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1 Zusammenfassung 

Die CdSe Halbleiter-Nanoplättchen besitzen außergewöhnliche optische Eigenschaften. Aus 

der Nanoplättchendicke resultiert eine starke Einschränkung des Exzitons, sodass schmale Ab-

sorptionsmaxima von einem leichten und einem schweren Loch, sowie eine ebenso schmale 

Emission entstehen. Infolgedessen sind CdSe Nanoplättchen für bestimmte Anwendungen, wie 

beispielsweise LED-Bildschirme, geeigneter mit diesen optischen Eigenschaften. Um die sphä-

rischen CdSe Quantenpunkte zu ersetzen, bedarf es einer CdSe-Nanoplättchen-Synthese, die 

für große Produktionsmengen auf industrielles Niveau skaliert werden kann. Denn aktuell gibt 

es keinen Syntheseansatz für CdSe Nanoplättchen in Flussreaktoren. Für die Produktion und 

Anwendung von CdSe Nanoplättchen ist ein tiefgreifendes Verständnis über ihren Wachstums-

mechanismus essentiell. Darüber hinaus sind Modifikationen der Nanoplättchen teilweise not-

wendig, um bestimmte Anwendungen zu ermöglichen. 

In dieser Arbeit wurde eine Flussreaktorsynthese von CdSe Nanoplättchen entwickelt. Hierbei 

enstehen hauptsächlich 3 Monolagen dicke CdSe Nanoplättchen. Diese besitzen schmale Ab-

sorptionsmaxima von 435 nm und 462 nm mit einer Halbwertsbreite von 13 nm für das leichte 

Loch und 9 nm für die Absorption des schweren Lochs. Die Emission der 3 Monolagen CdSe 

Nanoplättchen bei 463 nm besitzt eine genauso schmale Halbwertsbreite von 8 nm. Neben 3 

Monolagen CdSe Nanoplättchen entstehen auch 4 Monolagen CdSe Nanoplättchen. Hierbei 

entstehen Absorptionsmaxima bei 481 nm und 513 nm, sowie eine entsprechende Emission 

bei 514 nm. Als Resultat dieser Synthese, bei denen der Cadmium-Vorläufer und Selen-Vor-

läufer nicht getrennt werden, besitzen diese Flussreaktor-Nanoplättchen große und nicht-uni-

forme laterale Flächen von ungefähr 1000 nm2. Entsprechend liegen ihre Fluoreszenzquanten-

ausbeuten bei unter 1 Prozent. Darüber hinaus konnte eine Nukleationstemperatur von 180 °C 

festgestellt werden für die CdSe Nanoplättchen im laminaren Strömungsprofil des Flussreak-

tors. 

Wiederum konnten dank der vereinten Vorläufer-Lösungen die frühsten Stadien der CdSe-Na-

noplättchensynthese hergestellt und mittels UV/Vis-Spektroskopie, Transmissionselektronen-

mikroskopie und Kleinwinkelröntgenstreuung untersucht werden. Dabei wurden CdSe-360 und 

CdSe-405 Magic-Size Cluster beobachtet, die wichtige Bausteine bei der Synthese von CdSe 

Nanoplättchen darstellen. Diese Magic-Size Cluster agglomerieren und durchlaufenen einen 

Größenfokussierungsprozess, um Intermediatstrutkuren zu bilden. Insbesondere durch die 

Blauverschiebungen in den Anregungsspektren und durch Größenfokussierungen in den Klein-

winkelstreuungsmustern konnten diese Intermediate festgestellt werden. Anhand dieser 
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Ergebnisse wurde ein Wachstumsmodell entwickelt, welches zeigt, wie die CdSe Magic-Size 

Cluster mit ihrem großen Durchmesser dank des Intermediates zu den schmalen CdSe Nano-

plättchen heranwachsen. Mit Hilfe der Röntgendiffraktometrie wurde für die CdSe Nanoplätt-

chen eine Zinkblende-Struktur bestimmt. Für genau diese Zinkblende-CdSe-Nanoplättchen ist 

der Wachstumsmechanismus noch nicht vollständig aufgeklärt. Somit liefern die vorliegenden 

Ergebnisse wichtige und neue Informationen, um das Wachstum der CdSe-Nanoplättchen in 

Zukunft vollständig zu verstehen. 

Mit einer CdS-Schale oder einer Polystyrol-PI-b-PEO Hülle konnten die CdSe Nanoplättchen 

erfolgreich modifziert werden. Die Polystyrol-Hülle erlaubt den CdSe Nanoplättchen in wäss-

rigen Medien stabil vorzuliegen. Wiederum erlaubt die CdS-Schale die optischen Eigenschaf-

ten der CdSe Nanoplättchen anzupassen. Dank der Flussreaktorsynthese und diesen Modifzie-

rungen ist ein Fundament geschaffen, um CdSe Nanoplättchen in Zukunft in diversen Anwen-

dungen einsetzen zu können. 
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2 Abstract 

Anisotropic semiconductor nanoplatelets possess exceptional optical properties. They result 

from the strong confinement of the exciton through the thickness of the nanoplatelets so that 

narrow light-hole and heavy-hole absorption peaks, as well as narrow emission peaks, emerge. 

Due to their optical properties, CdSe nanoplatelets would be more suitable candidates for ap-

plications like LED screens to replace spherical quantum dots in the long term. However, it is 

relevant here that the synthesis of CdSe nanoplatelets can be scaled to produce large quantities 

on an industrial level. Currently there is no known synthesis method for CdSe nanoplatelets in 

a flow reactor. Ideally, further insights into the growth mechanism of the CdSe nanoplatelets 

should also be found, and additional modifications should be made to these nanoplatelets, de-

pending on the application. 

In this work, a synthesis of CdSe nanoplatelets was developed for a flow reactor. With this 

combined precursor method, mainly 3 monolayer thick CdSe nanoplatelets resulted with their 

typical absorption peaks at 435 nm and 462 nm and a narrow full width at half maximum of 

13 nm for the light-hole and 9 nm for the heavy-hole. The emission of the 3 monolayer CdSe 

nanoplatelets at 463 nm is also narrow, with a full width at a maximum of 8 nm. In addition to 

3 monolayer CdSe nanoplatelets, 4 monolayer CdSe nanoplatelets are also synthesized with 

absorption peaks at 481 nm and 513 nm, including the respective emission at 514 nm. As a 

result of combining the cadmium precursor and selenium precursor, these CdSe nanoplatelets 

produced from the flow reactor have large and non-uniform lateral areas of approximately 1000 

nm2. Accordingly, their quantum yield is below 1 percent. In the laminar flow profile of the 

flow reactor, the nucleation temperature of the CdSe nanoplatelets was determined to be at 

180 °C. 

Thanks to the combined precursor solutions, the earliest synthesis stages of the CdSe nanoplate-

lets could be reached and analyzed using UV/Vis spectroscopy, transmission electron micros-

copy, and small-angle X-ray scattering. CdSe-360 and CdSe-405 magic-size clusters were ob-

served and, thus, were discovered as important building blocks in the CdSe nanoplatelet syn-

thesis as part of this work. These magic-size clusters agglomerate and undergo a size-focusing 

process in order to form intermediate structures. In particular, these intermediates were detected 

by the blue shift in the photoluminescence excitation spectra and the size focussing visible in 

the small-angle X-ray patterns. Based on these results, a growth model was developed that 

shows how the magic-size clusters can grow through the intermediate stage to the CdSe nano-

platelets. Based on the X-ray diffraction, the CdSe nanoplatelets have a zinc blende structure. 
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The mechanism for precisely these zinc blende CdSe nanoplatelets is not yet fully understood. 

Therefore, the obtained results provide important and new information to fully understand the 

growth mechanism of CdSe nanoplatelets in the future. 

The CdSe nanoplatelets were successfully modified with a CdS-shell or a polystyrene-PI-b-

PEO shell. A water-stability could be obtained with the addition of the polystyrene-encapsula-

tion. The CdS-shell allowed to change the optical properties of the CdSe nanoplatelets. Thanks 

to the flow reactor synthesis and the modifications, a foundation has been created to use the 

CdSe nanoplatelets for various applications in the future. 
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3 Introduction 

Nowadays, we cannot imagine daily life without nanoparticles. The prefix “nano” from the 

word “nanoparticle” originates from the Greek language. It translates to “dwarf” and describes 

a fraction of a billionth.1,2 One significant aspect of nanoparticles are their unique properties 

compared to their bulk-material counterparts, which are induced by a phenomenon called quan-

tum confinement.3 Nanoparticles have a much higher surface-to-volume ratio and can have var-

ious shapes. Some of these shapes are not just spherical but, for example, rod shaped or nano-

platelets. Their material can also vary between organic and inorganic materials, thus enabling 

various applications.1 Furthermore, nanoparticles are already being utilized in fields like mi-

croelectronics or the biomedical field.2 One example from the microelectronics field is found 

in some of our living rooms with quantum dots light-emitting diodes (QLED) screens for our 

televisions.4 Another example can be found during the COVID-19 pandemic when people 

worldwide relied on the SARS-CoV rapid tests to check for an infection. In these rapid tests, 

gold nanoparticles, together with proteins, are used as antibody labels for the SARS-CoV virus.5  

These two examples showcase how close and essential nanoparticles are in our daily lives. To 

keep using more and new nanoparticles for new and different applications, they need to be 

accessed in large quantities. This access is also bound to two essential requirements. The first 

requirement is to understand the growth mechanism and its fundamental principles.6 This 

knowledge is necessary to precisely control the nanoparticle's shape and size. The second re-

quirement is a controllable, low-cost synthesis scaled to industrial levels.7 Some of these syn-

thesis approaches include the usage of batch and flow reactors.7,8  

Mass production is established for spherical semiconductor quantum dots, and their synthesis 

pathways have been researched for years.6 However, mass production is rarely established for 

anisotropic semiconductor nanoparticles. Exemplary anisotropic nanoparticles are the semicon-

ducting cadmium selenide (CdSe) nanoplatelets (NPLs). In their case, the growth mechanism 

still needs to be fully understood and discussed.9–11 Knowledge about the growth mechanism is 

crucial to developing a reliable scale-up synthesis method for future applications of these ani-

sotropic semiconductor nanoparticles. 

In this work, possible answers are provided to the challenge of mass-producing anisotropic 

semiconductor CdSe NPLs. This work presents new information on their growth mechanism 

and showcases a pathway for accessing CdSe NPLs through a scale-up synthesis technique. 

Furthermore, two techniques are presented for modifying these CdSe NPLs to enable new fu-

ture applications. 
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4 Theoretical principles 

4.1 Semiconductor nanoparticle characteristics 

A distinction between metals, semiconductors, and insulators is typically made based on their 

electrical conductivity. The metal's electrical conductivity decreases with increasing tempera-

ture, while the opposite applies to semiconductors. Insulators, as the name suggests, do not 

show electrical conductivity at all. Understanding how electrons move within these systems is 

important to further explain this behavior and outline the difference between bulk materials and 

nanoparticles.12 

Fundamental quantum mechanics describe electrons with a wave-particle duality. As a result 

of this description, atomic orbitals are used to describe the probability of an electron located in 

an atom as a wave function.12 To describe nanoparticles and their bulk material counterparts, 

multiple atoms are needed. One way to describe the electron wavefunction in a system with 

multiple atoms is through the linear combination of atomic orbitals, also known as LCAO-

method. This method allows for an approximation of the electron wavefunction through com-

bination of atomic orbitals to molecular orbitals. For example, consider two atomic orbitals, 

which would be the case for a hydrogen molecule. The combination of these two 1s atomic 

orbitals lead to the formation of one bonding and one anti-bonding molecular orbital. The bond-

ing molecular orbital, called σ molecular orbital, has a lower energy than the individual atomic 

orbitals. As a result, this molecular orbital is occupied with the two electrons arising from the 

previous two atomic orbitals to minimize the potential energy of this molecule. This highest 

occupied molecular orbital is also called HOMO. The anti-bonding molecular orbital, called σ* 

molecular orbital in this case, has a higher energy compared to the atomic orbitals. This molec-

ular orbital remains unoccupied and is also referred to as the lowest unoccupied molecular or-

bital, short LUMO. Based on this example, it is also possible to combine multiple atomic orbit-

als to obtain multiple molecular orbitals. Through this combination, most molecular orbitals 

have an intermediate energy value instead of very high or very low energy values.12,13 Conse-

quently, many MOs are being formed, creating a quasi-continuum and an energy band. The 

upper, unoccupied energy band is referred to as the conduction band, and the lower occupied 

energy band is called the valence band. Figure 1 shows a schematic representation of the LCAO 

method.12,13  
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Figure 1: Schematic presentation of the LCAO method based on a semiconductor material. The more MOs 

are formed through the combination of AOs, the smaller the band gap becomes. Through thousands of 

MOs, a quasi-continuum is obtained in the form of a valence and a conduction band. The image shows that 

the band gap of a nanocrystal Egap is larger compared to the bulk material Egap,Bulk. The image is recreated 

from the literature.12,13 

Based on the LCAO method shown in Figure 1, the band gap size difference between the nano-

crystals and their bulk material counterpart becomes apparent. The more MOs are being formed, 

the more near-band-edge level MOs are being produced. Therefore, smaller nanocrystals have 

a larger band gap than bigger nanocrystals.12,13 This observation is referred to as the quantum 

size effect.14 

Semiconductors have an occupied valence band and an unoccupied conduction band. Between 

these energy bands lies the band gap. For an electron to move up to the conduction band, it must 

gain energy equal to or higher than the band gap. This energy gain can come, for example, in 

the form of absorbing a photon. With this energy, an electron can move to the conduction band. 

During this process, a quasi-particle called a hole is formed in the valence band. Compared to 

the negatively charged electron, the hole has a positive charge. Both the electron and hole are 

charge carriers. This bound pair together as a quasi-particle is called an exciton. As both charge 

carriers move within a crystal lattice, they are described through an effective mass. Taking their 

opposite charges into account, both the electron and hole interact with each other through 

Coloumb interactions. Thus, the minimum energy to create an exciton requires the energy of 
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the band gap Egap and the kinetic energies of the electron Ekin,e and the hole Ekin,h, subtracted by 

the Coulomb energy Ecoulomb. This exciton energy Eexc can be described in Equation 1:12,13 

Eexc=Egap+Ekin,e+Ekin,h-Ecoulomb (1) 

With the interaction between the charge carriers, the exciton itself also occupies a radial 

space.13,15 This radial space of the exciton can be described through the exciton Bohr radius a0 

in Equation 2 

a0=
4π ℏ

2
εd

e2
(

1

me
*

+
1

mh
*
) 

(2) 

where ħ is the reduced Planck constant, εd is the semiconductor dielectric constant at optical 

frequencies, e is the electron charge, and finally, me
* and mh

* the effective masses of the electron 

and hole, respectively.13,15,16 One more difference is demonstrated between nanomaterials and 

bulk materials with the exciton: The exciton Bohr radius has less space in a nanocrystal than in 

the bulk material; thus, nanomaterials are in the quantum confinement regime.13,15 Quantum 

confinement can be further differed between strong and weak confinement. If the nanocrystal 

is smaller than the exciton Bohr radius, then there is a stronger confinement, and the kinetic 

energy between the charge carriers is larger than their Coulomb interaction. The charge carriers 

can be treated independently. However, the resulting confinement is weak if the nanocrystal is 

larger than the exciton Bohr radius. Comparing both confinements, the difference in the energy 

levels and, therefore, in the band gap is much bigger in the strong confinement than in the weak 

confinement.13 

The shape of the nanocrystals strongly impacts the confinement of the exciton, as well. In spher-

ical nanocrystals, often called quantum dots, the exciton is confined in all three dimensions. 

These particles with fully confined excitons are called 0-D nanomaterials. For 1-D nanomateri-

als, the exciton is only confined to two dimensions. These 1-D nanomaterials are, for example, 

nanowires or nanorods, meaning a delocalization of the charge carriers is still possible in one 

dimension. Nanoplatelets and nanowells are 2-D nanomaterials in which the excitons are con-

fined in only one dimension, the thickness of the material. For bulk 3-D materials larger than 

the exciton Bohr radius, a delocalization of the charge carriers in all three dimensions is possi-

ble.13,17 The density of states (DOS), which describes the amount of electrons within an energy 

range, also depends on the dimensions of the nanomaterials.17 In Figure 2, the nanomaterial 

shape's effect on the density of states is portrayed.13,17 
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Figure 2: Schematic representation of the density of states (DOS) depending on the dimensionality of the 

nanomaterials. The exciton Bohr radius is depicted in blue, showing the confinement within the yellow sem-

iconductor nanomaterials. The image is recreated from the literature.13,17 

Taking the Coloumb interaction of the charge carriers into account, the band gap energy of a 

spherical nanoparticle Egap,nano can be described as 

Egap,nano = Egap+
ℏ

2
π2

2r2
(

1

me
*

+
1

mh
*
) +Ee,h+Ee

pol+Eh
pol

-0.248ERy 
(3) 

in Equation 3.13 In this Equation, r is the nanocrystal radius, Ee,h is the Coulomb interaction 

between the electron and the hole and Ee
pol Eh

pol
 are the self-polarization energies of the electron 

and hole. The last term contains the Rydberg energy ERy. Here, the effective Coulomb interac-

tion can be also described in the following Equation 4:13 

Ee,h=
-1.786 e2

εQD r
 

(4) 

In this Equation, the dielectric constant of the spherical nanocrystal εQD is present.13 As a simple 

approach, both Equations allow a description of the confinement in semiconductor quantum 

dots.13,18 However, neither Equation is sufficient to describe the strong confinement in one di-

rection and weak confinement in the lateral direction of the exciton within the CdSe NPLs.18 

One problem is that the confinement energy is not properly described by these Equations when 

the nanocrystals are very small.18–20 Another problem is the splitting of the valence band into 

subbands in semiconductor materials, like CdSe, which are not considered in the simple effec-

tive mass approximation.19,20 Consequently, other methods based on the Schrödinger Equation 

are used to describe the band gap in CdSe NPLs.19,20  
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As discussed above, semiconductors have a valence band, a conduction band, and, in between 

these energy bands, a band gap. Electrons can overcome the band gap through the absorption 

of energy. Thermal energy is sufficient enough to excite the electrons, and that conduction oc-

curs in the bulk material. In contrast, metallic conductors also have a valence band and a par-

tially occupied conduction band with no band gap in between. Hence, in metals, the electrons 

can easily move through the conduction band. Higher temperatures decrease the conductivity 

of metals because the electrons collide more often with the atom's crystal lattice. Insulators 

often have a band gap so large that electrons can not cross the band gap to reach the conduction 

band.12,17 

Semiconductor nanoparticles of any shape can also consist of more than one material. These 

heteronanostructures impact the delocalization of the charge carriers because as shown in Equa-

tion 4, the band gap, and thus the energy offset between the HOMO and the LUMO, depends 

on the material of the nanocrystal. Consequently, two materials create two band gaps within 

one nanocrystal if one of these two materials “coats” the other, creating a core/shell structure. 

Taking a core/shell quantum dot as an example, the energy offset between HOMO and LUMO 

can be differed into three types. Type-I quantum dots can have a core material with a narrower 

band gap compared to its shell material. Here, once an exciton forms, it is mainly confined in 

the core material. However, the opposite case can also be true if the band gap is narrower for 

the shell material, because then the exciton would be located in the shell. This exciton is also 

called direct exciton. Type-II quantum dots, the conduction band, and the valence band of the 

shell material are staggered compared to the ones from the core material. As a result, the exciton 

will be spatially separated; an indirect exciton will form. Because of the energy levels, the hole 

will remain in the core material, and electrons will remain in the shell materials. In the case of 

a very small offset between the conduction bands of the core and shell material compared to a 

big offset between their valence bands, these quantum dots are referred to as quasi-type-II quan-

tum dots. However, these quasi-type II quantum dots are, per definition, still Type-I quantum 

dots. In these quasi-type II quantum dots, the electron can delocalize across the core and shell 

while the hole remains confined in the core. The delocalization of the charge carriers in the 

different types of heteronanocrystals is presented in Figure 3.13,21  
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Figure 3: A schematic image of a type-I, quasi-type-II, and type-II nanocrystal. The wavefunctions of the 

charge carriers are depicted in blue for the conduction band and in red for the valence band. Here, the 

nanocrystal core is depicted in a pale-yellow color, and the shell material is pale-green. The image is recre-

ated from the literature.13,21 

4.1.1 Properties of semiconductor nanoplatelets. 

One interesting aspect of CdSe nanoplatelets is in their absorption spectrum because two peaks 

are visible, one for the electron and light-hole transition and another one for the electron and 

heavy-hole transition of the exciton.22 To further explain this observation, it is important to 

understand the electron movement within a crystal lattice. In the dispersion relation, an electron 

in a vacuum can be described as a plane wave with a continuum of energy levels (Figure 4, 

left). In a nanocrystal, the electron wavefunction with a value k experiences a periodic poten-

tial ac through the crystal lattice atoms. Taking this lattice constant into account, a Bloch func-

tion can be used to describe the movement of the electron in the CdSe crystal lattice. The elec-

trons are now either slightly disturbed by the crystal lattice or are completely reflected by the 

lattice. This Bragg reflection creates two standing waves at the wave vectors k = π ∙ ac
-1 and 

k = -π ∙ ac
-1. Thus, both standing waves at the same electron wavefunction value k have different 

charge distributions and create an energy gap (Figure 4, middle). The periodic lattice means for 

the Bloch function that the values k and k + 2π ∙ ac
-1 have the exact same impact. Hence, the 

energy regime of the dispersion relationship can be restricted into an interval of -π ∙ ac
-1 up to 

π ∙ ac
-1, which is called the Brillouin zone (Figure 4, right). The dispersion relation for the elec-

tron in the different environments is shown in Figure 4.13  
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Figure 4: The dispersion relation of an electron in a vacuum (black, left), in a one-dimensional crystal (red, 

middle), and a restricted representation in a one-dimensional crystal (blue, right). The image is recreated 

from the literature.13 

In Chapter 4.1, the band model was used to explain the formation of the valence band and 

conduction band. These bands can also be assumed to have a parabolic form, similar to the 

dispersion relation, as shown in Figure 5.23 For semiconductor CdSe with a wurtzite or zinc 

blende structure, the conduction band is formed by 5s-orbitals of the cadmium. However, the 

4p-orbitals of the selenium are now the foundation of the valence band. These orbitals are not 

only sixfold degenerated but split the valence band into a light-hole subband, a heavy-hole 

subband, and a split-off hole subband because of a strong split-orbit-coupling and the different 

angular moments. The splitting also depends on the crystal structure of the semiconductor. 

