavity shape, which cannot describe the decay rate of all
shapes of emitter accurately. The NPLs used in this system could probably be better
described with an empty ellipsoidal cavity model [43]. The expression for this model
is given in equation (12). Lµ should be substituted by LX , LY or LZ depending on
whether the the transition moment µji is parallel to the x, y or z axis. In the case of
CdSe NPLs it should by substituted by LX or LY [42]. The values for the aX , aY and
aZ are the sizes of the NPL, which is 14 by 14 nm by 1.2 nm. Note that for the special
case that aX = aY = aZ we obtain LX = LY = LZ = 1

3 and the expression for the
ellipsoidal model (Eq. (12)) simplifies to the expression for the spherical cavity model
(Eq.(11)).

χ =
3n2

2n2 + 1
(9)
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χ =
3n2

2n2 + n2NC
(10)

Γ = Γ0n

(
3n2

2n2 + n2NC

)2

(11)

Γ = Γ0
n5

((1 − Lµ)n2 + LµnNC)2
(12)

Lx =

∫ ∞
0

axayazds

2
√

(s+ a2x)3(s+ a2y)(s+ a2z)
(13)

5.6.2 Lifetime measurements

In this chapter the dependence of the lifetime and the dependence of fraction of emission
trough the fast components on the refractive index of the solvent will be discussed. To
investigate this dependence, 50 µL of a sample with 510NPLs was dispersed in 3 mL sol-
vent. The solvents that were used and the refractive indices of these solvents are listed in
table 4. The lifetime of these samples were measured using a pulsed laser with intervals
of 50 ns and 2 µs and an excitation wavelength of 441 nm. All measurements were done
for 2 minutes. The measurements with a high frequency of the pulsed laser were done
to measure the fast component of the decay curve more accurately. The obtained decay
curves were normalized and are shown in figure 51 and 52.

Solvent refractive index

Hexane 1.375

Hexane/cyclohexane mixture (1:1) 1.4005

Cyclohexane 1.426

Trichloroethylene 1.4777

Trichloroethylen/toluene mixture (1:1) 1.48685

Toluene 1.496

Toluene/chlorobenzene (1:1) 1.51005

Toluene 1.52411

Table 4: Refractive index of solvents used for measurements
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Figure 51: Decay curve of emission 510NPLs in different solvents measured with pulsed laser with
intervals of 50 ns. Solvents: Hexane (dark red), cyclohexane/hexane (red), cyclohexane (orange),
trichloroethylene (yellow), trichloroethylene/toluene (green), toluene (cyan), toluene/chlorobenzene
(blue) and chlorobenzene (purple).

Figure 52: Decay curve of emission 510NPLs in different solvents measured with pulsed laser with
intervals of 2 µs. Solvents: Hexane (dark red), cyclohexane/hexane (red), cyclohexane (orange),
trichloroethylene (yellow), trichloroethylene/toluene (green), toluene (cyan), toluene/chlorobenzene
(blue) and chlorobenzene (purple).

5.6.3 Dependence lifetime

The decay curves in figure 51 and 52 are multi-exponential. The decay curves are
different for the different solvents, but there is no relation between between the shape
of the decay curves and the refractive index of the solvent.
The decay curves were fitted to see whether there is a trend in the individual components
of the lifetime. The decay curves obtained when pulsing every 50 ns can be fitted with
a triple-exponential decay curve (Eq. (14)).

I(t) = A1e
t/τ1 +A2e

t/τ2 +A3e
t/τ3 (14)
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The obtained values for the lifetime of these components are shown in figure 53a and
53b in blue (τ1), orange (τ2) and red (τ3). For these individual components there is
no trend in the lifetime versus the refractive index. Since the rate (1/τ) of a radiative
processes depends on the solvents refractive index ((12)), we must conclude that none of
the three lifetime components is predominantly radiative. This is an unexpected result,
because the fast components in the photoluminescence decay of NPLS have previously
been ascribed to radiative recombination of the exciton [36].
The average lifetimes of the slow components were also determined. These average life-
times were calculated using the data from 20 ns to 1 µs shown in figure 52. The results
are shown in figure 53b in green. Again, the lifetime does not decreases when the re-
fractive index is increased, but this is what we would expect. The slow components are
probably due to trapping. This process is mostly non-radiative.
The average lifetime at n = 1.466 and n = 1.48685 are longer than the other values.
These two point are from the samples were trichloroethylene was the solvent. The in-
tensity of these samples where lower during the measurements. It is possible that due to
the presence of trichloroethylene there is more trapping, resulting in a slower decay rate.
The reason for the increase in trapping when trichloroethylene is present cannot be given
at this point. Photocatalytic decomposition of trichloroethylene has been reported, but
this decomposition occurred in the presence of oxygen and water [46].

