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Abstract 

After decades of research and commercialization efforts, colloidal semiconductor 

nanocrystals (also referred to as ‘quantum dots’, QDs) mainly based on cadmium and lead 

chalcogenides are now on the verge of widespread application in display technologies. With 

regard to legal restrictions concerning the use of hazardous substances in electronics, the 

development of non-toxic materials with competitive product qualities is one of the current 

major research directions in that field. In the past years it turned out that the transfer of 

process routes to alternative materials is not straight-forward even in case of similar 

material classes as chalcogenide QDs.  

This thesis investigates the interplay of process technology and product properties for CuInS2 

QDs and CuInS2-ZnS core-shell QDs. Briefly summarized, optimizations are carried out for 

both the synthesis and the post-synthetic processing, resulting in a reduction of the total 

number of necessary unit operations and process costs, while improvements in products’ 

properties are achieved. Complementary characterization methods allow for fundamental 

insights into aspects such as size-property relationships or the impact of crystal and surface 

composition on the optical properties. The choice of reactor type in synthesis and 

antisolvent during purification are evaluated and mechanistic conclusions are drawn. The 

successful transfer of the batch synthesis procedure to continuous flow reactors shows the 

importance of heat transfer in the heat-up synthesis and allows for conclusions on particle 

formation. It opens promising options for a future continuous production of QDs with well-

defined disperse properties and a simplified purification.    

To conclude, the findings attest the existence of common grounds for the process and 

product engineering of both toxic and non-toxic chalcogenide QDs. The fundamental rules 

most likely apply for various classes of non-toxic QDs. Only by elucidation of these rules for a 

variety of QD systems, the production and market launch of high quality non-toxic QDs will 

succeed. Based on the findings of this thesis and the current state of knowledge, a general 

process scheme for production of QD formulations is developed dividing the process chain 

into (1) elementary unit operations, (2) unit operations which shall be avoided with future 

developments and (3) those which can be added optionally whenever necessary.  





Zusammenfassung 

Kristalline Partikel aus halbleitenden Materialien im Größenbereich weniger Nanometer, die 

sogenannten Quantenpunkte (engl. ‚quantum dot‘, QD), haben aufgrund ihrer größen-

abhängigen Eigenschaften das Interesse sowohl der Natur- und Ingenieurwissenschaften als 

auch der Industrie geweckt. Nach Jahren intensiver Forschung wurden 2013 erste auf 

kadmium- und bleihaltigen QDs basierende Bildschirme vorgestellt. Angesichts der Toxizität 

dieser Materialien und verschärfter Sicherheitsregularien ist für den wirtschaftlichen Erfolg 

der QD-Technologie jedoch die Erforschung nicht-toxischer Materialsysteme mit gezielt 

ansteuerbaren Eigenschaften und hoher Qualität erforderlich. Die Forschung auf diesem 

Gebiet warf in den letzten Jahren große Fragen auf, da eine direkte Übertragung der an den 

toxischen Chalkogeniden gewonnenen Erkenntnisse auf die ungiftigen nicht möglich war.  

Diese Doktorarbeit beschäftigt sich mit nicht toxischen Chalkogenid QDs und untersucht das 

Wechselspiel zwischen Prozessführung und Produkteigenschaften. Als Fallbeispiele dienen 

dabei das ternäre Material CuInS2 und das verwandte CuInS2-ZnS als Kern-Schalepartikel. 

Durch die Verwendung zahlreicher komplementärer Charakterisierungsmethoden werden 

grundlegende Erkenntnisse zu Aspekten wie der Struktur-Eigenschaftsbeziehung oder dem 

Einfluss der Zusammensetzung auf die resultierenden Produkteigenschaften gewonnen. Die 

Optimierung sowohl der Synthese (bspw. durch Änderung der Zusammensetzung, aber auch 

durch Untersuchung des Reaktoreinflusses), als auch der post-synthetischen Prozessierung 

erlaubt schließlich die Reduzierung der Gesamtanzahl an Prozessschritten und somit der 

entstehenden Kosten – bei gleichzeitiger Verbesserung der dispersen Eigenschaften.  

Schlussfolgernd lässt sich festhalten, dass durchaus Gemeinsamkeiten zwischen Prozess-

führung und fundamentalen Produkteigenschaften für toxische binäre und nicht-toxische 

ternäre QDs bestehen. Erst durch das grundlegende Verständnis für die Zusammenhänge 

zwischen Eigenschaftsbeziehungen und Prozessführung für eine Vielzahl alternativer 

Materialsysteme wird eine potentielle Markteinführung nicht-toxischer QDs in Zukunft 

ermöglicht. Basierend auf den bisherigen Erkenntnissen wird am Ende der Arbeit eine 

Prozesskette zur Herstellung von QD-Formulierungen vorgestellt, welche unterscheidet 

zwischen (1) zwingend notwendigen Prozessschritten, (2) solchen, die vermieden werden 

sollten, und (3) optionalen Prozessschritten, die je nach Bedarf an den entsprechenden 

Punkten des Prozesses eingesetzt werden können.  
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1 Introduction and Objective 

 

1.1 Brief History of Quantum Dots and Current Challenges 

Colloidal semiconductor nanocrystals (referred to as ‘quantum dots’, QDs) have attracted 

growing attention due to their tunable properties arising from the small size. More than 

30 years have been devoted to their research, aiming at the design of customized materials. 

Meanwhile, implementing QDs in consumer-products has started to become reality and QD-

based displays1-4 have launched the market recently. Offering exceptionally narrow emission 

profiles, the broadest available color gamut and a high brightness, QDs are one of the key 

components in future lighting and display applications. Based on the novel solution-based 

processing5-9 and fabrication of devices on flexible substrates5, 10-12, the realization of flexible 

displays seems to be within reach. Beyond that, many further potential application fields13-18 

exist for QDs, including sensors, biomedical imaging and solar cells. 

The size of QDs ranges between 1-10 nm, meaning that they consist of just a few hundreds 

to thousands of atoms19-20. Besides the high surface-to-volume ratio, the main concept 

determining the properties of such small semiconductors is quantum confinement – an 

effect which was discovered in the 1980s21-24. Thereby, the bulk semiconductor band 

structure disappears and discrete ‘quantized’ energy levels occur restricting the mobility of 

electrons25. In the beginning 1990’s, novel synthesis routines, namely the hot-injection26-28  

and the heating-up techniques27, 29-31 have been developed opening a wealth of 

opportunities for colloidal solution-based material design. Organic ligands are used in these 

syntheses to restrict QD growth, but also to provide stability and processability afterwards. 

Progress in the field allows nowadays for synthesis of QDs with precise composition, size and 

shape control32.  
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Main focus of research in the past years has been devoted to the development of Cd- and 

Pb-based chalcogenide QDs and applications today are based on these material classes. 

Despite the progress achieved in that field, it is a fact that the presence of toxic elements in 

these materials limits their commercial relevance due to legal frameworks (e.g. ‘Restriction 

of Hazardeous Substances’, RoHS33-34). Thus, a new branch of QD research concerned with 

alternative non-toxic materials emerged in the past ~15 years. Multicomponent copper-

based materials are a class of attractive alternatives, with CuInS2 and its related structures 

being amongst the most prominent and most promising material systems. As direct bandgap 

semiconductors with high absorption coefficients35-36, bulk I-III-VI2 materials have been 

successfully employed in thin film photovoltaic applications and achieved remarkable 

efficiencies11, 37-40. In the nanometer regime, CuInS2 QDs show size-dependent properties for 

diameters up to 8 nm41-42, leading to a tunability of the bandgap in the visible range42-43. 

Even though fulfilling all basic physical requirements for technical applications and despite 

the availability of fully developed process chains for Cd- and Pb-based QDs, the transfer of 

CuInS2 QDs and other non-toxic alternatives from lab to the market has not yet been 

realized. A lack of understanding concerning the factors which determine disperse and 

optoelectronic properties is a major drawback. Unraveling these key factors is a precondition 

for controlled product design and for the development of a full industrial process chain. 

 

1.2 Thesis Objectives  

Looking back on decades of research, it can be stated clearly that significant knowledge on 

the interplay of properties and small scale handling for binary II-VI and IV-VI chalcogenide 

QDs has been acquired. This includes every process step, ranging from synthesis (size, shape 

and composition control)16, 27, 44-45 over post-synthetic adjustments (size-selective 

precipitation, ligand exchange)26, 46-47 to device integration13, 48 and further applications42, 49. 

However, the transfer of knowledge and concepts to I-III-VI material systems and their 

related compounds remains challenging and progress is rather characterized by empiric 

findings than by a strategic approach. Fundamental concepts relevant for product and 

process design are yet missing which may be based on two main reasons:  
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(1) Either I-III-VI QDs as a particular class of materials require fundamentally new 

concepts and thus a different processing in general;  

(2) Or the fundamental concepts of binary Cd- and Pb-based chalcogenide QDs do 

apply to I-III-VI QDs, but their transfer is currently challenging due to a lack of 

understanding concerning key aspects. This implies that transfer and adjustment 

of processing concepts will be possible as soon as the missing elements necessary 

to bridge the gap between binary and ternary (and even quaternary) materials are 

identified and a full picture on the fundamental aspects influencing the disperse 

and the optoelectronic properties of non-toxic QDs is provided.    

With this starting point, this doctoral thesis aims at finding general rules for processing of 

non-toxic I-III-VI chalcogenide QDs by investigating the interplay between variations in the 

single unit operations and the resulting physical properties. The material system of choice 

for the experimental investigations is CuInS2 and its related core-shell structure CuInS2-ZnS 

(see Figure 1.1). The focus of this work is set on the start of the process chain, i.e., synthesis 

of the materials and their downstream processing is investigated. Process steps concerning 

device integration are explicitly not part of this work. As it will be shown, smallest changes at 

the beginning of the process chain can have a tremendous impact on the products, thus, 

revealing the significance of process optimization. The investigations are accompanied by in-

depth analysis of the composition, structure, optical and disperse properties of the QDs at 

every stage, aiming at a fundamental understanding of the factors and interactions 

influencing the products.  

 

Figure 1.1: Picture of the CuInS2 and CuInS2-ZnS QDs synthesized within the framework of 

this thesis (photograph taken by Erich Malter Fotografie Erlangen).  
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Starting with the synthesis, the impact of the two factors composition and reactor choice on 

the product is considered. While the exact composition is significant for the products’ optical 

performance, careful choice of reactor type can lead to optimized disperse properties and 

significantly simplified post-processing as such. Regarding post-synthetic steps, the choice of 

antisolvent in the product purification provides deep insight into the correlation of the 

products’ surface composition and its optical performance. Furthermore, the classification of 

the product is considered which allows for the investigation of the size-property relationship 

and, thus, reveals the significance of the particle size distribution (PSD) on the properties of 

I-III-VI QDs. Scheme 1.1 gives an overview of various aspects that are relevant for QD 

processing. Parallels to but also deviations from binary QDs are drawn throughout the thesis 

aiming at a general conclusion on the habit and processing of non-toxic I-III-VI chalcogenide 

QDs. 

 

Scheme 1.1: General process chain and according unit operations in the processing of QDs. 

Several possibilities for scientific investigations aiming at product variation and optimization 

exist at each step of the chain.  

 

1.3 Thesis Outline 

To cope with this multidisciplinary topic of QD processing, knowledge concerning the 

fundamentals of natural sciences as well as engineering is required. Theoretical concepts 

and state of knowledge overviews necessary to understand the work will be introduced in 

Chapter 2. In Chapter 3 the experimental details for synthesis, post-processing and product 

characterization are provided. Chapters 4 to 6 are solely concerned with results, whereby 

each chapter focuses on another aspect of processing. Therefore, each chapter is written in 



1.3 Thesis Outline 

5 
 

a way that a broader overview on a specific topic and its related challenges is given at the 

beginning, followed by the presentation and discussion of results, and a conclusion at the 

end. The synthesis of stoichiometric CuInS2 QDs together with the fundamental 

characterization methods used within this work will be established in Chapter 4 in which the 

PSD and its correlation with the optical properties are discussed. Following that, process 

modifications will be introduced in Chapter 5. The modifications are related to both the 

synthesis and the subsequent purification of the obtained QDs aiming at products with 

superior emission intensity. Thereby, a deeper understanding on the role of both the surface 

and the organic matrix for the optical properties is targeted. The investigations and results 

shown in Chapters 4 and 5 are all obtained via batch processing, i.e., the synthesis of all QDs 

is performed in a laboratory glass flask, post-processing is done accordingly in vials and 

tubes. Chapter 6 finally deals with the evaluation of different reactor types on the product. A 

transfer from the batch synthesis to continuous flow reactors and the comparison of the 

obtained products reveals the importance of technical aspects in QD synthesis. It will be 

shown that the yet challenging flow synthesis of QDs offers the opportunity for production 

of larger amounts of products with improved disperse properties and simplified post-

processing. General conclusions on QD processing are drawn by comparing the obtained 

results with state-of-the-art processing of toxic binary chalcogenide QDs throughout the 

thesis. In Chapter 7 the main contributions of this thesis are summarized briefly and general 

conclusions are drawn for the production of QD formulations.  

 





 

 

 

2 Theoretical Background and State of 

Knowledge 

 

Research on colloidal semiconductor nanocrystals (also referred to as ‘quantum dots’, QDs) 

is a wide field with topics including various disciplines. This thesis deals with fundamental 

aspects of QD processing ranging from synthesis and post-synthetic optimizations to 

considerations in reaction technology. To cope with this multidisciplinary topic of QD 

processing, knowledge covering natural sciences as well as engineering is required. This 

chapter provides the basics necessary to understand the work of this thesis and is divided 

into three parts. While the first section deals with the ‘fundamentals of semiconductor 

physics’ and might be of interest for engineers, the second section ’nucleation and growth’ is 

directed to readers from all disciplines. It gives an introduction to the formation of nuclei in 

homogeneous solutions and is focused on the recent findings relevant for QD formation. The 

last section ‘reaction technology’ is targeting at natural scientists. Importantly, the aim of 

this chapter with all its sections is not replacing whole books or reviews. The structure of 

each section is set in a way that basic aspects of a field are given first, followed by specific 

aspects and state-of-the-art discussions relevant for this thesis.  
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2.1 Fundamentals of Semiconductor Physics 

2.1.1 Definition  

Semiconductors are materials with an electrical conductivity between those of metals, such 

as gold or copper, and insulators like glass or ceramics50. They are divided into two general 

classes, the elemental semiconductors, as for example silicon or germanium, and the so-

called compound semiconductors which are combinations of two (binary), three (ternary) or 

four elements (quaternary semiconductors). Combinations of II-VI (e.g. ZnS(e), CdS(e)) or III-

V (GaAs, InP) elements result in binary semiconductors, while ternary semiconductors are 

mainly made up of I-III-VI2 materials (e.g. CuInS(e)2, AgInS(e)2). Ternary materials in which a 

cation or an anion is partly substituted by an element of the same oxidation state are 

sometimes referred to as pseudo-quaternary systems51. They comprise either two group VI 

(CuInSSe) or two group III elements (CuInxGa1-xS2), unlike quaternary semiconductors which 

are a combination of I2-II-IV-VI4 elements, such as Cu2ZnSnS(e)4. The material system of 

concern in the following is ternary CuInS2, occasionally coupled with binary ZnS in order to 

form a product with improved optical properties.  

 

2.1.2 Crystal Structure of Semiconductors  

2.1.2.1 The Perfect Structure: Single Crystals 

The arrangement of atoms in a semiconductor, i.e., their crystal structure, determines the 

properties of the material. Thus, this introduction of physical principles is starting with 

structural aspects. Several parameters such as the temperature, the composition, the atomic 

radii and the electronic configuration of the involved elements influence the final crystal 

structure of a material. In general, crystals can be classified into seven basic lattice 

systems52, out of which the cubic and tetragonal are of interest for this work, as ZnS 

crystallizes in the cubic sphalerite structure, while CuInS2 mainly crystallizes in the tetragonal 

roquesite structure which belongs to the family of chalcopyrites.  

In accordance with the Grimm-Sommerfeld rule, compounds with an average of four 

electrons and a covalent character result in structures where the atoms are tetrahedrally 

coordinated, e.g. sphalerite or wurtzite. This rule can be used to derive crystal structures of  
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a) 

 

b) c) d) 

  
 

e) 

 

Figure 2.1: a) Relationship between group II-VI, I-III-VI and I-II-IV-VI semiconductors43, 51. Unit 

cells of the b) zinc blende structure [ICSD 60378]53, c) the chalcopyrite crystal structure 

[ICSD 186714]54 and d) the wurtzite structure [ICSD 163489]55. Copper atoms are dark blue, 

indium atoms dark purple, zinc atoms in turquois and sulfur atoms in orange. e) X-ray 

diffraction (XRD) pattern of the three crystal structures shown in b) - d).   
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ternary and quaternary materials from binary materials as shown in Figure 2.1a43, 51. In the 

case of ternary CuInS2, two divalent zinc cations in the binary material ZnS are replaced with 

one monovalent copper cation and one trivalent indium cation. Accordingly, the roquesite 

lattice of CuInS2 which belongs to the chalcopyrite family (CuFeS2) can be derived from the 

cubic sphalerite structure. The lattice parameters54 of the thermodynamically stable 

roquesite structure that CuInS2 usually adopts at room temperature are a = b = 5.52(1) Å and 

c = 11.14(1) Å, resulting in c/a = 2.01(8). Compared to the sphalerite lattice with a primitive 

cell of two atoms, the chalcopyrite structure has a reduced tetragonal symmetry with a 

primitive cell of eight atoms and a two body-centered tetragonal Bravais lattice (space group 

I42d)51. The unit cells of both, sphalerite and roquesite are shown in Figure 2.1b and c. Due 

to the high similarity of these two crystal structures, formation of core-shell nanocrystals 

with the two materials CuInS2 and ZnS is highly favored. Just a very small, almost neglectable 

lattice distortion of 2-3% arises from the different atomic radii of the cations51. Thus, the two 

materials exhibit very similar X-ray diffraction (XRD) pattern which are shown for the bulk 

systems in Figure 2.1e. Two indications in combination can be taken as proof for the 

chalcopyrite phase. First, the slight shift of the chalcopyrite pattern to smaller diffraction 

angles due to the slightly different lattice parameters is a clear indication. To be precise, the 

diffraction at 27.8° can be assigned to the {112} lattice plane, the one at 46.2° to {204}/{220}, 

and finally the diffraction at 55.0° to {116}/{312}. A second indication for the chalcopyrite 

phase is the additional signal for the {101} diffraction at 18.0°. Challenging, however, is the 

differentiation between the chalcopyrite and the sphalerite phase patterns for nanocrystals 

due to the broadening of the XRD pattern with decreasing crystal size. A slight shift of the 

signals is still recognized, however, the second indication (signal at 18.0°) is either 

overlapped by a broad signal arising from the organic content of the samples or completely 

missing due to its low intensity.   

For the sake of completeness, it should be mentioned that some groups reported synthesis 

procedures resulting in nanoscaled products of various shapes with hexagonal wurtzite 

structure55-58. The unit cell of wurtzite is shown in Figure 2.1d, its XRD pattern (Figure 2.1e) is 

clearly distinguishable from the roquesite pattern even for nanocrystals due to different 

symmetries and bonding distances.  
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2.1.2.2 Imperfect Crystals: Defects in Ternary Materials 

While ideal single crystals have been introduced up to this point, imperfections will occur in 

reality and may alter the electronic properties of a material. Point defects, such as vacancies 

or interstitial atoms, line dislocations or even impurities, such as substitutional or interstitial 

atoms, are possible imperfections52, 59-60. Early studies by Jaffe and Zunger61  and Zhang, Wei 

and Zunger62 compared I-III-VI bulk semiconductors with their II-VI counterparts in terms of 

chemical and structural analysis. Accordingly, it was reported that less energy is needed to 

form Cu vacancies in I-III-VI bulk semiconductors than cation vacancies in II-VI 

semiconductors. Furthermore, defect pairs were found to have particularly low formation 

energies.62 Based on these findings on the bulk material, the potential of self-doping and, 

thus, tuning of the electronic properties by stoichiometry control was investigated for CuInS2 

nanocrystals. Detailed structural analysis by Uehara et al.42, 63  revealed that nanocrystalline 

CuInS2 tolerates a large range of off-stoichiometry without exhibiting phase separation. The 

chalcopyrite structure was maintained for Cu:In ratios up to 1:4 in the synthesis, 

corresponding to a Cu:In ratio of 0.44 in their products. Calculation of structural parameters 

such as unit cell, tetragonal strain and anion displacement parameters by Chen et al.64 

showed that the possible distortion deformation in nanocrystalline CuInS2 is approximately 

22%, while the bulk material tolerates up to 12%61, 64. Both Uehara et al.63 and Chen et al.64 

reported an effect of off-stoichiometry on the electro-optical properties of their products 

(see sections 2.1.3 and 2.1.4).  

 

2.1.3 The Electronic Structure of Semiconductors 

2.1.3.1 Band Structure of Bulk Material 

Bulk semiconductors exhibit a valence and a conduction band resulting from the overlap of 

the orbitals of all atoms59. The bandgap energy Egap between valence and conduction band is 

small enough (Egap ≤ 4 eV)50 to allow electronic transition via thermal or photon excitation if 

the excitation energy exceeds the bandgap energy (Eexc ≥ Egap). In principle, this process can 

occur in both direct and indirect semiconductors, however, the energy required for 

excitation of indirect semiconductors is much higher and unlikely to occur without an 

additional change of the electrons’ momentum. In Figure 2.2a the two fundamental classes 
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of semiconductors are shown with their band structures and the related electronic 

transitions. The transfer of an electron to the conduction band results in the generation of a 

hole in the valence band. Both charges, the negative electron e— and the positive hole h+, 

can be described as ‘particles’ which respond to electric or magnetic forces and therefore 

have certain effective masses me
* and mh

*. These values of me
* and mh

* are material specific. 

Both electron and hole are free to move around in the conduction and the valence band, 

respectively, and are referred to as ‘exciton’ (so-called Mott-Wannier excitons). The exciton 

is energetically more stable than the free electron or the free hole and its wave function is 

designated as ‘hydrogenic’. However, its binding energy is lower than in real hydrogen atoms 

and its Bohr radius rBohr is larger. Just as in the case of the effective masses, also these values 

are material specific. Upon recombination of the exciton, energy is being released in the 

form of heat and/or a photon, which is discussed in Section 2.1.4. For CuInS2 in its bulk form, 

the direct bandgap energy Egap,dir is reported to be 1.53 eV36, with effective masses36 of 

mn
* = 0.03 m0 and mp

* = 1.3 m0 and a Bohr radius rBohr of 4.1 nm41, 65.  

 

2.1.3.2 Quantum Confinement 

When reducing the dimensions of a semiconducting material to the nanosize regime, the 

number of atoms and, thus, the number of orbitals decreases resulting in discrete energy 

levels instead of bands. Depending on the dimensions of the crystal, the electrons can be 

confined either in one dimension (sheets), in two dimensions (rods) or, as in the case of QDs, 

a)  b)   

  

Figure 2.2: Schematic illustrations of a) direct and indirect electronic transitions66-67 and of 

b) the density of states in semiconductor bulk material, semiconductor nanocrystals and 

atoms.68  



2.1 Fundamentals of Semiconductor Physics 

13 
 

in all three spatial dimensions19, 68. Depending on the size of the nanocrystal, the excitons 

are either in the ‘weak confinement regime’, i.e., the radius of the nanocrystal is in the order 

of the Bohr exciton radius (rNC ~ rBohr), or in the ‘strong confinement regime’, i.e., the radius 

of the nanocrystal is smaller than the Bohr exciton radius (rNC  < rBohr). Compared to bulk 

materials, Egap increases for these nanocrystals and shows a direct dependency on the crystal 

size as illustrated in Figure 2.2b. As a consequence, the optical and electronic properties get 

highly tunable. Calculation of the size-dependent bandgap energy in semiconductors can be 

performed with quantum mechanical models such as the density functional theory (DFT), 

the k ∙ p model, the tight binding model (TBM)69-71 and the ‘effective mass approximation’ 

(EMA)22, 72-74 developed by Brus in the 1980s. Especially DFT and k ∙ p models are 

computationally very intensive, EMA in turn is said to have the easiest expression for the size 

dependency while delivering approximately the same results as TB calculations. For CuInS2 

QDs, the size-dependent bandgap energy using EMA was reported by Omata et al.75 and will 

be compared with results obtained within this thesis (see Chapter 4). In general, the 

matching between EMA and experimental results for particles < 10 nm and, therefore, the 

predictability of the size-dependent bandgap for these size ranges depends on the material 

system.  

 

2.1.3.3 Calculation of the Particle Size Distribution 

Given the size-dependent bandgap of a semiconducting material, the impact of the PSD on 

the optical properties of a sample can be evaluated as will be shown in Chapter 476. 

Information on the PSD can be gained in principle by HRTEM evaluation77, analytical 

ultracentrifugation (AUC)78-80 and deconvolution of absorbance spectra81-83. The latter 

method is time-effective and makes in-situ PSD determination possible, thus, allowing for its 

control during synthesis. An important assumption for the calculations is the linear 

superposition of the optical contributions from the different particle size fractions81-84. 