Wurtzite semiconductors have at every electron wavefunction value k the splitting of the sub-

bands. Diamond-like semiconductors only split into light-hole and heavy-hole subbands at val-

ues that are not k = 0.23 The difference in the curvature also indicates the different effective 

masses of the holes.24 
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Figure 5: Valence band structure for a diamond-like and a wurtzite semiconductor. In both cases, the va-

lence band shows a split-off band (brown). Depending on the crystal structure, at k = 0, there is another 

subband split visible into a heavy-hole (red) and a light-hole (dark red) band. This subband is not visible at 

k = 0 for a diamond-like structure but at other wave vector values. The image is recreated from the litera-

ture.23 

In nanoplatelets, the confinement through the thickness is so strong that the heavy-hole and 

light-hole subband drift further apart in energy at k = 0.25 The exciton Bohr radius of CdSe bulk 

material is 5.4 nm,26 which also supports the strong confinement of CdSe NPLs because the 

thickness for three monolayers is known to be 0.9 nm.27 As a consequence, both transitions are 

visible in the absorption spectra. Another interesting aspect of nanoplatelets is a minimal Stokes 

shift between the emission and the electron/heavy-hole transition peak in the absorption.28 Fur-

thermore, all peaks in the absorption and emission are very narrow, and the lateral size of the 

nanoplatelets barely affects these optical properties.22 The very high exciton-binding energy 

also shortens the fluorescence decay of CdSe NPL.28 Furthermore, thin NPLs usually have a 

lower fluorescence quantum yield than thicker NPLs.29 The quantum yield also strongly de-

pends on the lateral size of the NPLs because laterally smaller NPLs have a higher quantum 

yield compared to laterally larger NPLs.30  

Like nanodots, NPLs can be modified through shell growth into a heteronanostructure. The 

shell growth method for NPLs can be performed through a high-temperature growth method by 

Riedinger et al. which leads to very thick cadmium sulfide (CdS) shells around the CdSe NPL 

core.31  Through this method, bright nanoplatelets with a high quantum yield are obtained, and 

the emission remains narrow.31 A different approach for shelling NPLs is the colloidal atomic 

layer deposition (c-ALD) method by Kovalenko et al.32 This room-temperature method allows 
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the growth of a shell layer-by-layer onto the CdSe NPL. However, this lower crystallinity in 

the shell from the room-temperature approach causes a lower quantum yield.32 In both cases, 

the CdS-shell leads to a quasi-type II CdSe/CdS NPL.13,21,32,33 Thus, the electron can delocalize 

into the NPL's shell and core structure, and a red shift in the optical properties is visible.31,32 In 

Figure 6, a schematic drawing of a core-shell NPL is shown.32 

Aside from shells, a so-called crown structure can be grown onto NPLs. The crown-structure 

refers to the lateral growth of the CdSe NPL with CdS, which is a unique growth method for 

anisotropic nanoplatelets. Analogous to the shell growth, the passivation of the CdSe NPLs 

sides through the lateral growth with CdS leads to improved quantum yields.34 Figure 6 also 

shows a schematic drawing of a core-crown NPL.34 

 

Figure 6: A core-shell NPL (left) and a core-crown NPL (right), where the core material is depicted in yellow 

and the shell/crown in orange. The left image is recreated from literature,32 and the right image is also 

recreated from literature.34 

4.2 Synthesis of semiconductor nanoplatelets 

4.2.1 Growth and nucleation model of semiconductor nanoparticles. 

The synthesis of nanoparticles, in general, involves two essential steps: Nucleation and 

growth.6,13 

Nucleation involves the formation of nuclei, which act as the base for the crystal growth.6 This 

process can be further divided into two nucleation types. Homogeneous nucleation involves the 

formation of a nucleus within one uniform medium. The second nucleation type, heterogeneous 

nucleation, describes the formation of nuclei on different structural surfaces.6,13 In both cases, 

monomers are needed, which can then assemble into nuclei. The monomer concentration can 

change drastically by either injecting a precursor, changing the temperature, or a sudden change 

in solubility of one of the precursor components.13 To form a nucleus, a certain amount of free 

energy is required. This is best described in the Gibbs free energy ΔGtotal in Equation 5:6,13 

ΔGtotal = 4πr2γ +
4

3
πr3ΔGv= ΔGs +

4

3
πr3ΔGv  

(5) 
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In this Equation 5, r denotes the nanoparticle radius again. There is also the surface energy γ 

and the free energy of the bulk crystal ΔGv. In this Equation, the first term can also be replaced 

with the free energy of the surface ΔGs. The crystal-free energy can be further described in 

Equation 6: 6,13 

ΔGv = 
-kBT ln(S)

ν
 

(6) 

It becomes apparent that the crystal free energy in Equation 6 depends on the Boltzmann con-

stant kB, the temperature T, the supersaturation of the solution S, and volume of the atom within 

the molecule ν.6,13 The surface energy described in the first term of Equation 5 always has a 

positive value because the bonds of the monomers at the surface are not saturated. The crystal-

free energy in the second term, also referred to as volume-free energy, is negative because 

energy is needed to form chemical bonds in nuclei. Based on these free energies, a critical radius 

results so that the nuclei remain stable in the solution. Nuclei smaller than the critical radius 

redissolve and form monomers, while nuclei bigger than the critical radius grow into mature 

nanoparticles.13 The effect on the free energies and the critical radius can be visualized in the 

plot in  

Figure 7.6,13 

 

Figure 7: A Plot to showcase the change in free energy depending on the radius of a spherical nanocrystal 

nucleus (blue). The positive surface energy is marked in green, and the negative volume free energy is 

marked in red. At a critical radius rc, the required activation nucleation barrier for nucleation is indicated 

at ΔGc. The image is recreated from the literature.13 
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After nucleation, the next step is growth. The growth of nanoparticles depends especially on 

their surface reactions and the monomer diffusion. An increase in growth rate occurs with in-

creased monomer concentration and temperature. Surfactants also play a key role in nanoparti-

cle growth because they usually slow down the growth process as they need to be removed for 

monomer incorporation. Generally, the nanoparticle growth can occur in different ways. The 

first growth method is through monomer addition and another growth method is known as ori-

ented attachment. In oriented attachment, small nanoparticle seeds attach to each other with a 

common crystallographic orientation. This method is often used to explain anisotropic nano-

crystals such as nanorods or nanowires. Coalescence is yet another growth type, different from 

oriented attachment because, in coalescence, the seeds attach to each other without a crystallo-

graphic orientation.6,13 

The growth rate can be defined as a change of a nanoparticle radius r over time t. Together with 

the diffusion coefficient of the monomers D, the molar volume of the solid Vm, the activity of 

the monomer in the solution am, the activity of the monomer on the nanoparticle surface as, and 

the reaction constant KS, Equation 7 is obtained to describe the growth rate:13 

dr

dt
 = 

D Vm(am-as)

r - (D/KS)
 

(7) 

Based on Equation 7, the diffusion depends on the concentration gradient between the solution 

and the nanoparticle surface. This also demonstrates the impact of the rate-determining step on 

the overall process. In a reaction-controlled regime, the monomer incorporation and their reac-

tion on the nanoparticle is the rate-determining step, thus making the reaction constant KS and 

the nanoparticle radius r smaller compared to the monomer diffusion D. This is opposite to the 

diffusion-controlled regime, where the monomer diffusion is the rate-determining step and 

smaller compared to the nanoparticle radius and the reaction constant. Taking Equation 7 into 

account, the reaction-controlled regime can be simplified into Equation 8 and the diffusion-

controlled regime can be described as Equation 9.6,13 

dr

dt
 = VmKS(am-as) 

(8) 

dr

dt
 = 

D Vm(am-as)

r
 

(9) 

The monomer concentration is expected to be the highest at the beginning of the growth pro-

cess. In that case, the diffusion rate of the monomers is the fastest step thus making it a reaction-

controlled regime. During the growth process, more and more monomers are being incorporated 

into nanoparticles. Thus, the monomer concentration decreases over time. Consequently, the 
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monomer diffusion will become the rate-determining step. Furthermore, the dissolution of the 

nanoparticles also becomes relevant because of the now slowed down growth process.13 The 

dissolution process depends on the nanoparticle size which is best described by the Gibbs-

Thomson relation in Equation 10:6,13 

as = aeexp (
2γ Vm

r kB 𝑇
) 

(10) 

In Equation 10, ae is the activity of the monomer in equilibrium in the solution, and γ is once 

again the surface energy, specifically the interfacial surface tension. The Gibbs-Thomson rela-

tion can be used to define a critical nanoparticle size r* if the monomer activity in the solution 

is assumed to be in equilibrium (am = as). In that case, the growth rate of a nanoparticle can be 

described in the following Equation 11:6,13 

dr

dt
 = 

2γD ae Vm
2

kB T r
(

1

r*
-
1

r
) 

(11) 

Consequently, the monomer activity determines the size distribution of the final nanoparticles 

based on Equation 11. It should be noted that monomer concentration can also be used instead 

of activity for systems with ideal behavior. A high monomer activity leads to a small critical 

nanoparticle size. Thus, many small nanoparticles start to grow. The growth process depends 

on the surface area. Hence, smaller nanoparticles grow much faster compared to bigger nano-

particles. Furthermore, bigger nanoparticles also need more material to grow compared to 

smaller nanoparticles. Due to the difference in growth speed between the bigger and smaller 

nanoparticles, a small size distribution is the result. Compared to the high monomer activity, 

the low monomer activity means the critical nanoparticle size is large. Small nanoparticles dis-

solve and disappear while the already bigger nanoparticles keep growing bigger. This process 

is called Ostwald ripening and leads to a broad size distribution. The main driving force behind 

the Ostwald ripening is reducing the surface free energy of the nanoparticles. The dependence 

of the monomer activity on the growth rate and the final size dispersion of the nanoparticles is 

shown in Figure 8.6,13 
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Figure 8: The growth rate for nanocrystals (grey) with a high monomer activity (red) and a low monomer 

activity (blue). Shown as a red and blue circle is the critical size, which indicates the minimum size needed 

for growth, for the different monomer activities. The size distribution narrows for a high monomer activity, 

while it broadens for a low one. The image is recreated from the literature.13  

LaMer introduced a theoretical model to produce monodisperse nanoparticles, which is pre-

sented in Figure 9.6,13,15,35 In general, the nucleation and growth of monodisperse nanoparticles 

follow three main steps. At first, the necessary precursors are added to the solution so that the 

monomer concentration increases rapidly (Figure 9 I). Once the monomer concentration ex-

ceeds a critical concentration, the second step starts, which is the nucleation step (Fig-

ure 9 II).6,13,15,35 As discussed before, the monomer concentration is high, and the critical radius 

is small, so there are many nuclei at this stage.6,13 At one point, the consumption of the mono-

mers to form nuclei is faster than the production of new monomers. As a result, the concentra-

tion is decreasing again until it is lower than the critical concentration. The growth stage starts, 

in which the already formed and stable nuclei begin to grow through monomer diffusion pro-

cesses (Figure 9 III). In this final stage, no new nuclei are forming. This growth stage can last 

until an equilibrium of the monomer concentration is reached. However, reaching this equilib-

rium also results in a size broadening of the nanoparticles. As a result, reaching this equilibrium 

is not desired to achieve monodisperse particles.6,13,15,35 
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Figure 9: The LaMer Model and its three stages. In the first stage, the precursors are added, also known as 

the pre-nucleation step. The second stage represents the nucleation, and the final third stage is the growth 

process. At c0, the concentration of monomers is saturated. A supersaturation is reached at a level above 

ccrit. The image is recreated from the literature.13 

A separation of nucleation and growth is key to obtaining monodisperse nanoparticles in theory. 

In 1993, Bawendi et al. developed a method to synthesize semiconductor CdSe, CdS, and CdTe 

quantum dots with a very narrow size distribution, which includes this separation.36 Aside from 

the spherical quantum dots, anisotropic shapes were also investigated further. In the early 

2000s, Alivisatos et al. discovered that the growth of CdSe nanorods along the c-axis of the 

wurtzite crystal structure depends on a kinetic overdrive of the reaction because wurtzite CdSe 

has a unique c-axis based on its crystal structure which allows to favor growth along this axis.37 

The nanorod synthesis also strongly depends on the selective binding of ligands onto the sur-

faces.38 The two-dimensional CdSe NPLs, also called nanoribbons,39 nanosheets,40 and quan-

tum belts,41 were first reported with a wurtzite structure in 2006,39 then in 2008 with a zinc 

blende structure.22 While for CdSe quantum dots,36 nanorods37,38 and wurtzite CdSe NPLs42,43 

the growth mechanism is investigated, the growth mechanism for zinc blende CdSe NPLs is 

not fully discovered yet. 

The wurtzite CdSe NPLs growth mechanism involves the formation of a lamellar mesophase 

out of the cadmium chloride and n-octylamine solvent. By adding selenourea, CdSe magic-size 
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clusters (MSCs) as (CdSe)13 clusters form as intermediates in this molecular template before 

they finally turn into the wurtzite CdSe NPLs.41  

Riedinger et al. investigated the theory that molecular templates are involved in the formation 

of zinc blende CdSe NPLs.10 In their research, they found no involvement of a lamellar 

mesophase during the growth of zinc blende CdSe NPL.10 The absence of a lamellar mesophase 

is also confirmed by another group.44 Instead, Riedinger’s group proposes a zinc blende CdSe 

NPL growth mechanism based on kinetic instabilities.10 The regular protocol to synthesize zinc 

blende CdSe NPL involves a mixture of selenium powder and a non-coordinating solvent. 

Moreover, long and short-chain carboxylates are needed, where one of the carboxylates in-

cludes cadmium. This mixture is heated to 240 °C for 5 to 15 minutes.22,44,45  

Riedinger et al. performed a CdSe NPLs synthesis without using a solvent and used only the 

pure cadmium precursor and selenium precursor. The chain length of the longer cadmium car-

boxylate did not affect the CdSe NPLs formation. Moreover, they did not even need a mixture 

of two carboxylates with different chain lengths to obtain CdSe NPLs without a solvent. Next, 

they investigated how the solubility of the cadmium precursor determines whether CdSe quan-

tum dots or CdSe NPLs are being produced. If the cadmium precursor is likely to dissolve in 

the solvent, CdSe quantum dots are likely to form. However, if the cadmium precursor is not 

soluble in the solvent, phase-separated droplets appear within the solvent, which favors the 

formation of CdSe NPLs in the concentrated droplets. Based on these experiments, they propose 

that a mixture of a short and a long cadmium carboxylate is not necessary for the synthesis of 

CdSe NPLs. Instead, they conclude that the cadmium carboxylate component simply needs to 

be insoluble in the solvent to promote the formation of CdSe NPL. Since CdSe NPLs can be 

synthesized without a solvent in concentrated melts, they theorize that the growth of the CdSe 

NPLs is not diffusion-limited but instead surface-nucleation-limited. The Riedinger group thus 

presented a growth model for CdSe NPLs which includes the kinetic instabilities. In general, 

the formation of new edges is energetically more expensive than the formation of a new surface 

area. On narrow facets, the highest energy barrier lies in the formation of a nucleation island 

that spans the facet width. No additional energy is needed to complete the layer once the island 

nucleus covers the narrow facet’s width. Furthermore, the nucleation barrier on narrow facets 

is less expensive compared to the wide facets. For wide facets, the island nucleation is energet-

ically favored in a corner. The different energy barriers between the narrow and wide facets 

also explain the observation of thicker CdSe NPLs forming by controlling temperature and 
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time. In Figure 10, the growth model is shown with the narrow and wide facets of a NPL and 

the difference between edges and surfaces.10  

 

 

Figure 10: The CdSe NPL growth model by Riedinger.10 The model shows where the island nuclei are form-

ing and how they expand the facet to minimize their energy. The image is recreated from the literature.10 

In contrast to the growth model by Riedinger, Peng et al. propose a CdSe NPL growth model 

that involves oriented attachment and intraparticle ripening.11 Their growth model is based on 

their synthesis in which spherical CdSe seeds with a size between 1.7 and 2.2 nm grew into 

CdSe nanoplatelets with a thickness of 1.5 nm. In the first step, the spherical CdSe seeds turn 

into single-dot intermediates through intraparticle ripening. This ripening process also involves 

a slight shrinkage to grow slightly in lateral dimensions. These single-dot intermediates now 

have two flat surfaces with a {100} facet and {110} side facets. The second step assumes that 

the {100} facets are well passivated so that an oriented attachment of two single-dot interme-

diates on the {110} side facets is the favorable process. Through this oriented attachment of the 

single-dot intermediates, a so-called 2D embryo is forming. Like before, the oriented attach-

ment on the reactive {110} facets is still favored. Next to the oriented attachment process, the 

intraparticle-ripening also occurs until these 2D embryos turn into NPLs and their {110} side 

facets mature to {100} facets.11 This growth process is similar to the oriented attachment pro-

cess of the PbS sheets found by Weller et al.40 Peng et al. conclude that the long-chained car-

boxylates used in the synthesis stabilize the {100} facet and channel the short-chained carbox-

ylates to the reactive surfaces of the nanocrystals.11 

The growth of the semiconductor CdSe NPLs can also be influenced by the introduction of 

halides into the synthesis.46–48 Halides are generally known to enhance the growth rate on spe-

cific facets, allowing for nanoparticle shape and size control.46 In the case of CdSe NPLs, the 
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addition of halides promotes the growth in thickness of the NPLs.46–48 Although the particles 

produced with halides are thicker, their optical properties, including the sharp absorption and 

emission peaks, are retained.46 Furthermore, the quantum yield (QY) improved for these thick 

CdSe NPLs synthesized with halides. Chlorides and flourides in particular work best for these 

CdSe NPLs, even allowing to control the lateral dimensions of these NPLs.47 It was reported 

that not all surfaces of the CdSe NPLs need to be passivated by the chloride. Instead, a small 

amount of chloride is sufficient to promote the growth in thickness. Based on these reports, it 

was theorized that the chloride is temporarily reducing the nucleation barrier in the thickness 

direction by modifying the lateral surface energies of the CdSe NPLs.46 Furthermore, the 

growth mechanism in the thickness direction was proposed to be similar to Ostwald ripening.49  

4.2.2 Magic-size clusters 

As mentioned in Chapter 4.2.1, MSCs act as intermediates in semiconductor nanoparticle syn-

thesis and have been known for many years.50,51 They usually describe clusters with a precise 

number of atoms and a size below 2 nm.52 Interestingly, only clusters of a specific size appear, 

which have a higher stability than bigger or smaller cluster arrangements. This appearance of 

certain cluster sizes is what the term “magic” describes in MSCs.51–53  The MSCs have a discrete 

growth and “jump” from one cluster size to a bigger cluster size.51,53 Similar to MSCs, CdSe 

NPLs also have a discrete growth based on their growth in thickness. The bigger NPLs and 

MSCs can be controlled through reaction time and temperature. Although MSCs have been 

discovered a long time ago, their growth mechanism has not yet been fully discovered.53 Known 

aspects are that the formation of CdSe MSCs strongly depends on ligands51,52 and that either 

fully reduced selenium or fully oxidized cadmium is needed to synthesize them.53 The ligands 

may form lamellar mesophases during a synthesis, which promotes the formation of MSCs.51 

Other proposed growth mechanisms of MSCs include layer-by-layer growth and a fusion mech-

anism in which smaller clusters fuse together to form larger clusters.53 Furthermore, the for-

mation of nonstoichiometric or stoichiometric MSCs also depends on the ligand type, where L-

type ligands promote the growth of stoichiometric MSCs. Meanwhile, X- and Z-type ligands 

promote the growth of nonstoichiometric MSCs.51 

4.2.3 Flow reactor 

In the industry, many different reactor types are available for suitable synthesis methods for 

various products. The batch reactor is suited for longer reaction times.54 In an ideal approxima-

tion, the batch reactor has a uniform mixing, meaning that the concentration changes over 

time.55,56 In a non-continuous operation, the batch reactor suits smaller product quantities. It 
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becomes more suitable for larger product volumes if the batch reactor is operated continuously 

(also called continuous flow stirred tank reactor, CSTR). Also, the time required for heating 

and cooling is reduced.54,56 Similar to a CSTR, a flow reactor is also a good choice for larger 

product quantities.56 Compared to a batch reactor, fast and high-temperature syntheses are more 

suitable for a flow reactor.54,56,57  

The decision on the reactor type also depends on the scale-up of the synthesis. Relevant aspects 

include the heating and cooling of the synthesis, as well as pressure and volume changes during 

the synthesis. For flow reactors specifically, the viscosity of the fluid is relevant as it affects the 

axial mixing and the overall flow behavior.54 The term viscosity can be further divided into 

dynamic and kinematic viscosity. Dynamic viscosity describes the proportionality between the 

shear strain needed to move a viscose fluid with a certain thickness and area size between two 

surfaces so that a certain velocity gradient forms within the fluid. Compared to dynamic vis-

cosity, kinematic viscosity describes the ratio between the dynamic viscosity and the density of 

the liquid.58 

Dimensionless numbers can be used to compare the physical attributes of reactors with one 

another.55,59 The Reynolds number Re is used to describe the flow behavior in flow reactors. 