(a) (b)

Figure 53: (a) Fitted lifetime of τ1 (blue) and τ2 (orange). (b) Fitted lifetime of τ3 (red) and the average
lifetime of the long components (green).

5.6.4 Dependence fraction of emission though fast components

The dependence of the fraction of emission through the fast components on the refractive
index can be determined by integrating the area under the decay curves. With integra-
tion a number for the directly emitted photons (Ifast) can be obtained. This number
can be divided by the total area under the decay curve (Itot) to obtain the fraction
of photons directly emitted. Ifast is obtained by integrating the first two components
(fast components) of equation (14). The values for τ1, τ2, A1 and A2 were obtained
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by fitting the decay curves in figure 51 with equation (14). The values for A1 and A2

had to be corrected, because the intensity of the decay curves in figure 51 is not zero
after 50 ns. The intensity of first and second component are zero after 50 ns. The third
component, on the other hand, does not completely decay in one repetition period of
the laser. Consequently, the photoluminescence decay after a certain laser pulse contains
contributions from slowly decaying NPLs which were excited by the pulse before. The
apparent amplitude, A3, of the third component is therefore higher than it would be at a
lower repetition rate. To correct for this experimental artefact, an expression was found
for the A3 in terms of the real value of A3 (A∗3). The value of A3 is A∗3 plus the sum of
the intensity of all previous measured decay curves. The resulting expression is given in
Eq (15). This expression can be substituted in equation (14) to obtain equation (16).
Figure 54 shows the effect of this adaptation. The green curve is the fit of equation (16)
and the red curve is what the decay curve would look like when it was measured at a
lower repetition rate of the pulsed laser. The values of A1, A2 and A∗3 were normalized
to obtain the correct values for the amplitude of the first two components. This resulted
in an expression for Ifast given in equation (17).

A3 = A∗3 +A∗3

+∞∑
n=1

enT/τ3 = A∗3

+∞∑
n=0

enT/τ3 = A∗3
eT/τ3

eT/τ3 − 1
, (T = 50ns) (15)

I(t) = A1e
t/τ1 +A2e

t/τ2 +A∗3
e50/τ3

e50/τ3 − 1
et/τ3 (16)

IA =
A1

A1 +A2 +A∗3
τ1 +

A2

A1 +A2 +A∗3
τ2 (17)

Figure 54: Correction of the measured decay curve. The original data point is shown in blue, fit of
equation (16) is shown in green and the adapted decay curve is shown in red.
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The values obtained after integration of the different components as a function of the
refractive index are shown in figure 55. The values obtained for the first and second
component (orange and blue) do not depend on the refractive index. The values obtained
for the third component (red) decreases when the refractive index of the solvent is
increased. Ifast is given by the sum of the two fast components shown in blue and
orange.
The total area under the decay curve was determined by summing the values of all
points in the measured decay curve shown in figure 52 and multiplying this by the step
size. The results are shown in figure 55 in green. The value for the total area under
the normalized decay curve also decreases when the refractive index of the solvent is
increased.
The fraction of emission through the fast component for all samples were calculated by
dividing Ifast by Itot. The results are shown in figure 56. The fraction of emission though
the fast components increases when the refractive index of the solvent increases and is
also only 10 to 20% of the total emission.

Figure 55: Number of photons emitted by the first component (blue), second component (orange) and
third component (green). The total emitted number of photons is shown in green

Figure 56: Fraction of emission through fast component as function of the refractive index of the solvents.
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5.6.5 Fitting of the models

The underlying assumption is that an excited NPLs can decay at a fast rate by emission
or can trap a charge carrier and then decay at a slow rate. The schematic representation
of this proposed model is shown in figure 57. In this figure, the fast decay path is shown
in red and the slow decay path is shown in black. The fast decay is due to a direct decay
form the conduction band (CB) to the valence band (VB). This is a radiative process
and therefore depends on the refractive index of the solvent. The slow decay is due to
a temporarily trapping of the charge carrier followed by decay from the CB tot the VB.
The assumption is made that the trapping is a non-radiative process and is therefore
independent of the refractive index of the solvent. The trapped charge carrier can also
decay non-radiatively from the trapping state to the valence band (Fig. 57, curly arrow).

Figure 57: Model of decay paths in a NPL. The fast (radiative) decay path from the CB to the VB is
shown red. The slow (non-radiative) decay path is shown in black. The curly arrow indices the possible
non-radiative decay of the charge carrier from the trapping state to the VB.