Prerequisites to accomplish such a method are a direct bandgap semiconducting material, 

negligible light scattering and knowledge of the bulk absorption properties of the material of 

interest85. PSD calculation from absorbance spectra have been reported for InP81, ZnO82-83, 86, 

PbS(e)77 and Mn-doped ZnS85. The method used within this thesis is based on a 

deconvolution technique described by Segets et al.77, 86 Remarkably, the correlation between 
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size-dependent bandgap, absorption data and PSD information allows calibration of material 

properties if the evolution of the size-dependent band gap energy is unknown. Thus, not 

only the PSD can be determined from the bandgap and absorption data, but – if necessary – 

also the Egap can be determined when PSD and absorption data of at least two samples are 

known. Provided that bulk properties are given, Egap(x) is varied until a best match between 

the calculated PSD and the known PSD is achieved77.  

 

2.1.4 Interaction of Light with Matter 

2.1.4.1 Optical Processes in Quantum Dots 

Quantization of the energy levels in QDs results in optical spectra that are not consistent 

with those characteristic for the corresponding bulk materials. Instead, a hypsochromic shift 

(blue shift) of the absorption onset is observed due to quantum size confinement20, 24, 68. As 

this affects the recombination processes as well, the emission color becomes size-tunable. In 

the following, the optical processes occurring in nanocrystals will be introduced briefly.  

The interaction of light with particles in general occurs via absorption and scattering. For 

particles as small as QDs and high dilutions as usually used for spectroscopic investigations, 

absorption is the predominant process, while the scattering processes (refraction, reflection, 

diffraction) can be neglected. Generally speaking, absorption takes place if the energy of an 

incoming photon Ehν is sufficiently large to take an electron from its ground state to an 

excited electronic state (Ehν ≥ Egap) resulting in the formation of an exciton. This process of 

photoexcitation is very fast and usually occurs on a timescale of 10-16 to 10-15 s66. In order for 

the electron to relax back to the ground state various radiative and non-radiative decay 

processes exist.66 In a non-radiative decay process, the excess energy from photoexcitation 

is transferred into thermal energy in the form of vibration, rotation or translation and 

released to the environment. In a radiative decay process, instead, the excitation energy is 

discarded as a photon – a process which is generally referred to as photoluminescence. 

Both, radiative and non-radiative decay processes can occur with a certain probability and 

on a certain timescale specific for the system of concern. The complexity of the processes 

depends mainly on the electronic structure of a material and its possible defect states, but is 

also influenced by the surrounding medium such as surfactants, solvents and dissolved gases 
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(with triplet oxygen being the most popular quencher). Band edge emission is only observed 

for QDs with proper surface passivation, i.e., complete passivation of dangling bonds by 

appropriate ligands or a shell20 (see section 2.1.5).  

In multicomponent nanocrystals, imperfections in the crystal lattice and/or surface traps 

result in alternative relaxation pathways as illustrated in Figure 2.351. While surface defects 

generally lead to a quenching of the emission, donor-acceptor pair (DAP) recombinations in 

CuInS2 QDs have been identified to be radiative processes. Improved optical properties by 

introduction of copper vacancies were reported by various groups63-64, 87-88 which was 

ascribed to the resulting alternation of the bandgap energy, or more specifically, to a 

widening of the bandgap which is composed of Cu 3d and S 3p orbitals42, 63-64. Due to prior 

non-radiative energy dissipations from one electronic state to another, a relatively large 

Stokes shift in the range of 130 -170 meV is reported for CuInS2 QDs42, i.e., the released 

photon has a longer wavelength than the absorbed one.  

 

Despite the findings described above, many questions concerning the optoeletronic 

processes in multicomponent nanocrystals remain, e.g. the origin for the broad and 

 
Figure 2.3: Scheme of the possible relaxation pathways in ternary and quaternary 

nanocrystals adapted from Aldakov et al., J. Mater. Chem. C, 2013, 1, 3756-3776 with 

permission of the Royal Society of Chemistry. Band edge emission (PL1) is generally not 

observed due to the rapid relaxation of excited carriers to surface or internal defects, from 

which different deactivation paths are possible, including non-radiative (dashed yellow line) 

and radiative recombinations (solid lines PL2 (yellow) and PL3 (red), and DAP (solid red line).  



2 Theoretical Background and State of Knowledge 

16 
 

indistinct absorption and emission spectra, the impact of the surrounding matrix and the 

impact of the PSD have not yet been fully uncovered.  

 

2.1.4.2 Determination of the Photoluminescence Quantum Yield 

The rates of the various above-mentioned deactivation processes determine the probability 

of photoluminescence (PL) to occur. The PL quantum yield (PL QY) is defined as the ratio 

between the number of photons emitted and the total number of photons absorbed.66, 89-90 

That is, the PL QY is a measure for the probability of the excited state being deactivated by 

fluorescence rather than by a non-radiative mechanism.  

For determination of the PL QY two methods exist: the absolute method and the 

comparative method89, 91-92. The absolute method uses an integrating sphere as the sample 

compartment in the fluorimeter to determine the number of absorbed photons. For that 

reason, the difference between the number of photons collected at the detector at a certain 

excitation wavelength with and without the ‘sample’ inside the chamber is determined. The 

excitation wavelength λexc to be used for the measurements depends on the electronic 

structure of the material. Excitation is performed with monochromatic light, i.e. at a defined 

energy, while radiative deactivation of the excited state results in a spectrum that is Stokes 

shifted and covers a certain energy range. The broadness of the emission signal depends on 

the recombination processes (see section 2.1.4.1) and might furthermore be influenced by 

the PSD in the case of particulate systems (see chapter 4). The integrated area in the 

emission spectrum represents the amount of emitted photons. This method is applicable to 

both solution and solid phase measurements.  

The comparative method used in this work relies on the comparison of the samples’ 

luminescence with the luminescence of a standard with known PL QY. It is a method widely 

used to determine the PL QY of QDs93 and is applicable only for solution phase 

measurements. An adequate standard (usually an organic fluorophore) with absorption and 

emission characteristics in the same wavelength range as for the sample is chosen to 

determine the PL QY90. The underlying assumption for the comparative method is that 

solutions and dispersions with identical absorbance at a certain excitation wavelength are 

absorbing the same number of photons. Therefore, an important pre-condition is to record 
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both samples under identical conditions, i.e., identical parameters and apertures. 

Furthermore, the measurements have to be performed on diluted samples with optical 

densities (OD) ≤ 0.1 a.u. at the excitation wavelength λexc and for all wavelengths above. By 

working at such high dilutions, effects due to re-absorption or self-quenching are 

minimized94.  

The number of photons detected is the integrated area under the corrected fluorescence 

spectrum obtained at a certain excitation wavelength. In case of different solvents for the 

sample and the standard, their refractive indices n need to be considered in the evaluation 

as they might influence the relative amount of collected fluorescence signal. The magnitude 

of the refractive index correction term might depend on the precise geometry of the 

fluorimeter sample housing and the apertures used.93 In order to get trustable values for the 

PL QY, a series of dilutions is measured for each sample. The plot of the integrated areas vs 

the absorbance shows a linear dependency with a slope m. Following equation can be used 

for the calculation of the samples’ PL QY by comparison with the standards’ PL QY. 

 PL QY = PL QYRef ⋅
m

mRef
⋅
n2

nRef
2   (2.1) 

 

2.1.5 Core-Shell Systems 

Crystals are not infinitely large, but they eventually terminate at the surface causing dangling 

bonds and surface traps. This leads to a degradation of the optical properties of QDs, thus, 

the passivation of the surface is important to inhibit nonradiative recombination paths and 

therefore enhance the PL QY. While surface ligands serve to passivate the dangling bonds at 

least partly, a more efficient tool is the growth of a shell of a second inorganic material onto 

the core crystal. Besides passivation of the dangling bonds and stabilizing the QDs against 

atmospheric conditions or photobleaching, this tool also serves to tune the optical 

properties20, 95-97.  

Depending on the material systems and the relative positions of their energy levels, core-

shell (CS) combinations with different functions can be obtained. In Figure 2.4, the energetic 

levels of the two main CS types, namely type-I and type-II, are schematically shown together 
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with the schematic illustration of the wave functions of the electron (green) and the hole 

(yellow). In the type-I band alignment the shell has a conduction band with higher energy 

than the core, and a valence band with a lower energy resulting in a confinement of the 

generated exciton into the core (schematically illustrated by two overlapping wave functions 

both being confined to the particles’ core). The shell passivates the surface and separates 

the core of the QD from its surrounding. Type-I systems are therefore more stable against 

environmental influences, like oxygen or water traces.20 In type-II QDs, instead, both 

conduction and valence bands of the shell are either higher or lower in energy than those of 

the core material. Therefore, the motions of the electrons and the holes are restricted in one 

dimension98 resulting in smaller effective Egap values and therefore in a significant red-shift 

of the emission. Type-II CS NCs are of particular interest for near-infrared (NIR) emission, 

which is difficult to attain with other materials20. Due to the spatial separation of the 

electron and the hole (in the example shown in Figure 2.4, the electron has a high 

probability to be located in the shell, while the hole will be confined to the core), strongly 

prolonged lifetimes are obtained. Recombination of the exciton occurs at the CS interface. 

Besides these most common types of CS NCs, combinations of materials resulting in inverse 

CS structures or multiple CS systems are possible96, 99. 

 

Combining CuInS2 with other compounds (ZnS(e), CdS(e))100-103 or introducing a fourth 

element into the system (Zn, Ga, Se)103-106 affects its properties tremendously. In this work, 

the two non-toxic materials CuInS2 (Egap,bulk = 1.53 eV) and ZnS (Egap,bulk = 3.54 eV) will be 

combined to form a type-I CS structure. The low lattice mismatch (see section 2.1.2) favors 

 

Figure 2.4: The illustration of electronic structures for type-I and type-II core-shell systems.  
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this combination which is resulting in a higher stability and in improved optical properties 

compared to pure CuInS2 QDs. The generated exciton is confined into the core of the QDs 

and, together with the effective passivation of surface dangling bonds, nonradiative 

recombination paths at the surface are inhibited resulting in a tremendous enhancement of 

the PL QY up to 80%88, 107. Together with an increase of the emission intensity, usually a 

blueshift of the spectral features is observed, hinting on a change of the internal 

composition via alloying. The formation of an alloy in which zinc occupies copper vacancies 

and/or a cation exchange was proposed by various groups42, 51, 88, 108. Due to the 

crystallographic similarities and very similar atomic radii of copper and zinc, the 

differentiation between a core-shell structure with an abrupt interface and a graded 

structure is practically not possible up to now (see section 2.1.2). 

 

2.2 Nucleation and Growth in Homogeneous Solutions 

2.2.1 Classical Nucleation Theory 

The first studies on nucleation and growth of colloids go back to the 1950s when LaMer and 

Dinegar were investigating monodispersed hydrosols109. In that pioneering work, the 

formation of nuclei from homogeneous solutions was identified as a three step process, 

illustrated in the LaMer diagram in Figure 2.5a.  

In stage I called ‘prenucleation’, the smallest units of a crystal, referred to as ‘monomers’, 

accumulate in solution. They are generated in solution, thus, their concentration increases 

with time. To induce nucleation, a critical supersaturation concentration ckrit needs to be 

overcome which then results in a sudden generation of nuclei in stage II called ‘burst 

nucleation’. Consumption of the monomers results in the decrease of their concentration in 

solution which eventually leads to a concentration below the critical level in stage III where 

no nuclei are formed anymore. Thus, the process is self-regulatory.110  

The freshly formed nuclei (stage II) can grow or dissolve depending on the overall free 

energy ∆G given by  
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 ∆G =  4π ∙ r2 ∙ γ − 
4

3
π ∙ r3 ∙ ∆Gv (2.2) 

where r is the radius of the nucleus, γ is the surface free energy per unit area and ∆Gv is the 

free energy per unit volume of the formed crystal. Two opposite contributions are 

determining whether a formed nuclei will grow or dissolve, namely (i) the surface free 

energy which results from the formation of a new solid-liquid interface (first term in 

equation (2.2)) and (ii) the volume free energy which results from the fact that the free 

energy of a monomer in a crystal is smaller than in a supersaturated bulk solution (second 

term in equation (2.2))110. Figure 2.5b illustrates both contributions and the dependency on 

the size of the formed nuclei. The summation of these two contributions leads to a curve 

with a maximum at the critical radius rc (solid line) which is the minimum radius at which a 

nuclei can exist in solution (equation (2.3)). 

 

 

a) b) 

  

Figure 2.5: a) The LaMer diagram with its three characteristic stages: In stage I, the 

monomers accumulate; homogeneous nucleation takes place in stage II; in stage III, 

diffusion controlled growth is observed. The critical supersaturation ckrit is the minimum 

supersaturation level for homogeneous nucleation, csol is the solubility limit (or minimum 

level for saturation). b) The plot for the crystallization free energy vs. particle radius (solid 

red line). The contributions from the surface (dashed dotted line) and the volume (dashed 

line) are plotted separately. The critical radius rc and its corresponding free energy ∆G* are 

indicated.110  
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  rc = 
2γ ∙ Vm
R ∙ T ∙ ln S

 (2.3) 

with Vm being the molar volume, R the ideal gas constant and T the temperature. The level 

of supersaturation S is defined as the ratio between the actual monomer concentration [M] 

and the monomer solubility [M]0
111. For r < rc the surface contribution to the overall free 

energy is too high which results in unstable nuclei that dissolve. For r > rc the volume 

contribution is higher than the surface contribution, i.e., the growth of nuclei is 

thermodynamically favored due to a gain in overall free energy. The high S level is therefore 

not just causing nucleation, but the formed nuclei are growing as well, provided that their 

size reaches or exceeds rc.  

In the third stage, growth of the nuclei proceeds without formation of new nuclei. The 

mechanism of growth and its outcome depends on several aspects, out of which the S level, 

the diffusion rate and the rate of monomer attachment to the surface are the most 

important. As long as the system is in the supersaturated regime, growth is accomplished by 

the consumption of (freshly formed) monomers. According to basic considerations, two 

processes are involved, namely (i) the diffusion of monomers from the bulk solution to the 

crystal surface and (ii) the attachment of the monomers to the surface. At the beginning of 

the growth region, while the S level is still very high, a size-focusing takes place. From the 

principle of mass diffusion transport, it is known that the rate of monomer diffusion from 

the solution to the particles’ surface is proportional to the surface area of the colloid. The 

growth of larger particles is therefore retarded by the rate of monomer diffusion, i.e., the 

growth becomes diffusion-controlled. As small colloids have the advantage of needing less 

monomers, their growth is faster than for larger particles and a relatively narrow PSD is 

obtained for the whole sample after a certain time period. However, consumption of the 

monomers in this process will eventually lower the S level which will have an effect on the 

rate constants for particle growth and dissolution. According to the Gibbs-Thomson effect, 

the smaller particles are thermodynamically less stable than larger ones and therefore tend 

to dissolve. The monomers released by this process will be added to the larger and more 

stable particles leading to their growth. This process known as ‘Ostwald ripening’112 will in 

general lead to a broader PSD in comparison to the ‘size focusing’ regime with a high S level. 
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However, in case of an initially broad PSD, it might also result in a size narrowing by 

eliminating smaller particles110, 113.  

Summarizing briefly, the monomers have a diverse role in the nucleation and growth of 

crystals as they are contributing in three ways111. They (i) increase the overall monomer 

concentration, (ii) form new nuclei if S > Sc and (iii) contribute to the growth of already 

existing particles. The fact that nucleation and growth overlap in the second stage called 

‘burst nucleation’ results in the formation of colloids with a certain size distribution.  

Classical nucleation theory (CNT) which was pioneered in the first half of the 20th century by 

Volmer, Becker and Döring is suffering from a few flaws, from which the facts that (i) freshly 

formed nuclei are treated as bulk material and (ii) the lack of defined values for surface free 

energies of the small clusters might be the most prominent ones114 for the nucleation 

period. Modifications of the theory by introduction of critical physical parameters and 

addition of extra terms were performed, as well as introduction of new concepts such as 

Turkevich’s organizer theory.114 However, none of these were able to provide a full picture 

which describes experimental observations over a wide range of conditions and for different 

classes of materials. Experimental studies by Strey et al.115 reveal that CNT fits the results 

obtained for molecular clusters with 10-100 molecules best.110 

 

2.2.2 Nucleation and Growth of Colloidal Semiconductor Nanocrystals 

Focusing on the homogeneous nucleation of QDs, the nucleation and growth mechanism of 

CdSe as one of the most studied material systems is under research since almost two 

decades. While the prevailing opinion at the beginning was that CNT is unable to explain the 

nucleation of CdSe116-119, recent kinetic models that combine CNT with the concept of 

monomer formation were validated by experimental results111. Two general synthetic 

strategies exist to obtain nanocrystals with well-defined size: the ‘hot injection’ (HI) and the 

‘heat up’ (HU) methods. Monodisperse nanocrystals with a narrow PSD (<5%113) can be 

obtained with both methods. The following discussion will give a brief overview of recent 

developments in the understanding of QD formation.  
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Contrary to initial beliefs where the injected precursors in HI were assumed to be the actual 

monomers which immediately form nuclei, recent progress reveals that the formation of 

nanocrystals is more complex. Scheme 2.1 shows a simplified two-step process120 that is 

generally used to describe the formation of chalcogenide nanocrystals. Mechanistic 

investigations on CdSe nanocrystals121 revealed that the actual monomers form from the 

injected precursors in a process called ‘precursor conversion’ (step I), followed by 

crystallization, or more precisely, nucleation and growth (step II).  Hence, the rate constants 

of these two steps, i.e., the monomer supply rate versus the monomer consumption rate120, 

would determine the outcome of a synthesis. 

 

Scheme 2.1: Formation of chalcogenide QDs as a two-step process.120 (MX2 = metal salt, ER2 

= chalcogenide source, [ME]i = monomer, RX = side-product, [ME]n = crystalline product)  

 

As a matter of fact, studies combining simulation and experiments verified that the 

monomer formation rate and the monomer solubility can be used to tune the synthesis 

outcome in terms of final size122. Variation of reaction parameters such as precursor 

concentration, free acid concentration or ligand chain length were used to tune the final size 

of the nanocrystals, resulting in a point close to full yield in each reaction where the NC 

diameter is constant while the PSD is at its minimum111, 122-123. Thus, for each desired 

material and targeted particle size an ideal set of reactants, reaction conditions and point to 

stop the reaction exists. Importantly, consistency of experiment and kinetic models were 

achieved for both, HI and HU synthesis of CdSe111. Despite the consistency of kinetic models 

with experiments in terms of outcome, the proof for burst nucleation as one of the main 

aspects of the LaMer-type growth was missing for a long time. Just recently, Abécassis et 

al.124 could show in a real time in-situ study on CdSe QDs (see Scheme 2.2) that the second 

step of crystallization starts by burst nucleation. Within that study, time-resolved WAXS and 

SAXS measurements revealed that precursor activation takes place as first step and the 

limiting step for growth was identified to be the supply in selenium. Monomer supply as a 

limiting factor has also been reported in other studies on CdSe growth121, 124. Besides that, 
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diffusion-limited growth122 and reaction-limited growth118 are usually named as reasons for 

growth limitation. 

 

Scheme 2.2: Scheme summing up the different stages of CdSe QD formation: from the 

melting of the cadmium myristate lamellar phase to the nucleation and growth. Reprinted 

with permission from Abécassis et al., Nano Lett., 2015, 15 (4), pp 2620-2626. Copyright 

2015 American Chemical Society.  

 

The above-mentioned studies were mainly performed on CdSe, but suit to explain the 

formation of other II-VI and III-V nanocrystals as well, such as InAs125 or InP126. Furthermore, 

early studies on the formation of iron oxide nanocrystals127 prepared by HU suggest it to 

follow a LaMer-type mechanism. Kwon et al.127 reported intermediate reactive species to 

form and accumulate in-situ due to thermal decomposition of Fe-oleate complexes at 

elevated temperatures, then followed by a sudden initiation of nucleation as soon as the S 

level is high enough to overcome the energy barrier. Metal nanocrystals instead, which are 

not topic of this work but worth mentioning for reasons of completeness, seem to follow an 

aggregative mechanism128 of growth.  

Despite these findings, the general applicability of the LaMer-type growth for synthesis of 

colloidal semiconductor nanocrystals remains to be proven. As an example, the mechanisms 

leading to formation of multicomponent nanocrystals have not been elucidated yet. Further 

questions relate to the size and PSD control in the synthesis. Although control of precursor 

reactivity and reaction kinetics enables fine-tuning of the final size in case of Cd 

chalcogenides129, it is still not understood which factors really determine the PSD of a 

sample130. Needless to mention, that the intention to shed light on the latter is 

overwhelmed by the problems faced in determining the PSD of very small nanocrystals with 

a size down to 1 nm76, 124. 
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2.3 Reaction Technology  

2.3.1 Comparison of Batch and Continuous Flow Reactors 

Chemical synthesis can be carried out in various types of reactors depending on the 

boundary conditions, reaction specifics and the targets of operation. While industrial 

production of bulk chemicals (e.g. petroleum derived products, MeOH, NH3, H2SO4) is 

performed in continuous operations, the production of fine chemicals (e.g. pharmaceuticals, 

cosmetics) is usually performed in batch operation.131-132 Considering that and taking into 

account the advantages of flow synthesis (will be described below), adaptation of batch 

synthesis protocols to continuous flow reactors has become one of the trends in chemical 

research. However, not all reactions and unit operations within a process may benefit from 

that. Process development aims at finding the ideal reactor type, reactor settings and 

reaction parameters for the reaction under consideration. 

For laboratory scale syntheses in the batch operation mode, standardized glassware is used 

since centuries133. Depending on the reaction requirements, the glassware can be an open or 

a closed flask, equipped with an agitator, a heating or a cooling system, operated under 

atmospheric or inert conditions in the batch operation mode. Vigorous agitation ensures 

intense mixing of the reaction solution, aiming at a homogeneous distribution of the 

reactants and the temperature at every point in the reactor134. Reactant and product 

concentrations are time-dependent in the batch mode.  

For continuous flow syntheses, various types of reactors are available out of which tubular 

reactors (TR), with microreactors (MR) as a special type (lateral dimensions <1mm), are of 

interest in the framework of this thesis. Ideal plug flow tubular reactors (PFTRs) will be 

described in the following. Synthesis is performed by continuously pumping the 

homogeneous reaction solution through a tube. The composition of the fluid passing 

through the tube is not mixed uniformly as the fluid moves through the reactor, i.e., there is 

no backmixing and there are no radial gradients in concentration, temperature and reaction 

rate. Conversion of the reactant to the product occurs as the fluid travels along the tube, i.e., 

the reaction time a reactant spends in a flask corresponds to the distance the reactant 

travels along the tube length in the PFTR. The mean residence time τ̅ of a volume element 

within the tube is expressed as134  



2 Theoretical Background and State of Knowledge 

26 
 

 τ̅= 
V

V̇
 = 

l

u̅
 (2.4) 

where V is the volume of the reactor, V̇ ist the volume flow rate, l is the length of the tube 

and u̅ the mean flow rate. Due to the direct correlation of reaction time and position in the 

flowing stream, further reagent streams can be introduced at exactly the right point using 

(micro)mixers. Contrary to macromixers, micromixing devices enable efficient mixing on the 

molecular level.135-136 Depending on the reaction of interest, the mixing in micromixers 

might, however, still not be fast enough and be the rate determining step. One example is 

the formation of BaSO4 in a T-mixer which was characterized in terms of critical steps of 

particle formation, namely fluid dynamics and mixing coupled to particle formation 

dynamics137-139.  

The high surface-to-volume ratio in TRs and MRs allows for efficient heat transfer and quick 

adjustment of the temperature. An even increased heat exchange coefficient is 

accomplished by using micro heat exchangers (1 - 500 MW m-3 K-1 compared to 10 kW m-3 K-

1 in a 1l flask)131. This enables facile change of the experimental conditions within a few 

minutes and reduces the reaction volume needed for experimentation down to milliliters.140 

Reactions can be generally carried out faster and with a higher yield, while safety (for 

exothermic reactions) is assured at the same time131. The basics for estimating both, flow 

pattern and heat transfer will be given in section 2.3.4. 

A precise control of reaction variables in PFTRs such as temperature, pressure, residence 

time, segregation and reactant concentrations allows for highly reproducible reaction 

conditions. This process reliability has several advantages. First, it ensures reproducible and 

safe reactions with defined products and product properties. The high degree of safety 

results from the efficient heat transfer and the fact that operated volumes are relatively 

small.140 By adjusting tube length and mean residence times, very short reaction timescales 

can be realized, preventing consecutive reactions133, 141. Reaction optimizations can be 

performed using minimum amount of reactants and solvents and screening different 

conditions, such as temperatures, pressures or residence times and testing different 

reactants142-143. Furthermore, the realization of high temperature, high pressure, and 

supercritical conditions is possible resulting in ‘process intensification’ and shortening of 
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reaction times. As a unique feature of continuous flow processes, the temporal and spatial 

correlation of the reaction progress allows for multistep reactions141 without the need for 

isolation of intermediates which might be sensitive to air and/or moisture in certain cases. 

This is accomplished by combining various reactors. The challenge, however, is the 

adjustment of reaction conditions, flow rates and reagent concentrations for each reaction 

compartment within the process131, 136, 144-145. 