This dimensionless number depends on the velocity of the fluid u, the density of the fluid ρ, the 

characteristic reactor length LR, and the dynamic viscosity of the fluid η, as shown in Equation 

12.54,55,60 

 

Re =
u ρ L

R

η
 

(12) 

The characteristic length of a flow reactor with cylindrical tubes depends on the inner diameter 

of the tube.54 If the Reynolds number has a value above 2300, the fluid in the reactor is in the 

turbulent flow regime. Below that value, the fluid is in the laminar flow regime. As the Equation 

suggests, the flow behavior depends on the fluid's dynamic viscosity.54,55,60 Hence, a laminar 

flow cannot be avoided for very viscose fluids.61 Additionally, the laminar flow regime is de-

fined as a Reynolds number below 500 for microstructures.60 Aside from calculating the Reyn-

olds number, tracer experiments can also determine the flow regime in a flow reactor.56,57,61,62 

For this experiment, a tracer-substance with a constant concentration is added to the flow reac-

tor. In an ideal plug flow reactor, the tracer molecules all have the same residence time.56,57,62 

A residence time describes the interval one molecule needs to enter and pass the reactor.62 There 

is no gradient of velocities in the reactor and no concentration gradient as there is an ideal 
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mixing in the axial direction.61,62 The response function of the ideal plug flow reactor is thus an 

ideal step-response.54,61,62 This response function for the plug flow reactor, as well as for the 

laminar flow reactor, is shown in Figure 11.54,61 For non-ideal turbulent flow, there are some 

velocity differences. However, the overall velocity profile is flat and is comparable to an ideal 

plug flow reactor.54 In a laminar flow profile, the tracer molecules have a distributed residence 

time because a velocity gradient is present in the flow reactor.54,61 The molecules in the middle 

have a halved average residence time compared to the particles near the reactor walls, which 

move with reduced velocity.61 Figure 11 shows these individual flow profiles within a tube, as 

well.54,61 

 

Figure 11: The graph shows the residence time distribution for a plug flow reactor (dark red) and a laminar 

flow reactor (red). The individual flow profiles for a laminar, turbulent, and plug flow reactor are schemat-

ically drawn in a tube. In the schematic drawings, the back arrows indicate the velocity of the fluid. The 

image is recreated from the literature.54,61 

The mean residence time θ in Equation 13 also describes the ratio between reactor volume VR 

to the volumetric flow u.61 

θ =
VR

u
 

(13) 
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Similar to the dimensionless Reynolds number, the mean residence time θ and time t are re-

placed with the dimensionless time variable τ in Equation 14:54 

τ =
t

θ
 

(14) 

For flow reactors, the scale-up process is realized using different techniques. One method to 

scale up a flow reactor is to increase the tube’s length. A higher flow rate can be applied if the 

heating and cooling zones of the tube are also increased in size. Consequently, a higher product 

capacity is achieved with this method. Another scale-up method is simply expanding the reactor 

tube’s diameter and length to maintain similar geometrics. The final scale-up method is the 

number-up method.56 This method can be further divided into an external or internal number-

up. The external method is the most expensive technique as it describes the operation of multi-

ple units in parallel. Compared to this method, the internal method relies on two bigger tubes 

that are combined in a mixing zone, and the mixed fluids are further divided into built-in mi-

crochannels.56  

4.2.4 Polymer encapsulation of semiconductor nanoplatelets 

Nanoparticles are usually synthesized with hydrophilic ligands in an organic solvent like 1-oc-

tadecene. These ligands, like oleic acid and oleylamine, hinder biocompatible applications as 

the particles need to be soluble in water. A method to make these hydrophilic nanocrystals 

biocompatible and water-soluble is through amphiphilic diblock-copolymers and encapsulation 

of these nanoparticles in a polymer shell.63 Especially the usage of poly(ethylene oxide) (PEO) 

and poly(ethylene glycol) (PEG) are favored as parts for diblock-copolymers as they show a 

good degree of resistance against unspecific protein adsorption.64 Furthermore, nanoparticles 

of any shape, size, and material can be encapsulated like anisotropic semiconductor CdSe 

NPLs.63 

The seeded emulsion polymerization contains three essential steps to make hydrophilic nano-

particles biocompatible.63–65 These steps are shown as arrows in Figure 12.63 At first, the hy-

drophilic CdSe NPLs (Figure 12, 1) are transferred into the water phase through the formation 

of micelles (Figure 12, 2).63–65 In order to perform the water transfer, a surfactant is needed.63 

These surfactants can be different amphiphilic molecules like polysorbate-80 or polyisoprene-

block-poly(ethylene oxide) diblock-copolymer (PI-b-PEO).63,66 The original hydrophilic lig-

ands, in the case of CdSe NPLs oleic acid, remain on the surface of the NPLs during this pro-

cess.64 During the water transfer, the surface surfactants on the CdSe NPLs support the form of 

a micelle around the CdSe NPLs.67 These newly formed and filled micelles are also called 
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“seeds”.63 In this step, the amount of CdSe NPLs per seed can be tuned. A high amount of 

surfactant enables the formation of many micelles, hence allowing for single CdSe NPLs to be 

encapsulated. In comparison, a low amount of surfactant creates fewer micelles, so clusters of 

CdSe NPLs are expected within the micelles.63,66 

As a next step, polymerizable monomers are added and accumulate in the hydrophobic bilayer 

part of the micelles (Figure 12, 3). They ensure a good cross-linking with ligands to form a tight 

copolymer-polymer-shell around the NPLs, improving their stability in the water phase.63 Typ-

ical functional groups for this type of polymerization are C-C double bonds; typically used 

monomers are styrene and divinylbenzene.65  

Finally, the polymerization is initiated through a thermally activated radical starter (Fig-

ure 12, 4). For the seeded emulsion polymerization, the typically used radical starters are 2,2′-

Azobis[2-(2-imidazoline-2-yl)propane] dihydrochloride, also known as VA-044, and azo-

bis(isobutyronitrile), which is also known as AIBN.63,67 

 

Figure 12: The seeded emulsion polymerization in four stages. (1) shows the nanoparticle in an organic 

solvent. In (2), the nanocrystal is in water with the surfactants on its surface. (3) shows the swelling of the 

nanocrystal with monomers and (4) shows the nanocrystal in a finished polymer shell. The image is recre-

ated from the literature.63 

After polymerization, the polymer micelles are not only filled with nanoparticles, but some 

remain empty. To separate them, a density centrifugation is performed.64 This density centrif-

ugation can be either performed with a sucrose gradient or with a glucose gradient.64,68 
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4.3 Characterization of semiconductor nanoplatelets 

4.3.1 Optical spectroscopy 

4.3.1.1 Absorption spectroscopy 

In semiconductor nanocrystals, an exciton is created through the absorption of a photon (Chap-

ter 4.1). As the band gap of these nanocrystals is size-dependent, a higher energy photon is 

needed for the absorption process in smaller nanocrystals compared to bigger nanocrystals.12,13 

This demonstrates that absorption spectroscopy makes it possible to obtain information on the 

optical transitions of the electron from the valence into the conduction band.13 In this absorption 

spectroscopy method, monochromatic light passes through a sample with a range of wave-

lengths. The light intensity at the beginning attenuates after passing the sample. This observa-

tion is based on the Lambert-Beer law, which is expressed in Equation 15. In Equation 15, the 

absorbance is presented as A, the initial intensity of the light as I0, the intensity of the transmitted 

light I, the molar absorption coefficient as ε, the concentration of the analyte as c, and the length 

of the sample as Lc.
12,69 

A = log
I0

I
 = ε c Lc 

(15) 

The correlation between the absorbance and the transmittance TT can be defined in Equa-

tion 16.12 

A = -log TT  (16) 

In an absorption spectrum, the amount of absorbance strongly depends on the wavelength of 

the light source, which is in the ultraviolet-visible range (UV-Vis). Other physical processes 

can take place during the measurement, influencing the absorbance. Such processes include 

light scattering processes, like elastic Rayleigh scattering, inelastic scattering, and reflection.69 

4.3.1.2 Fluorescence spectroscopy 

Together with absorption spectroscopy, fluorescence spectroscopy also enables to obtain infor-

mation about the energy levels in semiconductor nanocrystals. During the formation of the ex-

citon, a photon of higher energy may be absorbed, causing the exciton to occupy higher states 

than the ground state of the valence and conduction band. In such cases, the charge carriers 

undergo a non-radiative relaxation to reach the ground state of the valence and conduction band 

again. These non-radiative relaxations can be lattice vibrations or Auger scattering. The latter 

describes the energy transfer from one charge carrier to another charge carrier. Once the 
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electron-hole pair reaches their ground states, the exciton's recombination occurs in either a 

radiative or non-radiative manner.13 

In the first case, the radiative manner, the recombination of the exciton emits a photon to release 

its energy.13 Very often, the wavelength of this emitted photon is higher, so smaller in energy 

compared to the smaller, higher energetic wavelength needed for the absorption. As mentioned 

before, the as-formed exciton loses energy through non-radiative processes. This energy differ-

ence in the absorption and emission of a nanocrystal is called Stokes shift.69 

The second pathway, the non-radiative recombination of the exciton, occurs due to trap states. 

These trap states result from surface defects due to many unsatisfied bonds on the surface or 

as defects within the crystal lattice.13 With a high surface-to-volume ratio, nanocrystals are 

especially affected by surface defects.1,13 The trap state, as the name suggests, strongly local-

izes a charge carrier, which hinders recombination with its counterpart as the electron-hole-

wavefunction overlap decreases.13 In another scenario, the exciton recombination can transfer 

its energy to another charge carrier. This other charge carrier releases its excess energy non-

radiatively through lattice vibration, making this whole process also known as Auger recom-

bination.70 Sometimes, the recombination occurs radiatively by emitting a photon. However, 

the photon emitted has a lower energy than other emitted photons, as more energy was lost in 

the trap state, leading to a broadening of the emission band. To reduce the amount of surface 

defects, the nanocrystals need to be passivated. This passivation can occur through ligands or 

the growth of a shell.13 In Figure 13, the different recombination pathways of the exciton are 

depicted.71 
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Figure 13: Schematic presentation of the absorption and the multiple emission processes. At first, a photon 

is absorbed, which leads to the formation of the exciton (a). After lattice vibrations (b), the electron-hole 

pair can recombine radiatively through the emission of a photon (c). In (d), the emission through a trap 

state is depicted, and in (e), the non-radiative recombinations through lattice vibrations. The image is rec-

reated from the literature.71 

A third pathway for recombining an exciton is the fluorescence resonance energy transfer, also 

called Förster resonance energy transfer (FRET).72 For this energy transfer to happen, a few 

conditions must be met.12,13,72 One condition is that the acceptor and donor molecule need to be 

close to one another, in a range of one to ten nanometers. The second condition is that the 

absorption of the acceptor must spectrally overlap with the emission of the donor. Despite this 

second condition suggesting this energy transfer could be radiative, the energy transfer is indeed 

non-radiative and occurs through dipole-dipole interactions between the acceptor and do-

nor.13,72 In the case of CdSe NPLs, a so-called HOMO-FRET is observed.73 The FRET condi-

tions are also shown in Figure 14.74 
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Figure 14: The FRET process and its conditions are shown. The excited donor and non-excited acceptor 

need to be close to one another for the dipole-dipole interaction to happen. After the energy transfer, the 

acceptor can undergo an emission process. Another condition is that the donor’s emission must overlap with 

the acceptor’s absorption spectrally. The image is recreated from the literature.74 

The transfer rate of FRET ΓFRET can also be calculated in Equation 17. Based on the FRET 

conditions described above, the normalized emission spectrum of the donor ED(λ), as well as 

the normalized acceptor spectrum of the acceptor AA(λ), need to be known. Furthermore, the 

dipole moment of the donor µD and the acceptor µA are required, as well as the average orien-

tation of both dipoles κ2. Finally, the distance between donor and acceptor rD,A, the refraction 

index of the medium nr, and once again, the reduced Planck constant ħ is also needed to deter-

mine the FRET transfer rate.13,75 

ΓFRET= 
2π

ħ

µ
D
2 µ

A
2 κ2

rD,A
6 nr

4
∫ ED(λ)⋅AA(λ) dλ   

(17) 

It becomes apparent that not every exciton recombines through the emission of a photon. A 

method to evaluate the efficiency of the emission is through the quantum yield QY. It describes 

the ratio between the emitted ϐE and the absorbed photons ϐA, as shown in Equation 18.13,69 

QY = 
ϐE

ϐA

  
(18) 

In practice, the indirect quantum yield is a frequently used method. This method uses a refer-

ence sample with a known quantum yield within a specific medium. One prominent reference 
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is Rhodamine 6G, with a quantum yield of 95 % in ethanol.76 In the case of CdSe NPLs, cou-

marin 153 is a better-suited reference with a reported quantum yield of 54 % in ethanol.77 Cou-

marin 153 has a better optical overlap with CdSe NPLs than Rhodamine 6G.77,78 With the inte-

grated fluorescence intensity F, the absorbance at a certain excitation wavelength AE, the known 

quantum yield of the reference QYRef, and the refraction index of the medium nr, the indirect 

quantum yield can be determined in Equation 19. In this Equation, the subscript “Ref” stands 

for reference and “S” for sample.76 

QY
S
 = QY

Ref
 

FS

FRef

 
AE,Ref

AE,S

 
nr,S

2

nr,Ref
2

 
(19) 

Another method to evaluate the emission is through the fluorescence lifetime. After the excita-

tion of a nanocrystal at a certain wavelength, the emission’s total amplitude Yem decays expo-

nentially over time tem. Assuming a nanocrystal has only a radiative recombination of its exci-

ton, the fluorescence decay Fem can be described with a single exponential decay in Equa-

tion 20.69 

Fem(tem) = Yem(t0, em)e
- 

tem - t0, em

τem   
(20) 

The Equation shows that this single decay has its own time constant τem.69 As nanocrystals 

exhibit multiple radiative exciton recombinations, the fluorescence decay shows a multiexpo-

nential behavior, as shown in Equation 21.13,79 

Fem(tem) = Yem(t0, em) ∑ y
i

p

i=1

e

- 
tem

τem, i

, with ∑ y
i

p

i=1

=1  

(21) 

Above, the amplitude fractions yi and fluorescence lifetimes τem, I are also described for the 

number of lifetime components p.80 Overall, the fluorescence lifetime describes different ex-

cited-state populations, which show different fluorescence decay behaviors. One way to deter-

mine the average fluorescence lifetime is to use the intensity-weighted one. Every lifetime pop-

ulation is then weighted by its contribution to the total fluorescence intensity. This intensity-

weighted fluorescence lifetime FLT is reported in Equation 22.79 

 FLT = 
∑ y

i
 τem, i

2

∑ y
i
 τem, i

  
(22) 
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4.3.2 X-ray scattering 

When working with nanocrystals, obtaining information on the nanoparticle’s shape, interpar-

ticle distances, size distribution, and arrangements is essential. One method to obtain this infor-

mation is through X-ray beams.12,81 The X-ray beams, with their wavelengths of around 0.1 nm, 

can diffract when passing through a sample, as their size is similar to the spacing between the 

crystal lattice planes.12 Therefore, obtaining information on nanoscale systems starting at 

0.5 nm up to 100 nm is possible. These X-ray beams can scatter or diffract on the sample. Some 

of the X-ray beams can be absorbed, in which the excess energy is removed through heat or 

emitting a photon.81 

In a nanocrystal’s crystal lattice, the periodically ordered atoms within a plane have a specific 

distance dC to one another and between the crystal planes. The incoming X-ray beams have 

various angles, which leads to scattering. However, it is possible that constructive interference, 

similar to a reflection, occurs. This X-ray diffraction is based on the fact that the path length 

within a crystal plane is not uniform for X-ray beams. Thus, the X-ray beams must align with 

the path difference, which equals one whole wavelength λ. In this case, the incident X-ray angle 

δ on one atom of a plane is the same as the scattering X-ray angle on a second atom of a different 

plane. The X-ray diffraction has been put into the so-called Bragg law, in which nP refers to the 

different path lengths, hence the different diffraction orders. In Equation 23, the Bragg law is 

demonstrated.12,82 

nP λ = 2dC sinδ (23) 

 

In Figure 15, the mechanism behind the X-ray diffraction, according to the Bragg law, is also 

shown.12,82 
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Figure 15: The Bragg reflection conditions. On each plane, the X-ray beam can be diffracted, which depends 

on the angle δ and the path length difference between the planes dc. The image is recreated from the litera-

ture.12,82 

One method of using X-ray beams is through the powder diffraction technique. A rotating de-

tector detects the different diffraction intensities of a solid sample, making it possible to obtain 

information on the sample’s crystal structure.12 Another method is to use the small-angle X-ray 

scattering (SAXS) technique. Here, the scattered X-rays are recorded on a two-dimensional 

detector.81 
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5 Motivation and Goal 

The anisotropic semiconductor CdSe NPLs exhibit exciting and unique properties like their 

thickness-dependent and narrow absorption and emission peaks. Synthesis settings such as tem-

perature, reaction time, or the addition of halides make it possible to control the thickness with 

monolayer precision and, thus, their optical properties. Compared to nanodots, this is a great 

advantage, where very monodisperse quantum dots are needed to get narrow absorption and 

emission peaks. Nanoplatelets only need the desired thickness, while their lateral size can vary 

without impacting the broadness of the absorption and emission. However, a slight lateral size 

of nanoplatelets is still desired for a high quantum yield. The larger the nanoplatelets, the 

smaller is their quantum yield.  

The growth mechanism needs to be understood to utilize these excellent properties of CdSe 

NPLs. Based on the current literature, long and short carboxylate chains are favored for a sol-

vent-based synthesis. Another goal is to find a synthesis that is useable for a flow reactor for 

multiple reasons. The first reason is that a suitable flow reactor synthesis allows access to mass-

produce CdSe NPLs commercially. Next, the flow reactor provides for an exact control of the 

reaction time and temperature. Flask-synthesis approaches are easy to conduct but flawed since 

the cool-down process of such synthesis approaches is challenging for reproduction purposes. 

Another issue is that the heat-up rates of flask-synthesis approaches can vary and takes up time, 

which also impacts the synthesis a lot. The third and most important reason is that the flow 

reactor can be connected to characterization devices like online UV/Vis spectrometers. This 

allows the synthesis of CdSe NPLs to be monitored in situ and data to be obtained before the 

CdSe NPLs form. Therefore, getting more information about the formation of CdSe NPLs, 

which is even reproducible, could be accessed with a flow reactor synthesis method. 

Semiconductor nanoparticles can be used for many applications, including medical diagnostics 

if they are water-soluble. Making semiconductor NPLs water soluble is challenging because 

their optical properties need to be preserved to prevent quenching from the water. One possible 

solution to this problem is encapsulating the semiconductor nanoplatelets in a polystyrene-co-

polymer shell. This not only allows the transfer of these NPLs into NPL but these shells protect 

the NPLs from proteins and other substances which could affect their properties. Furthermore, 

the polystyrene-copolymer shell can be modified to enable medical diagnostic purposes. 