In the previous section it was shown that there is a dependence between the fraction of
emission by the fast components and the refractive index of the solvent. To investigate
if this dependence is consisted with the theory discussed in section 5.6, the data points
in figure 56 were fitted with the ellipsoidal empty cavity model. The fraction of emission
through the fast components or the ratio between Ifast and Itot is equal to the ratio
between the radiative decay (Γrad) rate and the total decay rate (Γtot). The expression
for Γrad is given by the ellipsoidal empty cavity model (Eq. (12)). Γtot is the sum of
Γrad and Γnonrad. Γnonrad is a constant, because the non-radiative decay rate does not
depend on the refractive index of the solvent. The constant is multiplied with a factor
η, which accounts for the non-radiative decay from the trapping state to the VB. This
result in an expression (Eq. (18)) which can be fitted to the obtained data points in
figure 56.

QY =
Ifast
Itot

=
Γrad

Γtot
=

Γrad

Γrad + ηconstant
=

Γ0n
(

n2

(1−Lµ)n2+Lµn2
NC

)2
Γ0n

(
n2

(1−Lµ)n2+Lµn2
NC

)2
+ ηc

(18)
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The datapoint were fitted for Lµ = 0.07, Lµ = 1
3 and Lµ = 1. Lµ= 0.07 is the value you

obtain if the size of the NPL is 14 by 14 by 1.2 nm and the transition moment is per-
pendicular to the short axis of the platelet. Lµ = 1

3 is a special case were the Ellipsoidal
Cavity Model is reduced to the Spherical Cavity Model. Lµ = 1, is the case for when
the lateral dimensions of the NPLs are infinite compared to the thickness of the NPL
and the transition moment is parallel to the short axis. The fits for Lµ = 0.07 (purple),
1
3 (red) and 1 (green) are shown in figure 58. The value for η is set to 1, meaning that
these fits do not take the radiative decay from the trapping state to the VB into account.

Figure 58: QY as function of the refractive index (blue) fitted with equation 18 for Lµ = 0.07 (purple),
Lµ = 1

3
(red) and Lµ = 1 (green).

The fit shown in purple should be the best fit, because the value for Lµ used for the
fit is the value that Lµ should have for the NPLs measured on. This fit is however the
worst fit of the three. The data points cannot be fitted well by any of the values for Lµ.
The slope of fit should be higher, but this is only possible if Lµ becomes larger than 1.
A value larger than 1 cannot be obtained for Lµ.
A possible reason why the data points cannot be fitted by any of the models is that
the solvents have an influence on the non-radiative decay rate. The solvent could for
example induce more trapping due to a reaction with a charge carrier. As stated before
the emission of the samples with trichloroethylene had a lower intensity. This solvent
quenches the luminescence. There is an influence of the solvents on the non-radiative
decay rate, but it is hard to say if all solvents used have an influence. The increase of
the fraction of emission through the fast components when the refractive index of the
solvent is increased will only fit the models discussed when the solvents do not provide
any non-radiative decay channels [45].
A second explanation for why the data points cannot be fitted by the models is that
the assumption that the first two components are due to radiative decay is not correct.
Because the decay curves are multi-exponential, it is hard to say what processes are
occurring. Some research on these processes have been published, but only the first 5 ns
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of the decay was taken into account [36]. The conclusions of Ref. [36] were that there
are NPLs with and without a quenching site. The second component of the lifetime is
assumed to be non-radiative. The statement that there are two kinds of NPLs present
contradicts a previous paper were it was stated that the lifetime of a single NPL is very
similar to the lifetime of an ensemble [10].

5.6.6 Conclusion and outlook

The decay curves are different for the different solvents, but there is no relation be-
tween between the shape of the decay curves and the refractive index of the solvent.
A decrease of the lifetime of the radiative decay (two fast compents) as a function of
the refractive index was not observed. There was also no trend visible in the lifetime
of the slow components. This was expected, because the non-radiative decay rate does
not depend on the refractive index according to the theory. The lifetime of the NPLs
in trichloroethylene had, in comparison with the other solvents, a longer lifetime. This
could be because this solvents induces other decay pathways.
The fraction of emission through the fast components did depend on the refractive index
of the solvent, but the trend could not be fitted by any of the models. The NPLs do not
show the same behaviour as other emitters in solvents. There is no clear explanation
for why the obtained results cannot be fitted with any of the models. More research on
the possible decay pathways would give more insight on these strange observation. It
could be that the NPLs interact with the solvents, resulting in other non-radiative decay
paths.
For further research, it would also be interesting to do these measurements on NPLs
that are not washed so many times. To obtain one population of NPLs, size selective
precipitation was performed on the platelets used for this these experiments. This could
reduce the QY of the platelets, because more surface defects are introduced. It would be
interesting to see if the NPLs obtained with the adapted synthesis method reported in
section 5.4 would give the same results as the NPLs obtained with many washing steps.
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6 Conclusion and outlook