 

2.3.2 Pre-assessment: Applicability of Flow Synthesis 

To assess whether a reaction might benefit from flow operation in a PFTR or, even more 

fundamentally, to judge whether transfer to a PFTR is possible, various criteria have to be 

met131, 146. Basic requirements to conduct homogeneous liquid phase reactions are for 

example material compatibility, low viscosity and solubility of reactants. Furthermore, the 

reactor has to be adjustable to the temperature and pressure ranges needed for the 

reaction. As already mentioned in section 2.3.1, process intensification is possible in PFTRs, 

i.e., comparably low/high pressures and temperatures can be operated more safely in PFTRs 

due to the efficient heat transfer and the small reaction volumes. The formation of solids 

and/or gases during reaction, however, is more critical and may only be possible within 

certain limits. While solids cause clogging of the reactor channels, the two potential 

limitations in reactions in which gaseous components are involved are the (i) relatively 

narrow stable operation windows and (ii) the susceptibility to fouling and clogging147.  

Furthermore, kinetic and thermodynamic aspects are of concern and will decide about the 

outcome of a reaction. Guidelines to decide whether a synthesis would benefit from 

continuous flow are given in Table 2.1146.   

Particularly important is the utilization of PFTRs when reaction time scales are on the order 

of heat and mass transport time scales. Performing a chemical reaction in a tubular 

(micro)reactor may be beneficial, if (i) mixing is important for the reaction (use of 

micromixers), (ii) efficient heat transfer is required and (iii) dispersion has little effect on 

kinetics131, 148-149.  
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Table 2.1: Assessment of Flow Reactor Applicability according to Calabrese and Pissavini.146 

 

 

In the following, the dimensionless numbers helpful for such an evaluation will be 

introduced. The Damköhler number Da describes the rate of reaction relative to the mass 

transport rate. If the mass transport rate is equal to the diffusion rate, as it is the case for 

microreactors and for flasks in case of segregation, Da I for an n-th order reaction can be 

expressed as131, 150-151  

 Da =  
kr  ∙  c0

n−1

2 DAB
x2

 (2.5) 

where kr is the specific reaction rate, c0 is the initial reagent concentration, DAB is the 

molecular diffusivity of molecule A through solvent B over a distance x, i.e., the diffusion 

path length. When the mass transport rate is determined by macroscopic mixing and no 

segregation exists (ideal mixing in flasks), Da can be expressed in terms of the circulation 

mixing time θ99% 
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 Da =  
kr  ∙  c0

n−1

1
θ99%

 (2.6) 

In general, chemical transformations are reaction-rate limited when Da < 1, mixed mass 

transport-reaction rate limited when Da ~ 1, and mass-transport controlled when Da > 1.131 

Evaluation of the heat transfer Z is especially important in case of exothermic reactions. 

During the reaction, heat is generated which has to be removed from the reaction solution 

to the reactor walls, and subsequently to the surroundings. The mechanisms involved in heat 

transfer will be described in section 2.3.4, this discussion is solely focused on the comparison 

of heat transfer in the flask and PFTR for a preliminary evaluation. For a reaction performed 

in the flask, Z is described by131 

 Z =  
− r ∙ ∆H ∙ dB
6 ∙ ∆Tad ∙ h 

 (2.7) 

where ∆H is the reaction enthalpy, dB  is the diameter of the batch reactor, ΔTad is the 

adiabatic temperature rise and h is the heat transfer coefficient. In case of reaction in a 

PFTR, the equation has to be modified to131   

 Z =  
− r ∙ ∆H ∙ dF

2

4 ∙ ∆Tad ∙ κ 
 (2.8) 

where dF  is the diameter of the PFTR channel and κ is the thermal conductivity of the 

reaction mixture. If Da and Z < 1, the kinetic results for microflow and flask experiments are 

identical. The reaction benefits from flow reactors, if Da and Z  > 1.131 

The degree of dispersion and its impact is evaluated by the Bodenstein and Peclet numbers. 

If axial dispersion is not measurable, the microflow reactor is said to operate as an ideal 

PFTR. Bo relates the axial convective forces from flow to the backmixing from axial 

dispersion131 
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 Bo =   
u ̅ ∙ L

D∗
 (2.9) 

where u̅ is the mean flow velocity of the reaction stream, L is the length of the reactor, D∗ is 

the dispersion coefficient. Bo can be adjusted by variation of the flow rate.  

The degree of radial dispersion is expressed by the Peclet number Pe  

 Pe =  
u ̅ ∙ L

DAB
 (2.10) 

where DAB is the molecular diffusion coefficient.131 Pe is the product of the Reynolds 

number Re and the Prandtl number Pr, two dimensionless numbers that will be introduced 

in section 2.3.4. 

TRs and especially MRs have become interesting for QD synthesis152-154 as parameter 

screening and scale-up are promised to be simplified, fastened and greener (due to less 

material consumption) with that comparably new technology147, 155-156. For synthesis of QDs, 

high temperatures are necessary during reaction (usually ≥200°C), and quick cooling is 

required at the end of a reaction in order to avoid ripening of the particles. Thus, efficient 

heat transfer and temperature control is expected to have a positive impact on the synthesis 

of QDs144, 157. Additional to an improved heat transfer, efficient mixing and an improved 

mass transport in microfluidic channels is expected to result in products with well-defined 

composition, crystal structure, size and potentially narrower PSDs. Compared to the 

products obtained from batch synthesis, this would result in significantly improved physical 

and chemical properties158. 

Nevertheless, the synthesis of QDs is still mainly performed batchwise as the transfer of 

synthetic protocols to flow systems proved to be difficult. Solid formation and clogging of 

reactor channels is one of the major factors146, 159, but also solubility limitations, viscosity of 

reaction solution, the use of hazardous and/or toxic substances, gases, and the formation of 

gaseous side-products is causing challenges147.  
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2.3.3 Scalability Aspect 

When transferring a lab-scale synthesis to large scale production plants, a safe operation has 

to be assured besides high reaction yields and product qualities that meet the demands. Up-

scaling a batch process usually is challenging, as the relationships between heat and mass 

transfer and reactor size are not linear, but depend for example on stir bar size, agitation 

and liquid level. Thus, up-scaling a batch process may result in less thermal and 

compositional control and has a higher hazard potential in case of exothermic reactions. In 

case of PFTRs, the internal resistance to heat transfer scales linearly with channel diameter 

resulting in an easier and safer operation131. 

Small scale productions, e.g. seasonal or highly specialized products with an annual capacity 

below 5000 tons are usually performed in non-steady operating conditions in batch reactors. 

While small-scale laboratory syntheses are performed in glass flasks with volumes ≤ 1l, 

industrial scale syntheses require tanks with large volumes of several m3 (≥ 15.000l) and 

made from more robust material131, e.g. stainless steel, glass lined steel or exotic alloys. 

Drawbacks of the batch operation mode from an industrial point of view are down times 

during the charging, discharging, heating or cooling of a system. These result in high 

operating expenses and additionally, the product quality may vary. Furthermore, automation 

is not as trivial as in continuous processes.   

The flow reactor is used for production of materials with an annual capacity of several 

thousand tons (> 5000 tons a-1). The advantages of continuous-flow reactors are exact 

control of reaction conditions, safety, high reproducibility due to steady-state operation, 

multistep reactions (see section 2.3.1). Furthermore, automation is comparably easy, as 

dead times just have to be considered in the initial take-off period or for shut-down. As heat 

transfer is one of the main cost aspects in chemical production, efficient heat transfer in 

PFTRs reduces production costs significantly in terms of both investment as well as running 

costs.  

In order to scale up reactions which have been optimized in MRs, two options are often 

mentioned in literature, namely (i) flow the reaction for longer times and (ii) numbering-up, 

i.e., parallel operation of ~10 MRs. However, for large scale production at industrial scale, 

real engineering solutions are required160. Accordingly, the lab-scale reactions and reactors 
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need to be characterized using dimensionless numbers. Provided that these numbers are 

kept constant, reactor geometries can be scaled up or down without impacting the outcome 

of a reaction.  

 

2.3.4 Characterization of Tubular Reactors 

The basic quantities to characterize flow pattern and heat transfer in PFTRs are the Reynolds 

number Re, the Prandtl number Pr and the Nusselt number Nu. These numbers describe the 

flow pattern of the fluid (i.e., reaction solution) within the tube and the heat transfer 

between fluid and tube walls134, 161-165 and are required to compare different reactors and 

also for a potential up-scaling. In the following, the evolution of a thermally fully-developed 

laminar flow will be described first, followed by the basics for characterization of flows 

behind the entrance region. 

Heat exchangers, such as heat sinks or thermofluidic oils, are generally used to efficiently 

transfer heat to a system or to dissipate heat from the system. The three fundamental 

modes of heat transfer are radiation, conduction and convection. Convection is usually the 

dominant form of heat transfer in fluids and combines two processes, namely conduction 

within the fluid as well as advection due to fluid flow. Depending on the origin of fluid flow, 

one can distinguish between ‘natural’ and ‘forced’ convection.  

The large area-to-volume ratio in PFTRs results in a much steeper temperature gradient and, 

thus, in an intensified heat transfer compared to the situation in a batch vessel. This 

intensified heat transfer in PFTRs allows exact temperature control which, combined with 

smaller reaction volumes and steady-state operation, makes reactions run in a PFTR safer to 

operate than in a batch reactor. To determine the heat transfer to and from laminar flows in 

pipes, the flow field must be described first. While the mass flow rate and average velocity in 

the pipe are constant throughout the length of the pipe, the velocity profile changes 

significantly near the inlet of a pipe, leading to the formation of a boundary layer as 

illustrated in Figure 2.6. This boundary layer starts to build up near the reactor walls right 

from the entry of the pipe and propagates to the core of the fluid until it eventually occupies 

the entire flow area. From that point, the flow is defined as being hydrodynamically fully-
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developed and its velocity profile does not change very much anymore. This means, that the 

streamlines are parallel to each other and there are no radial velocities.  

 

Figure 2.6: The development of a laminar velocity profile in a pipe.161
 

 

However, from a thermal point of view, a second condition needs to be fulfilled to name a 

flow fully-developed, i.e., the absence of temperature changes along the length of the pipe. 

Figure 2.7 shows the thermal development and behavior of flows in tubes for the case of 

constant wall temperature. The energy balance on the entrance region is given by161  

 dQ = qw  ∙ P ∙ dx =  ṁ  ∙  cp  ∙ dTb  (2.11) 

 
dTb
dx
 =  

qw  ∙ P

ṁ  ∙  cp
 (2.12) 

where Q is the heat, qw is the wall heat flux, P is the perimeter of the tube. Equations 2.12 

and 2.13 describe the development of the bulk temperature in the entrance region and are 

valid for laminar as well as turbulent flows. Equation 2.14 gives a general definition of the 

average fluid temperature at any point x along the pipe. 

 Tb = 
∫ ρ ∙  cp ∙  u ∙  T ∙ dA𝑐A𝑐

ṁ  ∙  cp
 (2.13) 

where ρ is the density of the reaction solution, cp is its specific heat capacity, u the velocity, 

T the temperature and A𝑐 is the cross-sectional area of the pipe.161 
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Figure 2.7: Thermal development of flows in the entrance region of tubes with a uniform 

wall temperature. The hydrodynamic entry length is denoted by xe, qw is the wall heat flux 

Tw is the wall temperature, T0 the temperature of the entering fluid, Tb its temperature in 

the tube and u is its velocity.161  

 

In the following, the dimensionless numbers relevant for characterization of fully-developed 

flows will be introduced. These numbers are essential for comparing different reactors and 

for up-scaling. The Prandtl number Pr is a measure for the ratio between momentum and 

heat transfer within a fluid. It is the only dimension solely dependent on the fluid properties 

and is given by 

 Pr =  
η ∙ cp

κ
=  
ν

a
 (2.14) 

where η is the dynamic viscosity of the fluid, κ the thermal conductivity, ν is its kinematic 

viscosity and a is the fluids’ conductibility of temperature.    

The dimensionless Reynolds number Re is defined as the ratio of the inertial force Fρ and 

the frictional force Fη. It depends on both, the fluids properties and reactor dimension, and 

is used to determine whether a flow is laminar (viscous forces dominate) or turbulent 

(inertial forces dominate). To determine whether flow in a tube is laminar or turbulent, Re is 

calculated according to  
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 Re =  
Fρ

Fη
 =  

ρ ∙ L ∙ u

η
=  
L ∙ u

ν
   (2.15) 

where L is the characteristic dimension of the reactor. In cylindrical pipes, the flow is 

considered to be laminar for Re < 2300 and turbulent for Re > 4000 with a transition region 

inbetween.  

The general definition of Nu is the ratio of convective Q̇conv to conductive heat transfer 

Q̇cond as given by  

 Nu =  
Q̇conv

Q̇cond
= 
h ∙ L

κ
  (2.16) 

where h is the convective heat transfer coefficient. For the case of forced convection, Nu 

becomes a function of Re and Pr. Dependent on the reactor and its geometry, various 

empiric functions have been identified for description of the Nu quantity. For fully-

developed laminar flows, Nu number approaches a constant value of 3.66 in the case of 

forced convection and uniform wall temperature in cylindrical pipes161. Reactor-dependent 

aspects of heat transfer and related calculations are introduced in section 3.4.2.  





 

 

 

3 Experimental Details and 

Instrumentation 

 

3.1 Chemicals 

All chemicals were used as received and without further purification. Copper(I) acetate 

(CuAc, 97%), indium(III) acetate (In(Ac)3, 99.999%), 1-octadecene (1-ODE, 95%), technical 1-

octadecene (1-ODEtechn, 90%), 1-dodecanethiol (1-DDT, ≥98%) and oleylamine (OLA, 70%) 

were obtained from Aldrich. Toluene (99.5%) was purchased from Acros. Acetone (≥99.8%), 

chloroform (CHCl3, ≥99%), methanol (MeOH, ≥99.9%), n-hexane (>99%), acetic acid (HAc, 

100%), hydrogen chloride (HCl, Supra 35%) and nitric acid (HNO3, Supra 69%) were obtained 

from Roth. Rhodamin 6G (Rho6G, 95%) and zinc(II) acetate (ZnAc2, 99.99%) were purchased 

from Sigma Aldrich. CuAc, In(Ac)3 and Zn(Ac)2 were stored in a nitrogen-filled glovebox to 

prevent degradation. 

 

3.2 Synthesis  

3.2.1 Batch Synthesis of CuInS2 QDs 

The heat up (HU) synthesis method described in the following was initially published by 

Zhong et al.166 and patented167 by the collaborator Bayer Technology Services GmbH (BTS), 

who together with the DFG within its excellence initiative funded the project. Synthesis was 

carried out using a Schlenk line. A 50 ml three-necked round bottom flask was placed in a 

heating mantle. One neck was connected to a condenser and the other sealed by a septum. 

A thermocouple was used to provide accurate temperature control. 1-ODE was degassed 

minimum 30 minutes prior to synthesis. CuAc (81 mg, 0.66 mmol), In(Ac)3 (193 mg, 
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0.66 mmol), 1-DDT (1.5 ml, 6.3 mmol) and 1-ODE (14 ml) were added into the flask, 

degassed by pulling vacuum for 10 minutes, followed by N2 bubbling for one minute. This 

procedure was repeated three times. Afterwards, the mixture was heated to 240 °C. The 

reaction was carried out for one hour and then the reaction vessel was quickly cooled down 

to room temperature by using a water bath. 

Synthesis of copper-deficient QDs was performed as described above. Deviating from the 

protocol, following amounts were used: CuAc (38.6 mg, 0.32 mmol), In(Ac)3 (186.0 mg, 

0.63 mmol), 1-DDT (0.8 ml, 3.2 mmol) and 1-ODE (14 ml). The reaction mixture was allowed 

to react for 18 minutes at 240 °C, then cooled down by a using a water bath.      

 

3.2.2 Batch Synthesis of CuInS2-ZnS QDs 

The general synthesis procedure was the same as for CuInS2 synthesis, unless stated 

otherwise. Synthesis was carried out in a 250 ml three-necked round bottom flask. ZnS 

precursor stock solution was prepared as follows: Zn(Ac)2 (1.537 g, 7 mmol), 1-DDT (21 ml), 

1-ODE (42 ml) and OLA (14 ml) were mixed and heated in an oil bath up to 100 °C until a 

clear and homogeneous solution was obtained. First, copper-deficient core CuInS2 

nanocrystals were synthesized as described above. After 18 minutes, 40 ml ZnS precursor 

was added into the reaction solution via a syringe pump (2 ml min-1). During the addition, 

the temperature dropped down to 220 °C. The reaction mixture was kept at 220 °C for 

90 minutes. Further successive addition of ZnS precursor was conducted with half volume 

and shorter reaction times (30 minutes each). Finally, the reaction solution was cooled down 

to room temperature with a water bath.      

 

3.2.3 Continuous Synthesis 

3.2.3.1 Tubular Reactor 

A stainless steel capillary with an inner diameter of d = 2.2 mm was bent to a helical coil and 

placed in an oven with internal temperature control. The length of the capillary inside the 

oven was l = 3.4 m. A double syringe pump (Sykam S 1610) conveyed the feed into the inlet 

via PTFE capillaries. Mean residence times τ̅ were adjusted by promoting the feed into the 
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capillary with different velocities. The volume of the tube inside the oven was VTR = 12.9 ml. 

The product was collected at the outlet after the system had reached a steady state. 

 

3.2.3.2 Microreaction System 

A modular setup from Ehrfeld Mikrotechnik BTS GmbH was used, consisting of heat 

exchangers (Heat Exch) to heat and cool down the reaction solution, a meander reactor for a 

well-defined residence time (residence time reactor (RTR)), several temperature and 

pressure controllers, an inlet and an outlet. A double syringe pump (Sykam S 1610) was used 

to convey the feed via PTFE capillaries into the inlet. Both, the Heat Exch and the RTR are 

powered by a Julabo HC thermostat. The reactor volume was VMR = 13.7 ml, the product was 

collected at the outlet after the system had reached a steady state. 

 

3.2.3.3 Preparation of Precursor for Continuous Synthesis 

The procedure of precursor preparation was carried out using a Schlenk line. A 250 ml three-

necked round bottom flask was placed in a heating mantle. One neck was connected to a 

condenser and the other sealed by a septum. A thermocouple was used to provide accurate 

temperature control. 1-ODEtechn was degassed minimum 30 minutes prior to synthesis. CuAc, 

In(Ac)3, 1-DDT and 1-ODEtechn were added into the flask, degassed by pulling vacuum for 

10 minutes, followed by N2 bubbling for one minute. This procedure was repeated three 

times. Afterwards, the mixture was heated to 170 °C and hold for 30 minutes, then cooled 

down to room temperature by using a water bath. Undissolved solid was discarded after 

sedimentation. 

 

3.2.3.4 Continuous Synthesis of CuInS2 Quantum Dots 

Prior to every reaction, the channels of the reactors were cleaned thoroughly by pumping 

different solvents, namely toluene and 1-ODEtechn. During the heating period, 1-ODEtechn was 

looped through the setup. Once reaction temperature was reached, the precursor solution 

was pumped in with flow rates ranging from 0.5 ml min-1 to 7.0 ml min-1. Using equation 2.5, 
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section 2.3.1, mean residence times τ̅ from ~1.5 min to ~26 min are calculated. The 

corresponding datasets are shown in Figure 3.1 

 

Figure 3.1: Mean residence times τ̅ for various flow rates in the tubular reactor (TR, black 

hole circles) and the microreactor (MR, red squares). The markers indicate the process 

conditions tested within this work.  

 

3.3 Post-Processing 

3.3.1 Purification of Batch Products 

Purification of CuInS2 and CuInS2-ZnS QDs from batch syntheses was conducted with three 

procedures differing in their antisolvent combination. First, one equivalent (eq) CHCl3 was 

added to the reaction solution. Then, antisolvent was added to flocculate the nanocrystals, 

meaning either four eqs of acetone; or one eq of methanol plus three eqs of acetone 

(=MeOH-acetone combination); or one eq of acetic acid plus three eqs of acetone (=HAc-

acetone combination). Centrifugation was carried out for 10 minutes at 8000 rpm (8240 g). 

The supernatant was either discarded or taken for further analysis. The cycle was repeated 

five times in total for all procedures. The final products can be redispersed in any lipophilic 

solvent, such as toluene, n-hexane or CHCl3. Unless stated otherwise, the HAc-acetone 

procedure has been used for purification. For the purification of CuInS2-ZnS, the solvents 

were heated to ~35 °C before use. The centrifugation itself was conducted at room 

temperature. 
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3.3.2 Purification of CuInS2 QDs from Continuous Synthesis 

Washing of the nanocrystals was conducted by first adding one eq CHCl3 to the reaction 

solution, followed by addition of one eq of MeOH and three eqs of acetone (MeOH-acetone 

combination) in order to flocculate the nanocrystals. As an alternative, just four eqs of 

acetone were added (no MeOH). After centrifugation for 10 min at 8000 rpm (8240 g), the 

supernatant was discarded and the obtained precipitate was redispersed in CHCl3. This cycle 

was performed two to three times in total. The final product can be redispersed in any 

lipophilic solvent, such as toluene, n-hexane or CHCl3. 

 

3.3.3 Size-Selective Precipitation 

Purified and dried CuInS2 QDs (reddish waxy powder) were redispersed in 4 ml toluene. 1 eq 

acetone was added to flocculate the nanocrystals, followed by ultrasonication for 5 minutes 

and centrifugation at 8240 g for 10 minutes. The flocculates were separated from the 

supernatant and dried at ambient atmosphere overnight. One further equivalent (total of 

2 eqs, 8 ml) of antisolvent was added to the supernatant and the ultrasonication and 

centrifugation steps were repeated. After 8 cycles of separation (32 ml of acetone added in 

total), the solvent of the still slightly colored supernatant was evaporated and the dried 

sample was weighed and kept for further analysis. The samples after each centrifugation 

step were categorized into a coarse fraction c (centrifugation steps 1 - 4) and a fines 

fraction f (centrifugation steps 5 - 8), dependent on their absorption behaviour. The particles 

that could not be separated by centrifugation were categorized as residuals fraction r. An 

overview of the masses of the feeds and all fractions together with mean values and 

standard deviations for three exemplary experiments are given in Table 3.1. Calculation of 

the relative masses of these fractions was performed according to following equations 3.1 -

 3.3. They relate the isolated mass of the coarse mc (fraction #1), the fines mf (fraction #2) 

and the residuals fraction mr (fraction #3) to the mass of the feed mtot: 

 c =  
mc
mtot

 (3.1) 
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 f =  
mf
mtot

 (3.2) 

 r =  
mr
mtot

 (3.3) 

 

Table 3.1: Overview of three exemplary experiments and the masses of each obtained 

fraction. 

sample 

 

experiment 1 experiment 2 experiment 3 mean values 

feed 
[mg] 268.3 278.3 276.4 274.3 ± 5.3 

[%] 100.0 100.0 100.0 100.0 ± 0.0 

#1 
[mg] 241.3 247.3 252.8 247.1 ± 5.8 

[%] 89.9 88.9 91.5 90.1 ± 1.3 

#2 
[mg] 15.9 9.9 6.1 10.6 ± 4.9 

[%] 5.9 3.6 2.2 3.9 ± 1.9 

#3 
[mg] 8.5 5.8 5.5 6.6 ± 1.7 

[%] 3.2 2.1 2.0 2.4 ± 0.7 

missing 
[mg] 2.6 15.3 12.0 10.0 ± 6.6 

[%] 1.0 5.5 4.3 3.6 ± 2.3 

 

3.4 Theoretical Considerations 

3.4.1 Calculation of the Surface Coverage 

The surface area AQD of each QD and the number of molecules needed for a monolayer NML 

of thiol ligands were calculated as 

 AQD = 4π ∙ r
2 = π ∙ d2 (3.4) 

 NML =
AQD

Athiol
 (3.5) 

The mass mQD of each QD is 
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 mQD = ρ ∙ V = ρ ∙
4

3
π ∙ r3 = ρ ∙

1

6
π ∙ d3 (3.6) 

The number of organic molecules Norg,s and the number of QDs NQD,s in the samples can be 

calculated according to  

 Norg,s =
morg,s ∙ NA

Morg
= norg,s ∙ NA (3.7) 

 NQD,s =
mQD,s

mQD
 (3.8) 

where morg,s is the mass of the organic part of the sample, NA is the Avogadro number 

(6.022*1023 mol-1), Morg is the molecular mass of the ligand, mQD,s is the mass of the QD 

sample and mQD is the calculated mass of each QD.  

The number of organics per particle Norg/QD and the surface coverage are given by  

 Norg/QD =
Norg,s

NQD,s
 (3.9) 

 surface coverage =
Norg/QD

NML
∙ 100 (3.10) 

 

3.4.2 Determination of Mixing and Heat Transfer  

In the following, the equations which were used to determine the flow pattern and heat 

transfer in the three reactors TR, MR and flask (batch reactor) will be introduced. For the 

calculations of the MR, a differentiation between the heat exchanger (Heat Exch) and the 

residence time reactor (RTR) is done. Most of the equations used in the following can be 

found in textbooks134, 161-165, additional literature is provided where necessary. The physical 

data, reactor geometries, reactor dimensions and flow rates given below were used for the 

experiments and calculations. 
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The impact of reactants on the physical properties of the solvent 1-ODE was assumed to be 

negligible as the reactions were performed at low concentrations and the following 

equations are rather meant to give approximate solutions for practical use than exact ones. 