In this work, a flow reactor synthesis method for CdSe NPLs is presented. The flow reactor is 

connected to an absorption spectrometer so that in situ measurements of the earliest stages of 

the synthesis are possible. Furthermore, a potential connection between CdSe NPLs and CdSe 
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MSCs is highlighted. Thus, this work presents a growth mechanism model for forming the CdSe 

NPLs. Then, experiments are showcased where a CdS shell and polystyrene - PI-b-PEO shell 

were added to the CdSe NPL. These experiments act as proof of principle concepts. Thus, the 

CdSe NPLs can not only be modified like their spherical counterparts, but both experiments 

open a possible pathway for using these platelets for medical imaging applications. All of these 

methods combined should act as a stepping stone to use CdSe NPLs more often in the future.  

  



 

36 

6 Results and discussion 

6.1 Finding a flow reactor suitable CdSe NPL synthesis 

The first task is to find a CdSe NPL synthesis which is suitable for a flow reactor. To accomplish 

this, all precursors need to be in a liquid state at room temperature. Only with completely liquid 

precursors any clogging in a flow reactor can be avoided. 

In order to synthesis CdSe NPLs with completely liquid precursors, we thus need a cadmium  

source, a selenium source and a suitable solvent. The solvent of choice, for the synthesis of 

CdSe NPLs, is 1-octadecene (ODE) and is used by many groups.10,11,28,49,83–88 For the selenium 

source, pure selenium powder is often added to the synthesis.10,83–85 Sometimes, the selenium 

is dissolved in trioctylphosphine, which the group of Huang et al. used for their synthesis ap-

proach.89 As most groups relied on pure selenium powder for synthesizing CdSe NPL,10,83–85 it 

also became a convenient choice to dissolve the selenium directly in ODE.90 The selenium 

dissolved in ODE avoids the addition of another ligand into the system, thus rendering it a good 

fit for a liquid CdSe NPL synthesis. 

With the selenium source found, the next step is finding a liquid cadmium source for the flow 

reactor. The challenge is even more obvious when reviewing other CdSe synthesis approaches 

in the literature: All syntheses methods from literature rely on at least one completely solid 

cadmium precursor and are thus unsuited for the flow reactor.10,11,28,49,86–88,91,92 One approach, 

for example by Riedinger et al.10 and Bigall et al.,87 use cadmium acetate and cadmium 

myristate Cd(myr)2 for their CdSe NPL synthesis.28,86,92 This specific CdSe NPL synthesis ap-

proach also works when the Cd(myr)2 is replaced by cadmium stearate.11 In a different second 

approach, only cadmium acetate Cd(OAc)2 is used without the usage of a long-chained cad-

mium carboxylate.88,91 Compared to the first approach, the second approach for synthesizing 

CdSe NPL takes hours instead of merely ten minutes. A third approach starts off with Cd(OAc)2 

and combines it with pentanoic acid to produce cadmium pentanoate.49  

All three cadmium sources are unsuitable for the flow reactor because short-chained cadmium 

carboxylates are not soluble in the solvent ODE. Cadmium oleate can be synthesized from cad-

mium oxide, making it one cadmium source for the CdSe NPLs.92 However, as discussed thor-

oughly in Chapter 4.2.1, an additional short-chain carboxylate is needed for the synthesis of 

CdSe NPLs. One way to solve this problem is by dissolving the Cd(OAc)2 with an additional 

solvent, for example, methyl acetate.  
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To compare the success and the effects of the methyl acetate on the CdSe NPLs, Figure 16 

showcases the results of the CdSe NPLs synthesis without adding methyl acetate. This synthesis 

results in 3 ML thick CdSe NPLs, based on the light-hole and heavy-hole peaks at 435 nm and 

462 nm in the absorbance (Figure 16a), which is according to the literature.93 Another indicator 

for CdSe NPLs is the full width at half maximum (FWHM) of these peaks. The light-hole at 

435 nm has a FWHM value of 13 nm, the heavy-hole has a value of 9 nm. These values are 

similar to the results found in the literature.46 Furthermore, the emission’s peak is located at 

463 nm, delivering another evidence of 3 ML CdSe NPLs (Figure 16a). This peak also corre-

sponds to the literature.22 This peak's FWHM value is 8 nm, once again fitting the value found 

in the literature.94 The TEM image in Figure 16b presents large CdSe NPLs with a length of 

88 nm ± 22 nm and width of 32 nm ± 9 nm, resulting in an area size of approximately 

2834 nm2 ± 1282 nm2. Determining the size was difficult because of the rolled-up NPLs. Due 

to their large size, the CdSe NPLs in Figure 16b occasionally roll up, which was also observed 

in the literature.95,96 To highlight the problems when using Cd(OAc)2, one scale-up of the syn-

thesis was attempted (Figure 16c). The large batch is not only extremely turbid, but the solid 

component is also precipitating after a few minutes. Furthermore, this suspension was centri-

fuged, and a solid residue of Cd(OAc)2 was left (Figure 16d). 
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Figure 16: The CdSe NPL synthesis without the usage of methyl acetate. (a) showcases the absorbance and 

the emission of the purified CdSe NPLs. (b) showcases a TEM image of the CdSe NPLs. (c) and (d) showcase 

the insoluble Cd(OAc)2 in a scale up (c) and then after centrifugation (d). 

Figure 17 presents now the synthesis with the addition of methyl acetate. Similar to the synthe-

sis without methyl acetate, we obtained 3 ML CdSe NPL based on their absorbance and emis-

sion (Figure 17a). Their FWHM values are once again between 8 to 13 nm. The TEM image of 

the CdSe NPLs also showcases very large NPLs, which roll up again (Figure 17b). Their length 

is 55 nm ± 14 nm, their width is 35 nm ± 10 nm, and their area size is roughly 1977 nm2 

± 845 nm2. Like the previous sample, the size determination was challenging as the NPLs rolled 

up and stacked. As a result, the methyl acetate added to the synthesis did not negatively impact 

the formation of the CdSe NPLs. However, adding methyl acetate did not dissolve the 

Cd(OAc)2, as seen in Figure 17c. Other solvents like ethanol, acetone, and butanal were tested, 

as well. However, none of them dissolved the Cd(OAc)2. In the end, the idea of trying to dis-

solve added Cd(OAc)2 was not followed any further. 

 



 

39 

Figure 17: The CdSe NPL synthesis with the addition of methyl acetate. (a) showcases the absorbance and 

the emission of the purified CdSe NPLs. (b) showcases a TEM image of the CdSe NPLs. (c) is a photo of a 

scale-up attempt which turns turbid again. 

The addition of Cd(OAc)2 is not favorable for a CdSe NPLs flow reactor synthesis as this com-

ponent is not soluble in the solvent used, which is ODE. However, a short-chained cadmium 

carboxylate is needed in order to synthesize CdSe NPLs. As a long-chained cadmium carbox-

ylate is present in the synthesis with cadmium oleate, a short-chained carboxylate is still needed 

as a crucial component. Based on the synthesis in which pentanoic acid was added to produce 

cadmium pentanoate,49 the new approach adds acetic acid, AcOH, to the synthesis. The addition 

of AcOH turns the present cadmium oleate in situ to Cd(OAc)2. In this new approach, the 

amount of AcOH was twice the cadmium oxide amount in the synthesis, which equals 0.6 mmol 

of AcOH. These synthesis results can be seen in Figure 18. Once again, 3 ML CdSe NPLs 

resulted based on the absorbance and emission in Figure 18a. The TEM image in Figure 18b 

reveals CdSe NPLs with a length of 87 nm ± 24 nm and a width of 19 nm ± 6 nm, resulting in 

an area size of 1677 nm2 ± 891 nm2. While these results are promising, sadly, the precursor 
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solution immediately turned into a turbid suspension after the AcOH was added. However, the 

new approach can be further improved by adjusting the amount of AcOH. 

Figure 18: The CdSe NPL synthesis with 0.6 mmol AcOH. (a) shows the absorbance and the emission of the 

purified NPLs and (b) shows a TEM image of the purified CdSe NPLs. 

The amount of AcOH can be lowered to match the amount of Se in the synthesis, which is 

0.2 mmol. Through the lower amount of AcOH, the formation of a high amount of Cd(OAc)2 

can be avoided. In Figure 19 are the results when using 0.2 mmol of Cd(OAc)2. Similar to the 

previous approaches, mainly 3 ML CdSe NPLs have formed with their light-hole and heavy-

hole peaks at 435 nm and 462 nm in the absorbance and a sharp emission peak at 463 nm (Fig-

ure 19a). The FWHM values are once again for the absorption 13 nm and 9 nm, while the 

FWHM value for the emission is 8 nm. Interestingly, a double peak at 372 nm and 393 nm is 

visible in the absorption, as well as another additional peak at 513 nm. According to the litera-

ture, this double peak can be attributed to 2 ML thick CdSe NPLs.91 The other peak, at 513 nm, 

is likely arising from a 4 ML thick CdSe NPL population.28,91 This can be further supported by 

the additional peak in the emission at 514 nm.28,91 Figure 19b shows a TEM image of the CdSe 
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NPLs. In comparison to the previous attempts, the platelets are remarkably smaller. The CdSe 

NPLs lengths are on average 58 nm ± 20 nm, and their width is 16 nm ± 5 nm. As a result, their 

area size is 955 nm2 ± 534 nm2, which is smaller than the CdSe NPLs area sizes from the pre-

vious synthesis approaches. The most important question is whether the lower amount of AcOH 

leads to a complete liquid synthesis precursor at room temperature or not. Fortunately, the syn-

thesis is completely liquid at room temperature and even when a scale-up is performed, as seen 

in Figure 19c.  

Figure 19: The CdSe NPL synthesis with 0.2 mmol AcOH. (a) shows the absorbance and the emission of the 

purified NPLs, and (b) shows a TEM image of the purified CdSe NPLs. In (c) is a scale-up of the unreacted 

precursor solution. Photo used with permission from Funk et al. under creative common license.97 

To compare all four synthesis approaches so far, Figure 20 showcases the fluorescence decays. 

Furthermore, Table 1 summarizes their area sizes, their intensity-weighted fluorescence life-

times (FLT), and quantum yields (QY). The QY was determined indirectly with Coumarin 153 

as a reference (see Chapter 4.3.1.2). As expected, similar to the results found in the literature, 

the synthesized CdSe NPLs exhibit short FLT of a few nanoseconds.98,99 Furthermore, all 
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synthesized CdSe NPLs have very low QYs of less than 1 %. The low QY can be explained by 

the large sizes of the CdSe NPLs, which have more defects than smaller CdSe NPLs.29,98 

 

Figure 20: The fluorescence decay for all four synthesis approaches without and with methyl acetate, as well 

as with 0.6 mmol and 0.2 mmol AcOH. 

 

Table 1: Area sizes, intensity-weighted fluorescence lifetimes and quantum yields for all for synthesis ap-

proaches. 

Synthesis approach Area size [nm2] FLT [ns] QY [%] 

Cd(OAc)2 synthesis, without Me-

thyl Acetate. 

2834 ± 1282 1.9 
<1 

Cd(OAc)2 synthesis, with Methyl 

Acetate. 

1977 ± 845 1.5 
<1 

0.6 mmol AcOH synthesis 1677 ± 891 2.2 <1 

0.2 mmol AcOH synthesis 955 ± 534 3.6 <1 

 

It should be noted that the precursor solution does not form a precipitate not only when a scale-

up is performed but also when the precursor is more concentrated by reducing the amount of 

the solvent ODE by half. With a successful scale-up, this synthesis approach is not only suitable 

for the flow reactor but makes it possible for these CdSe NPLs to be accessible for multiple 

applications through mass production. This precursor is stable for a long time as long as the 

AcOH is not added. Once the AcOH has been added, the liquid precursor should be used up 

shortly, as the precursor is not stable long-term with AcOH in it. As mentioned above, 

Cd(OAc)2 is still forming in the precursor. The more time passes, the more Cd(OAc)2 is 



 

43 

forming. Figure 21 shows the flow reactor suitable precursor, with 0.2 mmol AcOH, after four 

days have passed.  

 

Figure 21: A CdSe NPL precursor with 0.2 mmol AcOH after 4 days have passed. The once clear solution 

has turned into a yellow, turbid suspension. Photo used with permission from Funk et al. under creative 

common license.97 

This turbid precursor in Figure 21 demonstrates that while the flow reactor suitable precursor 

has a high potential for mass-producing CdSe NPLs, it has its flaws with its missing long-term 

stability. However, this flaw poses no hindrance to mass production. The AcOH can be added 

to bigger batches, which are then consumed right away in an industrial flow reactor. To sum-

marize, a suitable flow reactor synthesis has been found with AcOH as a crucial precursor com-

ponent. 
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6.2 Flow reactor synthesis of CdSe NPL 

As suitable and liquid precursors are found, a flow reactor synthesis is finally possible. The 

entire flow reactor setup (Figure 22a), including a close-up of the syringe pumps filled with the 

flow reactor precursor (Figure 22b), can be found in Figure 22.  

Figure 22: Photos of the flow reactor setup. (a) shows the entire flow reactor setup, including parts of the 

temperature controller and the UV/Vis spectrometer. (b) shows a close look at the syringe pumps filled with 

the reactor precursor. 

Through syringe pumps, the flow rate can be controlled precisely. In this regard, it is necessary 

to know the flow profile in the reactor, as this can greatly affect the synthesis conditions. One 

method to calculate the flow profile is through the Reynolds number Re. As 1/16-inch PEEK 

tubes are used for the flow reactor, the characteristic length is 1.0 ∙ 10-3 m. The kinematic vis-

cosity of ODE is 3.6 ∙ 10-6 m2 ∙ s-1. With these given values and using the highest possible flow 

rate for this setup, which is 7.3 ∙ 10-2 m ∙ s-1, the following Reynolds number is obtained: 

Re =
1.0 ∙  10−3𝑚 ∙ 3.6 ∙  10−6 𝑚2  ∙  𝑠−1

7.3 ∙  10−2 𝑚 ∙  𝑠−1
= 20. 

 

 

This obtained value is below 2300; thus, the flow reactor synthesis is likely in a laminar flow 

regime.54,55,60 Considering the setup can be described as a microreactor, the obtained Reynolds 

number is also below the value of 500, which once again describes laminar flow.60 As the Reyn-

olds number depends on the flow diameter, changing the ovens does not change the Reynolds 

number obtained.  
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The tracer method was used next to get conclusive results about the flow regime. In Figure 23 

are the results of these residence time distribution experiments for the different ovens. To act 

as a reference, the ideal turbulent flow and ideal laminar flow residence time distribution are 

present in the graphs. As expected from the previous Reynolds number results, none of these 

graphs showcase a turbulent flow regime. The 5 m oven (Figure 23a) showcases a more turbu-

lent behavior compared to the 90 cm oven (Figure 23b). Moreover, the 90 cm is more turbulent 

than the 30 cm oven (Figure 23c). This trend, which is that a shorter length of the overall flow 

reactor system leads to a more laminar flow profile, was already visible in the Reynolds num-

bers from before. Consequently, these results are within expectations.    

Figure 23: Residence time distribution experiments for different reactor oven lengths in order to determine 

the flow profile. The flow profile for the 5 m oven is in (a), for the 30 cm oven in (b), and for the 10 cm oven 

in (c). Figure by Funk et al. with slight modifications used with permission and under creative common 

license.97 

With the flow profiles now available, the CdSe NPLs synthesis can be carried out in the flow 

reactor. In order to get further details on the growth mechanism, it is important to know the 

nucleation temperature. The 5 m oven was chosen for this in order to realize longer synthesis 

times, similar to the reaction times in a flask synthesis. Additionally, the flow rate was adjusted 

so that the synthesis time, specifically the time the precursor solution was heated, for these 

experiments was always 6 minutes.  

Figure 24 shows the normalized absorbance and emission spectra, including the non-normal-

ized emission. At low temperatures, between 130 to 160 °C, there is no notable peak in the 

absorbance (Figure 24a) or emission (Figure 24b) present, which indicates the formation of any 
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CdSe NPLs. Starting at 170 °C, the emission’s intensity decreases, but there is still no peak 

available that belongs to CdSe NPLs. Once the temperature reaches 180 °C, a small peak at 

461 nm appears. This peak shifts to 463 nm at 210 °C and includes the appearance of the 

435 nm and 462 nm double peak in the absorbance, typical for the 3 ML CdSe NPLs. The shift 

can likely be explained by the lateral size of the CdSe NPLs. At 180 °C, the CdSe NPLs are 

most probably smaller than at 210 °C. As a result, the exciton is less confined in a CdSe NPL 

with large lateral dimensions than a CdSe NPL with small lateral dimensions.100 Aside from 

this small Stokes-shift, the nucleation temperature for the CdSe NPLs in the flow reactor is at 

180 °C. In the literature, the nucleation of CdSe NPLs was found at temperatures of at least 

170 °C27 and higher.101 Taking the literature into account,27,101 the found nucleation temperature 

in the flow reactor fits into these results, as well. 
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Figure 24: Normalized absorbance and emission spectra of flow reactor samples with a fixed synthesis time 

of 6 min, conducted at different temperatures. Figure by Funk et al. with slight modifications used with 

permission and under creative common license.97 

In conclusion, the flow reactor exhibits a laminar flow profile for all available ovens. Further-

more, the nucleation temperature for the CdSe NPL is found at 180 °C. 
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6.2.1 The correlation between MSCs and NPL 

The earliest stages of CdSe NPL synthesis can be easily accessed in the flow reactor in order to 

obtain information on their growth. To synthesize these early stages, the 10 cm oven was used 

to keep the residence time in the oven to as low as 5 seconds. Figure 25 shows these early stages 

for different temperatures. It becomes apparent that in the first 15 seconds (s) at 210 °C, the 

Precursor remains unchanged (Figure 25a). Starting at 220 °C, the precursor is slightly decreas-

ing in its intensity with a residence time of 15 s (Figure 25b). This decrease is more pronounced 

at 230 °C and 15 s (Figure 25c). At 240 °C, the synthesis was observed between 5 s to 30 s 

(Figure 25d). When the residence is increased, the absorbance is once again decreasing. This 

decrease implies that the precursor is being consumed. In the spectrum, however, it is unclear 

what the precursor is being consumed for as there is no peak visible, which could hint towards 

a certain nanostructure. Hence, in order to see what the precursor is consumed for, longer resi-

dence times are needed until a peak is visible. Therefore, in order to have a chance to see a 

potential pre-structure prior to the CdSe NPLs, temperatures lower than 240 °C are more favor-

able.  

Figure 25: Normalized absorbance of the CdSe NPLs synthesis performed at reaction times of under one 

minute in a 10 cm oven. (a) shows the first 5 to 15 seconds at 210 °C, (b) the first 5 to 15 seconds at 220 °C, 

and (c) the first 5 to 15 seconds at 230 °C. (d) shows the first 5 to 30 seconds at 240 °C. The unreacted 

precursor is shown in grey. 



 

49 

Consequently, residence times between 50 s to 85 s were tested with a temperature of 210 °C. 

Figure 26 showcases these results. At 210 °C, a peak at 360 nm is visible for a residence time 

of 50 s (Figure 26a). By increasing the residence time further to 55 s and 60 s, this peak in-

creases in its intensity until the maximum intensity is reached at a residence time of 70 s. At a 

higher residence time of 75 s, the intensity starts to decrease. The trend of the decreasing inten-

sity continues for the following residence times of 70 s and 85 s. Compared to the previous 

results, a pre-structure as indeed formed with this absorbance peak at 360 nm. The peak cannot 

originate from 2 ML thick CdSe NPLs as they have their distinct peaks at 372 nm and 393 nm.91 

Judging the position of the peak, this pre-structure has to be smaller than 2 nm. Nanostructures 

with a size lower than 2 nm are commonly associated with magic-size clusters (MSCs).52 These 

MSCs can be assigned to a so-called MSC-family based on their absorption maximum.102 As a 

result, the MSCs observed in Figure 26 are CdSe-360 MSCs. 

Based solely on the peak’s position, certain MSC structures come to mind. Popular examples 

are the stoichiometric (CdSe)13 and (CdSe)34 MSCs. In the case of (CdSe)13, a double peak at 

approximately 360 nm and 330 nm is expected,103,104 while for (CdSe)34 the double peak would 

appear at approximately 360 nm and 405 nm.104–108 However, there are a few problems with 

this assignment approach.  

First of all, it is difficult to determine the exact composition and structure of CdSe MSCs, es-

pecially based on these absorption spectra alone.109 Additionally, the synthesis condition in the 

flow reaction needs to be considered. Oleic acid and acetic acid are used, which are both car-

boxylate ligands. As reported by other groups, carboxylate ligands favor the formation of non-

stoichiometric MSC structures.110–112 So, if the MSCs need to be assigned to a structure, they 

are most likely non-stoichiometric, tetrahedral shaped based on the synthesis conditions in the 

flow reactor. 

Nevertheless, this peak confirms the presence of CdSe MSCs. Moreover, the decreasing starting 

intensity at 70 s and 210 °C indicates that the formed MSCs are used for a new step within the 

synthesis of CdSe NPLs.  