NPLs emitting at 460, 510 and 550 nm can be successfully synthesized using the method
described by the Dubertret et al. CdSe/CdS core/shell particles can also be synthesized,
but the formation of CdSe/Cd0.5Zn0.5S/ZnS multishell NPLs proved to be more difficult.
Multishell NPLs containing Cd, S6, Zn and S are obtained when the SILAR method with
oleyl amine as coordinating ligand is used, but the QY of these NPLs is very low com-
pared to bare NPLs. The TEM/HAADF-STEM images show that the contrast of the
edge of the multishell NPLs is different than the center. EELS measurements show that
the edge is thicker than the center of the particle and that an excess of cadmium and
sulphur is present at the edge of the particle. The formation of a thicker edge is also
observed for thicker NPLs with a different growth direction. What causes the formation
of the thicker shell is not known yet. Formation of a thicker edge was also observed for
the continuous growth of CdS around CdSe NPLs. The concentration of precursor used
in our experiments could have been too high and therefore continuous growth was taking
place instead of layer by layer growth. For further experiments the concentration of the
precursors could be lowered, to investigate if this has an influence on the thickness of
the edge.
When a Hg-exchange reaction is performed on CdSe NPLs no stable dispersions are
obtained. The method used for the exchange reaction was developed by the group of
Hens for QDs, but exchange on QDs could also not be reproduced. A possible expla-
nation could be that the QDs used for the experiment were too small and the NPLs
too thin. When the reaction zone is larger than the size of the NC, then the particle
will disintegrate during the reaction. The exchange reaction is partially successful on
QDs with a multishell according to TEM and EDX-measurements. These experiments
also resulted in stable dispersions. For future experiments it would be interesting to
investigate whether exchange is possible on CdSe/CdS core/shell NPLs, because these
particles are thicker.
As stated before, NPLs emitting at 460 nm, 510 nm and 550 nm can successfully be
synthesized, it is however difficult to obtain only one population of NPLs. When adding
sodium acetate or lithium acetate during the synthesis of 510NPLs only one population
of NPLs is obtained, but these platelets have a lower QY than when cadmium acetate
is added. Adding a mixture of cadmium acetate and sodium acetate resulted in a single
population of NPLs with a high QY of 60%. Recommendation for further experiments
are investigating if the same adaptation to the synthesis method of 550NPLs will also
result in one population of NPLs with a high QY.
Whether ET is occurring between NPLs was also investigated. The results obtained
when varying the concentration of the samples to investigate this phenomenon were in-
conclusive. The change in ratio between the emission intensity of different populations
of NPLs can be explained by ET, but also by concentration quenching. As there is
overlap between the emission peaks, it is also hard to measure the lifetime of only one
population. These lifetime measurements could confirm if ET is taking place. When
adding an anti-solvent to reduce the distance between the NPLs instead of increasing
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the concentration, the results were still inconclusive. The lifetime of both 550NPLs and
510NPLs changes and also the ratio between the emission peaks change, but the total
intensity of the emission for both populations is lower when more anti-solvent is added.
The changes in the lifetime when more anti-solvent is added could be explained by ET,
but can also be explained by quenching of the emission due to the interaction with the
added anti-solvent. Adding different anti-solvents or adding a anti-solvent to lower con-
centration of NPLs and comparing the decay curves to the experiments already done
can give more information if ET is taking place.
The influence of the refractive index of the solvent on the lifetime and the fraction of
emission through the fast components was also investigated. All components of the
lifetime are independent of the refractive index. This is not expected, as the radiative
decay rate depends on the refractive index of the solvent. Because no dependence is
measured, it can be concluded that non of the lifetime components are mainly radiative.
The fraction of emission through the fast components did depend on the refractive index,
but the observed trend could not be fitted by the proposed models. More research has
to be done on the decay path of the charge carriers in NPLs, in order to come up with
a better model for the decay pathways.
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A Appendix A

(a)
(b)

Figure 59: (a) Absorption spectrum of 510NPLs synthesized with the addition of Zn(Ac)2 (b) TEM
picture of these particles. scale bar 100 nm.

(a)
(b)

Figure 60: (a) Absorption spectrum of 510NPLs synthesized with the addition of Co(Ac)2 (b) TEM
picture of these particles. Scale bar 100 nm.
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(a)

(b) TEM picture of 510NPLs synthesized with the addition of Cu(Ac)2. Scale bar 200 nm

(a) (b)

Figure 62: (a) Absorption spectrum of 510NPLs synthesized with the addition of Pb(Ac)2 (b) TEM
picture of these particles. Scale bar 100 nm.
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(a)
(b)

Figure 63: (a) Absorption spectrum of 510NPLs synthesized with the addition of Mg(Ac)2 (b) TEM
picture of these particles. Scale bar 100 nm.
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