Accordingly, the parameters used for 1-ODE168 are η = 0.0003136 Pa s, cp = 2781 J kg-1 K-1, 

κ = 0.0763 W mK-1, ρ = 788.8 kg m-3 and ν = 3.97566*10-7 m2 s-1 at 503.15 K. The Prandtl 

number Pr and Reynolds number Re in both flow reactors were determined using 

equations 2.15 and 2.16 in section 2.3.4. The characteristic dimensions L of the continuous 

flow reactors were as follows. TR: cylindrical tube with diameter d = 2.2 mm; MR – Heat 

Exch: piston ring with hydraulic diameter dh = 0.225 mm; MR – RTR: rectangular geometry 

dh = 2.308 mm. The velocity of the reaction solution u was ranging from 2.2 mm s-1 to 

24 mm s-1 in the experiments.  

As mentioned in section 2.3.4, Nu becomes a function of Re and Pr in case of forced 

convection as it is the case for the flow reactors. Dependent on the reactor and its geometry, 

various empiric functions have been identified for description of the Nu quantity. In the 

following, the different equations relevant for the special reactor cases are given. 

 

3.4.2.1 Tubular Reactor 

In case of curved pipes, as it is the case for the self-constructed TR, the Dean number De is 

an additional measure to the Re number (equation 2.16, section 2.3.4) for characterizing the 

flow169. It is expressed as 

 De =  Re ∙ √ 
d

R
  (3.11) 

where d is the diameter of the circular tube and R is the radius of curvature of the path of 

the channel.  

While the temperature and heating rate for the experiments in MR and batch are known 

from in-situ measurements, they must be approximated for the continuous experiments in 

TR via the Nusselt number Nu. For the case of laminar flow in the helical coil of the TR with 

cylindrical tube, Nulam behind the inflow region is given by the Manlapaz-Churchill 

correlation170-171  
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 Nulam=√(3.657+
4.343

(1+
957
Pr∙He2

)
2)

3

+1.158∙√(
He

1+
0.477
Pr

)

3
3

 (3.12) 

To determine Nu with equation (3.12), the helical number He and the critical radius of the 

helical coil Rc are necessary, both calculated as  

  He = Re ∙ √
r

Rc
 (3.13) 

 Rc = R ∙ (1 +
p

2πR
)  (3.14) 

with r being the radius of the tube, R the radius of the helical (R =  0.07 m) and p being the 

pitch length of the helical coils (p =  0.01 m). Note that the He number (equation 3.13) 

takes into account the distance between the coils, i.e., the helical geometry, while De 

(equation 3.11) only considers the curved geometry. Using the as-determined Nu numbers, 

the heat transfer coefficient h is calculated according to  

 h =  
Nu ∙  κ

L
 (3.15) 

where κ is the thermal conductivity and L is the characteristic dimension of the reactor. The 

temperature evolution of the reaction solution in the pipe is obtained by an energy balance 

resulting in  

 
Trs − T0
Tw − Trs

 =  
π ∙ d ∙ h ∙ x

ṁ ∙ cp
 (3.16) 

where Trs is the temperature of the reaction solution, T0 is the initial temperature (room 

temperature, T0 =  20 °C), Tw is the wall temperature (Tw =  240 °C), d is the tube 

diameter, x is the position along the tube and ṁ is the mass flow rate.  

Finally, the rate of heat flow Q̇ to the reaction solution is described by   
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 Q̇ = ṁ ∙ cp ∙ ∆T (3.17) 

where ∆T is the temperature difference between the initial temperature of the reaction 

solution and the final temperature (∆T =  220 K). 

 

3.4.2.2 Heat Exchanger of the Microreactor 

In Scheme 3.1 the Heat Exch which has a piston ring geometry with heat transfer on both 

sides, outside (region I) and inside the ring (region III) is shown.  

 

Scheme 3.1: Illustration of a heat exchanger (Heat Exch) with piston ring geometry. The 

fluid flowing through region 2 (blue shaded) is heated by the thermo oil which is flowing 

both inside and outside of the ring (regions 1 and 3). The geometry is given by the length l, 

the inner di and outer diameters da.     

 

For laminar flow behind the intake region, Nulam is expressed by the following equations 

 Nulam = √Nu∞
3 + f (

di
da
) ∙ Re ∙ Pr ∙ (

dh
l
)
1/3

+ Nud,3
3

3

 (3.18) 

where di is the inner diameter of the piston ring (di = 13.25 µm), da is its outer diameter 

(da = 13.7 µm) and l is its length (l = 37.5 mm). Furthermore, f (
di

da
), Nu∞ and Nud,3 are 

expressed by  
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 f (
di
da
) = 1.615 ∙ (1 + (

di
da
)
0.1

) (3.19) 

 Nu∞ = 3.66 + [4 − (
0.102

di
da
+ 0.02

) ∙ (
di
da
)
0.04

] (3.20) 

 Nud,3 = √
2

(1 + 22 Pr)

6

∙ √Re ∙ Pr ∙ (
dh
l
) (3.21) 

The h value is estimated according to equation 3.15 using the as-calculated Nu number, and 

Q̇ is estimated according to equation 3.17. The final temperature of the fluid was 

determined in-situ.  

 

3.4.2.3 Residence Time Reactor of the Microreactor 

For the case of laminar flow in the RTR which has a rectangular geometry, Nulam is given by 

 Nulam = √3.663 + 0.73 + (Nud,2 − 0.7)
3
+ Nud,3

3
3

 (3.22) 

with Nud,2 and Nud,3 being 

 Nud,2 = 1.615 ∙ √Re ∙ Pr ∙ (
dh
l
)
1/33

 (3.23) 

 Nud,3 = √
2

(1 + 22 Pr)

6

∙ √Re ∙ Pr ∙ (
dh
l
) (3.24) 

where l is the length of the tube and dh is the hydraulic diameter as given above in 

section 3.4.2).  
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3.4.2.4 Batch Reactor 

The dimensionless Reynolds number Re is defined as the ratio of the inertia force Fρ and the 

frictional force Fη (see section 2.3.4). It depends on both the fluids properties and reactor 

dimension, and is used to determine whether a flow is laminar (viscous forces dominate) or 

turbulent (inertial forces dominate). In stirred tank reactors (STRs), the Re number is 

calculated as 

 Re =  
Fρ

Fη
 =  

f ∙ dh,st
2

ν
  (3.25) 

where f gives the number of rotations of the stirrer (f =  16.7 s−1 ) and dh,st is the hydraulic 

diameter of the magnetic stir bar (dh,st =  0.0164 m ). Equation 3.25 is valid for 

2.2 <  Pr <  2500  and 300 <  Re <  7.5 ∙  105.  

While there are no adequate solutions to describe Nu in three-necked flasks it is possible to 

determine h using the measured heating profile. The temperature of the reaction solution 

was measured in-situ during the heating period and throughout the reaction. The obtained 

curve was smoothened and fitted for the heating region. From an energy balance 

(equation 2.12, section 2.3.4 and equation 3.26), h was determined with equation 3.27 using 

the slope B from the fit according to equation 3.26 

 ln
Tt − Tu
T0 − Tu

=
h ∙ A ∙ t

m ∙ cp
 (3.26) 

 B =
h ∙ A

m ∙ cp
 (3.27) 

where m is the mass of the fluid (m =  0.011 kg) and A is the area being heated (A = 2.2 ∙

10−3 m2).  

 

3.5 Characterization Methods 

A range of analytical techniques were used to characterize the nanocrystals. The 

reproducibility of the experiments was checked by performing the same experiments on 
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various batches. Unless stated otherwise, mean values and standard deviations were 

obtained from at least three separate experiments.  

In the following, the various methods are grouped according to the information they provide 

on the samples. The first section lists the characterization methods used to gain information 

on the composition of the nanocrystals (both inner core and outer shell), their crystallinity 

and their size. The second section deals with optical characterization and information 

obtained on PSDs by combining optical spectroscopy with specific algorithms or with 

sedimentation velocity experiments. In all cases, instrumental details as well as information 

on sample preparation are provided. A high degree of purity and cleanliness is necessary for 

all experiments. 

 

3.5.1 Information about the Composition, Crystallinity and Size  

3.5.1.1 Thermogravimetry (TG) 

TG analysis was performed on a TGA Q50 from TA Instruments. Around 15 mg dried powder 

samples were heated up to 500 °C in a platinum plate under nitrogen stream, while 

simultaneously recording the heat loss. TA Instrument Analysis Software was used to analyze 

and export the data.   

 

3.5.1.2 X-Ray Diffraction (XRD) 

XRD analyses in Bragg-Brentano geometry were performed with a Bruker AXS Advance D8 

instrument using Cu K radiation (K = 1.54 Å) at an acceleration voltage of 30 kV. The XRD 

patterns were recorded in the 2 range between 10° and 80° with a step size of 0.02°. The 

diffractometer was equipped with a 1-dimensional Vantec-1 high-speed detector, a Ni filter 

and a rotating sample stage. Low background sample cups with a vicinal (911) Si crystal of 

25 mm diameter were purchased from Bruker AXS and used as substrates for the XRD scans. 

All samples were prepared by drop-casting the dispersion onto the substrate followed by 

evaporation of the solvent. The coherence lengths Lhkl along the different crystal directions 

were calculated from the full width at half maximum (FWHM) of the diffraction peaks by 

using the Scherrer Equation and assuming Gaussian shaped peaks: 



3 Experimental Details and Instrumentation 

50 
 

 Lhkl =
K ∙ λ

β ∙ cos θ
 (3.28) 

where K is a dimensionless shape factor (here: 0.9), λ is the wavelength of the X-ray 

(K = 1.54 Å), β is the line broadening at FWHM and θ is the Bragg angle.  

 

3.5.1.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Powder samples dried at room temperature were mineralized using aqua regia, i.e., 4 ml 

aqua regia were added to ~15 mg dry sample for mineralization overnight. The digested 

samples were diluted with millipore water the next day. In case of samples with a high 

amount of organics, the diluted samples were passed through PVDF filters (0.2 μm, Roth). 

Analysis was performed with ICP-OES Spectrometer Optima 8300 from Perkin Elmer, carried 

out by P. Hoppe from the Institute of Particle Technology (LFG).  

 

3.5.1.4 Transmission Electron Microscopy (TEM)  

High-resolution (HR) TEM, bright field (BF) TEM and scanning TEM (STEM) were performed 

by B. Birajdar and B. Winter from the Center for Nanoanalysis and Electron Microscopy 

(CENEM). An image-side double aberration corrected FEI Titan3 80-300 TEM was operated at 

200 kV. All HRTEM micrographs were obtained at a reduced spherical aberration 

(Cs < 10 µm) and minimum contrast of the support film. BF-TEM was used to enhance the 

contrast between the carbon substrate and the particles. STEM imaging exhibits an 

enhanced mass-thickness contrast enabling an easier interpretation of the measured image 

intensities. The electron beam irradiation of the imaged area was minimized to avoid 

ripening of the nanocrystals. To prevent agglomeration, the nanocrystal dispersions in CHCl3 

were put in an ultrasonic bath for 2 minutes and then drop-casted onto TEM sample grids 

with ultrathin carbon films supported by a lacey carbon film (Ted Pella Inc. USA). 
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3.5.1.5 Selected Area Electron Diffraction (SAED)  

SAED was performed by B. Birajdar and B. Winter (CENEM) using a Philips CM30 TEM 

operated at 300 kV (CuInS2 nanocrystals) and a FEI Titan3 80-300 TEM operated at 200 kV 

(CuInS2–ZnS nanocrystals). The particle sizes were determined applying the Scherrer 

equation (as explained above) to rotationally averaged SAED ring patterns. The wavelengths 

of electrons with energies of 200 keV ( = 2.51 pm) and 300 keV ( = 1.97 pm) were used. 

 

3.5.1.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 

The 1H-NMR spectra of organic compounds and purified nanocrystals were recorded on a 

Jeol ECX-400 MHz by J. Albert and P. Schulz at the Institute of Chemical Reaction Technology 

(CRT). Benzene-d6 served as deuterated solvent. The experiments were performed at room 

temperature. 

 

3.5.1.7 X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra of QD films were performed on a Phi-5600 using Al Kα radiation and a path 

energy of 187.85 eV (overview spectra) and 23.5 eV (element scans), respectively. The 

measurements were performed by H. Hildebrand from Lehrstuhl für Oberflächen- und 

Korrosionstechnik (LKO). The samples were prepared with purified QDs under inert 

atmosphere, HF etched Si wafer pieces were used as substrates. 

 

3.5.2 Optical Spectroscopy and Information on Size Distribution  

3.5.2.1 Steady State UV/Vis Absorption Spectroscopy 

Absorbance spectra were recorded using a Perkin Elmer Lambda35 UV/vis two-beam 

spectrophotometer. Quartz glass cuvettes with an optical path length of 10 mm were used 

for all measurements. The powders were redispersed in n-hexane and their optical density 

was set to 0.1 at a wavelength of 480 nm unless stated otherwise. A slit width of 2 nm and a 

scan rate of 240 nm min-1 were used for the measurements. 
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3.5.2.2 Steady State Emission Spectroscopy 

Emission spectra were collected on a Fluorolog Horiba Jobin Yvon spectrometer using a slit 

width of 2 nm for excitation and emission and an integration time of 0.5 s. The studies were 

performed in a 10 x 10 mm quartz glass cuvette. Determination of quantum yields (PL QYs) 

was performed using a comparative method89, 92, i.e., the comparison of the emission of the 

samples under investigation with the emission of a well-known standard (Ref) with known PL 

QY as introduced in equation 2.2, section 2.1.4.2. A series of diluted samples in toluene 

(n = 1.4969) was excited at λexc = 480 nm and emission spectra were recorded from 500 nm 

to 850 nm. Rho6G (PL QY = 95 %) in ethanol (nRef = 1.3638) served as reference. 

 

3.5.2.3 Time Resolved Emission Studies 

Emission lifetimes were determined by S. Kuhri from the Chair of Physical Chemistry I (PC I) 

via time correlated single photon counting (TCSPC) on a Horiba Jobin Yvon FlouroLog3 

emission spectrometer with a Hamamatsu MCP photomultiplier (R3809U-58). For excitation 

a laser diode (NanoLED-405L, 403 nm, pulse width ≤ 200 ps, maximum of repetition rate 

100 kHz) was used. All measurements were performed in a 10 x 10 mm quartz glass cuvette.  

 

3.5.2.4 Femtosecond Transient Absorption Spectroscopy (FTAS) 

FTAS studies were performed with an amplified Ti/sapphire laser system (Model CPA 2101, 

Clark-MXR Inc. – output: 775 nm, 1 kHz and 150 fs pulse width) in the Transient Absorption 

Pump / Probe System (TAPPS) Helios from Ultrafast Systems by S. Kuhri (PC I). This setup 

consists of a two-beam setup where the pump pulse of 480 nm and 200 nJ, generated out of 

a non-collinear optical parametric amplifier (NOPA) from Clark MRX Inc., is used as excitation 

source for transient species and the delay of the probe pulse is exactly controlled by an 

optical delay rail of 3.3 ns. As probe beam (white light continuum), a small fraction of 

775 nm pulses stemming from the CPA laser system was focused by a 50 mm lens into a 

3 mm thick sapphire disc. Finally, the changes in optical density (ΔOD) are measured against 

the wavelength in both visible and near-infrared (NIR) regions. The transient spectra were 

recorded in a 2 mm quartz glass cuvette. 
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3.5.2.5 Analytical Ultracentrifugation (AUC) 

A modified preparative centrifuge, type Optima L-90K from Beckman Coulter, was used to 

perform sedimentation velocity experiments. The analysis was performed by J. Walter (LFG). 

Detailed information regarding the applied OceanOptics absorbance detector (USB2000+) as 

well as the data acquisition can be found in the literature172-173. Two-sector titanium 

centerpieces from Nanolytics with a path length of 12 mm were used for all experiments. 

Samples were diluted in toluene up to equal absorbance of ~0.7 at 350 nm in the AUC cell. 

The solvent density was 0.8622 g cm-3 and the solvent viscosity was 0.553 mPas. The core 

density of bulk CuInS2
174 was 4.739 g cm-3. Sedimentation velocity data were acquired every 

two minutes at 25000 rpm, 25 °C and a radial resolution of 50 µm. Multiwavelength intensity 

data were recorded from 300 nm to 600 nm. The sedimentation coefficients s and diffusion 

coefficients D of the QDs become accessible through Lamm’s equation and are linked to the 

particle diameter and density through Stokes’ and Einstein’s laws. Further information 

regarding the theoretical background of AUC is provided in section A.1.1 in the appendix. 

For the studies on CuInS2 QDs from batch synthesis, intensity data at 360 nm was converted 

to absorbance data and was evaluated with Sedfit (Version 14.6e) using the c(s, D) and c(s) 

models175-177. For the c(s, D) analysis, data were fitted with a second derivative 

regularization using confidence levels (F-ratios) of 0.683 for s and 0.9 for D. A resolution of 

30 grid points in s and 30 grid points in D resulting in 900 grid points in total was used. For 

the c(s) analysis, data were fitted with a second derivative regularization using a confidence 

level (F-ratios) of 0.9 and a resolution of 100 grid points. The best-fit partial specific volumes 

obtained by the c(s, D) analyses were taken for the c(s) analyses. Time-independent and 

radial invariant noise fitting was enabled for all evaluations. The parameters obtained by the 

core-shell model were taken to derive the core PSDs from the c(s) distributions which were 

then used for the bandgap correlation. 

For analysis of the QDs synthesized in the continuous flow reactor the weight averaged 

sedimentation and diffusion coefficients were used. They provide more accurate information 

on the particulate properties than the peak maxima of the 2-dimensional distribution due to 

consideration of the whole distribution. However, for the batch synthesis the values from 

the peak maxima had to be used since agglomeration in the batch sample falsified the 

weight averaged sedimentation and diffusion coefficients and consequently the obtained 
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parameters. Further information regarding the applied data analysis is available in 

literature.175, 177 

 

3.5.2.6 Evaluation of Particle Size Distributions (PSDs) 

PSDs were determined from absorbance spectra according to Segets et al.77, 85-86 In its 

current form, the method is based on a linear superposition of the different particle size 

fractions, an assumption which has been already reported by various groups81-84 in the 

literature. For the CuInS2 nanoparticles of this study a bulk bandgap Eg,bulk of 1.53 eV35 and 

a bulk absorption according to Alonso et al.178 were used. 

The bandgap vs particle size relationship E(x) was derived by an internal calibration of the 

absorbance results against AUC data. In brief, E(x) was varied until a best match between 

PSDs from absorbance (PSDalg) and target PSDs from AUC (PSDAUC) was obtained. A similar 

procedure was already proposed by Mićić et al.81 on InP QDs and more recently applied by 

Segets et al.77 on PbS(e) QDs. Analogue to that previous study on PbS(e), a power law with 

three parameters a [nm], b [-] and c [nm] was used to describe the correlation between 

particle size and bandgap energy according to following equation  

 x(∆E) = a (
∆E − Eg,bulk

eV
)

b

+ c (3.29) 

with x being the particle diameter, ∆E the increase in bandgap energy due to quantum 

confinement and Eg,bulk being the bulk bandgap (1.53 eV35). Within the deconvolution 

algorithm, parameters a, b and c were varied until a best match of PSDsalg with the PSDsAUC 

of fraction #1 and #2 was obtained. As found in previous work, only two fractions are 

necessary to cover a larger particle size range. This leads to values of a, b and c and results in 

a function for ∆E(x) that is valid over a wide size region. Due to the fact that the shape of 

the distributions derived from AUC and absorbance data is substantially different (reasons 

will be discussed in Chapter 4), special emphasis during the matching procedure was given to 

the consistent size range of PSDsalg in comparison to PSDsAUC. After having determined the 

empiric parameters a, b and c, equation 3.29 can be rearranged as follows in order to plot 

the bandgap vs size dependency. 
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 ∆E =  (
x − c

a
)

1
b
 ∙ eV (3.30) 

 ∆E(x) = Eg,bulk + ∆E (3.31) 

  





 

 

 

4 The Size-Property Relationship in 

CuInS2 QDs  

 

4.1 Benefits of Size and Size Distribution Control 

An accurate adjustment of mean sizes as well as particle size distributions (PSDs) is seen to 

be the key to improve electron transport in QD-based solar cells, color depth in QLEDs and 

many further application-related aspects. Various reports have shown the importance of 

PSD control for device performance in the past years179-181. However, the possibilities to 

control PSDs during batch syntheses are limited up to now130. As nucleation, growth and 

ripening superimpose with each other, narrowing the PSD in a post-synthetic treatment is 

often inevitable. Besides the perspective of improved performance in devices, size 

fractionation furthermore offers the possibility to investigate the size-property relationship. 

Various different techniques are known to conduct a size fractionation of small 

nanoparticles, as for example gel-electrophoresis182-183, exclusion chromatography184 and 

size-selective precipitation (SSP)26, 185. Detailed reviews186-187 provide an overview of the 

techniques used for the separation of nanoparticles by their size and/or shape.76  

For CuInS2 nanocrystals, several groups100, 188-189 reported broad absorbance spectra without 

a well pronounced peak but with a long tail to lower energies. Both absorbance and 

emission spectra seem to consist of two or even three peaks which could result from several 

factors, namely, a wide PSD, electron density leakage from the core of the crystals into the 

ligand layer and/or intra-bandgap states188. Previous attempts to narrow the optical spectra 

by SSP led to none or just slight differences in the spectra of the isolated individual 

fractions100, 188-189. Noteworthy, the separated fractions were neither analyzed in terms of 

their PSDs nor in terms of their emission properties.76  
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In this chapter, the size-property relationship in CuInS2 QDs will be studied. Therefore, 

CuInS2 QDs will be synthesized and investigated. This batch product denoted as feed, will 

then undergo SSP. Each obtained fraction will be characterized thoroughly with respect to 

crystal structure, composition and size by several methods to make sure that no detectable 

side-products or particles with wrong composition cause a misinterpretation of the results. 

After verification of the compositional homogeneity over the entire size range, the optical 

properties will be investigated and correlated to the particle sizes.76 

The results presented here have been published in a peer-reviewed journal (Akdas et al., 

Nanoscale, 2015, 7, 18105-18118, see ‘permissions’ in section B.1 for further details). TEM 

imaging and SAED analyses have been performed by B. Winter and B. Birajdar from the 

Center for Nanoanalysis and Electron Microscopy (CENEM), the AUC experiments and 

analyses by J. Walter from the Institute of Particle Technology (LFG), the ICP-OES 

experiments were carried out in close collaboration with P. Hoppe (LFG) and the 

deconvolution of absorbance spectra into PSDs has been performed in close collaboration 

with D. Segets (LFG).  

 

4.2 Characterization of as-synthesized CuInS2 QDs 

4.2.1 Synthesis of CuInS2 QDs  

Prior to discussion of the experimental results, a brief overview on the synthesis shall be 

given. The first reports of CuInS2 QD synthesis were based on thermal188, photochemical190 

and microwave-assisted191 decomposition of molecular single-source precursors which had 

to be pre-synthesized. The first successful one-pot method using non-toxic commercial 

reagents was reported by Zhong et al.166-167 in 2008. This method consisting of just one step 

was comparably easy to perform and allowed for preparation of larger amounts of CuInS2 

QDs (g-scale) of comparably high quality. Since then, many reports with slight deviations 

have been published (e.g. variation of temperature, concentrations, starting salts, ligands), 

performed in various types of batch reactors. Detailed overviews are provided in review 

articles42, 51. Most of these reports rely on the use of 1-dodecanethiol (1-DDT) as sulfur 
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source which seems to be crucial for the success of the synthesis due to the in-situ 

formation166 of a precursor which already contains all components (see Chapter 6).  

Within this thesis, CuInS2 QDs were synthesized similar to the established one-pot 

procedure166-167 (patented by our collaborator Bayer Technology Services GmbH) which 

utilizes copper acetate and indium acetate as metal salts, 1-DDT as sulfur source and 

stabilizer, and 1-octadecene (1-ODE) as non-coordinating solvent. Due to the very complex 

nature of the organic matrix having a negative impact on the post-processing (Chapter 5) 

and the PSD (Chapter 6), no further ligands were added within the following study. The 

synthesis is performed under inert conditions using a Schlenk line. The reaction temperature 

is 240 °C, reaction time is 1 h. The mean values and standard deviations presented for the 

as-synthesized CuInS2 QDs in the following have been obtained from three different batches.  

 

4.2.2 Structural and Compositional Investigations 

For investigating the samples’ composition, the purified and dried samples were analyzed by 

ICP-OES and TGA. These methods revealed an inorganic composition of the sample which is 

slightly indium-rich Cu1.0In1.2S1.9 (with ±0.02 at-% for indium and ±0.07 at-% for sulfur) and is 

surrounded by organic molecules which correspond to 45.5 wt-% (±0.3) of the samples’ total 

content. 

Turning to structural aspects, the X-ray diffractogram of the samples in Figure 4.1 shows 

three main diffraction peaks which are rather broad due to the small crystallite size. Super- 

 

Figure 4.1:  XRD pattern of CuInS2 QDs synthesized in 1-ODE95% at 240 °C.  
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lattice reflections are not visible due to their low intensity. The maxima of the main 

diffractions are located at the positions corresponding to tetragonal roquesite pattern. They 

can be assigned to the main diffractions {112}, {204}/{220} and {116}/{312} of the tetragonal 

roquesite structure192. Estimations of the crystallite size by using the Scherrer equation 

revealed a mean particle size of 2.8 nm (±0.1 nm). 

HRTEM imaging of the CuInS2 QDs dispersed onto a thin carbon film as well as SAED analyses 

have been performed by B. Winter and B. Birajdar from the Center for Nanoanalysis and 

Electron Microscopy (CENEM) under the supervision of Prof. Spiecker. The results have been 

published in Nanoscale (see section B.1 for further details). The following text is an 

adaptation.  