At 240 °C and 50 s, the previously visible absorbance peak at 360 nm is now more shoulder-

like (Figure 26b). The intensity increases for 55 s and 60 s. Starting at 65 s; however, the inten-

sity of this shoulder-like structure decreases again until 85 s. Similar to the observation above, 

this decrease indicates that the as-formed MSCs are being consumed for a different process. 
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Additionally, this different process is more favored at higher temperatures of 240 °C, which is 

strongly suggested by the lower intensity of their absorbance. 

To make the trends more obvious, the absorbance at 360 nm is plotted against the reaction time 

from the experiments performed at 210 °C and 240 °C in Figure 27. This confirms the trends 

that have already been observed in Figure 26. Furthermore, it shows that at 210 °C and 65 s, 

the absorbance is lower compared to the other absorbances at 60 s and 70 s. Except for this 

discordant value at 65 s, the general trend for 210 °C remains the same as previously stated. 

Even higher temperatures, at 300 °C and a reaction time of 50 s, showcase no absorbance peak 

at 360 nm (Figure 26c). Instead, very small peaks at 435 nm, 463 nm, 481 nm, and 513 nm are 

visible in this specific spectrum. According to the literature, the first peaks at 435 nm and 

463 nm belong to 3 ML thick CdSe NPL,93 whereas the other peaks at 481 nm and 513 nm arise 

from 4 ML CdSe NPL.28,91 The intensity of these four peaks increases with increasing residence 

times. Hence, the maximum intensity is reached at 300 °C and a residence time of 85 s for this 

experiment. It is important to note that under these specific conditions, with temperatures as 

high as 300 °C, no NPLs would form as an isotropic growth would be expected.10 The spectra 

in Figure 26c are steep, indicating that nanodots as a side-product have formed, as well. An 

explanation for these results lies in the flow reactor itself, as it exhibits a laminar flow profile. 

The heat is distributed more evenly in a turbulent flow profile compared to a laminar flow.61 

Consequently, the observed CdSe NPLs at 300 °C indicate that the laminar flow profile affects 

the synthesis conditions for the CdSe NPLs.  
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Figure 26: Normalized absorbance of the CdSe NPLs synthesis performed at reaction times of around one 

minute in a 10 cm oven. (a) shows various residence times conducted at 210 °C. The peak at 360 cm is 

marked in a light salmon color, which belongs to CdSe MSCs. (b) shows the various residence times at 

240 °C, also with the light salmon color marking. (c) showcases the different reactions conducted at 300 °C. 

The double peaks of the 3 ML CdSe NPLs are marked in a pale pink color, and the peaks of the 4 ML CdSe 

NPLs are marked in a dark pink color. Figure by Funk et al. with slight modifications used with permission 

and under creative common license.97 

 

Figure 27: Corresponding absorbance at 360 nm plotted against the Reaction time for the CdSe NPLs syn-

thesis performed at reaction times of around one minute in a 10 cm oven (from Figure 26). 
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In literature, the synthesis of CdSe MCSs is conducted at room temperature103 or at tempera-

tures as low as 0 °C.106 If CdSe MSCs are forming prior to the formation of CdSe NPLs, then 

an aged precursor would increase the absorbance intensity at 360 nm of these CdSe-360 MSCs, 

as CdSe MSCs would have formed from the aging process at room temperature. So, the same 

precursor from the experiments in Figure 26 had aged for 4 days, and the experiment was re-

peated. Figure 28 shows the results of using an aged precursor. 

At 210 °C and 50 s (Figure 28a), there is an absorption peak at 360 nm, like the previous results. 

Once again, the peak’s intensity increases by increasing the residence time. The peak’s maxi-

mum intensity is at 65 s, which is slightly different from the previous experiment, where the 

peak’s maximum was reached at 70 s. By increasing the residence time in the oven further to 

70 s, the peak at 360 nm decreases. The decrease continues until the final residence time of 85 s 

is reached. In comparison to the previous attempt, the peak at 360 nm is more pronounced. 

Moreover, the peak’s intensity at 65 s and 210 °C is higher for the aged precursor than for the 

non-aged precursor. This observation proves that this peak does indeed belong to CdSe MSCs. 

Higher temperatures of 240 °C (Figure 28b) show that the shoulder from before now exhibits a 

tiny peak at 360 nm. At 55 s, the peak’s intensity increases; another increase is visible at 60 s, 

which is also the maximum. The peak is then followed by a decrease at 65 s. Once again, the 

minimum value is reached at 85 s. This experiment proves again that the peak must arise from 

CdSe MSCs. Especially with the previous experiment where the peak was not as visible, the 

more prominent peak shows that despite the higher temperatures of 240°C, the MSCs are pre-

sent in the synthesis before they are used for a different process. 

Once again, to make the stated trends clearer, the absorbance at 360 nm is plotted against the 

reaction time for the experiments conducted at 210 °C and 240 °C in Figure 29. It becomes 

apparent that at 210 °C and 75 s, the absorbance decreased way more than the other experi-

ments. However, the general trend remains the same. 

Similar to the previous experiment, the reaction at 50 s and 300 °C showcases 3 ML and 4 ML 

thick CdSe NPLs based on the absorption peaks at 435 nm, 463 nm, 481 nm, and 513 nm (Fig-

ure 28c). Once again, the peaks have their highest intensity for the longest residence time, which 

is 85 s. Both experiments thus showcase that CdSe MSCs are indeed forming prior to the for-

mation of CdSe NPLs. 
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Figure 28: Normalized absorbance of the CdSe NPLs synthesis performed at reaction times of around one 

minute in a 10 cm oven using a 4-day old precursor solution. (a) shows the results conducted at 210 °C, (b) 

at 240 °C, and (c) at 300 °C. The light salmon color marks the peak position for the CdSe MSCs, the pale 

pink color for 3 ML CdSe NPLs, and the dark pink color for 4 ML CdSe NPLs. Figure by Funk et al. with 

slight modifications used with permission and under creative common license.97 

 

 

Figure 29: Corresponding absorbance at 360 nm plotted against the Reaction time for the CdSe NPLs syn-

thesis performed at reaction times of around one minute in a 10 cm oven (from Figure 26). 
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With the confirmed presence of CdSe MSCs, photoluminescence excitation (PLE) is used as 

one method to determine the cluster size of these CdSe MSCs. Figure 30 shows PLE spectra 

for two experiments performed in the flow reactor with different oven lengths. For the PLE 

measurements, the emission was set to 463 nm, which is the value of the heavy-hole absorption 

peak for the 3 ML CdSe NPLs.  

The first experiment starts at 210 °C and 60 s in a 10 cm oven (Figure 30a). Compared to the 

unreacted Precursor in grey, the spectrum shows a peak at 413 nm. Another slightly higher 

intensity can be assumed at approximately 365 nm. In the context of the previous absorbance 

measurements, the PLE peak at 413 nm strongly indicates that another CdSe MSC family is 

forming, likely corresponding to CdSe-413. This is a common observation, as other groups 

reported the formation of multiple CdSe MSCs families at the same time in one synthesis.102,113 

Furthermore, the PLE spectra of the precursor and this experiment prove that CdSe MSCs form 

during the synthesis of the NPLs and are not present in the unreacted precursor. A temperature 

increase to 225 °C leads to a remarkable blue-shift in the PLE spectrum from 413 nm to 405 

nm. Another increase in temperature to 240 °C doesn’t impact the spectrum this much; the shift 

is, this time, around 1-2 nm at most. Slight shifts in the wavelength might be caused by the 

ligands on the CdSe MSCs surfaces as the flow reactor synthesis contains two different ligands 

with oleic acid and acetic acid.107,108 It should be noted here, that bigger shifts were reported 

based on the ligand influence, as well.107,108  It was also reported that carboxylate may cause 

etching of the CdSe MSCs, which results in a minimal blue shift.109 Based on these reports, the 

very small shifts observed by 1-2 nm might be a result of the CdSe MSCs slightly decreasing 

in size.  

The big shift between 413 nm and 405 nm, however, more likely arises from the ligands, as 

bigger shifts are influenced by ligands, as well.114 Additionally, oleic acid and acetic acid are 

reported to exhibit CdSe MSCs whose absorption maximum is in the range between 413 nm 

and 405 nm, as well.109 If the shape of these CdSe MSCs is also considered here, Schnitzen-

baumer et al. and Yang et al. reported tetrahedral CdSe MSCs with an absorption maximum of 

approximately 405 nm.115,116 As a result, there is a possibility that both the CdSe-413 and CdSe-

405 are the same CdSe-MSC family. To outline the possibility that CdSe-413 and CdSe-405 

are the same species, further experiments are needed. 

Switching to a 30 cm oven without changing the temperature (240 °C) or residence time (60 s) 

leads to another small shift. Another small shift can be observed by increasing the residence 

time in the 30 cm oven to 70 s and 80 s, respectively. Once the residence time is increased to 
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90 s at 240 °C, not only another blue-shift but also a small peak at 435 nm appears, correspond-

ing to the 3 ML CdSe NPLs.93 The intensity of this peak rises when the residence time is further 

increased to 120 s at 240 °C, further confirming that this peak certainly belongs to the 3 ML 

CdSe NPLs. 

Figure 30b shows another experiment for reproducibility, this time with an unchanging oven 

length of 90 cm. The precursor exhibits no peak, while at 200 °C and 20 s, a peak at 405 nm 

has formed, which corresponds to the CdSe-405 MSCs. This observation supports the previous 

discussion that the CdSe-413 and CdSe-405 may be the same cluster species. As CdSe-405 

MSCs are observed here and have been observed in other reports, the possibility is high that the 

CdSe MSCs family is likely CdSe-405.115,116  Aside from this theory, the observation proves 

once again that CdSe MSCs form during the synthesis of CdSe NPLs and are not present from 

the beginning in the precursor.  

By increasing the residence time to 40 s and then to 60 s at 200 °C, a very small blue-shift is 

visible again. This blue-shift continues when the temperature is increased to 210 °C. A further 

blue-shift is observed when the temperature is increased to 220 °C. Similar to the previous ex-

periment, at 230 °C and 60 s, there is a new peak appearing at 435 nm, and another blue-shift 

is observed. This peak belongs to the 3 ML CdSe NPLs. By increasing the temperature to 

240 °C, the PLE intensity at 435 nm increased, this time without being accompanied by a blue-

shift in the region below 400 nm. The intensity at 435 nm is further increased at 240 °C and 

120 s, implying that with longer residence times, more 3 ML CdSe NPLs have formed. 

Based on the experiments, CdSe-360 and CdSe-405 are determined. Moreover, the blue shift 

observed throughout the experiment strongly implies that the CdSe MSCs undergo an addi-

tional process, through an intermediate, before CdSe NPLs form. This intermediate structure is 

likely smaller than the CdSe MSCs as seen in the small blue-shifts in the PLE spectra. 
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Figure 30: Normalized PLE spectra for two flow reactor experiments with an emission set at 463 nm. (a) 

shows PLE spectra for increasing temperatures, then for increasing residence times performed in two ovens 

with a length of 10 cm and 30 cm. (b) presents the results for increasing residence times, then increasing 

temperature performed in a 90 cm oven. The pale pink color marks the position for the light-hole peak 

corresponding to 3 ML CdSe NPLs. Figure by Funk et al. with slight modifications used with permission 

and under creative common license.97 

To explain the likelihood that the intermediate structure from the PLE spectra is smaller than 

the CdSe MSCs observed, the size of the CdSe MSCs is needed. One method to determine the 

size of spherical CdSe clusters based on their absorption maximum has been developed by Yu 

et al.117 As the CdSe MSCs in the flow reactor are likely non-stoichiometric,110–112 a spherical 

shape was assumed for calculating a theoretical diameter for the CdSe MSCs observed in the 

CdSe NPL synthesis. With this assumption made, CdSe-360 MSCs approximately have a di-

ameter of 1.19 nm and CdSe-405 MSCs of 1.60 nm (Figure 31a). If we assume CdSe-413 is a 

different family to CdSe-405, their diameter would be 1.67 nm. As the CdSe MSCs are non-

stoichiometric, their actual diameter is expected to be larger. The calculated diameters for all 

CdSe MSCs are larger than the 3 ML CdSe NPL with their thickness of 0.9 nm (Figure 31b).44  

Regarding this size difference, the intermediate structure has to connect these two structures so 

that its size probably fits between these structures. Peng et al. already proposed such an inter-

mediate structure in their CdSe NPL growth theory.11 According to their theory, the CdSe seeds 

they used transformed into a two-dimensional embryo through an intra-particle ripening 
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process.11 It is, therefore, reasonable to assume that this proposed two-dimensional embryo is 

the structure in question that connects the MSCs (Figure 31a) to the CdSe NPLs (Figure 31b). 

Further evidence of CdSe MSCs being present in the CdSe NPLs synthesis can be found in the 

TEM images of the unpurified reactor product in Figure 31c and Figure 29d. At 200 °C and 

40 s, the spherical CdSe nanoparticles observed have a size of 2.1 ± 0.4 nm. The size is within 

the range of CdSe MSCs, proving once more that CdSe MSCs have indeed formed prior to the 

CdSe NPLs. Figure 31e and Figure 31f both show crude flow reactor products of CdSe NPLs 

(240 °C, 120 s). Based on Figures 31e and 31f, the as-produced CdSe NPLs have varying lateral 

sizes. The width of the depicted CdSe NPL is 25 ± 19 nm, with a length of 75 ± 26 nm. As a 

result, the lateral size of the CdSe NPLs is approximately 2066 ± 2110 nm. As shown in Fig-

ures 31e and 31f, the CdSe NPLs are so large that they end up rolling up and, thus, only allowing 

approximate values for their lateral sizes. The “rolling-up” behavior of large CdSe NPLs has 

been reported already.118 

This is expected as the CdSe NPL flow reactor synthesis used is a one-pot approach, and the 

product from the flow reactor is not purified. Aside from the varying lateral size of the CdSe 

NPLs, the TEM images confirm a successful synthesis of CdSe NPLs in a flow reactor. 
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Figure 31: Schematic drawings of CdSe-360 MSC, CdSe-405 and a 3 ML CdSe NPL, accompanied by TEM 

images of these structures. (a) shows CdSe-360 MSC with a diameter of 1.19 nm and CdSe-405 MSC with a 

diameter of 1.60 nm. (b) shows a 3 ML CdSe NPL with a thickness of 0.9 nm. (c) and (d) show TEM images 

of the CdSe-MSCs synthesized in the flow reactor, whereas (e) and (f) show TEM images of the CdSe NPLs 

synthesized in the flow reactor. Figure by Funk et al. with slight modifications used with permission and 

under creative common license.97 

To further investigate the intermediate structure that is forming between the CdSe MSCs and 

the CdSe NPLs, emission spectra with an excitation wavelength of 350 nm have been recorded. 

350 nm corresponds to a wavelength that is absorbed by the CdSe MSCs. Figure 32 shows these 

results. 

At 210 °C and 60 s in the 10 cm oven (Figure 32a), a peak at 432 nm is visible. This peak 

corresponds to the CdSe-MSCs as they usually emit with high intensity in this range.102,114,119 

Increasing the temperature to 225 °C and 60 s, the peak rises in its intensity. Furthermore, a 

slight shift is observable at around 426 nm. A further increase to 240 °C and 60 s leads to an-

other emission peak shift. Additionally, a plateau is visible at around 530 nm. This plateau-like 

emission might originate from the intermediate structure forming in the synthesis. Switching 

the oven to 30 cm without changing the conditions (240 °C, 60 s) leads to a decrease in the 

emissions’s intensity maximum. The plateau at 530 nm remains visible and barely decreases in 

its intensity. This strongly suggests that there might be an intermediate structure that emits at 

this wavelength range. Additionally, the emission’s maximum shifted once again by a few 
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nanometers. The shift could be explained by the CdSe MSCs being influenced by the presence 

of this intermediate, as the CdSe MSCs are the building blocks for this intermediate structure. 

As they are used for building blocks, this likely affects the ligands on the surfaces of the CdSe 

MSCs, thus impacting their optical properties.105 Furthermore, the decrease in the emission may 

also be a result of the CdSe MSCs being consumed for the formation of the intermediate struc-

ture. The plateau in the emission is also observed for the following residence time at 70 s and 

240 °C, including the decrease in the emission intensity at around 426 nm. This is also the case 

for the experiment at 80 s and 240 °C, although the plateau starts to decrease in intensity, as 

well. Starting at 240 °C and 90 s, a small peak at 463 nm arises, originating from the 3 ML 

CdSe NPLs. In this sample, the emission in the region of 530 nm also notably lost intensity. At 

240 °C and 120 s, the peak at 463 nm increased again, implying that more 3 ML CdSe NPLs 

have formed. Furthermore, the peak, which used to be located at 426 nm, shifts to around 

416 nm. The plateau at around 530 nm is not visible in this spectrum anymore. Based on this 

spectrum, the intermediate structure is not as present as before. All these observations so far 

correspond well to the PLE spectra in Figure 30a. 

The emission spectra in Figure 32b vary seemingly from the previous observations. Here, all 

experiments were conducted in a 30 cm oven. At 200 °C and 20 s, the emission’s intensity in-

creases to around 420 nm, thus confirming the presence of CdSe MSCs.102,114,119 The increase 

in this emission’s intensity continues at 200 °C and 40 s. Additionally, there is a clear emission 

arising at around 530 nm. Similar to the previous flow reactor experiment, this is likely arising 

from the intermediate that starts to form. An increase in the residence time to 60 s at 200 °C 

barely changes the spectrum. Only an increase in temperature to 210 °C and 60 s leads to a 

notable increase in the overall emission at around 420 nm and the region around 530 nm. Start-

ing at 220 °C and 60 s, the emission’s intensity at 420 nm decreases while it remains unchanged 

for 530 nm. Like the previous experiment, the intermediate structure likely forms from the 

CdSe MSCs, hence, a decrease at 420 nm is observed. At 230 °C and 60 s, a tiny peak 

at 463 nm appears, confirming the formation of 3 ML CdSe NPLs. Another increase in temper-

ature to 240 °C and 60 s not only leads to an increase in the emission intensity at 463 nm, but a 

new peak at 514 nm arises. This peak belongs to the 4 ML CdSe NPLs. At the final settings, 

that is 240 °C and 120 s, the peaks at 463 nm and 514 nm increase a lot in their intensity. This 

highly suggests that the concentration of 3 ML and 4 ML CdSe NPLs increased in the flow 

reactor as the samples were all prepared and diluted the same. Similar to the previous experi-

ment, the emission at 530 nm decreased notably, suggesting that the intermediate structures 

have been consumed for the formation of the CdSe NPLs. Comparing both results, it becomes 



 

60 

evident that fewer CdSe NPLs have formed in Figure 32a compared to Figure 32b, although in 

both cases, a 30 cm oven has been used. The difference can be explained by the run time of the 

experiments, as all samples have been conducted in a single session. This means that in the left 

image, the overall experiment conducted in the 30 cm oven is shorter in time compared to the 

right image. As the flow reactor has a laminar flow profile, the precursor is likely impacted 

from the previously conducted experiments in Figure 32b. 

Overall, these emission spectra with an excitation wavelength of 350 nm strongly suggest that 

after the formation of CdSe MSCs, an intermediate structure is forming before CdSe NPLs start 

to grow. Moreover, the CdSe MSCs are being used to form this intermediate structure. 

Figure 32: Emission spectra of flow reactor experiments with an excitation wavelength of 350 nm. (a) show-

cases results for a 10 cm and 30 cm oven, while (b) is conducted entirely in a 30 cm oven. Figure by Funk et 

al. with slight modifications used with permission and under creative common license.97 

In the previous emission spectra, the excitation wavelength at 350 nm excites the CdSe MSCs 

more in comparison to the 3 ML CdSe NPLs, as their absorption maximum is at a larger wave-

length of 435 nm. To fully verify when and how many CdSe NPLs formed in both experiments, 

the emission spectra with an excitation wavelength of 435 nm were taken in Figure 33. 

Figure 33a shows that at 225 °C and 60 s in a 10 cm oven, no CdSe NPLs are present. Interest-

ingly, the emission rises from 500 nm to 450 nm. This aligns with the previous emission spectra 

that the emission maximum for the CdSe MSCs lies at higher energy levels, consequently at 

smaller wavelengths. The sample at 240 °C and 60 s in the 10 cm oven has a high emission 

intensity with an excitation wavelength of 435 nm, which is like the previous results. Further-

more, a tiny peak at 463 nm is visible in this sample. While this sample contains CdSe MSCs 

and the intermediate structure, it seems that a very small population of 3 ML CdSe NPLs have 

formed, too. Switching to the 30 cm oven at 240 °C and 60 s leads to a visible decrease in the 

overall emission’s intensity. At 240 °C and 70 s and 80 s, the spectra’s overall emission 
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increased slightly but contains no CdSe NPLs. Once the synthesis is at 240 °C and 90 s, a visible 

peak at 463 nm appears, originating from the 3 ML CdSe NPLs that form in the flow reactor 

synthesis. Increasing the residence time to 120 s at 240 °C not only increases the peak’s inten-

sity at 463 nm, but another peak at 514 nm appears, corresponding to the 4 ML CdSe NPLs. 

Aside from the two peaks, the emission between 515 nm and 700 nm visibly decreased in this 

sample. It is possible that this overall emission decrease is a result of the CdSe MSCs being 

used for the formation of the CdSe NPLs. However, the emission may also result from CdSe 

nanodots as they are found as a side product in the synthesis. 

Figure 33b shows the results conducted only in a 30 cm oven. The first samples, which include 

200 °C and 20 s, 200 °C and 40 s, 200 °C and 60 s, and finally 210 °C and 60 s, show barely 

any emission at all. The is no evidence for any CdSe NPLs. At 220 °C and 60 s, a peak at 

463 nm appears from the 3 ML CdSe NPLs, accompanied by another very small peak at 514 nm 

from the 4 ML CdSe NPLs. The peak at 514 nm barely increases at 230 °C and 60 s, while the 

other peak at 463 nm rises visibly for this sample. This trend, that the intensity at 463 nm in-

creases more than at 514 nm, continues for 60 s at 240 °C and 120 s at 240 °C, respectively. 

Considering that the formation of 3 ML CdSe NPLs is more favored than that of 4 ML CdSe 

NPLs, this trend is within expectations. In the literature, thinner CdSe NPLs are usually more 

favored to form than thicker ones.10 The key difference between Figure 33a and Figure 33b lies 

in the emission of the CdSe MSCs. It is likely that in the first experiment in Figure 33a, their 

growth and formation are more favored than in the second experiment in Figure 33b. This 

would also explain the slight differences in Figures 32 and 30. Nevertheless, in both cases, 

CdSe MSCs have formed. In the flow reactor experiment with the two ovens, it becomes evident 

that, apparently, more CdSe MSCs have formed than in the flow reactor experiment with one 

single oven. In both flow reactor experiments, the formation of 3 ML and 4 ML CdSe NPLs is 

evident based on Figure 33.  
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Figure 33: Emission spectra of flow reactor experiments with an excitation wavelength of 435 nm. (a)  

presents results for a 10 cm and 30 cm oven, while (b) showcases results from a 30 cm oven. Figure by Funk 

et al. with slight modifications used with permission and under creative common license.97 

It is already known for wurtzite CdSe NPLs that CdSe MSCs play a key role in their for-

mation.42 This is contrary to the proposed growth mechanism of zinc blende CdSe NPLs by 

Riedinger et al. and by Peng et al. because none of them included CdSe MSCs.10,11 As CdSe 

MSCs are visible in the flow reactor synthesis, this raises the question of whether the flow 

reactor CdSe NPLs have a wurtzite or a zinc blende crystal structure. 

Powder X-ray diffraction (powder XRD) measurements are a method for determining the crys-

tal structure of the flow reactor CdSe NPLs. Figure 34 shows the results of the powder XRD 

measurements. Based on similar synthesis approaches, the CdSe NPLs from the flow reactor 

are expected to have a zinc blende structure.10,11,48,101 To verify the results from the flow reactor, 

the flow reactor precursor has also been conducted as a regular batch experiment (rose color in 

Figure 34). In this experiment, the precursor was stirred at 240 °C for 10 min in a nitrogen 

atmosphere before cooling it rapidly down. Both the NPLs from the flow reactor and from the 

flask synthesis showcase diffraction patterns that generally suit the zinc blend structure the 

most. The calculated d-spacings for the wurtzite CdSe bulk,120 the zinc blende CdSe bulk,120 as 

well as the found d-spacings for the synthesized CdSe NPLs, which can be found in Table 2. 

Additional values can be found in the appendix. It becomes apparent that the synthesized CdSe 

NPLs have a diffraction at a 2θ-value of approximately 20, which doesn’t belong to the wurtzite 

or the zinc blende structure. This value can be assigned to organic ligands, according to litera-

ture.121  
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Figure 34: Powder XRD measurements to determine the crystal structure of the CdSe NPLs. Violet shows 

the CdSe NPLs produced in a flow reactor synthesis, red shows the CdSe NPLs produced in a flask. In both 

cases, the precursor used is the same. Orange and yellow show the bulk wurtzite and bulk zinc blende struc-

tures for CdSe, respectively.120 Figure by Funk et al. with slight modifications used with permission and 

under creative common license.97 

Table 2: The d-spacings for bulk CdSe with a wurtzite and zinc blende structure,120 as well as the d-spacings 

found for the CdSe NPLs synthesized in a flask and in the flow reactor. Additional information can be found 

in the appendix. 

Wurtzite CdSe 

bulk120 [Å] 

Zinc blende 

CdSe bulk120 [Å] 

CdSe NPL 

Flask synthesis [Å] 

CdSe NPL 

Flow reactor synthesis [Å] 

3.810 3.590 4.497 4.545 

3.590 2.209 3.688 4.167 

3.369 1.885 2.166 3.604 

2.621 1.564 1.855 2.175 

2.209 1.436 1.536 1.856 

2.036 1.278 − − 

1.885 − − − 

1.500 − − − 

1.242 − − − 

 

Another method to further determine the crystal structure of the CdSe NPLs is to calculate the 

d-spacing from the TEM diffractions. Figure 35 showcases the selected area for electron dif-

fraction (SAED) for CdSe NPLs synthesized in a flask. The value 1.293 Å is in good agreement 

with the zinc blende structure, whereas the value 2.024 Å is associated with the wurtzite 
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structure (Figure 35a). Based on the synthesis conditions which include the usage of carbox-

ylates, it is unlikely that the CdSe NPLs or the CdSe MSCs showcase a wurtzite structure.115,122–

124 A transition from zinc blende CdSe NPLs to wurtzite CdSe NPLs is only plausible through 

the introduction of an amine.122 For the CdSe MSCs, the formation of a wurtzite-like structure 

usually occurs when the concentration of Selenium is high.123 Furthermore, a temperature be-

low 260 °C promotes growth of a zinc blende structure, whereas temperatures of 300 °C pro-

mote growth of a wurtzite structure.125 Finally, Figure 35a showcases very broad rings, which 

makes it more difficult to find the appropriate ring for the d-spacing calculation.126  

 

Figure 35: TEM diffractions, which are used to determine the crystal structure of the CdSe NPLs synthe-

sized in a flask at 240 °C for 10 min. (a) presents the SAED, (b) the corresponding TEM images of the CdSe 

NPLs.  

Overall, the CdSe NPLs likely have a zinc blende structure. After obtaining the information on 

the crystal structure, more information about the formation of the CdSe NPLs is needed. This 

additional information can be obtained through small-angle X-ray scattering (SAXS). 

In Figure 36, the normalized SAXS patterns are shown, including the different power-laws in 

black for the different shapes. At first, at 200 °C and 20 s, the low q regime strongly indicates 

a spherical-like structure. The wording spherical-like is chosen, as the CdSe MSCs observed in 

the flow reactor likely have a non-stoichiometric shape.110–112  Over the course of the reaction, 

the spherical-like structure q-0 slowly transitions to the anisotropic platelet structure q-2, which 

is clearly obtained from the flow reactor sample at 240 °C and 120 s. Figure 36 confirms that 

in the early stages of the CdSe NPL synthesis, structures can be found which do not exhibit a 

typical anisotropic platelet-shape like the CdSe NPLs. Instead, this anisotropic platelet-shape 

evolves over time.  
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Figure 36: Normalized SAXS pattern of the flow reactor samples showcasing the different power-law in 

black. The flow reactor samples were conducted at different residence times and temperatures, shown here 

in a rainbow-color palette. Figure by Funk et al. with slight modifications used with permission and under 

creative common license.97 

The SAXS patterns were also fitted as shown in Figure 37. To facilitate the fitting process with 

the non-stoichiometric CdSe MSCs, the particles were assumed to be spherical apart from the 

final sample. Additionally, it should be noted that all diameters and lengths obtained from the 

SAXS fits are only average values. 

With these assumptions made, it allows the use of the sphere fit for the first sample at 200 °C 

and 20 s. The applied sphere-fit revealed a diameter of 1.8 nm for this sample, which corre-

sponds to the size regime of CdSe MSCs.52,109 In the next sample at 200 °C and 60 s, the sphere 

fit was once again applied, resulting in a diameter of 3.2 nm. The diameter visibly increased, 

indicating that the CdSe MSCs agglomerate during the synthesis. As the CdSe MSCs are likely 

non-stoichiometric in shape, the found diameter might depend on the orientation of the CdSe 

MSCs, as well. This observed agglomeration may be the first step in the formation of an inter-

mediate structure. Based on the previous results, an intermediate structure is likely forming 

before CdSe NPL starts to form. 

While an agglomeration is visible for the sample at 200 °C and 60 s, the SAXS pattern also 

reveals that no oriented attachment process takes place in the synthesis. A superlattice would 

be expected for an oriented attachment,127 which is absent in the SAXS results presented in 

Figure 37. Meanwhile, the agglomeration is also present in the low q region of the flow reactor 

sample 210 °C and 60 s, the sample 220 °C and 60 s, and the sample 230 °C and 60 s, respec-

tively. The observable agglomeration further indicates that an intermediate structure is forming. 

As the structure of the intermediate is unknown, the SAXS fit used for the following samples 

is a combination of powerlaw and sphere model. Interestingly, starting with the sample at 



 

66 

210 °C and 60 s, the diameter obtained from the combined fit model decreases to 2.4 nm. The 

diameter further decreases for the following sample at 220 °C and 60 s to 1.8 nm. However, for 

the sample at 230 °C and 60 s the diameter starts to increase again to 6.4 nm. 

The decrease in diameter, then the following sudden increase in diameter, connects to the pre-

vious blue-shifts observed in the corresponding PLE spectra in Figure 30b. As the PLE spectra 

indicate stronger exciton confinement, the intermediate forming is smaller in size than the CdSe 

MSCs that formed prior. This observation is within expectations based on the SAXS results. 

Additionally, the sample at 230 °C and 60 s also exhibits the light-hole peak at 435 nm in the 

PLE spectrum in Figure 30b. This suggests that the previously formed intermediate turned into 

very small CdSe NPLs, as suggested by the increased diameter of 6.4 nm. In the next sample at 

240 °C and 60 s, the diameter from the combined fit increased again to 15 nm. 

For the last sample, at 240 °C and 120 s, the parallelepiped fit model was used. This fit model 

was also used by Bouet et al. when they applied a SAXS fit to their CdSe NPLs.27 Based on the 

SAXS pattern in Figure 37, the obtained 3 ML CdSe NPLs from the flow reactor have a thick-

ness of 0.9 nm, which is the same value as reported by Bouet et al. for their 3 ML CdSe NPLs.27 

The fit from Figure 37 also results in CdSe NPL sizes of 13.8 nm x 161.3 nm. This result is in 

good agreement with the CdSe NPL sizes found in the TEM image results from Figure 31. 

All results so far give evidence that CdSe MSCs form first, which turn into intermediate. This 

intermediate then further transforms into the CdSe NPLs. However, the results so far give no 

indication of the exact shape and structure of the intermediate.  
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Figure 37: The SAXS data and fits from various fitting models that reveal average solvation sizes. For the 

first two samples (200 °C, 20 s, and 200 °C, 60 s), a sphere model was used. The last sample (240 °C, 120 s) 

utilized a parallelepiped model for the SAXS fit. The remaining sizes were obtained using a sphere model 

in combination with power-law. On the right side are theoretical drawings of what the structure may look 

like based on the average solvation size obtained from the fit. Figure by Funk et al. with slight modifications 

used with permission and under creative common license.97 

There are some proposed intermediate structures that may apply to the intermediate found in 

the CdSe NPL flow reactor synthesis. These possible intermediates are shown in Figure 38. 

One possible structure is the 2D-embryo structure proposed by Peng et al.11 They proposed that 

the spherical CdSe seeds they used firstly form basal planes through intra-particle ripening be-

fore these as-formed intermediates with basal planes fuse together to form a 2D-embryo struc-

ture through oriented attachment.11 It is likely that the intermediate structure observed may 

consist of these two structures: First, the CdSe MSCs agglomerate (see SAXS results), and then 

they slowly form basal planes (see PLE spectra). This concept would be similar to the one 

proposed by Peng et al.,11 with the difference that the CdSe MSCs agglomerate and do not 

undergo an oriented attachment process. 
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Another structure to describe the intermediate would be an egg-tray structure, which has been 

proposed by Weller et al. for PbS sheets.40 They proposed that this structure also forms through 

oriented attachment. Furthermore, the oleic acid used as a ligand may initiate structural changes 

to promote surface reconstruction to form 2D PbS sheets from this intermediate structure.40 

While the formation of this intermediate relies on oriented attachment once again, there is still 

a possibility that the CdSe MSCs observed in the flow reactor agglomerate in an egg-tray fash-

ion, as well.  

Figure 38: Schematic drawings of possible intermediate structures. The blue arrows showcase the interme-

diate structures proposed by Peng et al.11 The red arrows showcase the intermediate structure proposed by 

Weller et al. for the PbS sheets.40 Both pathways represent plausible intermediate structures, which may 

form during the CdSe NPL synthesis.  

Based on all the results found to connect the CdSe MSCs to the CdSe NPLs, it seems likely that 

the formation is a three-step process. A schematic drawing of two potential three-step processes 

is shown in Figure 39. In the first step of the CdSe NPL synthesis, CdSe MSCs form (Fig-

ure 39a). As CdSe MSCs families, CdSe-360 and CdSe-405 could be determined based on the 

absorption and PLE spectra. Then, two potential pathways are possible for the second step. 

Following the red arrows, the CdSe MSCs population agglomerate (Figure 39b). While an ag-

glomeration alone will not lead to the thin CdSe NPLs, they additionally need to undergo intra-

particle ripening and size focusing. This step is most similar to the proposed intermediates by 

Peng et al.11 and Weller et al.40 Through the size focus process, an intermediate-like structure 

is formed, which leads to the earlier blue shifts observed in the PLE spectra. This intermediate 
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then ripes to a small, anisotropic CdSe NPL in the third step, which could be confirmed by the 

increasing size in the SAXS results and the corresponding PLE spectra.  

The other potential pathway for the second step pathway is marked by blue arrows, in which 

the CdSe MSCs act as monomer reservoirs (Figure 39c). This pathway is like the proposed 

growth mechanism by Riedinger et al.10 In their proposed growth theory, CdSe NPL nuclei 

form. Additionally, the formation of insoluble, concentrated Cd(OAc)2 droplets in the solution 

promotes island-nucleation-limited growth of these nuclei. Connecting their theory to the CdSe 

MSCs, it is possible that the CdSe MSCs release so many monomer units that their concentra-

tion increases rapidly locally. This part with a high number of monomers may act like the drop-

let from the proposed theory. Similar to the other proposed pathway, a small CdSe NPL is then 

forming. 

Finally, the third step begins, in which the nanoplatelets grow, especially in the lateral dimen-

sions (Figure 39d). Under specific conditions, even growth in thickness occurs, which would 

then follow the growth model by Riedinger et al.10 Both pathways combined likely play a vital 

role in the growth of CdSe NPLs. The intraparticle ripening and size focusing may occur by 

partial dissolution process because the CdSe MSC agglomerates need to reconstruct to form an 

intermediate. Additionally, the released CdSe monomer units from the dissolution process may 

attach to the intermediate structure so that it can grow in the lateral dimensions, like a CdSe 

NPL. As an intermediate structure is observed in the SAXS patterns and PLE spectra, the com-

bination of both pathways is most likely closest to the actual formation of CdSe NPLs. 
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Figure 39: Scheme of a proposed growth mechanism for CdSe NPLs. (a) In the first step, CdSe-360 and 

CdSe-405 MSCs form. (b) In this second step, the CdSe MSCs agglomerate and undergo an intraparticle 

ripening and size focus to form intermediates. (c) Compared to the other second step, the CdSe MSCs act 

here as a monomer reservoir for NPL nuclei. (d) Both pathways from the second step result in CdSe NPLs. 

Figure by Funk et al. with slight modifications used with permission and under creative common license.97 

The proposed growth mechanism is based on the flow reactor CdSe NPL synthesis. Compared 

to the other “typical” CdSe NPL synthesis methods,9,22,128 which usually rely on at least one 

solid component, the flow reactor synthesis does not use solid educts. Even if the physical states 

differ for the educts, all synthesis methods have the key components to obtain CdSe NPL in 

them, which are long and short carboxylates. Moreover, in the flow reactor precursor, a solid 

educt forms with time in the form of Cd(OAc)2, thus making the flow reactor precursor not too 

different from the “typical” synthesis methods. Thus, the proposed growth mechanism can 

likely be applied to other CdSe NPL synthesis methods. 

To conclude, the flow reactor synthesis enabled access to the earliest stages of the CdSe NPL 

synthesis. With this access, a correlation between CdSe MSCs and NPLs was found. In partic-

ular, the in situ absorption spectra reveal the formation of CdSe-360 MSCs. The CdSe MSCs 

formation is further promoted by aging the precursor for a few days at room temperature. PLE 

spectra revealed that another CdSe MSCs population formed, CdSe-405 MSCs. The formation 
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of multiple CdSe MSC families at once during the synthesis has already been reported,102,113  

this observation is thus within expectations. Moreover, PLE spectra revealed the formation of 

an intermediate structure before CdSe NPL formed. TEM images confirmed the presence of 

CdSe MSCs and CdSe NPLs from the flow reactor synthesis method. Additional XRD meas-

urement confirmed a zinc blende structure for the obtained CdSe NPLs from the flow reactor. 

The emission spectra, obtained with an excitation wavelength of 435 nm, confirmed the for-

mation of CdSe NPLs with a small nanodot byproduct. In the emission spectra in which the 

samples were excited with 350 nm, a blue-shift was observed, giving further evidence of the 

formation of an intermediate structure. SAXS pattern and fits reveal the transformation of CdSe 

MSCs to CdSe NPLs while forming an intermediate structure. The results were used to propose 

a growth mechanism for the CdSe NPLs, which involve the CdSe MSCs and an intermediate 

structure. 

6.3 Adding a shell to CdSe NPL 

CdSe NPLs can be successfully synthesized in a flow reactor, enabling mass production of these 

anisotropic structures. As access to mass production is a big step in using CdSe NPLs for ap-

plications, their quantum yield leaves room for improvement.129 One solution to improve the 

QY is to improve surface passivation by introducing bromide.129 However, other methods may 

be preferred to improve the QY of CdSe NPLs, which may depend on their final application. In 

the following are proof-of-principle results to encapsulate CdSe NPLs with two different meth-

ods.  

6.3.1 Encapsulation of CdSe NPL in polystyrene – PI-b-PEO shell 

CdSe NPLs with oleic acid ligands are not water-stable, which makes it challenging to use them 

for possible biological applications. Hereby, the seeded emulsion polymerization was used to 

encapsulate the anisotropic CdSe NPLs, as this method can be used for any nanoparticle shape 

and size.63 A polystyrene-PI-b-PEO shell was used to encapsulate the CdSe NPLs. All results 

can be found in Figure 40. 

The encapsulated CdSe NPLs retain their optical features, which can be seen in Figure 40a. In 

contrast to the absorption peaks, the emission of the encapsulated CdSe NPLs is gone. The 

slight shift in the absorbance spectra can be explained by the addition of PI-b-PEO.114  This 

observation can be explained by the encapsulation of the CdSe NPLs in the TEM images (Fig-

ures 40c and 40d). Before the encapsulation, the CdSe NPLs already had a low quantum yield 

of below 1 %. Oleic acid as a ligand can promote the stacking of CdSe NPLs.130 Through the 

encapsulation, mainly CdSe NPL stacks were encapsulated which can be seen in Figure 40d. 
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The stacking of the CdSe NPLs results in meeting the requirements for a HOMO-FRET to 

occur. Within these stacks, the FRET occurs rapidly until the exciton gets trapped by a quencher 

NPL.85,131 Once the exciton is trapped, a non-radiative recombination happens, resulting in a 

lower QY.85 The quencher NPL can be explained by the emission intermittency, commonly 

called blinking.132,133 As CdSe NPL exhibit trap states, they may switch between an “on” and 

an “off” state. During the “on” state, the CdSe NPLs emit while being in an “off” state, mainly 

non-radiative recombinations of the exciton occur.132  

While the stacking of CdSe NPLs within the polystyrene-PI-b-PEO shells led to these non-

emitting products, the encapsulation process itself worked greatly on these anisotropic nano-

particles. A scheme to portray the encapsulation process is also shown in Figures 40e and 40f. 

Although a polymer excess of 12000 per particle was used for this method, which would lead 

to single-encapsulated particles in theory, it is evidently not enough to prevent the stacking of 

these CdSe NPLs. As already mentioned above, OA promotes stacking. Consequently, in order 

to obtain single-encapsulated CdSe NPLs, a ligand exchange right before the encapsulation 

process likely prevents the stacking process from happening. That a ligand exchange prevents 

the CdSe NPLs from stacking has already been reported.130 
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Figure 40: Results of the CdSe NPLs encapsulated in a polystyrene-PI-b-PEO shell. (a) shows the normal-

ized absorption of the CdSe NPLs before and after encapsulation and (b) the respective emission spectra. 