In Figure 4.2a, crystalline particles with sizes ranging roughly between 1 nm and 4 nm are 

depicted, usually with bigger and smaller particles adjacent to each other. An accurate 

determination of the PSD of CuInS2 QDs via HRTEM is not practicable due to the low contrast 

between the imaged nanocrystals and the amorphous background. Furthermore, carbon 

contaminations, ripening of the nanocrystals, and underdetermination of nanocrystals 

smaller than 1.5 nm85 are hindering an accurate evaluation. Nevertheless, regions consisting 

primarily of only smaller particles or of only bigger particles were also found occasionally. In 

Figure 4.2b and c, SAED ring pattern of such regions with only smaller and only bigger 

particles, respectively, are shown. The respective particles can be seen in the HRTEM 

images. The diffraction rings in both cases are rather broad due to the small crystallite size 

(in accordance with XRD pattern in Figure 4.1). In Figure 4.2b, the {112}CuInS2 ring is even hard 

to identify. An analysis of the {204}CuInS2/{220}CuInS2 rings using the Scherrer equation results 

in a mean crystallite size of about 1.4 nm, in agreement with respective HRTEM images. The 

SAED measurements in Figure 4.2c confirm the expected tetragonal CuInS2 crystal structure. 

The rings are narrower than in Figure 4.2b and the analysis of the {112}CuInS2 ring using the 

Scherrer equation results in a mean crystallite size of 3.0 nm. This as well is in accordance 

with the corresponding HRTEM image and furthermore with XRD results (mean size of 

2.8 nm).76 
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Figure 4.2: a) HRTEM overview image of CuInS2 QDs on a carbon supported film, b) SAED 

pattern and HRTEM images from a region with smaller particles, c) SAED pattern and HRTEM 

images from a region with larger particles – the theoretically expected position (red ring 

fragments) and intensity distribution (yellow graph) of the SAED ring pattern of CuInS2 QDs 

are indicated. The four predominant ring intensities belong to the {112} (1), {204}/{220} (2), 

{116}/{312} (3) and {228}/{424} (4) lattice planes of tetragonal CuInS2 [ICSD no. 186714].76 

 

4.2.3 Optical Properties 

In Figure 4.3 absorption and emission spectra of the synthesis product are shown. The 

relatively broad absorption spectrum shows an onset at ~625 nm, and two indistinct 

features located at 548.8 nm (± 2.9 nm) and 475.7 nm (± 1.2 nm). The emission signal is 

relatively broad as well, with two features located at 663.1 nm (± 2.8 nm) and 640.1 nm 

(± 0.3 nm) and a full width at half maximum (FWHM) of 105.7 nm (± 0.3 nm). These 
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observations are in accordance with literature reports100, 188-189, where also broad 

absorbance and emission spectra that are composed of several features were observed.  

 

4.2.4 Summary of the Characterization and Remaining Questions  

Summarizing, syntheses of CuInS2 QDs resulted in nanocrystals with a mean composition of 

Cu1.0In1.2S1.9 and a tetragonal crystal structure as confirmed by XRD, HRTEM and SAED. The 

nanocrystals are surrounded by amorphous organic molecules which make up ~45 wt-% of 

the samples’ total mass. In accordance with literature reports100, 188-189, a broad absorbance 

spectrum without a well pronounced peak but with a long tail to lower energies was 

observed. Similarly, the emission signal was broad and unsymmetrical, consisting of at least 

two features. As the HRTEM and SAED results show that the sample is composed of CuInS2 

QDs with diameters ranging approximately from 1.4 nm to 3 nm, SSP was attempted with 

the goal to examine size-property relationships of CuInS2 QDs.  

 

4.3 Size-Selective Precipitation of CuInS2 QDs 

SSP is performed by the stepwise addition of antisolvent to a dispersion of nanocrystals in a 

good solvent. This results in flocculation and the formed flocculates can easily be separated 

from the supernatant by centrifugation26, 193. Usually, larger particles flocculate first, leading 

to a classification effect. By increasing the amount of added antisolvent stepwise and 

repeating the aforementioned steps, the different size fractions can be separated from the  

 

Figure 4.3: Absorption and emission spectra of CuInS2 QDs synthesized in 1-ODE95%. 

Reaction temperature was 240 °C. Excitation was performed with λexc= 480 nm.   
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mixture. In Scheme 4.1, the applied SSP procedure is illustrated. Within this work, 

hydrophobic toluene served as good solvent in which the nanocrystals are well-dispersed, 

whereas hydrophilic acetone was chosen as poor solvent to induce flocculation. By 

increasing the added amount of acetone stepwise, it was attempted to isolate largest 

particles which most probably lead to the absorption feature at longer wavelengths.76 

Addition of up to five equivalents (eqs) of acetone was necessary to recognize a valuable 

change in the absorption spectrum (the spectra are shown in Figure 4.4, discussion and 

analysis of the spectra will follow in section 4.4.3.2). Therefore, all nanocrystals separated by 

adding up to four eqs of acetone were combined after flocculation, redispersion and analysis 

and are belonging to coarse fraction #1. Further addition of up to eight eqs of acetone led to 

fines fraction #2. The supernatant after removal of these two fractions was still slightly 

colored, indicating the existence of dispersed primary nanoparticles. In order to access these 

residual nanocrystals, the supernatant was kept and the solvent was evaporated at room 

temperature. This led to the residuals fraction #3. In general, the amount of added 

antisolvent required to recognize changes in the spectra can vary depending on the actual 

particle sizes and PSDs. The relative masses c, f and r for the coarse (#1), the fines (#2) and 

the residuals (#3) fractions, respectively, were determined from the masses of the dried 

powders according to equations 3.1 to 3.3 (see experimental part, section 3.3.3). Thereby, c 

 

Scheme 4.1: Illustration of the SSP procedure used for classifying CuInS2 QDs. Steps I-IV are 

repeated up to eight times (each cycle = i), leading to the coarse (i = 1-4), fines (i = 5-8) and 

residuals fractions (i > 9). The residuals fraction is obtained by evaporating the 

supernatant.76 
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was calculated to be 0.90 (±0.013), f was determined to be 0.04 (±0.018) and r as 0.02 

(±0.007). A small mass fraction of 0.04 (±0.023) is missing (Table 3.1, section 3.3.3) which is 

mainly ascribed to losses at walls of centrifugation tubes, e.g. during decantation after each 

cycle. A more detailed discussion of the mass balance will follow in Section 4.4.3.2.76  

 

4.4 Characterization of the Single Fractions  

4.4.1 Structural and Compositional Investigations  

To verify the crystal structure and the composition of the three single fractions (coarse 

fraction #1, fines fraction #2, residuals fraction #3), XRD and ICP-OES were performed. In 

Figure A1. 2a in section A.1.3 (appendix) the diffraction patterns are shown, Table 4.1 

summarizes the mean particle sizes calculated by using the Scherrer formula. For the feed, 

coarse fraction #1 and fines fraction #2, the same three diffractions were present. They can 

be assigned to the main diffractions {112}, {204}/{220} and {116}/{312} of the tetragonal 

roquesite structure192. The mean particle sizes are 2.9 nm for the feed, 2.8 nm for the coarse 

and 2.4 nm for the fines fraction. No further diffractions or irregularities were observed in 

the feed, coarse fraction #1 or fines fraction #2. All spectra confirm the existence of a 

product with tetragonal crystal structure for all fractions. This is in accordance with HRTEM 

and SAED results shown in Figure 4.2 where no additional phases throughout the entire feed 

 

Figure 4.4: Absorption spectra of the feed (black line), coarse fraction #1 (red dashed line), 

fines fraction #2 (green dotted line) and residuals fraction #3 (cyan blue dashed-dotted 

line). The two features Abs 1 and Abs 2 that are relevant in the following are highlighted by 

black arrows.76  
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were detected. In contrast to that, the residuals fraction #3 is showing irregularities. The 

diffraction pattern in this case is very diffuse with two very broad signals that are not 

interpretable. To analyze this behavior of residuals fraction #3 further, TG analysis was 

performed.76 

 

Table 4.1: Summary of the data derived from structural and compositional analysis of the 

feed sample, the coarse fraction #1, the fines fraction #2 and the residuals fraction #3. The 

values for feed and fraction #1 were obtained from at least three separate experiments, 

those for fraction #2 and #3 were obtained from two separate experiments.76 

sample 
atomic composition mean crystallite size relative weight loss 

Cu 

[at%] 

In 

[at%] 

S 

[at%] 

[nm] 

[nm] 

[%] 

[wt-%] feed 1.0 1.2 ± 0.02 1.9 ± 0.07 2.8 ± 0.1 45.5 ± 0.3 

fraction #1 1.0 1.1 ± 0.02 2.1 ± 0.12 2.8 ± 0.1 45.6 ± 0.3 

fraction #2 1.0 1.1 ± 0.01 1.9 ± 0.10 2.4 ± 0.1 53.3 ± 1.3 

fraction #3 1.0 1.2 ± 0.06 2.3 ± 0.56 - 82.4 ± 6.8 

 

In Figure A1. 2b (section A.1.3), TGA results are shown and the relative mass losses are 

summarized in Table 4.1. The feed sample shows a decrease of 45.5 wt-% at around 300 °C. 

At this temperature long-chained organic ligands are evaporated. A similar curve is obtained 

for the coarse fraction #1 with a total mass loss of 45.6 wt-%. For fines fraction #2, a 

different behavior was observed. While a slightly enhanced main mass loss was still 

observed at 300 °C (46.8 wt-%), an additional mass removal of ~8 wt-% was detected at 

moderate temperatures between 150 °C and 250 °C. The detection of a slightly increased 

mass loss at 300 °C is not astonishing as the ligand coverage is not expected to change much 

with varying core size79. Due to the higher surface-to-volume ratio of smaller particles in 

fraction #2, the sample provides more surface area and thus must show a higher relative 

amount of organics compared to the feed and coarse fraction #1. The evaporation of 

compounds at relatively low temperatures, however, hints on the existence of additional 

loosely-bound molecules. Most probably, these molecules are excess ligands or 

(anti)solvents such as toluene or acetone. Furthermore, residuals fraction #3 was analyzed. 

The TGA curve with a total mass loss of 87.3 wt-% shows that this fraction mainly consists of 



4 The Size-Property Relationship in CuInS2 QDs 

66 
 

organic components. This result explains the observations for fraction #3 in XRD, where no 

distinct diffraction pattern was obtained.76 

Additional to XRD and TGA, ICP-OES was performed to check the composition of the particles 

within the isolated fractions after dissolution of the solid by aqua regia. The results are 

summarized in Table 4.1 as well. The compositions in the single fractions are almost identical 

with Cu:In ratios of 1:1.1 (slight indium excess) and Cu:S of 1:2. Therefore, they prove the 

existence of stoichiometric CuInS2 QDs over the entire size range. Concerning the mean Cu:S 

ratios, the highest sulfur amount was detected for fraction #3. Removal of sulfur containing 

organic molecules from the QDs in the single centrifugation steps results in an enrichment of 

these molecules in the supernatant. After evaporation of the supernatant these molecules 

are left in the sample (fraction #3).76  

Concluding, the results from XRD, TGA and ICP-OES together with the observations from 

HRTEM and SAED reveal that the particle cores of the feed, fraction #1 and fraction #2 are 

homogeneous in composition and crystal structure over the entire size range within the 

detection limits of the devices. Regarding the residuals fraction #3, the results from ICP-OES 

and TGA together with HRTEM suggest CuInS2 cores which, however, seem to be surrounded 

by a very high amount of organic molecules.76  

 

4.4.2 Sedimentation Velocity Experiments  

Analytical ultracentrifugation (AUC) is known to provide precise insights into the PSD of QDs 

via sedimentation velocity (SV) experiments78-80. Thus, AUC experiments were carried out to 

shed light on the size ranges present in the different fractions after SSP. The experiments 

and data analyses presented in this section have been performed by J. Walter from the 

Institute of Particle Technology. The results have been published in Nanoscale (see 

section B.1 for further details), the following text is an adaptation.  

A 2-dimensional (2D) analysis is performed on all samples using the c(s,D) analysis which 

provides the sedimentation and diffusion coefficient distributions for all species (see Figure 

A1. 1 in section A.1.2). Basic information on data analyses is provided in the appendix 

(section A.1.1) and in the according literature194-195. For all fractions, the mean particle size 
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and the particle density were calculated based on the peak positions in the 2D evaluation. 

The mean hydrodynamic diameters xh are 4.38 nm for the feed, 4.44 nm for fraction #1 and 

3.75 nm for fraction #2. A much larger value of 13.65 nm is obtained for fraction #3. While a 

decreased particle size after SSP was expected for fraction #2, the larger size found for 

fraction #3 suggests the existence of aggregates. The mean particle density ρparticle is the 

highest for the feed with a value of 1.453 g cm-3. It decreases for fraction #1 (1.407 g cm-3), 

fraction #2 (1.355 g cm-3) and fraction #3 (1.211 g cm-3). This overall density decrease is 

assigned to an increased contribution of the organic shell which has a lower density 

compared to the inorganic core of the particle. In the next step, the ligand shell thicknesses 

dshell were calculated. Thereby, dshell was found to be 1 nm for both the feed and coarse 

fraction #1, whereas a slightly smaller value of 0.9 nm was obtained for fraction #2. 

Calculation of xc based on the xh and dshell values yields core sizes exceeding from 1.90 nm 

(fraction #2) to 2.35 nm (feed). Fraction #3 fails to reveal any consistent values for dshell and 

xc (discussion will follow below). Table 4.2 summarizes all results.76 

 

Table 4.2: Summary of the data derived from the 2-dimensional AUC analysis of the feed 

sample, the coarse fraction #1, the fines fraction #2 as well as the residuals fraction #3. 

Values were taken using the peak maxima of the main fractions. A second independent 

synthesis and AUC measurement was carried out to calculate mean parameters and 

standard deviations.76 

sample 
s D xh ρparticle xc dshell 

[sved] [10-6 cm2 s-1] [nm] [g cm-3] [nm] [nm] 

feed 
11.35 

±0.66 

1.81 

±0.10 

4.38 

±0.23 

1.453 

±0.029 

2.35 

±0.09 

1.01 

±0.07 

fraction #1 
10.78 

±0.07 

1.78 

±0.02 

4.44 

±0.04 

1.407 

±0.006 

2.33 

±0.01 

1.05 

±0.01 

fraction #2 
6.96 

±0.06 

2.11 

±0.01 

3.75 

±0.01 

1.355 

±0.002 

1.90 

±0.01 

0.92 

±0.00 

fraction #3 
64.50 

±16.23 

0.58 

±0.02 

13.65 

±0.50 

1.211 

±0.112 
- - 
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With respect to the results of the 2D evaluation of AUC data, the following conclusions can 

be drawn. The feed and fraction #1 seem to be almost identical. The slight variations in xh, 

dshell and xc can be explained by larger structures (e.g. aggregates) that were present in the 

feed, but removed during the first steps of SSP and are thus not present anymore in 

fraction #1. In accordance with the expectations on SSP, fraction #2 clearly consists of 

smaller particles. Analysis of fraction #3 in turn shows the existence of larger structures with 

a low density. Taking the TGA results (see Table 4.1) into account which revealed a very high 

organic content for fraction #3 (in line with a low mean particle density, see validation of 

AUC results on shell below), the most likely explanation for the large structures is the 

existence of aggregates which are linked by organic molecules.76 

To validate the AUC results obtained on the shell, literature data and TGA results were 

considered. Comparing the value of around 1 nm for dshell to literature data on bulk materials 

(1-DDT bound on a gold surface: 1.5 nm – derived for an estimated molecule length of 

1.7 nm178, 196 bound to the surface by an angle of 30°197) and considering that both surface 

binding distances and interactions between molecule chains on QDs will certainly differ from 

those values obtained for bulk crystals, the results obtained for dshell seem to be quite 

reasonable. Moreover, assuming the density of the shell ρshell to be in the range of the 

solvent density ρsolvent, a mass fraction of the shell of 51.4 wt-% is estimated for coarse 

fraction #1. In comparison, TG analysis yielded a mass fraction of the shell of 45.6 wt-% 

(Table 4.1) which is in good agreement with the AUC data. The slight deviation between the 

two techniques concerning the organic content of fraction #1 can be explained by solvent 

molecules attached to the stabilizing layer. In AUC measurements, these organic molecules 

contribute to the xh of the particles. In contrast to that, the solvent molecules are not 

present in the TG analysis as they evaporate when drying the powder prior to the 

measurements. For fines fraction #2, AUC results (54.2 wt-%) and TGA results (53.3 wt-%) 

match very well. The very low density of fraction #3 (1.211 g cm-3) together with the high 

organic content (82 wt-%, see Table 4.1) indicate a thick shell of stabilizing molecules 

surrounding the QDs. Altogether, these results demonstrate the excellent consistency of the 

fundamentally different techniques AUC, TEM and TGA.76 

To further assess the sedimentation coefficient distributions of the different fractions with 

higher resolution, c(s) analyses were carried out (see Figure 4.5). In line with the results so 
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far, the distributions for the feed and for fraction #1 are very similar, while fraction #2 

reveals to consist of mainly smaller particles plus some mid-sized particles illustrated by the 

slight shoulder. These smaller particles which are found in fraction #2 were present in the 

feed before SSP (highlighted by arrow #1). The species which sediments faster and is only 

present in the feed but not in fraction #1 (highlighted by arrow #2) is assigned to loose 

agglomerates. They might result from a higher amount of stabilizer in the feed and may be 

lost or destroyed during SSP.76 

 

Based on the minimum and maximum sedimentation coefficients, the lower and upper limit 

of the feed core diameter distribution is determined to be 1.5 nm and 3.8 nm, respectively. 

Comparing this range of core diameters found by AUC (1.5 nm < xc < 3.8 nm) with the results 

obtained by TEM and SAED for a finite number of QDs (mean values: 1.4 nm and 3.0 nm) and 

XRD (mean values: 2.4 nm and 2.9 nm), a good agreement between the different techniques 

is found. Congruence of the values is not expected and not possible. While AUC gives 

information on xh and ρparticle for all particles in the sample which then can be converted into 

xc, HRTEM gives information about single particles. SAED and XRD in contrast give 

information on the mean values for a certain amount of particles. Thus, the larger QDs are 

found by AUC due to its superior statistics. A detection of larger structures by TEM is 

 

Figure 4.5: Sedimentation coefficient distributions of the feed (black line), coarse fraction #1 

(red dashed line) and fines fractions #2 (green dotted line) as obtained by c(s) analysis at 

360 nm. Herein, it is assumed that the mass-related extinction coefficient is independent of 

the particle size at the wavelength used for evaluation. This results in a volume weighted 

distribution.76 
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impeded due to their comparably low concentration (see Figure 4.5 and tailing of the 

distribution at the upper end).76 

Concluding, the AUC analysis reveals that SSP of near-stoichiometric CuInS2 QDs results in an 

enrichment of larger species in fraction #1 and an enrichment of smaller species in 

fraction #2. The information on the QD shells in the single fractions is in good agreement to 

TGA results, i.e., showing an increased relative organic surrounding of smaller QDs. AUC 

investigations for the residuals fraction #3 revealed much larger species with small density, 

which is assigned to agglomerates containing a lot of stabilizer, again in line with TGA 

results.76 

 

4.4.3 Optical Properties 

Compositional and size analyses up to this point have revealed the existence of crystalline 

CuInS2 QDs over the entire size range (1.5 nm < xc < 3.8 nm). In the following, the optical 

characteristics of CuInS2 QDs shall be analyzed. First, a bandgap vs size dependency will be 

established by calibration of PSD calculation results against AUC data, allowing the 

derivation of consistent PSDs by deconvolution of absorbance spectra. Both, the bandgap vs 

size dependency as well as the deconvolution of absorbance spectra have been performed in 

close collaboration with D. Segets. Following these two parts, the emission of the single 

fractions will be analyzed.76 

 

4.4.3.1 Dependence of Bandgap on Size  

For determination of the bandgap vs size dependency of CuInS2, the core distributions of 

fractions #1 and #2 were used. Analogue to previous studies77, a power law with three 

parameters (a = 2.0301 nm, b = -0.649 and c = 0 nm) was used to describe the correlation 

between particle size and bandgap energy (equation 3.29, see section 3.5.2.6). In Figure 4.6, 

the comparison of the obtained E(x) with literature data is shown. Thereby, the 

experimental data on the size-dependency of the bandgap was derived by Zhong et al.198 

using absorption spectra and 2-dimensional photoluminescence excitation (PLE) spectra. 
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Additionally, an EMA reported by Omata et al.43 is used for comparison. So far, this seems to 

be the only data available on the bandgap vs size relationship of CuInS2 QDs.76  

First, the experimentally derived E(x) curves from absorption, PLE and AUC are compared. 

While the experimental studies reported in literature were performed on particles with sizes 

ranging from 3 nm and 8 nm, QDs discussed within this thesis are situated below 4 nm. Thus, 

the highest accuracy of equations 3.29 - 3.31 (section 3.5.2.6) used within this study is 

expected for the investigated size range below 4 nm. Remarkably, the extrapolated values 

for sizes above 4 nm match well with the experimental findings. Furthermore, comparison of 

the obtained E(x) with theoretical EMA results shows a good agreement for larger particles, 

while for sizes below ~6 nm the applied equations lead to smaller bandgap energies. Such a 

shift is expected as EMA usually overestimates the bandgap of small particles with strong 

quantum confinement. However, in comparison to other QD materials like ZnO199 or CdS200, 

the deviation is relatively small.76 

 

Concluding, the AUC-UV derived E(x) matches the experimental literature data and is in line 

with the expectations from EMA calculations199-200. A future availability of larger particles, 

improved AUC analysis or a better understanding of the influence of the organic matrix may 

lead to an improved bandgap vs size correlation. As small QDs with sizes between 1 and 

4 nm are used in the present work, the utilization of equation 3.29 with parameters a-c and 

a bulk bandgap of 1.53 eV is the best description currently available. Based on the 

 

Figure 4.6: Comparison of size-dependent optical bandgap of CuInS2 NCs from calibration vs 

AUC (black line), EMA calculations43 (blue dashed line), absorption spectra198 (red squares) 

and PLE spectra198 (green spheres).76 
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conformity of the obtained results with literature data, the derived bandgap vs size 

dependency is seen to be valid for all further calculations of PSDsalg.76 

 

4.4.3.2 PSDs from Absorbance Spectra 

The bandgap vs size dependency derived from calibration vs AUC data (Figure 4.6) has been 

used in the following for deconvolution of absorbance spectra. In Figure 4.7a, the 

absorbance spectrum of the feed is shown, the evaluated wavelength range for the 

calculation of the PSD is indicated by a blue frame (460 nm - 800 nm). The spectrum in this 

region shows a characteristic behavior with two less distinct absorption features at ~480 nm 

and ~550 nm (Abs 1 and Abs 2, indicated by arrows in Figure 4.7a). It has to be mentioned 

that data analysis of even smaller wavelengths than indicated by the blue frame would be 

desirable. However, in the region below 460 nm, an ongoing absorption increase of the 

material is noticed due to (i) higher order excitonic transitions and (ii) the absorbance of 

organic components. Thus, possible information on smallest nanocrystals – that are known 

to be present due to the fact that (i) they were identified by HRTEM, (ii) calculated from the 

SAED by Scherrer formula and (iii) the PSD does not reach a zero-value for small particle 

sizes when the minimum wavelength is fixed at 460 nm – is distorted by those additional 

features. However, in view of the results obtained by the formerly discussed characterization 

methods, evaluation of wavelengths ranging from 800 nm to 460 nm and, thus, particle sizes 

down to 1.6 nm, already gives important insights to SSP. The derived PSD is shown in Figure 

4.7b. A slightly bimodal PSD ranging from 1.6 nm to 3.8 nm with maxima at 1.8 nm and 

2.3 nm and a weak tailing at larger particle sizes between 3.0 nm and 3.8 nm was found. The 

bimodality results mathematically from the two features (Abs 1 and Abs 2) in the absorbance 

spectrum. In contrast to that, a bimodal PSD was not obtained by the AUC analysis. A 

possible explanation for this mismatch is the small size and the high diffusivity of the QDs 

which cause a broadening of the size distribution. Even though the applied c(s) analysis 

corrects the influence of diffusion, its performance is limited due to the size dependent 

density of the QDs which in turn hampers the resolution of the analysis. The resolution of 

the 2D c(s,D) analysis was also limited due to the maximum grid size of 30x30 points. More 

enhanced data analysis methods such as 2DSA201 could not be applied due to the lack of 

regularization as explained in the ‘theoretical background of AUC’ in section A.1.1. The  
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correction for these factors is an ongoing process which was already solved for more simple 

systems175 and might be solved for CuInS2 QDs in the near future as well.76 

Despite the fact that particles < 1.6 nm cannot be covered by the deconvolution and that the 

exact PSD shape cannot be unambiguously determined, the overall size range obtained is in 

agreement with results obtained by HRTEM, SAED, XRD and AUC. Thus, the deconvolution 

algorithm using the derived bandgap vs size relationship is seen to be applicable for 

analyzing SSP of CuInS2 QDs in more detail. This will be described in the following.76 

In Figure 4.8, the absorption spectra and the corresponding PSDs of the feed and the three 

isolated fractions are summarized. Regarding first the absorbance data shown in Figure 4.8a, 

coarse fraction #1 (red dashed line) seems to be nearly identical to the absorbance of the 

feed (black solid line). In fines fraction #2 (green dotted line), the second absorption feature 

located at ~550 nm (Abs 2) is not there anymore. However, this does not mean that there is 

no absorption in this wavelength range at all. The absorption onset shifted from ~675 nm to 

~625 nm and the overall spectrum is narrower, however, still relatively broad if compared to 

the absorption of Cd-based systems. Finally, residuals fraction #3 shows a very similar 

absorption behavior to fines fraction #2. Noteworthy, no additional features or irregularities 

are present, although the sample contains a much higher amount of organic molecules than 

the other fractions. This indicates that the organics have no pronounced influence on the 

a) b) 

 

Figure 4.7: a) Absorbance spectrum of CuInS2 QDs and b) the corresponding PSD obtained by 

deconvolution of the wavelength range from 800 nm to 460 nm; the latter is indicated by a 

blue frame in the absorbance data of a).76 
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absorption behavior in the visible range, but rather link isolated QDs together without 

formation of solid bridges (see AUC results in section 4.4.2).76 

As shown in Figure 4.8b, the calculated volume density distributions were scaled with the 

relative masses of the individual fractions by multiplication with c (0.90), f (0.04) and r (0.03), 

respectively. The values in brackets give the numbers for experiment 1 (Table 3.1, 

section 3.3.3). As already expected from the absorbance spectra, the PSD of the coarse 

fraction #1 is almost identical to the feed distribution, showing a bimodal PSD with maxima 

at 1.8 nm and 2.3 nm. For the fines fraction #2 and the residuals fraction #3, a distribution 

ranging from 1.6 nm to 3.1 nm was calculated as it becomes clear from the enlargement 

 

Figure 4.8: a) Absorption spectra of the feed (black solid line), coarse fraction #1 (red dashed 

line), fines fractions #2 (green dotted line) and residuals fraction #3 (cyan blue dashed-

dotted line); b) the therefrom derived mass weighted PSDs; c) feed PSD directly derived from 

the absorbance measurement (black solid line) in comparison to the sum of mass weighted 

individual fractions #1, #2 and #3 (pink dashed line) and the deviation between the feed and 

the classified fractions #1, #2 and #3 (purple dotted line); d) enlargement of fractions #2 and 

#3 shown in b).76 
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shown in Figure 4.8d. Both PSDs of fractions #2 and #3 show a single maximum located at 

1.8 nm. Only a small additional feature is present around 2.1 nm. Thereby, the PSD was 

narrowed in terms of the total width from initially ~2.1 nm for the feed to ~1.5 nm for the 

fines fraction.76 

To verify the mass balance, the mass weighted volume densities of the three fractions #1, #2 

and #3 were summed up and the deviation to the feed distribution was calculated. The 

result is shown in Figure 4.8c by purple dotted lines. The missing part makes up 1% in the 

experiment exemplarily discussed in Figure 4.8 or 3.6% (±2.3%) when talking about mean 

values. According to the results shown in Figure 4.8c, the missing part mainly consists of 

smaller particles plus some midsized particles. According to the results discussed so far – 

which are congruent with AUC data – larger particles are only found in the coarse fraction. 