The CdSe NPL with and without the polystyrene shell were normalized at the light-hole absorbance peak 

with a peak maxima at 435 nm and 431 nm respectively.  TEM images of the CdSe NPL before encapsula-

tion (c) and after encapsulation (d). (e) and (f) show a schematic drawing of how the CdSe NPLs were en-

capsulated in the polystyrene-PI-b-PEO shell. 

Another important aspect of encapsulation is long-term stability. Figure 41 shows the aging of 

an encapsulated CdSe NPL batch after 7 months. It becomes apparent that after 7 months, the 

amount of CdSe NPLs decreased, and CdSe quantum dots have apparently formed based on the 

very broad absorption. The polymer shell itself might explain this. Only PI-b-PEO and poly-

styrene were used to encapsulate the CdSe NPLs. Adding divinyl benzene could have improved 

the shell with cross-polymerization as this would lead to a more dense polymer shell, improving 

the long-term stability.134 
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Figure 41: Aging experiment results for the encapsulated CdSe NPLs in a polystyrene-PI-b-PEO shell. In 

red is the “newly” polymerized batch from April, and marked in orange is the same batch after 7 months 

(November). 

Figures 40 and 41 show that the encapsulation of CdSe NPLs in a polystyrene-PI-b-PEO shell 

works as a proof-of-concept. Stacking of the CdSe NPLs needs to be avoided, and the addition 

of divinyl benzene to ensure long-term stability is recommended.  

6.3.2 CdSe/CdS core-shell NPL 

Another method to shell and optimize the CdSe NPLs is the high-temperature thick-shell 

method developed by Riedinger et al.31 The results from this shelling method are shown in 

Figure 42. Figure 42a shows that a clear red-shift appeared in the absorption, as well as in the 

emission spectrum. The exciton in the CdSe/CdS core-shell NPL is less confined with the CdS 

shell. Additionally, electrons can delocalize into the shell so that these results are within expec-

tations. A red shift in the spectra, including the broadening of the emission, has been reported, 

as well.31 The FWHM in the emission broadened from 6 nm to 14 nm (Figure 42b). A similar 

increase in the FWHM is reported for CdSe/CdS core-shell NPLs.135  

Figures 42c and 42d are TEM images of the CdSe NPLs prior to the shelling. Similar to before, 

only approximate values for the length and width can be taken as the CdSe NPLs were large 

and started to roll up.118 As a result, the CdSe NPLs have a length of 48 nm ± 110 nm, a width 

of 23 nm ± 4 nm, and, thus, a lateral area of 1119 nm2 ± 340 nm2. Compared to the CdSe/CdS 

core-shell NPLs, there is a significant change in the size of the core-shell NPLs. Unlike before, 

the CdSe/CdS core-shell NPLs do not roll up anymore, making it easier to gather their sizes. 

These core-shell NPLs have a length of 65 nm ± 11 nm, and a width of 29 nm ± 7 nm, resulting 

in a lateral size of 1896 nm2 ± 627 nm2. Based on the lateral size of the CdSe NPLs, it is not 

surprising that the determined QY is once again below 1 %. Interestingly, the QY improved to 
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1.5 % through the addition of the CdS shell despite the initial QY being very low. This is once 

again within expectations as the CdS shell passivates the surfaces of the core CdSe NPL, thus 

improving the QY. 

A close look at the TEM images of Figures 42e and 42f reveals that the CdSe/CdS core-shell 

NPLs have a caterpillar-like appearance. In Figure 42 e, the upper small NPL even looks like it 

has a small cut in it. This structure may result from etching processes caused by the oleylamine 

used in the shelling process. As reported in the paper with 4 ML thick CdSe NPLs,31 the 3 ML 

thick CdSe NPL used for these results may be etched so that this caterpillar structure appears 

at the end. 

 

Figure 42: Results of the CdSe/CdS core-shell NPLs produced with the method by Riedinger et al.31 (a) 

shows the absorption and emission of the CdSe/CdS core/shell NPLs. In (b), the absorption and emission of 

the CdSe NPLs before the CdS-shell addition are shown. Absorption is normalized at the heavy-hole ab-

sorption peak that is 462 nm for CdSe NPLs and 471 nm for the CdSe/CdS core/shell NPLs. (c) and (d) show 

TEM images of the CdSe NPLs before the shell-method is performed. In (e) and (f) are TEM images of the 

finished CdSe/CdS core-shell NPLs present. 

Figure 42 shows that the addition of a CdS shell to the CdSe NPLs works, once again, as a 

proof-of-principle. By tuning the optical properties of the CdSe NPLs with a CdS shell, multiple 

color ranges can be accessed for future applications, like QLED screens.135 
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7 Outlook 

The flow reactor synthesis of CdSe NPLs enables mass-producing CdSe NPLs for various ap-

plications. However, some improvements are still needed to make this happen. 

One aspect is to create CdSe NPLs with a small and uniform lateral size. The small size is 

needed to ensure a high QY.136 A uniform lateral size and thickness are desired to ensure that 

the CdSe NPLs exhibit similar optical properties, which are typical for CdSe NPLs, for future 

applications. To achieve this, one possibility would be to separate the cadmium precursor from 

the selenium precursor and using a mixing chamber in the flow reactor setup,137 so that the 

growth and nucleation of the CdSe NPLs can be adequately separated. In this approach, the 

selenium component remains Se-ODE. The cadmium component should again be cadmium 

oleate, to which acetic acid is added at least 30 min before the flow reactor synthesis. By using 

two syringe pumps and the mixing chamber, both the cadmium and selenium precursors are 

then mixed in the flow reactor system, which likely improves the lateral size of the CdSe NPLs. 

Through this method, an adjustment of the reaction time, as well as finding a suitable tempera-

ture for the mixing chamber and the oven are needed. 

Once the flow reactor synthesized CdSe NPLs have similar lateral sizes, they can be used for 

various applications. Improving the polymer shell could enable, for example, bio-labeling ex 

vivo applications. With their narrow absorption and emission peaks, CdSe NPLs have the po-

tential to be even more sensitive bio labels than CdSe quantum dots with their broader absorp-

tion and emission.138,139 Another possible future application can be found in the QLED TVs 

mentioned in the introduction.4 The CdSe NPLs and CdSe/CdS core-shell NPLs have the po-

tential to improve color purity significantly in LED applications with their narrow emission 

peaks. Reported for blue-emitting,140 green-emitting,135 and red-emitting NPLs,141 all important 

additive colors for LED applications can be synthesized, so that semiconductor quantum dots 

can be replaced with semiconductor nanoplatelets in this specific case. 

Overall, the ability to mass produce CdSe NPLs in a flow reactor and the ability to modify them 

post-synthesis opens up improved applications, and also, technical improvements for the future. 
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8 Materials and methods 

8.1  Applied devices and materials 

Table 3: Applied devices, software and their manufacturers. 

Devices and software Manufactures 

Varian Cary 50 spectrometer AGILENT TECHNOLOGIES 

Varian Cary UV Scan Application software AGILENT TECHNOLOGIES 

Citavi software Swiss Academic Software GmbH 

Clip Studio Paint Pro software CELSYS 

Electron microscope JEM-1011 JEOL 

Electron microscope JEM-2200FS JEOL 

Excel 2019 software Microsoft Corporation 

Fluoromax-4 spectrofluorometer HORIBA Scientific 

FluorEssence software version 3.5 HORIBA Scientific 

Heating Catridge HS-Heizelemente 

Elotech R2500 temperature controller with 

16 zones 
Elotech Industrieelektronik 

Heat exchanger (titanium) Micro4industries 

ImageJ software Wayne Rasband 

Mercury software Cambridge Crystallographic Data Centre 

MultiSpec Pro 2 software Tec5 

OriginPro 2022b software OriginLab Corporation 

P03 X-ray Scattering Beamline PETRA III DESY, Hamburg 

PILATUS 2M detector Dectris 

PowDLL software N. Kourkoumelis 

Powerpoint 2019 software Microsoft Corporation 

PEEK-Tubing and ferrules UPCHURCH SCIENTIFIC, Klaus Ziemer 

QMix Elements software CETONI 

Reactor Oven (titanium-tubing part) ETHEN ROHRE 

Reactor Oven (aluminum housing, with spi-

ral titanium-tubing) 
University Hamburg Workshop 

SasView software 
NSF award DMR-0520547; SINE2020 pro-

ject 
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Table 3 (continuation): Applied devices, software and their manufacturers. 

Devices and software Manufactures 

Sigma centrifuges (type 2-16P and 3-18KS) Sigma 

SIMHEX interdigital micro mixer (encapsu-

lation) 
Micro4industries 

NEMESYS Syringe Pumps (Flow Reactor 

and encapulsation process), mid-pressure 

modules 

CETONI 

SuperK Fianium High Power Supercontinu-

um laser (1.5 W visible power) 
NKT Photonics 

Temperature detector (flow reactor) Unitherm, PT-100, two-wire configuration 

Titanium valco union, ferrules and nuts Macherey-Nagel 

UV/Vis measuring cell (flow reactor), 3 mm, 

PEEK 
Knauer GmbH 

UV/Vis spectrometer (flow reactor) with op-

tical fibers 
Tec5 

Water chiller Julabo F25-MC 

Word 2019 software Microsoft Corporation 

X’Pert PRO X-Ray diffractometer Philips 
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8.2 Applied chemicals 

Table 4: Applied chemicals and their manufacturers. 

Substances, Purity Manufactures Abbreviation 

Acetic acid, ≥99.5 % Chem Solute AcOH 

Acetic anhydride, ≥99 % Merck  

Acetone, ≥99.8 % VWR Chemicals  

Azobis(isobutyronitrile), ≥98 % Merck AIBN 

Cadmium acetate, anhydrous, ≥99 % Carl Roth and Merck Cd(OAc)2 

Cadmium oxide, ≥99.9 % Merck CdO 

Coumarin 153, ≥99 % Sigma-Aldrich  

Ethanol, ≥99.8 % VWR Chemicals EtOH 

Ethyl acetate, ≥99.8 % VWR Chemicals  

Glycerol, ≥99.5 % Sigma-Aldrich  

n-Hexane, ≥95 % Fisher Chemicals  

Hydrochloric acid, 37% VWR Chemicals HCl 

Hydrochloric acid, 1 M Own production HCl 

Isopropanol, ≥99.7 % VWR Chemicals  

Methanol, ≥99.8 % VWR Chemicals MeOH 

Methyl acetate, ≥99 % Merck  

1-Octanthiol, ≥98.5 % Sigma-Aldrich  

1-Octadecene, ≥90 % Sigma-Aldrich ODE 

Oleic Acid, ≥90 % Sigma-Aldrich OA 

Oleylamine, ≥70 % Sigma-Aldrich  

Polyisoprene-block-poly(ethylene ox-

ide) 

CAN GmbH/ Frauenhofer-IAP 

CAN 

PI-b-PEO 

Selenium powder, ≥99.9 % Sigma-Aldrich Se 

Styrene, stabilized, ≥99 % Merck  

Tetrahydrofuran, stabilized, ≥99 % VWR Chemicals THF 

Polyoxyethylene(20)-sorbitan-monos-

tearate (TWEEN 60), ≥90 % 
Sigma-Aldrich 

TWEEN 60 
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8.3 Experimental section 

8.3.1 Synthesis Methods 

8.3.1.1 Synthesis of Se-ODE solution 

Depending on the desired concentration, the amount of selenium varied in relation to the ODE. 

For 10 mL 0.15 M Se-ODE solution, 120 mg (1.50 mmol) Se and 10 mL ODE were added to a 

three-neck flask and degassed for 30 min at 110 °C. The mixture was then heated to 205 °C for 

60 min. At this time, the grey suspension turned into a yellow solution. Ultimately, the finished 

product was kept under a nitrogen atmosphere for later usage. 

The procedure for a 0.19 M Se-ODE solution was similar to the previously mentioned solution. 

However, 50 mL of ODE were used, so 750 mg (9.50 mmol) Se were needed. The degassing 

time was extended to two hours, and the heating time at 205 °C was also extended to six hours 

to obtain a yellow solution. 

8.3.1.2 Synthesis of CdSe NPL with Cd(OAc)2 and without methyl acetate 

In a three-neck flask, 19 mg (0.15 mmol) CdO, 190 µL (0.60 mmol) OA, and 19 mL of ODE 

were degassed at 110 °C for 30 min. Then, the mixture was heated to 240 °C and held for 30 min 

under a nitrogen atmosphere. The previously brownish turbid suspension turned into a colorless 

clear solution in this process. After this mixture cooled down to RT, 60 mg (0.23 mmol) of 

Cd(OAc)2 was added to the flask. With this addition, the colorless turbid suspension was de-

gassed again for 20 min. In an attempt to dissolve the Cd(OAc)2, the mixture was heated to 

210 °C for 10 min under nitrogen flow. After the mixture cooled down to 80 °C, 1 mL of a 

0.19 M Se-ODE solution was added. Another final degassing step at 80 min for 10 min was 

conducted. Under a nitrogen atmosphere, the mixture was heated to 240 °C and held there for 

10 min before rapidly cooling down the yellow-turbid suspension. 

8.3.1.3 Synthesis of CdSe NPL with Cd(OAc)2 and with methyl acetate 

The synthesis method was similar to the method mentioned in Chapter 9.3.2.1 with minor ad-

justments. After the 0.15 M Se-ODE solution was added and the mixture was degassed, 50 µL 

(0.63 mmol) of methyl acetate was added to the mixture. Before heating the mixture, the mix-

ture was stirred for an additional hour under nitrogen flow at room temperature. Like the method 

mentioned in 9.3.2.1, the synthesis of CdSe NPL happened at 240 °C with a reaction time of 

10 min. 
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8.3.1.4 Synthesis of CdSe NPL with Cd(OAc)2 and with acetic anhydride 

Aside from the flow reactor project, this synthesis was used to produce CdSe NPL for the CdS 

shell growth in chapter 9.3.1.13. At first, 87 mg (0.33 mmol) Cd(OAc)2, 250 µL (0.79 mmol) 

OA, 70 µL (0.74 mmol) acetic anhydride, and 14 mL ODE were degassed for one hour at 

110 °C. Then, 1 mL of a 0.19 M Se-ODE solution was injected under a nitrogen atmosphere. 

After the injection, the synthesis was heated to 240 °C and kept there for 10 min. After 

10 minutes, the flask was rapidly cooled down, and 1 mL of OA was added at 80 °C. 

8.3.1.5 Synthesis of CdSe NPL without Cd(OAc)2 and using AcOH 

In a three-neck flask, 38 mg (0.3 mmol) CdO, 285 µL (0.9 mmol) OA, and 39 mL ODE were 

heated to 240 °C and kept there for 10 min. During this time, the brown suspension turned into 

a colorless solution. The mixture was cooled down to 110 °C and degassed for 30 min to one 

hour. After cooling down the mixture to RT, 1 mL of a 0.19 M Se-ODE solution was injected 

under a nitrogen atmosphere. Then, the mixture was degassed again for another 10 to 30 min. 

After degassing, 11 µL (0.19 mmol) of AcOH was added to the mixture and stirred for 30 min 

under nitrogen flow. 

Then, the synthesis was conducted at 240 °C for 10 min before rapidly cooling down the mix-

ture to obtain CdSe NPL. 

In another approach, 35 µL (0.60 mmol) AcOH was added instead of the 11 µL (0.19 mmol) 

AcOH. After the addition of a higher amount of AcOH, the mixture turned into a colorless 

turbid solution within a few minutes. 

It was also possible to use 19 mL ODE instead of 39 mL. 

8.3.1.6 Reactor precursor synthesis 

This approach was similar to the method mentioned in Chapter 9.3.1.4 with minor adjustments. 

The mentioned amounts were multiplied by a factor of 2.5, 5, or 7. This also impacts the de-

gassing and heating times. For the first step, the mixture was heated to 240 °C for one hour to 

obtain a colorless and clear solution. The degassing step lasted then for one to two hours. After 

adding the Se-ODE solution, the second degassing step lasted at least 30 min. Then, the mixture 

was stored under nitrogen until the flow reactor synthesis happened. On the day of the flow 

reactor synthesis, the AcOH was added to the mixture. The 30 min stirring time remained before 

the synthesis in the flow reactor. 
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8.3.1.7 Flow reactor setup 

A schematic illustration of the complete flow reactor setup is shown in Figure 43. The flow 

reactor was built by Robert Seher.137,142 A few modifications have been made to this setup. The 

syringe pumps (NEMESYS mid-pressure modules, CETONI) had two openings which acted as 

a one-way system (Figure 43b): One inlet to fill up the syringe pump and one outlet to empty 

the syringe pump. The inlet had 1/16 inch of Polyether ether ketone (PEEK) tubing screwed 

into it with PEEK ferrules. This PEEK tube could be put into the flask with the flow reactor 

precursor (Figure 43a). The two syringe pumps had built-in pressure sensors. These pressure 

sensors enabled observation of possible clogging in the flow reactor. Each syringe pump was 

connected to a self-built titanium oven (Figure 43c). This connection between the syringe pump 

and the oven was made with tubes, ferrules, unions, and nuts, which were either made of PEEK 

or titanium. All components fitted the tubes with 1/16 inches out of PEEK and titanium.  The 

ovens had a length of 10 cm, 30 cm, 90 cm, or 5 m and could be switched out depending on the 

desired flow rate and thus residue time in the ovens. Every oven had an inlet for a heating 

cartridge by HS-Heizelemente. The heating cartridge was connected to an Elotech R2500 tem-

perature controller with 16 zones. This controller monitors and set the temperature of many 

heating cartridges connected to the device. It also allowed the heating rate to be controlled. A 

titanium heat exchanger was located behind each oven (Figure 43d). This heat exchanger was 

connected to a chiller, Julabo F25-MC. The water temperature was set to 20 °C. A hot fluid 

within the inner part of the heat exchanger could thus be quickly cooled down because the 

chilled water was pumped through the outer parts of the heat exchanger. PEEK tubes connected 

the two heat exchangers to a T-piece. This PEEK T-piece was connected to an optical flow cell 

by Knauer (Figure 43e). The flow cell had a path length of 3 mm and contains quartz glass 

windows. Optical fibers connect the flow cell to a UV/Vis spectrometer by Tec5. A PC was 

connected to the UV/Vis spectrometer and the syringe pumps. The program MultiSpec Pro 2 

allowed the measurement of absorbance spectra in the flow cell, while the program QMix Ele-

ments controlled the syringe pump volume and flow rate. QMix Elements also allowed the 

pressure of the syringe pumps to be monitored. In the end, more PEEK-Tube was used to collect 

samples (Figure 43f). 
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Figure 43: Schematic illustration of the flow reactor setup. The precursor (a) was connected to the syringe 

pumps (b). Each syringe pump was connected to an oven with a different length (c). Behind the oven, a heat 

exchanger was placed (d). Both heat exchangers were now connected to one optical flow cell, which enables 

in situ absorbance spectroscopy (e). The sample could be collected behind the optical flow cell (f). Figure by 

Funk et al. with slight modifications used with permission and under creative common license.97 

8.3.1.8 Synthesis of CdSe NPL in a flow reactor 

At first, the flow reactor setup was flooded with n-hexane to check the system for possible 

leaks. Next, the system was purged with ODE to measure reference spectra with the in situ 

absorbance spectrometer. These recordings acted as the baseline for the in situ absorbance 

measurements. Then, the system was flooded with the reactor precursor solution. Now, the 

first spectra of the unreacted precursor solution were recorded. After the syringe pump was 

filled with a total volume of 25 mL, the synthesis was conducted as follows: The syringe 

pumps were set to the desired flow rate with the NEMESYS QMIX program, and the reactor 

oven was heated to the desired temperature. After the first residue time of the sample had 

passed in the flow reactor, in situ absorbance spectra were recorded. This applied to all the 

samples. While the absorbance spectra were recorded, samples were collected with glass vials 

at the end of the flow reactor. When all spectra were recorded and the sample was collected, 

the flow reactor settings were adjusted, and the steps were repeated. In the end, when the sy-

ringe pumps were close to being empty, or all samples had been collected, the heat cartridges 
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were turned off, and the oven cooled down to room temperature while the remaining precur-

sor solution was pumped through the flow reactor system.   

8.3.1.9 Cleaning of the flow reactor after the CdSe NPL synthesis 

The cleaning of the flow reactor after the CdSe NPL synthesis was a crucial step which al-

ways happened after the synthesis was conducted. Cadmium acetate was forming over time in 

the reactor precursor solution, hence a proper cleaning was needed to avoid its residue in the 

flow reactor system. Another reason was that the anisotropic CdSe NPLs can clog the flow 

reactor system if they grew large enough and agglomerated. 