This coarse fraction makes up 90.1% of the total mass with a very small standard deviation 

of ±1.3%. Irrespective of the distribution of the masses amongst the other two fractions with 

smaller particles or the missing part, a high reproducibility for the coarse fraction is given 

which contains more large and less smaller particles than the feed and the other fractions. 

This means that 10 wt-% of small particles are removed from the feed by SSP.76 

In summary, the deconvolution results show the following: The PSDs of both, feed and 

coarse fraction #1 are bimodal and cover a wide size range from at least 1.6 nm up to 

~3.8 nm. The PSDs of the fines #2 and the residuals fractions #3 are narrower. These findings 

are in agreement with the previously discussed results obtained by XRD and AUC which 

already indicated that these two fractions consist of clearly smaller QDs. Biggest 

nanocrystals with a size exceeding 3.0 nm are solely found in the coarse fraction #1 and are 

neither present in the fines fraction #2 nor in the residuals fraction #3. Taking further into 

consideration the closed mass balance by 3.6% ± 2.3%, it can be concluded that 10 wt-% of 

medium and small particles are sorted out by SSP from the original feed PSD. Thus, large 

particles exceeding 3.0 nm are enriched within the coarse fraction #1.76  

 

4.4.3.3 The Emission Signal of the Single Fractions after SSP 

Photoluminescence (PL) spectra of the samples are shown in Figure 4.9, the optical data is 

additionally summarized in Table 4.3. Both, the feed and the coarse fraction #1 show a broad 
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luminescence with a FWHM of about 105 nm. The emission signal seems to consist of two 

peaks with maxima at ~640 nm (Emi 1) and ~665 nm (Emi 2, indicated by black arrows) and 

similar relative intensities. For the fines fraction #2, however, the signal consists of one main 

peak which is clearly shifted to smaller wavelengths (~625 nm). Only a very small feature at 

~655 nm can be identified. The FWHM of the fines fraction #2 is ~90 nm. Therefore, its 

emission signal is less broad than those of the feed and the coarse fraction #1. Residuals 

fraction #3 shows similar emission characteristics as fraction #2. So far, these results are in 

agreement with the absorption data, where the coarse fraction was almost identical to the 

feed and a shift to smaller structures was found for the fines #2 and residuals fraction #3. 

  

Table 4.3: Summary of the data derived from optical analysis of the feed sample, the coarse 

fraction #1, the fines fraction #2 and the residuals fraction #3. The values were obtained 

from three separate experiments.76 

sample absorption maxima emission maxima FWHM PL QY 

Abs 1 [nm] Abs 2 [nm] Emi 1 [nm] Emi 2 [nm] [nm] [%] 

feed 475.7 ± 1.2 548.8 ± 2.9 640.1 ± 0.3 663.1 ± 2.8 105.7 ± 0.3 0.8 ± 0.1 

fraction #1 475.0 ± 2.0 548.8 ± 2.9 639.8 ± 0.8 662.9 ± 3.5 105.4 ± 0.7 1.0 ± 0.1 

fraction #2 473.0 ± 1.7 - 622.6 ± 2.7 - 91.3 ± 1.6 0.5 ± 0.1 

fraction #3 473.5 ± 2.1 - 624.7 ± 0.4 - 94.4 ± 0.8 0.2 ± 0.1 

 

Figure 4.9:  Emission spectra of the feed (black solid line), the coarse fraction #1 (red dashed 

line), the fines fraction #2 (green dotted line) and the residuals fraction #3 (cyan blue 

dashed-dotted line). The optical density of all samples was adjusted to OD = 0.1 at 480 nm, 

excitation was performed with λexc = 480 nm.76  
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Importantly, a further effect of SSP is the change of the emission intensity of the single 

fractions. Relative to the emission of the feed, the signal is increasing for coarse fraction #1 

and decreasing for fines and residuals fractions #2 and #3.76  

These results altogether hint at two important aspects. First, the emission position for CuInS2 

QDs seems to be size-dependent as it is generally the case for QDs due to quantum 

confinement, but has not yet been reported for CuInS2 QDs synthesized with this method. In 

fraction #2 which mainly consists of smaller particles, the emission is clearly blue-shifted, 

which is in accordance with the larger bandgap of small nanocrystals. The small and less 

distinct feature at ~655 nm may be ascribed to particles with medium sizes. Furthermore, 

the FWHM of fraction #2 is narrower, which may result from the fact that a smaller range of 

particle sizes is contributing to the emission. The emission properties of multicomponent 

QDs have been investigated in the past102, 108 with a focus on the underlying recombination 

mechanisms. The position of the emission signal in CuInS2-based systems has been 

attributed to donor-acceptor pair (DAP) recombinations on the surface (higher energy) or 

inside the particles (lower energy)87, 108. The investigations show a size-dependency of the 

luminescence position which is most likely in agreement with a location dependent 

mechanism. As smaller particles have a comparably larger surface-to-volume ratio, the 

probability of recombination to occur via surface processes will be increased. For larger 

particles, instead, the relative probability for a DAP to happen within the particle might be 

enhanced.76  

Second, larger nanocrystals seem to emit stronger than smaller ones. This effect was also 

reported for the classification of Si nanocrystals202 and Mn-doped ZnS nanoparticles203. To 

check whether the increased luminescence results from a real size effect or from the 

washing itself (note that the additional classification of coarse fraction #1 might change the 

particle surface in comparison to the feed), two tests were performed: In one experiment, 

the purification step of the feed was repeated once more, i.e., an excess of antisolvent was 

added and centrifugation was performed (for purification details see experimental section). 

In another experiment, all separated fractions were mixed back together after SSP. For both 

tests, optical characterization of the newly-prepared samples was performed. A schematic 

illustration of the two experiments and the corresponding spectra are shown in the appendix 

(scheme A1.1, section A.1.4), respectively. The results were the following: (i) The absorption 
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spectra of the samples obtained from both experiments were identical to the absorption of 

the feed discussed previously. (ii) The shape of the luminescence signal in both cases was 

identical to the one of the feed as well. (iii) However, the intensity of the luminescence 

signal did not increase (as it did for fraction #1), but decreased slightly in both cases a 

further washing step as well as recombination of the separated fractions after SSP. The latter 

proves that each purification step and therefore removal of protective surface ligands leads 

to a decrease in PL intensity for CuInS2 QDs (see section A.1.4 ‘additional test for optical 

characterization after SSP’ for spectra, discussion and interpretation of the results).76 

Therefore, washing effects can be clearly ruled out as a reason for the increase of PL 

intensity. Instead, especially the second experiment where already separated fractions were 

recombined proves the size effect to be the main reason for the increase in emission 

intensity. Most probably the reduced emission of smaller QDs (fractions #2 and #3) is due to 

their higher surface-to-volume ratio that leads to an increased impact of surface defects 

causing a quenching of the emission. Fraction #1 in turn shows an improved emission in 

comparison to the feed although it has undergone one washing step (or at least a procedure 

that is very similar to washing) more than the feed. It contains the highest relative amount of 

larger nanocrystals where surface defects and the relative amount of organics are reduced. 

This leads to less quenching. Thus, a selective reduction of the mass of smaller nanocrystals 

in a given feed sample by only 10% (relative mass of fraction #2 plus #3 referred to the total 

mass of CuInS2 QDs) leads to an improvement in the emission properties. This finding 

evidences the strong influence of smallest changes in a QD PSD with respect to the later 

product properties.76 

 

4.5 Summary of the Findings for Stoichiometric CuInS2 QDs 

Summarizing the findings presented in this chapter, the influence of the PSD on the optical 

properties of CuInS2 QDs was unraveled. It was shown that the size-property relationship in 

multicomponent QDs can be accessed by combining careful experimentation (SSP in this 

case) and complementary characterization techniques. Thereby, the crystal structure, the 

organic and inorganic composition, the size and PSD of the feed and of all single fractions 

had to be analyzed carefully to avoid misinterpretations.  
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Starting with the feed, crystalline QDs with a size range from at least 1.4 nm to 3 nm were 

identified using HRTEM and SAED. A 2D evaluation of AUC data revealed a core size 

distribution ranging from 1.5 nm to 3.8 nm. The small deviation between these numbers 

obtained via different characterization methods is assigned to the fact that AUC provides 

information on the PSD of the whole sample, while the other two techniques deliver 

information on the (mean) size of a small fraction of the particles present in the sample. The 

PSD data obtained by AUC (PSDAUC) was then used together with PSDs obtained by 

deconvolution of absorbance data (PSDalg) to derive a bandgap vs particle size relationship. 

The PSD obtained by deconvolution of absorbance spectra was ranging from at least 1.6 nm 

up to 3.8 nm. Information on particle sizes below 1.6 nm cannot be extracted from 

absorption spectra due to the overlap of size information with features resulting from higher 

excitonic states and features caused by the presence of organic capping molecules.76 

After performing SSP which resulted in the separation of small particles from the larger 

particles, detailed characterization revealed the structural and compositional homogeneity 

of the particle cores over the entire size range. The mean sizes obtained for the single 

fractions were generally in agreement within 1 Å, i.e., 2.3 nm for the coarse fraction #1 by 

both AUC and deconvolution of the absorbance spectrum; and mean sizes of 1.9 nm (AUC) 

and 1.8 nm (deconvolution) for the fines fraction #2. The optical characterization of the 

single fractions revealed that differences in the spectra can mainly be attributed to size 

effects, thus, proving the validity of the quantum confinement effect for CuInS2 QDs 

synthesized with the method used in this thesis. Moreover, the results shed light on the 

origin of the typically broad emission observed for multicomponent materials. The broad 

FWHM of the PL signal is at least partly related to the width of the PSD. Furthermore, a 

removal of 10 wt-% of smallest particles from the feed leads to an increase of the emission 

intensity in the resulting fraction #1. This finding is ascribed to the high surface-to-volume 

ratio and relatively defect-rich surface in small QDs, resulting in a quenching of the emission. 

Removal of smallest particles leads to a higher overall performance of larger particles in 

fraction #1.76  

Importantly, this chapter aimed at identification of the PSD effect on the steady-state 

absorption and emission properties of CuInS2 QDs. Future time-resolved optical 

spectroscopy experiments could shed further light on the electronic states involved in the 



4 The Size-Property Relationship in CuInS2 QDs 

80 
 

optical processes. For this reason, identification of the impact of further factors on the 

electronic states is desired, e.g. organic surface ligands, bonding nature and ligand coverage. 

As the surface coverage and nature of ligands is influencing the SSP as well, detailed 

investigation of the interface characteristics is expected to either result in better separation 

efficiencies in future or at least to explain why the separation efficiencies are moderate (see 

section 6.3.1, chapter 6 for the latter).76 

  



 

 

 

5 Process Modifications for Enhanced 

Optical Properties 

 

5.1 The Relevance of Composition and Surface Control 

A very effective tool to optimize and tune QDs’ properties is the variation of their 

composition204. Although ‘composition’ in that sense is a term that is usually just used for 

the inorganic crystal, it generally refers to the whole sample, i.e., the inorganic core, the 

inorganic shell (if present) and the organic surrounding.  

In case of the inorganic part, the elements and their ratio are of interest for the crystals’ 

structure, its bandgap and, thus, the resulting optoelectronic properties. Ternary CuInS2 QDs 

are known to tolerate a relatively large range of off-stoichiometry, allowing for bandgap 

tuning while maintaining the roquesite structure63-64. Besides controlled defect generation, 

introduction of a fourth element into the crystal lattice (e.g. Zn, Ga and Se)103-106 or covering 

the surface with another semiconducting compound (e.g. ZnS(e) or CdS(e))100-103 are two 

further tools to directly influence the bandgap or at least the recombination of excitons.  

Clearly measurable is the effect of organic surfactants205-208. By binding to the surface, they 

stabilize the QDs, saturate dangling bonds, and, thus, affect the electronic structure and the 

recombination mechanisms96. The choice of proper surfactants, either present during the 

synthesis or immobilized onto the particles’ surface in a subsequent ligand exchange step26, 

209-210 prevents competing nonradiative recombination pathways similar to shell growth. For 

controlling the properties and ultimately the performance of QDs in functional devices and 

further applications, understanding and controlling the nature and quantity of molecular 

species on the surface is crucial.  
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An excess of organic molecules surrounding the QDs can have negative effects205 as they 

might quench the emission206 or hinder electron transport in optoelectronic devices13, 211. 

Furthermore, characterization and processing of very small QDs remains challenging as long-

chained organics at the particles’ surface cause problems, e.g. during imaging by TEM212. 

Removal of excess organics is thus a fundamental step in the post-processing of QDs. 

Depending on the functional anchor group of the surfactant and its role during synthesis, the 

surfactants might be hardly removable afterwards, especially when they are strongly 

attached or incorporated onto the particles’ surface. The latter is the case for the synthesis 

of CuInS2 according to Zhong et al.166 Knowledge about the role and the interactions of thiol 

ligands with other (organic) compounds in the reaction mixture is yet very limited. Different 

techniques exist for purification of nanocrystals213. Most common is the addition of an 

antisolvent followed by centrifugation46, 85, 189, 212, 214. Other approaches are based on 

chromatography215, electrophoresis216, and a solid support matrix in a reactor217.  

In this chapter, process modifications will be discussed with the aim to obtain QDs with 

superior optical properties. For that reason the two process steps synthesis and purification 

will be adjusted. Two alternatives for the modification of the synthesis of CuInS2 QDs will be 

described. First, the ratio of the elements will be varied. Second, a ZnS precursor will be 

introduced in the synthesis. Following each synthesis part, three modified purification 

procedures will be introduced. The purified products will be analyzed thoroughly with regard 

to their composition and optical properties. Last but not least, the focus will be set on the 

PSDs of the modified products.  

The results presented in this Chapter have partly been published in a peer-reviewed journal 

(Akdas et al., Journal of Colloid and Interface Science 445 (2015), 337-347, license number 

3615240792252, see ‘permissions’ in section B.2 for further details). TEM and SAED have 

been performed by B. Winter and B. Birajdar (CENEM), optical characterization has been 

carried out by S. Kuhri from the Department of Physical Chemistry (PC I), ICP-OES was 

performed in close collaboration with P. Hoppe (LFG), 1H-NMR spectra were acquired by J. 

Albert and P. Schulz from Chemical Reaction Technology (CRT) and XPS by H. Hildebrand 

from Lehrstuhl für Korrosion und Oberflächentechnik (LKO). 
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5.2 Off-Stoichiometry in CuInS2 QDs 

5.2.1 Synthesis of Copper-Deficient QDs 

Synthesis of CuInS2 QDs was performed as introduced in section 4.2, but deviating from that 

protocol, the Cu:In ratio was varied from 1:1 to 1:5. While the optical characterization did 

not show significant changes in terms of onset, features and broadness of absorbance and 

emission spectra, the intensity of the emission signal increased dramatically. Calculation of 

the PL QY revealed an increase from a value of ~2% for stoichiometric CuInS2 QDs up to 

~15% for copper-deficient products. Thereby, a Cu:In ratio of 1:2 in the synthesis was found 

to be ideal, resulting in QDs with the highest PL QY while maintaining the tetragonal crystal 

structure (a graphic showing the PL QYs for the single Cu:In ratios is given in Figure A2. 1, 

section A.2.1, XRD patterns are shown in Figure A2. 6, section A.2.3). The PL QY increase 

upon introduction of copper vacancies is in agreement with literature reports42, 51, 64 and is 

explained by copper vacancies which act as acceptor recombination centers in the donor-

acceptor pair (DAP) recombination102. 

Due to the above-mentioned reasons of high PL QY while maintaining a tetragonal crystal 

structure, the starting composition of Cu:In = 1:2 was used in the following experiments. 

Attempts to purify and further characterize the QDs were accompanied by a high 

consumption of organic solvents when following conventional protocols. Furthermore, 

purified and dried QDs did not form a powder, but an oily product. Thus, improvements of 

the purification procedure were necessary. Before testing and discussing various purification 

procedures, the complex organic composition of the reaction mixture shall be analyzed.  

 

5.2.2 The Organic Matrix 

As described before, a combination of 1-ODE as solvent and 1-DDT as sulfur source and 

surfactant is used for the present heat up (HU) synthesis of CuInS2 QDs. The combination of 

these two molecules has often been used for synthesis of nanocrystals, nevertheless, their 

reactivity has not been investigated before. This means that possible side reactions and by-

products are yet unexplored, although (i) their existence is very likely (especially when 

considering the catalytic effect of the metal ions and of the nanocrystals) and (ii) they will 



5 Process Modifications for Enhanced Optical Properties 

84 
 

certainly affect the processing and performance of the product. To identify possible reaction 

products of 1-ODE and 1-DDT the following experiment was performed. Both clear and 

colorless liquids were mixed and heated up to 240°C. Afterwards, NMR spectra of both, the 

pure components as well as their reaction product which is white and waxy after cooling 

back to room temperature were taken. Note that this reaction was performed with the pure 

components without adding metals or QDs. The actual reaction mixture during synthesis of 

QDs will certainly be more complicated due to the afore-mentioned catalysis effect.  

NMR spectra of both, namely reactants and product, proved the occurrence of a reaction as 

shown in Figure 5.1. Proton signals related to the double bond in 1-ODE (signals at ~4.9 ppm 

and ~5.7 ppm in (Figure 5.1a)) are almost disappearing in the product spectrum (Figure 

5.1b). The same is observed for the protons in alpha to the double bond at ~1.94 ppm. The 

triplet at ~0.85 ppm is attributed to the protons of the terminal CH3 group, whereas the 

protons of the internal CH2 groups give rise to the signals between 1.1 ppm and 1.3 ppm. 

These signals for CH3 and CH2 groups are present in all of the spectra (Figure 5.1a-c). 

Concerning 1-DDT, the triplet at 1.03 ppm is assigned to the SH proton, while the quartet at 

~2.1 ppm is attributed to the CH2 protons in alpha to the SH group (Figure 5.1c). Here, it is 

worth mentioning that the signal of the SH group has a fine structure with a coupling 

constant of 7.72 Hz. This behavior is expected as benzene is an apolar solvent, where the 

exchange of SH protons is very slow on the NMR time scale218. The two signals at 1.03 ppm 

and 2.14 ppm are still discernable in the product spectrum (Figure 5.1b) with, however, low 

intensity. Another characteristic 1-DDT signal is located at ~1.3 ppm (Figure 5.1c) and it 

correlates with protons in beta to the SH group. Two new signals in the product spectrum 

are appearing at ~2.4 ppm and ~1.5 ppm (Figure 5.1b). These data taken together suggest 

that the thiol group of the surfactant reacts with the double bond of the solvent, forming the 

thioether dodecyloctadecylsulfide (DOS, Scheme 5.1). The triplet at 2.37 ppm is assigned to 

the alpha proton in the product DOS, while the quintet at 1.52 ppm is attributed to the beta 

protons. A close-up of the important region from 0 ppm to 2.7 ppm is shown in Figure A2. 2, 

section A.2.2. This reaction is known as thiol-ene reaction and was reported by T. Posner 

already in 1905219. Its occurrence suggests that the surface of the nanocrystals might 

comprise not only 1-DDT, but also DOS.87  
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Figure 5.1: 1H-NMR spectra of a) pure 1-ODE, b) the side product of both components upon 

mixing in a 1:1 ratio and heating up to 240 °C for 15 minutes and c) pure 1-DDT. Benzene-d6 

was used as solvent for all spectra.87  

 

 

Scheme 5.1: Reaction scheme for the reaction of 1-ODE and 1-DDT to DOS in a thiol-ene 

reaction219-220.87  
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5.2.3 Introduction of Purification Procedures 

To improve the purification of QDs, three particular factors were considered, namely 

(i) reduction of the organic content of the sample by using (ii) least amount of solvent and 

(iii) minimum cycles of centrifugation for the purification procedure. This enables to reduce 

the solvent consumption and to decrease the time and costs needed for the purification 

step.87 

The experiments were performed after dividing the product of one batch synthesis into 

three equal parts. In each experiment, the amount of added antisolvent and the 

centrifugation parameters were kept constant to ensure comparability between the 

different methods. Acetone was used as antisolvent in pure form or in combination with 

methanol (MeOH-acetone) and acetic acid (HAc-acetone), respectively. MeOH was used to 

increase the polarity of the solvent/antisolvent mixture, while the use of HAc was expected 

to promote desorption of weakly bound ligands from the surface.87 

 

5.2.4 Composition of Purified QDs 

The effectiveness of purification in terms of reduction of the organic content was first 

checked quantitatively by TGA, followed by 1H-NMR spectroscopy in order to identify the 

molecules left in the samples after purification and finally by analysis of the inorganic 

composition via ICP-OES. Calculation of the surface coverage and discussions based on the 

afore-mentioned results summarize the findings at the end of this subchapter. 

 

5.2.4.1 Modification of the Surface Composition 

The TGA results of QDs purified by three different solvents and their mixtures are compared 

in Figure 5.2. The curves show that for acetone and MeOH-acetone treated samples 

evaporation of the organics started already at 150 °C. When using acetone as the sole 

antisolvent, the remaining amount of organics on the surface after drying was ~60 wt-% and 

the dried product was oily. MeOH-acetone led to a lowered amount of organics, that is, 

~50 wt-%, and a waxy product. In both cases, a relatively large amount of solvent was 

necessary for redispersion of the nanocrystals due to the formation of agglomerates. For the 
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third and novel way to purify particles, HAc-acetone was used. In this case, the evaporation 

of the organics set in above 250 °C and only ~40 wt-% organics were left in the sample. In 

conclusion, our results indicate that removal of the loosely bound organics was more 

efficient when using HAc-acetone. Table 5.1 provides mean values and standard deviations 

of the TGA results performed on three batches. It becomes apparent that the less efficient 

purification procedures, i.e., acetone and MeOH-acetone, result in a relatively high standard 

deviation, while the HAc-acetone purification is quite reliable in terms of reproducibility. 

Most notably, the HAc-acetone purified particles were well dispersible after each washing 

step. In addition, purification with this antisolvent mixture allowed redispersion of the 

nanocrystals in a very small amount of solvent resulting in highly concentrated dispersions 

(~60 mg/ml).87 

 

1H-NMR spectra of the purified particles are shown in Figure 5.3. After purification with 

acetone (Figure 5.3a) or with combination of MeOH-acetone (Figure 5.3b), the signals 

attributable to 1-DDT (2.1 ppm), side product DOS (~2.5 ppm), and 1-ODE (~5.7 ppm, 

~5.0 ppm, and ~1.9 ppm) are present. The presence of 1-ODE traces can be attributed to its 

entrapping in the organic matrix around the QDs. 1-DDT and DOS signals might appear due 

to an excess of ligands around the nanocrystals and due to equilibrium between adsorbed 

and desorbed surfactants. Overall, desorption of ligands from the particles’ surface and their 

equilibrium with surfactants in solution is not surprising. As a matter of fact, some authors  

 

Figure 5.2: Comparison of TGA results of dried CuInS2 nanocrystals purified by three different 

washing procedures. The solvents for purification were acetone (black line), MeOH-acetone 

(red dashed line) and HAc-acetone (blue dotted line).87 
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Figure 5.3: 1H-NMR spectra of CuInS2 QDs purified by three different washing procedures, 

namely (a) acetone, (b) MeOH-acetone, and (c) HAc-acetone.87  

 

have already demonstrated by means of advanced NMR techniques221-222 that complex 

equilibria exist between ligands in solution and ligands adsorbed to the surface of 

nanocrystals. As already mentioned, the ligands, which are meant to provide stability to the 

nanocrystals, serve as sulfur source as well. Therefore, they are expected to be strongly 

attached to the surface or even to be bound or incorporated by chemical bond. Based on 

these considerations, the equilibrium constant for desorption might be quite low. The signals 

in particular between 0.8 ppm and 1.7 ppm appear rather broad. This broadening, which 

goes hand in hand with a loss of multiplicity, has been related to the packing density of 

ligands on the surface of particles221. While the broad signal between 1.2 and 1.7 ppm is 

attributed to the alkyl chain, the one at ~0.8 ppm is attributed to the protons of the CH3 

groups at the ends of the alkyl chains. These signals are present in all three spectra. For 

particles purified by the new recipe, a different spectrum is discernable. Here, only DOS 
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centered signals are found (signal at 2.5 ppm in Figure 5.3c), suggesting that DOS is still part 

of the sample and able to provide stability to the QDs. Again, DOS ligands might be in a 

complex equilibrium with the ligands on the surface. As no signals for 1-ODE and 1-DDT were 

detected, it is assumed that the new approach proposed for the washing of the particles is 

capable of removing most organic compounds from the matrix surrounding the particles. 

This is in accordance with TGA results. The nature of the ligands attached to the surface still 

needs to be identified. In Scheme A2. 1, section A.2.5, the possible impact of purification 

with HAc-acetone on QDs is sketched.87  

Up to now, the influence of the new washing procedures on the organic content of the 

particles was analyzed. To check the impact of the purification procedures on the inorganic 

composition, ICP-OES was performed (see Table 5.1). As the initial Cu:In ratio in synthesis 

was 1:2, the measured copper amount was set to 1. When pure acetone or the MeOH-

acetone mixture were used as antisolvents, a Cu:S atomic ratio of 1:6.3 (±2.13) and 1:4.1 

(±0.93) was detected, respectively. This ratio decreased to 1:3.1 (±0.46) when HAc-acetone 

mixture was used as antisolvent. These results corroborate the results obtained by TGA and 

1H-NMR spectroscopy regarding the ability of HAc-acetone to remove the excess of ligands. 

Besides, the mean values and standard deviations reveal the poor reproducibility of the 

samples’ content when using acetone or MeOH-acetone, while a good reproducibility is 

given for samples purified with HAc-acetone. Another interesting aspect relates to the Cu:In 

ratio. While the use of acetone or MeOH-acetone leads to a Cu:In ratio of 1:3.8 (±0.95) and  

 

Table 5.1: Summary of ICP-OES and TGA results for samples purified with the three different 

antisolvent combinations acetone, MeOH-acetone and HAc-acetone. Mean values and 

standard deviations were obtained from experiments performed on three different batches. 

sample purification ICP-OES results 

 

TGA 

Cu In S [%] 

acetone 1.0 3.8 +/- 0.95 6.3 +/- 2.13 59.6 +/- 6.87 

MeOH-acetone 1.0 2.3 +/- 0.49 4.1 +/- 0.93 48.7 +/- 4.95 

HAc-acetone 1.0 1.6 +/- 0.13 3.1 +/- 0.46 39.0 +/- 0.99 
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1:2.3 (±0.49), respectively, the antisolvent combination with HAc results in a Cu:In ratio of 

1:1.6 (±0.13). Again, the standard deviation is much larger for the less efficient purification 

procedures. This result on the Cu:In ratio furthermore hints on a moderate surface etching 

when HAc-acetone is used as antisolvent mixture.87 

 

5.2.4.2 Calculation of the Surface Coverage  

Mean values on TGA results given in Table 5.1 indicated that removal of the loosely bound 

organics was more efficient when using HAc-acetone. In the following, the TGA results of a 

specific experiment shall be used to estimate the surface coverage of CuInS2 QDs after 

purification with three different antisolvent mixtures. The calculations were performed 

assuming ideal conditions, namely, (i) round particles with a diameter d of 2.4 nm (average 

from TEM and XRD), (ii) a density ρ of 4.74 g cm-3 which is the bulk density of CuInS2
36, (iii) 

the coverage of the surface with just one type of molecule, which is closely-packed 1-DDT in 

our calculations with an (iv) estimated area Athiol of 21.4 Å2 per alkanethiol223-224 and a (v) 

molecular mass M of 202.4 g mol-1. A discussion on the validity of these assumptions and 

possible deviations is given in section A.2.5 (appendix). Using equations 3.4 - 3.10 

(section 3.4.1), the mass of each QD was calculated to be 34*10-21 g with a surface area of 

18 nm2. Thus, the theoretical number of thiol molecules per QD is ~85. Together with the 

relative masses for the organics morg,s and the QDs mQD,s per sample (representative TGA 

results as given in Table 5.2 were used for the calculations), the total numbers of organic 

molecules and QDs and furthermore the surface coverages were calculated. The results are 

given in Table 5.2.87 

According to these numbers, the surface is coated with more than a bilayer of 1-DDT after 

purification with acetone. When MeOH-acetone is used, ~1.25 layers of 1-DDT molecules are 

located on the surface. For HAc-acetone purification, the calculated amount of 1-DDT on the 

surface is less than a monolayer. These calculations prove the results obtained by TGA which 

showed that for acetone and MeOH-acetone purification loosely-bound organic molecules 

were left in the samples. Note that the QDs purified with HAc-acetone procedure are stable 

although ~23% of their surface is ‘uncovered’ according to the calculation. This finding of 

stable nanocrystals with a coverage less than a monolayer was also observed for ZnO213. It is 
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Table 5.2: The masses of the QDs mQD,s and the organics morg,s are obtained by taking 100 mg 

as total mass for representative samples analyzed with TGA. The numbers of QDs NQD,s and 

organics Norg,s and the surface coverages surf. cov. were calculated for samples purified with 

the three different antisolvent combinations acetone, MeOH-acetone and HAc-acetone.87  

sample  morg,s mQD,s Norg,s NQD,s surf. cov. 

purification [mg] [mg] [*1020] [*1018] [%] 

acetone 63 37 1.87 1.08 205 

MeOH-acetone 51 49 1.52 1.43 125 

HAc-acetone 39 61 1.16 1.78 77 

 

assigned to the fact that in the present case, the chains of the ligands are (i) very long, 

(~1.7 nm for 1-DDT estimated according to Giersig et al.196), (ii) most probably not 

perpendicular to the surface (average tilt angles of ~20-30° were reported for alkanethiol 

monolayers on Au197) and (iii) interacting with the alkane chains of neighboring molecules 

(interdigitation was observed for alkanethiols on Au colloids19). These facts might enable the 

stability of QDs with less than a monolayer up to a certain degree.87 

 

5.2.4.3 Shedding Light on the Inorganic Core – Organic Shell Interface in 

Copper-Deficient CuInS2 QDs 

In summary, the following consequences evolve from the composition studies on the 

purified QDs. Acetone as the sole agent leads to incomplete purification. In addition to the 

high number of different organics, as proven by TGA and 1H-NMR measurements (Figure 5.2 

and Figure 5.3a), indium residuals are not removed properly. The MeOH-acetone 

combination seems to remove residual indium salts mostly such that a composition close to 

Cu:In = 1:2 is obtained in the product, but nevertheless leaves 1-DDT, DOS, and 1-ODE in the 

sample (shown in NMR spectra, Figure 5.3b). Regarding the HAc-acetone mixture, this 

effective purification is not only removing organic compounds from the surface, but seems 

to etch it as well. Therefore, the choice of the antisolvent mixture does not only influence 

the composition of the organic shell around the particles, but also the surface composition in 

general. The reproducibility is highest for samples purified with HAc-acetone.87  
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The results of the ICP-OES studies suggest an indium-rich surface as the decrease of indium 

is higher with increasing effectiveness of the purification procedure (see Table 5.1). 

Additional XPS investigations on HAc-acetone purified QDs support this assumption (Cu:In = 

1:2.4 with XPS compared to Cu:In = 1:1.7 with ICP-OES). These results are in accordance with 

the report by Yu et al.225, in which the combination of XPS and EDX studies proved that the 

surface of CuInS2 QDs in general is indium-rich and, furthermore, a probable gradient 

distribution with In3+ on the surface rather than Cu1+ was reported.87  

At this point, the question arises whether the surface is simply indium-rich or whether it 

might consist of an In2S3 shell which saturates dangling bonds and protects the CuInS2 core 

and, therefore, leads to an increase in luminescence. The similar In:S ratio from XPS studies 

(2.4:2.7 in comparison to 1.7:3.7 from ICP-OES) hints in that direction. In general, there is a 

possibility of In2S3 shell formation around the CuInS2 core after complete consumption of 

copper. Residual indium could react with sulfur from 1-DDT which is present in excess and 

either form additional indium sulfide particles or a shell. The formation of a shell in a 

heterogeneous nucleation reaction might be favored due to thermodynamic reasons. 

However, there is no experimental evidence for this assumption:87  

(1) As in the case of a ZnS shell, also a possible In2S3 shell is not visible in TEM images due to 

low contrast. Also, there were no additional indium sulfide particles recognized.  

(2) An In2S3 shell might show additional XRD patterns which is not the case (in accordance 

with a previous report by De Trizio et al.88). The same is true for the formation of indium 

sulfide particles. 

(3) From ICP-OES analysis of the supernatants (Figure A2. 4, section A.2.3) it is evident that 

not only indium and sulfur are removed after each washing step, but also copper. Although 

it is not possible to distinguish between residual unreacted copper and copper being 

removed from the surface, this finding is a contradiction to a possible In2S3 shell (assuming a 

shell which completely covers the core and assuming complete consumption of copper as 

precondition for shell formation).  

Concerning the inorganic composition of acetone purified QDs, one might either assume a 

higher indium and sulfur amount in the QDs or a lower copper amount (with respect to the 

starting composition). However, the high sulfur amount may fairly be explained by the 
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insufficient removal of excess organics (as suggested by TGA and 1H-NMR results, Table 5.1, 

section 5.2.4.1), as the estimations on surface coverage (see Table 5.2, section 5.2.4.2) show 

that the QDs are surrounded by a bilayer of organic molecules. In line with this, the higher 

indium amount can be explained by an embedment of residual indium salts in the long 

chains of the organic components or complex formation.87  

Regarding the composition of MeOH-acetone purified nanocrystals, NMR, TGA and surface 

coverage calculations reveal the existence of additional organics on the surface of the QDs. 

Their amount is comparably low (25% excess), which is also reflected in the Cu:In ratio (see 

Table 5.1).87  

Finally, a moderate surface etching was proposed for HAc-acetone purified QDs. Assuming a 

complete reaction of the reagents with a Cu:In ratio of 1:2, 15% of indium seems to be 

missing in the product. This result is not astonishing when considering the calculations and 

assuming that ~23% of the surface might be ‘unprotected’ and could ‘freely’ react and/or 

dissociate from the surface (see Table 5.1 and 5.2). Note that this value for surface etching is 

just a rough estimation as there is a lack of knowledge concerning the exact surface 

structure and composition of nanocrystals.87  

 

5.2.5 Impact of Purification on the Optical Characteristics 

The optical properties of CuInS2 QDs were evaluated using absorption and emission 

spectroscopy, fs-transient absorption spectroscopy (FTAS) and time-resolved emission 

measurements. The measurements and data evaluation were performed by S. Kuhri under 

the supervision of Prof. Guldi (PC I), the results have been published in the Journal of Colloid 

and Interface Science (see section B.2 for further details). The following text is an adaptation 

of the published results, extended for the discussion on the particle size distribution (PSD) of 

the samples. 

Figure 5.4 illustrates the absorption and emission features of all QDs, i.e., of the as-

synthesized original sample as well as of the purified samples. In all cases, the copper-

deficient samples show a broad absorption100, 188-189 which hints on a broad PSD76. In line 

with these observations, broad emission spectra are detected. TEM images and discussion 
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on PSD are provided in sections 5.2.6 and 5.2.7. Comparing the purified samples with the as-

synthesized one, just very slight changes in the positions of the absorption features are 

recognized (±1 nm) while comparably huge differences in the positions of the emission 

maxima (up to 25 nm) and the emission intensities are detected. The exact values for each 

sample are given in Table 5.3. The photoluminescence quantum yields (PL QYs) decrease 

from 5% for the original sample to 4.3% for MeOH-acetone purified QDs and are lowest with 

2.6% for HAc-acetone purified CuInS2 QDs. Thus, the PL QY is a function of purification 

efficiency.87  

Due to the huge discrepancy between the changes in the absorption and the emission 

spectra, PSD changes as a cause of maxima shifts are ruled out. Instead, the different 

purification procedures and the related changes in the surface composition (sections 5.2.4.1 

to 5.2.4.3) are considered to result in an alternation of the deactivation pathways. The 

emission of CuInS2–based QDs can be attributed to DAP recombinations either on the 

surface (higher energy) or inside the nanocrystals (lower energy)108. Thus, the red-shift in the 

purified samples can be related to the implementation of surface defects which seem to 

suppress higher energetic radiative recombinations or - in other words - favor non-radiative 

recombination pathways. This also explains the lower PL QYs for purified samples.  

a) b) 

  

Figure 5.4: (a) Absorption and (b) emission spectra of CuInS2 before (under nitrogen 

atmosphere – original sample) and after purification (atmospheric conditions) with acetone, 

MeOH-acetone and HAc-acetone. The optical density of all samples was adjusted to 

OD = 0.1 at 480 nm, excitation was performed with λexc = 480 nm.87  
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Table 5.3: Summary of steady state absorbance and emission data as well as time resolved 

emission spectroscopy data for CuInS2 QDs before and after purification.87 

sample 

purification 

absorbance emission 

λmax λmax PL QY τ(R.A. 50 %) τ(R.A. 40 %) τ(R.A. 10 %) 

[nm] [nm] [%] [ns] [ns] [ns] 

original sample 482 651 5.0 473 170 27.6 

acetone 481 651 4.3 472 175 29.6 

MeOH-acetone 483 651 4.6 454 157 24.7 

HAc-acetone 481 676 2.6 375 91.6 13.3 

 

For detailed analysis of the emission processes, time-resolved emission experiments were 

conducted. Lifetimes with relative amplitudes of 50 %, 40 % and 10 % were determined 

using triexponential fitting functions, whereby a decrease of the lifetimes with increasing 

purification efficiency was apparent (see Table 5.3). In accordance with literature reports, 

the two long lived components (~400 ns and ~100 ns) are assigned to double defect-related 

recombination processes100, 226, while the short lived component (~20 ns) is assigned to 

recombinations between higher energy levels and surface trap states and depend on the 

relative Cu:In ratio101, 227.87 

In Figure 5.5, results from FTAS are shown. For all samples, a strong ground state bleaching is 

discernable between 500 nm and 600 nm immediately after excitation. While this signature 

reveals a fine structure for the original sample, it appears to be much broader for purified 

samples. A correlation between this fine structure in FTAS and the features in absorption 

and emission spectra is apparent (see Figure A2.7 in section A2.4 for a zoom in into the 

absorption spectra). This ground state bleaching (which is not fully recovered throughout the 

time resolution of the fs-set up) is assigned to the electrons of the generated excitons. 

Additionally, transients at 681 nm, 844 nm and in the near infrared (NIR) region related to 

the hole of the generated excitons are recognized for all samples. Multiwavelength analysis 

with a triexponential fit gave access to three lifetimes (see Table A2. 1, section A.2.4) related 

to different electron relaxation processes228. In line with the results of the time-resolved 

emission experiments (see Table 5.3 and discussion above), a strong decrease of the three 

lifetimes was recognized with increasing purification efficiency. Shorter exciton lifetimes are 
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a clear reflection of surface modifications. Overall, the data hints on recombination 

processes involving surface- and defect-related trap states.87 

 

5.2.6 High-Resolution TEM Imaging  

HRTEM and SAED analysis have been performed by B. Winter and B. Birajdar from the 

Center for Nanoanalysis and Electron Microscopy (CENEM). The results have been published 

in the Journal of Colloid and Interface Science (see section B.2 for further details). The 

a) b) 

  

c) d) 

  

Figure 5.5: Differential absorption spectra (visible and NIR) obtained upon femtosecond flash 

photolysis (387 nm, 200 nJ) of CuInS2 (a) before (under nitrogen atmosphere – original 

sample) and after purification (atmospheric conditions) with (b) acetone, (c) MeOH-acetone 

and (d) HAc-acetone with several time delays between 0 and 8000 ps at room temperature. 

Insert: Time absorption profiles of the spectra at 500 nm monitoring the dynamic of the 

ground state bleaching.87 
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following text is an adaptation of the published text and results, extended for the discussion 

on the PSD of the samples.  

The challenges associated with HRTEM imaging of QDs have been introduced in section 4.2.1 

(low contrast, carbon contaminations, ripening of the nanocrystals, underdetermination of 

particles smaller than 1.5 nm). While some of these points are inherent to the material 

system and/or the characterization method, others such as the degree of carbon 

contamination can be minimized by effective purification of the QDs. The HAc-acetone 

purification introduced in this chapter significantly reduced the difficulties observed due to 

organic residuals from the synthesis. Additionally, decreasing the applied electron dose (by 

reduction of the acquisition time and of the beam current) helped to prevent particle 

ripening and to reduce particle mobility.  

 

Figure 5.6: a) Overview HRTEM image of CuInS2 QDs purified with HAc-acetone mixture and 

b) two magnified single QDs dispersed on an ultrathin carbon film (d112
CuInS2 = 0.31973 nm). 

c) Experimentally acquired SAED ring pattern (bright diffuse rings) of the sample and the 

theoretically expected position (red ring fragments) and intensity distribution (yellow graph) 

of the SAED ring pattern of CuInS2 QDs. The three predominant ring intensities belong to the 

{112} (1), {204}/{220} (2) and {116}/{312} (3) lattice planes of tetragonal CuInS2. 
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The HRTEM images in Figure 5.6a reveal the existence of crystalline particles with a size of 

roughly 1.5 nm to 3 nm. Accordingly, the copper-deficient QDs seem to have a wide PSD, 

similar to the results obtained for stoichiometric CuInS2 QDs discussed in chapter 4 and in 

accordance with the expectations raised by steady-state optical spectroscopy in 

section 5.2.5. In Figure 5.6b, the {112}CuInS2 crystal lattice planes (lattice plane distance 

d112
CuInS2 = 0.31973 nm  [ICSD no. 186714]) with the highest structure factor are observed 

with highest probability. The SAED pattern (Figure 5.6c) exhibit rings that match the 

theoretically predicted pattern for arbitrarily oriented CuInS2 QDs with a tetragonal 

chalcopyrite structure. Due to the small crystallite sizes (2.4 nm is obtained from evaluation 

of the {112}CuInS2 ring using the Scherrer equation), the ring intensities are rather broad and 

diffuse. Accordingly, superlattice reflections with a low structure factor are invisible in SAED. 

These reflections which would originate from the chalcopyrite crystal structure of CuInS2 

have a lower intensity than the main diffraction intensities.  

 

5.2.7 Summary of the Findings and Remaining Challenges 

This subchapter dealt with the processing of copper-deficient CuInS2 QDs. First of all, the 

synthesis was modified in order to obtain optically superior products. Second, three 

different antisolvent mixtures were tested for purification of the QDs and the obtained 

products were analyzed thoroughly. Thereby, the findings shed light on the interface 

between the inorganic core and the organic shell.  

For synthesis optimization, the Cu:In ratio was varied from 1:1 up to 1:5, resulting in the 

conclusion that a Cu:In ratio of 1:2 fits the requirements of improved optical performance 

(PL QY of up to 15%) while maintaining the tetragonal roquesite structure.  

The purification experiments showed that the choice of antisolvent mixture has an influence 

not only on the organic content of the sample, but also on its inorganic composition. 

Acetone as the sole agent leads to incomplete purification in terms of leaving residual 

indium salts as well as a high amount of different organics in the sample. Interestingly, we 

could identify not only 1-ODE and 1-DDT molecules in the sample after purification, but also 

the side-product DOS. Note that detection of the afore-mentioned organic molecules in the 

sample does not tell which one is bound to the surface. Calculations showed that an organic 
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content of ~60 wt-% in the sample corresponds to a surface coverage with more than a 

bilayer of 1-DDT ligands. MeOH-acetone combination seems to remove most residual indium 

salts, but nevertheless leaves all three afore-mentioned organic molecules in the sample. 

The calculations revealed that the amount of organics after purification correspond to an 

excess of 25% in surface coverage. The purification seems to be most effective when using 

the HAc-acetone mixture. This procedure results in the lowest organic content with a 

calculated surface coverage of less than a monolayer of closely-packed 1-DDT molecules. 

However, the disadvantage in using this antisolvent mixture is that it does not only remove 

organic compounds and residuals from the synthesis, but seems to etch the surface of the 

particles, as illustrated in Scheme 5.2. This finding of surface etching is reasonable when 

considering crystal-bound229 thiol ligands. The purification does not result in an equilibrium 

reaction (adsorption-desorption), but rather in an irreversible removal of thiolates and a 

subsequent dissociation of metal ions. A defected surface is generated in which dangling 

bonds can act as surface traps and, thus, quench the emission. Contrary to that, reversible 

dissociation of thiolates from the surface of nanocrystals is possible for surface-bound 

thiolates and has been reported for CdSe nanocrystals230.  

 

By means of steady state spectroscopy, namely absorption and emission, purified CuInS2 

QDs show characteristic absorption and emission features under atmospheric conditions, 

even though the PL QY is lower than for unpurified particles. The decrease in PL QY is 

resulting from the formation of surface defects as a consequence of purification. Time 

resolved emission spectroscopy revealed that the recombination processes occur via both 

 

Scheme 5.2: Simplified illustration of surface etching of metal sulfide nanocrystals upon 

purification with HAc-acetone as antisolvent mixture.  
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exciton recombination as well as recombination involving surface traps. Moreover, 

purification results in major differences in the fine structure of CuInS2 QDs.  

Imaging the HAc-acetone purified QDs with HRTEM was comparatively easy due to the 

reduced organic content. From the images, it was apparent that the copper-deficient 

particles revealed the same crystal structure and lattice plane distances as the stoichiometric 

QDs. Furthermore, the existence of a relatively broad size range of QDs was discernible from 

the HRTEM images. This coincides with the broad and indistinct features in the absorption 

and emission spectra and, thus, most probably correlates to them in a similar way as it was 

already shown for stoichiometric QDs (see Chapter 4). However, the impact of surface 

defects on the optical properties as well as the possible presence of an In2S3 shell need to be 

taken into account.  

After having optimized two process steps, namely the synthesis and the purification of 

CuInS2 QDs, it must be noted that the latter step unfortunately leads to a decrease of the PL 

QY of the optimized product. This is related to the removal of the protecting surfactants and, 

thus, to the generation of surface defects as shown in Scheme 5.2. The optimizations 

achieved by variation of the composition are negated by an effective post-processing. 

Although this optimized and purified product still exhibits higher PL QYs than the 

stoichiometric product (~3% vs. ~1%), a further improvement of the performance and the 

processing is highly desirable. In the next section, the capability of an inorganic shell for 

protection of core QDs against emission degradation will be studied.    
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5.3 Introduction of a ZnS Precursor during Synthesis  

5.3.1 Synthesis of CuInS2-ZnS QDs 

CuInS2-ZnS QDs were prepared by first synthesizing the CuInS2 core QDs, then adding the ZnS 

precursor to the reaction solution in successive steps. A mixture of ZnAc2, 1-DDT, OLA and 1-

ODE was used as precursor solution, the reaction was carried out at 220 °C. For experimental 

details see section 3.2.2. 

Figure 5.7 shows the comparison of XRD pattern and optical characteristics for CuInS2 QDs 

and CuInS2-ZnS QDs. The XRD pattern (Figure 5.7a) of both samples consists of three main 

diffractions. While the diffractions of CuInS2 QDs can be assigned to the roquesite structure, 

the diffractions of CuInS2-ZnS are slightly shifted towards higher 2θ. The latter is a hint on 

alloy formation. The low intensity diffractions at ~19° most probably do not originate from 

the nanocrystals. Rather they can be assigned to organic residues since their intensity 

depends on the degree of purification as shown in Figure A2. 6, section A.2.3.  