The first step was to flood the entire system with n-hexane. Next, ethanol or isopropanol were 

used to flood the flow reactor system, followed up by water. Now, a 1 M HCl-solution was 

used to free the flow reactor from any remaining CdSe NPLs. Next, a 3 M TWEEN 60-water 

solution was purged through the flow reactor system. Finally, the flow reactor was flooded 

multiple times with water. 

The flow reactor system was purged again with ethanol or isopropanol, then with n-hexane, 

and finally with ODE to conduct new experiments. 

8.3.1.10 Purification of the raw CdSe NPL product 

The procedure for purifying the raw CdSe NPL product was the same as that for the flow reactor 

and flask products. In a centrifuge tube, 7 mL of the raw CdSe NPL product, 6 mL n-hexane, 

and 6 mL EtOH were centrifuged for 10 min at 7000 g and RT. The supernatant was discarded. 

10 mL n-hexane and 5 mL EtOH were added to the precipitate and sonicated. The slightly tur-

bid yellow liquid was centrifuged again at 7000 g, RT for 10 min. Hopefully clear in color, the 

supernatant was discarded. 5 mL of n-hexane was added to the precipitate to obtain a purified 

sample of CdSe NPL in n-hexane. 

This sample could also be diluted more with 14 mL instead of 5 mL n-hexane. For the stabili-

zation of the particles, 1 mL OA was additionally added. This dilution was used to prepare for 

the CdSe/CdS core/shell growth experiments.  

If the supernatant was still very yellow at the second centrifugation step, it was transferred to a 

new centrifuge tube. At this point, a few drops of MeOH were added until the yellow liquid 

became turbid again. Then, the supernatant was centrifuged at 7000 g, RT for 10 min. Both 

precipitates were combined with n-hexane to obtain a CdSe NPL sample in n-hexane with a 

total volume of 5 mL. 
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8.3.1.11 Cd(oleate)2-ODE-solution for CdSe/CdS core-shell NPL synthesis 

To prepare the Cd(oleate)2-ODE-solution, 128 mg (0.99 mmol) CdO, 637 mg (2.26 mmol) OA 

and 10 mL of ODE were degassed for 30 min at 80 °C. Afterward, the brownish mixture was 

heated to 240 °C and kept there for 2.5 hours until a colorless, clear solution was obtained. The 

mixture was cooled down to room temperature and stored under a nitrogen atmosphere. Fol-

lowing these steps, a 0.1 M Cd(oleate)2-ODE-solution was obtained.  

8.3.1.12 1-Octanthiol-ODE-solution for CdSe/CdS core-shell NPL synthesis 

To a total volume of 9 mL ODE, 63 µL (0.36 mmol) 1-octanthiol was added. This mixture was 

purged with nitrogen for 30 min before being stored under a nitrogen atmosphere.  

8.3.1.13 CdSe/CdS core-shell NPL synthesis 

The Riedinger et al. high-temperature shell growth method was used.31 At first, the n-hexane 

needed to be removed from the purified CdSe NPL solution. In a centrifuge tube, 5 mL of the 

purified CdSe NPL solution and 5 mL EtOH were centrifuged at 9000 g for 10 min. The super-

natant was discarded. 50 µL (0.16 mmol) OA and 12.5 mL ODE were added to the precipitate 

and sonicated to obtain a yellow liquid. The yellow liquid was transferred to a three-neck flask 

with 504 µL of the 0.1 M Cd(oleate)2-ODE-solution. Then, the mixture was first purged with 

nitrogen for 30 min at 80 °C, following a degassing step at the same temperature for 30 min. 

After that, the mixture was heated to 300 °C. Once the temperature increased, 1 mL of oleyla-

mine was added to the mixture. At 180 °C, 0.6 mL of the 1-octanthiol-ODE-solution was in-

jected with a flow rate of 3 mL per hour. Once the entire 1-octanthiol-ODE-solution was in-

jected, the mixture was kept at 300 °C for an additional 10 min. After the 10 min were over, the 

flask was rapidly cooled down. At 60 °C, 10 mL of n-hexane and 1 mL of OA were added. 

8.3.1.14 Purification of the raw CdSe/CdS core-shell NPL product. 

The purification method presented here followed the same procedure as the purification method 

of the high-temperature shell growth purification method by Riedinger.31 In a centrifuge tube, 

the entire raw CdSe/CdS core-shell NPL liquid was centrifuged at 4830 g for 7 min. After this, 

the supernatant was discarded, and 10 mL n-hexane and 20 mL ethyl acetate were added to the 

precipitate. The mixture was centrifuged at 8000 g for 7 min. Once again, the supernatant was 

discarded, and 5 mL n-hexane was added to the precipitate. 

8.3.1.15 Encapsulation method of CdSe NPL in polystyrene – PI-b-PEO shell 

Here, our seeded emulsion polymerization method was used.63,65,143 At first, 1 mL of the puri-

fied CdSe NPL liquid with a total volume of 2 mL n-hexane was centrifuged with 3 mL EtOH 
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at 10000 g for 12 min to precipitate them. In the meantime, 200 mg PI-b-PEO (M = 

15000 g/mol) was dissolved in 1 mL THF with a sonication bath. This amount equaled a poly-

mer excess of 12000 per particle. The PI-b-PEO solution in THF was being added to the pre-

cipitated CdSe NPL. To prevent aggregation, the NPL liquid was being filtered with a 0.45 µm 

PTFE syringe filter. At the end of the filter process, THF was used to flush the filter and thus 

ensure a high yield of the NPL liquid. However, the final volume of the NPL-THF liquid was 

not exceeding 3 mL. For the phase transfer of the NPL-THF liquid into water, NEMESYS sy-

ringe pumps by Cetoni were used, which can be controlled by a computer. The syringe pump 

system here featured two syringe pumps, each having a volume of 25 mL. Then, there was a 

third syringe pump with a total volume of 6 mL. The syringe pumps were connected with each 

other through an interdigital micromixer out of titanium (by Micro4industries).144 Prior to the 

experiment, the third syringe pump was purged with THF. The two syringe pumps with a vol-

ume of 25 mL were filled with bidistilled Water. Into the third syringe pump came the NPL-

THF liquid. For the conduction of the NPL phase transfer, the flow rate of each water syringe 

was set to 7.2 mL per minute, adding up to a total water flow rate of 14.4 mL per minute. The 

syringe pump filled with the NPL-THF liquid had a flow rate of 1.6 mL per minute. After the 

entire NPL-THF liquid had been transferred into the water, the remaining THF was removed 

by heating the solution to 80 °C and purging it with nitrogen. Once the THF was removed, the 

NPL-water mixture was cooled down to RT. At RT, 54 µL styrene was added to the mixture. 

While the NPL-water liquid stirred for 25 min, another solution was prepared consisting of 

70 mg AIBN dissolved in 1 mL bidistilled Water and 0.5 mL of THF. Once the 25 min was 

over, the AIBN solution was added to the NPL-water mixture, and everything was kept at 80 °C 

for at least 8 hours to complete the emulsion polymerization.  

After the complete emulsion polymerization, the encapsulated NPL-water liquid was concen-

trated using the Sartorius® filter centrifuge tubes. The filters had a Molecular Weight Cut Off 

(MWCO) of 300000. Multiple times, the filter centrifuge tube with the NPL-water liquid was 

centrifuged at 4000 g for 12 min until a final volume of roughly 2 mL was obtained.  

Now, a glycerol gradient was prepared to purify the encapsulated NPLs.68 Three glycerol-water 

solutions with different concentrations were prepared. One solution contained 80 vol% glyc-

erol, the other 15 vol%, and the final one consisted of 3 vol% glycerol. In a 50 mL centrifuge 

tube, the glycerol gradient was created by putting 7 mL of the 80 vol% glycerol solution at the 

bottom, followed by 12 mL of the 15 vol% glycerol solution in the middle, and on top, 5 mL of 

the 3 vol% glycerol was added. On the glycerol gradient, the concentrated encapsulated NPL-
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water mixture was carefully added. The loaded glycerol gradient was centrifuged at 10 °C and 

4000 g for one hour. After centrifugation, the encapsulated CdSe NPLs appear in a yellow color 

in the 15 vol% glycerol-solution, above the 80 vol% glycerol-solution. 

The encapsulated CdSe NPLs were rinsed multiple times with bidistilled water using the filter 

centrifuge tubes with a MWCO of 300000 to remove the remaining glycerol. 

8.3.2 Characterization 

8.3.2.1 In situ absorbance spectroscopy 

As mentioned in Section 8.3.1.7, the flow reactor setup contained a flow cell that was connected 

to a UV/Vis spectrometer. The flow cell had a pathway of 3 mm and quartz glass windows. 

Within the program MultiSpec Pro 2, different configurations could be made. The program 

allowed us to specifically record a reference spectrum, as well as the dark current background 

of the reference sample. It was also possible to set time intervals for the absorbance measure-

ments. 

For the flow reactor measurements, a reference spectrum and dark current background was 

measured by purging the flow reactor system with ODE. The reactor precursor solution was 

measured afterwards at room temperature, followed by the other samples at high temperatures 

and different residue times. Every sample was being collected at the end of the flow reactor 

after one residue time of the sample had passed within the flow reactor system.  

Normalization of the absorbance spectra was performed in relation to the intensity at 300 nm. 

8.3.2.2 Ex situ UV/Vis spectroscopy 

For all ex situ UV/Vis spectroscopy experiments, quartz glass cuvettes with a path length of 

1 cm had been used. 

Measurements of the purified CdSe NPL from flask experiments were conducted as follows: A 

few µL of the purified CdSe NPL sample were added to the cuvette, and the sample was further 

diluted with n-hexane to obtain an optical density of around 0.1 in the absorbance spectra. The 

flow reactor samples were usually diluted 1:4 in n-hexane to ensure comparability between 

these samples. In the case of the encapsulated CdSe NPL, bidistilled water was used to dilute 

and prepare the samples for the UV/Vis spectroscopy characterization. 
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Prior to the absorbance spectroscopy of the samples reference spectra were measured of the 

pure organic solutions. For the diluted CdSe NPLs samples, n-hexane was the reference thus 

for undiluted flow reactor samples ODE was used.  

Absorbance spectra were taken in a Cary 50 UV/Vis spectrometer in a range from 250 to 

800 nm and an integration time of 0.1 s. The very same cuvette was also measured in a Fluoro-

max‑4 spectrofluorometer. For the excitation spectra, the entrance and exit bandpass slits were 

set to 2 nm. The excitation range of the laser was set from 325 to 445 nm with an integration 

time of 0.1 s. For the emission spectra, the range varied between CdSe MSCs and CdSe NPL 

samples. In the case of CdSe MSCs samples, the laser excitation was set to 350 nm, and the 

measurement ranged from 365 nm to 690 nm. For the CdSe NPL and CdSe/CdS NPL, the laser 

excitation was set to 435 nm, and the range was set from 450 to 700 nm. Normalization of the 

absorbance spectra was performed at 300 nm. 

The emission was sometimes also recorded in the Fluorotime 300 fluorescence lifetime spec-

trometer. Here, the settings were the same as the Fluoromax‑4 emission settings.  

Fluorescent dyes were used to determine the quantum yield of some samples. A quartz glass 

cuvette with Coumarin 153 in EtOH was prepared to obtain an optical density of 0.1 in its 

absorbance spectrum. For the CdSe/CdS core‑shell NPL, Rhodamine 6G in EtOH was used. 

Similar to before, the optical density was set to 0.1 for the Rhodamine 6G. For these fluorescent 

dyes, a reference spectrum of pure EtOH was taken prior to their absorbance measurements.  

8.3.2.3 Fluorescence lifetime 

The fluorescence lifetimes were recorded using a Picoquant Fluorotime 300 fluorescence life-

time spectrometer. The same sample preparation from Chapter 9.3.2.2 was used. 

The laser was set to the excitation maximum of the NPLs. For 3 ML CdSe NPLs with a low 

quantum yield and a large lateral size, a wavelength of 435 nm was chosen. The monochroma-

tor was set to 463 nm, equaling the emission of 3 ML CdSe NPLs. Furthermore, the laser power 

was set to 100 %, with a repetition rate of 2.8 MHz and a bandwidth of 2.7 nm. Finally, all 

spectra were recorded with an integration time of 0.1 s per point. In case of a pile-up in the 

lifetime spectra, the repetition rate was lowered. 

For all fluorescence lifetime measurements, an instrument response function (IRF) was meas-

ured.80 
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8.3.2.4 TEM 

TEM samples were prepared by using copper grids with a thin graphene film on one side. The 

diluted samples from Chapter 8.3.2.2 were used. From the diluted samples, 8 µL were dropped 

onto the copper grid with the thin graphene film. The drop stayed onto the grid for 1 minute 

before the excess solution was carefully removed with a filter paper.  Then, the TEM grid was 

left to dry at room temperature for at least 24 hours.  

All TEM measurements were conducted by Stefan Werner and Andrea Köppen from the chem-

istry department TEM team under the leadership of Dr. Charlotte Ruhmlieb. 

The JEM 1011 electron microscope by JEOL had an acceleration voltage of 100 kV for TEM 

measurements. As a cathode to produce the electron beam, LaB6 was used and a SIS CCD 

camera system was used with a resolution of 1376 x 1032 pixels. The camera constant for the 

SAED-data varied depending on the experimental setup. 

The other microscope, the JEM 2200 FS by JEOL, had an acceleration voltage of 200 kV for 

the TEM measurements. A field emission gun created the electron beam in this electron micro-

scope. 

8.3.2.5 SAXS measurements 

For the SAXS measurements, quartz glass capillaries were used with a length of 80 mm, a wall 

thickness of 0.01 mm, and an outer diameter of 2.0 mm or 1.0 mm were used.  

The quartz glass capillaries were filled with the unpurified flow reactor precursors using sy-

ringes. One quartz glass capillary was filled with pure ODE for a reference measurement. The 

filled capillaries were sealed by using hot glue.  

All the SAXS measurements were performed by Dr. Benedikt Sochor at the beamline P03 

(PETRA III) at the DESY campus in Hamburg. An X-ray radiation of 1.023 Å was used to 

conduct the experiment. As a scattering detector, a PILATUS 2M Detector system was used 

with a distance of 39.1 m to the sample. For every measurement, the capillary was scanned in 

a range of 50 mm with a step size of 0.1 mm and a time of 0.1 s per step. The obtained data was 

averaged and modeled using SasView. As fitting modes, a combination of the spherical form 

and parallelepiped was used. 

8.3.2.6 Powder XRD measurements 

For powder XRD measurements, only purified samples were used. For preparation of the sam-

ples for powder XRD measurement, 17 µL of the sample was drop cast onto a silicon wafer. 
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After the drop dried completely, the sample was drop-casted again on the same spot. This cycle 

continued until the sample built up visibly on the silicon wafer with color. To get this kind of 

build-up it was necessary to use 5 or 6 drops. 

Reference crystal structures of CdSe were obtained using the Materials Project archive to eval-

uate the obtained XRD data.120 The measurement settings were simulated on these reference 

crystal structures to obtain XRD Data of these references using Mercury and converted to an 

Excel file using PowDLL. 

All XRD measurements were conducted by Nina Schober from the chemistry department XRD 

team, who is also a member of the Bigall group. The X’Pert PRO X-ray diffractometer by 

Philips was used with a Copper Kα radiation of 1.541 Å for Kα1 and 1.544 Å for Kα2. This X-

ray beam operated at 45 kV and 40 mA. For the measurements, a step size of 0.033 ° was used 

in a range between 5 and 90 °. 

8.3.2.7 Residence time experiments in the flow reactor 

A tracer needed to be prepared to measure the residence time in the flow reactor. 

7 mg of Coumarin 153 was dissolved in 10 mL acetone. From this prepared Coumarin solution, 

500 µL were taken and added to 150 mL ODE. ODE was used because it was the main solvent 

for the flow reactor synthesis (see Chapter 9.3.1.6). 

The flow reactor was flooded with ODE, and a reference spectrum of ODE was measured using 

the built-in spectrometer. Then, the syringe pumps were filled with the tracer solution. With a 

set flow rate, every 20 seconds, an absorption spectrum was recorded until the tracer reached a 

constant value in the spectrometer. 
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10 Appendix 

10.1 Safety 

The following table contains the hazard and precautionary statements, short H and P-phases. In 

this table, the CAS-number is included below the substance name and the amount used. 

Table 5: Chemicals used with corresponding hazard pictograms and their H and P phrases.145 

Substance 
Amount 

used 

Hazard pictograms H-Phrases P-Phrases 

Acetic acid  

64-19-7 
3 mL  

226, 314 210, 233, 240, 

280, 

303+361+353, 

305+351+338 

Acetic anhy-

dride 

108-24-7 

3 mL 

 

226, 302, 314, 

330 

210, 280, 

301+312, 

303+361+353, 

304+340+310, 

305+351+338 

Acetone 

67-64-1 
10 L 

 

225, 319, 336 

EUH066 

210, 233, 240, 

241, 242, 

305+351+338 

Azobis(isobu-

tyronitrile) 

78-67-1 

1 g 
 

242, 302+332, 

412 

210, 235, 273, 

304+340+312, 

370+378, 403 

Cadmium ace-

tate 

534-90-8 

10 g 

 

302, 312, 332, 

340, 350, 372, 

410 

273, 280, 

301+312, 

302+352+312,  

304+340+312, 

308+313 

Cadmium oxide 

1306-19-0 
20 g 

 

330, 341, 350, 

361fd, 372, 410 

202, 260, 264, 

271, 273, 

304+340+310 
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Table 5 (continuation): Chemicals used with corresponding hazard pictograms and their H and P 

phrases.145 

Substance 
Amount 

used 

Hazard pictograms H-Phrases P-Phrases 

Coumarin 153 

53518-18-6 
1 g Not a hazardous substance, according to GHS. 

Ethanol 

200-578-6 
40 L 

 

225, 319 

210, 233, 240, 

241, 242, 

305+351+338 

Ethyl acetate 

141-78-6 
1 L 

 

225, 319, 336 

EUH066 

210, 233, 240, 

241, 242, 

305+351+338 

Glycerol 

56-81-5 
200 mL Not a hazardous substance, according to GHS. 

n-Hexane 

110-54-3 
70 L 

 

225, 304, 315, 

336, 361f, 373, 

411 

202, 210, 273, 

301+310, 

303+361+353, 

331 

Hydrochloric 

acid 

7647-01-0 

10 L 

 

290, 314, 335 

234, 261, 271, 

280, 

303+361+353, 

305+351+338 

Isopropanol 

67-63-0 
3 L 

 

225, 319, 336 

210, 233, 240, 

241, 242, 

305+351+338 

Methanol 

67-56-1 
1 L 

 

225, 

301+311+331, 

370 

210, 233, 280, 

301+310, 

303+361+353, 

304+340+311 

Methyl acetate 

79-20-9 
500 mL 

 

225, 319, 336 

EUH066 

210, 233, 240, 

241, 242, 

305+351+338 
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Table 5 (continuation): Chemicals used with corresponding hazard pictograms and their H and P 

phrases.145 

Substance 
Amount 

used 

Hazard pictograms H-Phrases P-Phrases 

1-Octanthiol 

111-88-6 
10 mL 

 

317, 335, 410 

261, 271, 272, 

273, 280, 

302+352 

1-Octadecene 

112-88-9 
50 L 

 

304 
301+310, 331,  

405, 501 

Oleic Acid 

112-80-1 
150 mL Not a hazardous substance, according to GHS. 

Oleylamine 

112-90-3 
10 mL 

 

302, 304, 314, 

335, 373, 410 

273, 280, 

301+330+331, 

303+361+353, 

304+340+310, 

305+351+338 

Polyisoprene-

block-poly(eth-

ylene oxide) 

10 g Not thoroughly investigated substance. 

Selenium 

7782-49-2 
5 g 

 

301+331, 373, 

413 

260, 264, 273, 

301+310, 

304+340+311, 

314 

Styrene 

100-42-5 
1 mL 

 

226, 304, 315, 

319, 332, 335, 

361, 372, 412 

210, 273, 

301+310, 

303+361+353, 

304+340+312, 

331 

Tetrahydrofuran 

109-99-9 
1 L 

 

225, 302, 319, 

335, 336, 351 

EUH019 

202, 210, 233, 

301+312, 

305+351+338, 

308+313 
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Table 5 (continuation): Chemicals used with corresponding hazard pictograms and their H and P 

phrases.145 

Substance 
Amount 

used 

Hazard pictograms H-Phrases P-Phrases 

Polyoxyeth-

ylene(20)-sor-

bitan-monos-

tearate 

(TWEEN 60) 

10 mL Not a hazardous substance, according to GHS. 
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10.2 SAXS Fit Information 

Fit report results for the sample at 200 °C and 20 s 
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Fit report results for the sample at 200 °C and 60 s 
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Fit report results for the sample at 210 °C and 60 s 
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Fit report results for the sample at 220 °C and 60 s 
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Fit report results for the sample at 230 °C and 60 s 
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Fit report results for the sample at 240 °C and 60 s 
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Fit report results for the sample at 240 °C and 120 s 
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