Regarding optical characteristics (Figure 5.7b), CuInS2-ZnS QDs reveal a less broad absorption 

spectrum relative to CuInS2 QDs. The absorption onset is slightly blue shifted, while the 

maximum shows only one distinct feature at ~500 nm. Blueshift is observed for the emission 

spectrum as well, here the maximum shifts from 650 nm to 570 nm. Concomitant to the 

blueshifts, a strong increase of the emission signal is apparent, the PL QY increases from 

~15% for copper-deficient QDs up to ~50% for CuInS2-ZnS QDs. The PL QY increase is in 

accordance with the expectations on a type-I core-shell (CS) structure where dangling bonds 

at the surface are passivated resulting in an enhancement of radiative recombination 

pathways. However, the blueshifts do not necessarily corroborate the formation of a type-I 

CS structure, but rather hint on a (i) reduction of the particle size or on a (ii) modification of 

the particles’ composition, e.g. by formation of an alloy (in accordance with XRD pattern). So 

far, these observations are similar to those described in the literature88, 100, 189, 225 in which 

the role of zinc is discussed intensively and is controversial. The question whether the 

addition of a ZnS precursor yields a CS structure or an alloy cannot be answered 

unambiguously at this point. Keeping in mind the possible correlation of absorption spectra 

with particle sizes as shown in Chapter 4, the narrow absorption spectrum might 

furthermore hint on a reduction of the PSD width. 
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5.3.2 Optimization of Purification Procedures for CuInS2-ZnS 

Purification of CuInS2-ZnS QDs was performed with the solvents and solvent mixtures 

already mentioned for the purification of CuInS2 QDs in section 5.2.3, namely acetone, 

MeOH-acetone and HAc-acetone. Note that additional organic compounds necessary for 

shell growth led to further side reactions and coordinating by-products which were forming 

solids at room temperature and embedding the QDs. Thus, the purification approach was 

particularly complicated for CuInS2-ZnS QDs. A fast and careful addition of hot solvents to 

the product mixture was necessary before the side products solidified.87  

 

5.3.3 Analyses of the Composition 

The relative organic content of the purified samples was again determined with TGA. Similar 

to the results obtained for copper-deficient CuInS2 QDs, different solvent combinations 

resulted in different amounts of organics left in the samples. In Table 5.4, the results for 

CuInS2-ZnS QDs purified with acetone, MeOH-acetone and HAc-acetone are summarized. 

Mean values were obtained from experiments on three different batches. Using only 

acetone for precipitation resulted in samples with a mean organic content of ~60 wt-%, 

while the MeOH-acetone mixture led to samples which consist of ~70 wt-% of organics. The 

a) b)  

  

Figure 5.7: a) XRD pattern as well as b) absorbance and emission spectra of CuInS2 QDs and 

CuInS2-ZnS QDs. The QDs were purified with acetone.87  
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procedure using HAc-acetone mixture was again most efficient for removing organics, 

leading to a mean final organic content as low as ~50 wt-%.87  

As for CuInS2 QDs, the influence of purification recipes on the composition of CuInS2-ZnS was 

checked via ICP-OES. The results are summarized in Table 5.4. In agreement with the TGA 

results, the effectiveness of the purification procedure is coupled to the sulfur amount which 

was lowest for the sample purified with HAc-acetone. Furthermore, the results reveal that 

the decrease of the zinc amount is coherent with the decrease of the sulfur amount. This is a 

first prove for the growth of a ZnS shell around the QDs, a topic which will be further 

investigated by optical spectroscopy in section 5.3.4. Moreover, the decrease of the zinc and 

sulfur amounts correlates with an etching of the surface, as already observed for pure CuInS2 

nanocrystals. Noteworthy, the indium amount was found to be slightly decreasing, too.87  

 

Table 5.4: Elemental composition of purified CuInS2-ZnS QDs detected by ICP-OES, together 

with TGA results. The samples were purified with the three different antisolvent 

combinations acetone, MeOH-acetone and HAc-acetone. Mean values and standard 

deviations were gained from three separate experiments. 

sample 

purification 

ICP-OES results TGA 

Cu In Zn S [%] 

acetone 1.0 2.0 +/- 0.29 24.4 +/- 1.18 32.8+/- 6.19 58.5 +/- 5.67 

MeOH-acetone 1.0 2.1 +/- 0.32 27.8 +/- 1.76 37.3+/- 4.01 70.8 +/- 13.37 

HAc-acetone 1.0 1.9 +/- 0.09 14.7 +/- 0.43 21.2 +/- 0.47 48.9 +/- 3.88 

 

The mean values and standard deviations in Table 5.4 show the same trend for all 

experiments and both characterization methods. The lowest organic content and highest 

reproducibility are obtained for HAc-acetone purification, in accordance with results on 

CuInS2 QDs. While the deviation for this antisolvent combination is usually <10%, the 

deviations for the other two antisolvent mixtures can reach up to 30%. The higher the 

organic content of the sample is, the lower is the reproducibility as such.  
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5.3.4 Optical Investigations: Shedding Light on the Role of Zinc  

The measurements and data evaluation presented here were performed by S. Kuhri under 

the supervision of Prof. Guldi (PC I), the results have been published in the Journal of Colloid 

and Interface Science (see section B.2 for further details). The following text is an adaptation. 

Optical characterization of CuInS2-ZnS QDs in terms of absorption and emission spectroscopy 

is illustrated in Figure 5.8. Again, the as-synthesized sample is referred to as ‘original 

sample’, while the purified samples are labeled with the related antisolvent mixture. Relative 

to CuInS2 QDs, CuInS2-ZnS QDs reveal less broad absorptions, in which the onsets are slightly 

blue-shifted, while the maxima show only one distinct feature at 500 nm (Figure 5.7 in 

section 5.3.1). Similarly, the emission is blue-shifted with respect to the emission of CuInS2 

QDs. Multiple spectral components in the emission are attributed to DAP recombinations108. 

Upon purification, slight shifts of the emission maxima were noted (up to 10 nm, see Table 

5.5). Again, this red-shift is attributed to surface defects which favor nonradiative 

recombination pathways (see section 5.2.5 for a detailed discussion).87  

Contrary to the observations on CuInS2 QDs, only relatively slight changes in the PL QY 

before and after purification were gathered. While the PL QY decreased down to ~50% of 

the initial value for purified CuInS2 QDs (2.6% for HAc-acetone purified samples vs 5% for 

original sample), the PL QY of CuInS2-ZnS QDs purified with HAc-acetone showed a decrease 

a) b) 

  

Figure 5.8: (a) Absorption and (b) emission spectra of CuInS2-ZnS before (under nitrogen 

atmosphere – original sample) and after purification (atmospheric conditions) with acetone, 

MeOH-acetone and HAc-acetone (OD = 0.1 at 480 nm and λexc = 480nm for all samples).87  
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of just ~20% (32% for HAc-acetone purified samples vs 41% for the original sample). All 

spectroscopic data for each sample is summarized in Table 5.5.87  

Time resolved emission spectroscopy was again performed to determine the long lived 

exciton dynamics using a tri-exponential fitting function (see Figure A2. 8b, section A.2.4). 

Lifetimes with relative amplitudes of 70%, 20% and 10% were obtained for all samples (see 

Table 5.5), whereby the long lived component (~800 ns) in each case just reaches 20% of the 

total amplitude. The intermediate lifetime (~300 ns) in turn is notably stronger. The short 

lived component has the lowest amplitude.87 

Comparing these results obtained on CuInS2-ZnS with those for CuInS2 QDs, some 

agreements as well as some contradictions become apparent. In line with the observations 

on pure CuInS2 QDs, (i) all three lifetimes decrease for purified QDs (compared to the original 

samples) and (ii) the short lived component for both CuInS2 as well as CuInS2-ZnS QDs has 

the lowest amplitude. Deviating from the results obtained on CuInS2 QDs, (i) the lifetime 

decrease for CuInS2-ZnS QDs seems to be independent of the purification efficiency. 

Furthermore, (ii) the correlations of the lifetimes and the according amplitudes are contrary 

to the results obtained for CuInS2 QDs where the long lived component had the highest 

amplitude. (iii) Comparing the overall lifetimes obtained for CuInS2 and CuInS2-ZnS QDs, it 

becomes apparent that both, the long lived (~470 nm for CuInS2 QDs vs. ~800 nm for CuInS2-

ZnS QDs) and the intermediate components increased markedly (~170 nm for CuInS2 QDs vs 

~300 nm for CuInS2-ZnS QDs).87 

 

Table 5.5: Summary of steady state absorption and emission data as well as time resolved 

emission spectroscopy data for CuInS2-ZnS QDs. 

sample  

purification 

absorbance emission 

λmax λmax PL QY τ(R.A. 50 %) τ(R.A. 40 %) τ(R.A. 10 %) 

[nm] [nm] [%] [ns] [ns] [ns] 

original sample 495 566 41.2 308 863 14.0 

acetone 505 576 31.5 286 776 92.8 

MeOH-acetone 495 568 27.2 212 582 9.5 

HAc-acetone 505 576 32.2 271 737 68.9 
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The observations can be explained as follows. According to literature reports101, 226, the 

increase of lifetimes is a clear hint on the passivation of the surface with a ZnS shell. 

Furthermore, the afore-mentioned increase of the relative amplitude of the intermediate 

lifetime hints on the incorporation of zinc into the crystal lattice. Thereby, a substitution of 

copper by zinc was proposed103, 226 due to similar ionic characters. Thus, addition of the ZnS 

precursor during the synthesis is expected to result in both, the growth of a shell and 

additionally in the formation of an alloy by diffusion of zinc into the core of the particles. 

These findings are complementary to ICP-OES analyses which had revealed the existence of 

a ZnS shell which is being etched upon purification (section 5.3.3).87  

a) b) 

  

c) d) 

  

Figure 5.9: Differential absorption spectra (visible and NIR) obtained upon fs flash photolysis 

(387 nm, 200 nJ) of CuInS2-ZnS (a) before (under nitrogen atmosphere – original sample) and 

after purification (atmospheric conditions) with (b) acetone, (c) MeOH-acetone and (d) HAc-

acetone with several time delays between 0 and 8000 ps. Insert: Time absorption profiles of 

the spectra at 512 nm monitoring the dynamic of the ground state bleaching. 
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Finally, FTAS was performed with the CuInS2-ZnS QDs and is illustrated in Figure 5.9. In 

agreement with the results obtained on CuInS2 QDs, a strong ground state bleaching 

between 500 nm and 600 nm is discernible for all samples which is assigned to the electrons 

of the generated exciton. The broad transient in the NIR region is assigned to the related 

hole. The results are fitted by biexponential functions (see Table A2. 1, section A.2.4 for 

lifetimes). In agreement with the expectations on surface passivation, the exciton lifetimes 

are much longer for CuInS2-ZnS than for pure CuInS2 QDs.87 

 

5.3.5 HRTEM Imaging: Size-Focusing   

HRTEM and SAED analysis have been performed by B. Winter and B. Birajdar under the 

supervision of Prof. Spiecker (CENEM). The results have been published in Journal of Colloid 

and Interface Science (see section ‘permissions’ for further details). The following text is an 

adaptation of the published text and results, extended for the discussion on the PSD of the 

samples.  

As for pure CuInS2, washing the nanocrystals with acid and applying low acquisition times 

and beam currents successfully prevented carbon contamination, particle ripening, and 

particle mobility (for details see section 5.2.6). The HRTEM images in Figure 5.10 clearly 

reveal crystalline particles with a mean size of ~3 nm, in accordance with analysis of the  

{112}CuInS2 ring by using the Scherrer equation (see Figure 5.10c; a discussion on the PSD is 

given below). A differentiation between the core and the shell of the QDs is not possible in 

the HRTEM images. As in the case of pure CuInS2 particles, the crystal lattice planes 

{112}CuInS2 can be observed with highest probability (Figure 5.10b). The experimental SAED 

pattern (see Figure 5.10c) exhibits rings that match the theoretically expected pattern for 

arbitrarily oriented nanoparticles with the tetragonal chalcopyrite structure of CuInS2. As for 

pure CuInS2 QDs, the ring intensities are rather broad and diffuse which hampers to 

distinguish superlattice reflections with very weak intensities from main reflections. The 

small crystallite size of the QDs and the resulting broadening additionally prevent 

differentiation between diffractions originating from tetragonal CuInS2 QDs and cubic ZnS as 

both materials exhibit very similar crystallographic properties.87 
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Figure 5.10: a) Overview HRTEM image of CuInS2-ZnS QDs purified with HAc-acetone mixture 

and b) two magnified single nanocrystals dispersed on an ultrathin carbon film (d112
CuInS2 = 

0.31973 nm). c) Experimentally acquired SAED ring pattern (bright diffuse rings) of the 

sample and the theoretically expected position (red ring fragments) and intensity 

distribution (yellow graph) of the SAED ring pattern of CuInS2-ZnS QDs of ~3 nm in size. The 

three predominant ring intensities belong to the {112} (1), {204}/{220} (2) and {116}/{312} 

(3) lattice planes of tetragonal CuInS2 and the {111} (1), {220} (2) and {113} (3) lattice planes 

of cubic ZnS respectively.87 

 

A final point that needs to be addressed is the PSD of CuInS2-ZnS QDs. While the imaging 

results for pure CuInS2 QDs revealed a broad PSD for both, stoichiometric and copper-

deficient QDs (see Figure 4.2, section 4.2.1 and Figure 5.6, section 5.2.6), the results here 

suggest a different trend. The whole sample on the grid seems to be relatively homogeneous 

(see Figure 5.10). The particle size is roughly 3 nm for all particles. Neither particles with 

sizes much smaller than this (e.g.: 1.4 nm as for CuInS2) nor sizes much larger (e.g.: 4-5 nm) 

have been found. This finding of a narrow PSD or ‘size focusing’ upon shell growth and/or 

alloying had been reported for the coating of ZnSe with a CdSe shell231. The addition of 

precursors for shell growth which decompose and form new monomers increases the 
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supersaturation level which in turn has an impact on the growth of the particles (see 

detailed explanation of the ‘size-focusing regime’ in section 2.2.1). This is in accordance with 

experimental125 and simulation27 studies for CdSe QDs and proves that the principles of size 

focusing are valid also for CS systems. Interestingly, the narrow PSD of CuInS2-ZnS QDs 

comes along with a more distinct absorption spectrum. As the broad absorption spectrum 

with several features was related to a broad and multimodal PSD in case of CuInS2 QDs (see 

chapter 4), it is very likely that the more distinct absorption spectrum of CuInS2-ZnS QDs with 

just one feature might also be related to its PSD which is much narrower in this case.  

 

5.3.6 Conclusions on the Composition and the Surface of CuInS2-ZnS 

As observed for core CuInS2 QDs, the choice of antisolvent mixture in the purification step 

has a strong impact on the composition and performance of the products. Importantly, 

purification is again most effective when using the HAc-acetone mixture, resulting in the 

lowest organic content in the final sample. This observation is accompanied by a lower 

impact of surface etching on the core composition and on the emission properties, 

demonstrating the protecting function of the shell for the core of CuInS2-ZnS QDs. 

Following these observations, most notably, the optimization of the purification procedure 

sheds light on the composition and surface structure of CuInS2-ZnS QDs. As mentioned in 

section 5.3.1 the role of zinc in the growth of a ZnS shell is discussed intensively and is 

controversial in the literature88, 100, 189, 225. Similar to the findings of DeTrizio et al.88, the 

results presented in this section 5.3 prompt, on one hand, to a diffusion of zinc into the core 

of CuInS2 and the formation of an alloy and, on the other hand, to shell growth. Indications 

for alloy formation are the slight blue shifts of the absorption and emission maxima as well 

as the minor shifts of the XRD pattern toward higher 2θ-values (Figure 5.7, section 5.3.1). 

Shell growth was expected besides alloying due to the addition of high amounts of ZnS 

precursor in successive steps. Evidence for shell growth was obtained from ICP-OES of the 

purified QDs (section 5.3.3) and by time resolved optical spectroscopy (section 5.3.4). The 

latter proved both effects, the diffusion of zinc into the core CuInS2 QDs as well as the 

formation of a core-shell structure by revealing changes in the exciton lifetimes and their 

relative amplitudes. As ICP-OES results show a slight decrease of indium upon etching, it is 
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expected that the shell around alloyed CuInS2-ZnS QDs contains a gradient of excess indium 

that is incorporated.87  

Concerning the structure of CuInS2-ZnS QDs, the following picture arises. As discovered in 

section 5.2, the surface of copper-deficient CuInS2 QDs is indium-rich. Theoretically, ZnS shell 

growth onto these QDs should start with the deposition of sulfur on the indium terminated 

surface, or in other words the cleavage of the C-S bond of the ligand, followed by addition of 

zinc. Another possibility for the process of shell growth would be the direct addition of ‘ZnS’ 

monomers. As described above, the obtained results suggest that there is no sharp 

boundary between the core particle and the shell, but rather a gradient from a CuInS2 ‘core’ 

to a ZnS ‘shell’. Zinc seems to be diffusing into the core which leads to the slight shifts in XRD 

pattern and optical spectra. Irrespective of the exact mechanisms, particle growth proceeds 

until the reaction is stopped either by temperature decrease or by complete consumption of 

reactants.87  

Imaging CuInS2-ZnS QDs with HRTEM was simplified after reducing the organics by means of 

purification with HAc-acetone. CuInS2-ZnS QDs revealed the same structural features as 

CuInS2 QDs. A differentiation between core and shell was not possible, in accordance with 

the above-mentioned results on a gradient structure. Furthermore, a relatively narrow size 

range (~ 3nm) of QDs was observed in the HRTEM images. This behavior correlates with the 

comparably distinct absorption spectrum and thus, a size-property relationship might exist 

for CuInS2-ZnS QDs in the same manner as it was already shown for the stoichiometric QDs 

(see Chapter 4). 

 

5.4 Summary of the Modifications and their Outcomes 

Summarizing the findings of this chapter, products with enhanced optical properties have 

been obtained by modifying both the synthesis of the particles as well as their purification. 

Literature studies in which CuInS2 QDs and its related structures have been tested in 

applications result in working devices with the potential for improvement (e.g. white 

LEDs232: ~65 lm W-1; QDSSC233: ~5.5% efficiency). Investigating the impact of the 
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improvements achieved within this chapter would be interesting for future studies, even 

though it was not part of this work (see section 1.2). 

Summarizing the synthesis results, modifications on the product have been performed 

successfully by first changing the Cu:In ratio of the QDs. Thereby, copper-deficiency revealed 

to result in an increase of the PL QY from 2% for stoichiometric CuInS2 QDs up to 15% for a 

Cu:In ratio of 1:2, while the product maintained the tetragonal roquesite structure. Second, 

a further increase up to a PL QY of ~40% was achieved by introduction of a ZnS precursor in 

the synthesis.  

Optimizations on the specific post-processing step ‘purification’ have been performed with a 

focus on the reduction of (i) residuals from synthesis and excess surfactants, (ii) the solvent 

consumption and (iii) the time needed for the unit operation. Therefore, a selection of three 

particular antisolvent mixtures, namely, acetone, MeOH-acetone and HAc-acetone has been 

chosen and their impact on the products has been investigated in detail. Briefly summarized, 

the results on both QD systems showed a strong impact of the antisolvent mixture on the 

final composition of the samples. The newly introduced antisolvent mixture HAc-acetone 

performs best when it comes to removal of organics and residual metal salts. Investigations 

on the final products reveal the lowest organic content in the samples and suggest the 

removal of loosely-bound molecules. Calculations of the theoretical surface coverage for 

CuInS2 QDs underline this finding and yield less than a monolayer of 1-DDT molecules. The 

complementary methods used herein reveal furthermore that this effective process also 

results in surface etching. This finding is reasonable especially when considering crystal-

bound229 1-DDT ligands which are removed irreversibly from the surface in a complex 

sequence of mechanisms. A simplified illustration of the surface etching was shown in 

Scheme 5.2, section 5.2.7. 

Optimizing the purification procedures for CuInS2-ZnS QDs shows that surface etching occurs 

for both systems. However, the ZnS shell is capable of protecting the inner core of the QDs. 

Although the process of purification results in a degradation of the emission signal in general 

for all antisolvent mixtures and both particle systems, the impact is less discernible for 

CuInS2-ZnS (~25%) than for CuInS2 (~50%) when using HAc-acetone. Interestingly, HAc-

acetone purified CuInS2-ZnS samples contained the lowest organic content while showing 

the highest PL QY.  
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Optimizations on the purification procedure coupled with detailed analysis of the products 

permitted inspection of the composition and structure of both CuInS2 and CuInS2-ZnS QDs. 

Copper-deficient core QDs are indium-rich at the surface and might even be coated by a thin 

In2S3 shell. This shell might be capable of saturating dangling bonds and, thus, increase the 

probability for radiative recombinations, resulting in a higher PL QY. In case of CuInS2-ZnS 

QDs, the obtained results suggest that zinc is contributing in two ways to the improvement 

of the optical properties. On one hand, it is diffusing into the core of the CuInS2 QDs and 

thereby resulting in the formation of an alloy. On the other hand, a ZnS shell is grown 

simultaneously on the surface of the forming alloy. The purification experiments showed 

that the ZnS shell is capable of protecting the inner core of the QDs from ambient 

conditions, etching or any further unwanted negative effects. 

Furthermore, size-focusing was observed for CuInS2-ZnS QDs in the respective HRTEM 

images. A combination of analytical techniques had proven the existence of a broad PSD for 

stoichiometric CuInS2 QDs (see Chapter 4) – a finding that can directly be transferred to 

copper-deficient QDs according to the acquired HRTEM images and the broad and indistinct 

absorption spectra. For CuInS2-ZnS QDs, however, the absorption is more distinct and 

HRTEM images show particles in a relatively narrow size range. These observations strongly 

hint on size-focusing, similar to reports on other CS systems, such as ZnSe coated with 

CdSe231. For detailed investigation of the size-property relationship in CS systems 

differentiation between numerous aspects is required, as the degree of complexity in these 

cases is even higher than for pure core QDs. All three components, i.e., core composition, 

degree of a potential alloying and size of the shell need to be controlled exactly for different 

sizes in order to allow for valid interpretations. The fact that the density of such systems is 

changing will additionally complicate the evaluations, e.g. by AUC.  

Concluding, the newly developed purification method leads to a substantially decreased 

amount of organics in the samples. This allows an easier characterization of the small QDs by 

HRTEM and opens avenues to utilize them in electronic devices. This purification procedure 

is adaptable to different materials where crystal-bound thiols are used as ligand and sulfur 

source simultaneously in the synthesis. Depending on ligand chain length and polarity, 

further acids, probably with a lower acidity, may become interesting to purify nanocrystals.87  

  



  

 

 

6 Continuous Synthesis of CuInS2 

Quantum Dots 
 

6.1 Batch vs Continuous Synthesis of QDs 

Various routes exist for the synthesis of CuInS2 QDs, ranging from classical hot injection 

approaches234 to one-pot methods65, 166, 188, 190, 225. All techniques described in the literature 

are batch methods, suitable for the synthesis and optimization of only small amounts of 

material. Practical applications require the production of larger amounts of high quality QDs 

which includes good mixing and excellent heat and mass transfer during particle formation. 

For CdSe QDs as the most widely studied system in terms of size-property relationship26, 235-

236 and mechanisms and kinetics of nucleation and growth111, 121, 123-124, various reports 

concerned with synthesis optimization and design of the batch process237-238 for achieving g-

scale product yields exist. While the studies on CdSe QDs yield well-defined samples with 

relatively narrow PSD, the transfer of these empirical findings to other material systems 

remains challenging. The factors determining the PSD of a QD sample are not yet fully 

understood130. Actually, for most QD batch synthesis protocols very little information on 

mixing, heat and mass transfer and the related build-up of the thermodynamic driving force 

of particle formation, i.e., the supersaturation, is available.239 

Continuous processes offer advantages such as high reproducibility, large production rate, 

in-situ monitoring and simple automation coupled with a more effective heat transfer136, 240-

243. Furthermore, micromixing devices are well-characterized in terms of critical steps of 

particle formation137-139, 244-245. Several groups have utilized microfluidic systems for 

continuous syntheses of nanoparticles140, 158, 246-250 of various types and shapes, QDs152, 154, 

251-253 and core-shell systems153, 254-255. The evolution of the PSD of ZnO QDs during 

continuous synthesis was subject of rigorous mathematical optimization based on a 
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predictive model256. However, detailed studies on continuous synthesis of complex 

multicomponent systems are still missing. Main challenges related to the synthesis of CuInS2 

QDs are the simultaneous formation of the related binary compounds as well as the 

formation of ternary CuxInySz phases with varying compositions and crystal phases257,258. 

Furthermore, the batch synthesis yields products with a wide PSD76.239 

In this chapter, a continuous route to produce CuInS2 QDs based on flow chemistry will be 

described and compared to the batch synthesis of CuInS2 QDs. For the flow synthesis, two 

different continuous setups are utilized, a simple self-constructed tubular reactor (TR) and a 

commercial microreactor (MR). The synthesis strategy is derived from the one-pot method 

which was already described in previous chapters. The effects of reaction conditions and 

reactor characteristics on crystal structure, composition and optical properties of the 

products are analyzed. The relevance of technical aspects, such as mixing and heat transfer, 

on the synthesis itself and on products’ PSD will be discussed. It will be shown that the 

comparison of three reactor setups and the variation of reaction conditions do not only pave 

the way towards economical production of larger quantities of these multicomponent 

nanocrystals, but also offers the possibility to obtain products with narrower PSD, simplified 

post-processing and in addition sheds light on particle formation. The findings will be 

compared to state-of-the-art nucleation and growth models and the dependency of particle 

formation on temperature evolution will be discussed for the batch and the continuous flow 

syntheses.239   

The results presented in this Chapter have been published in a peer-reviewed journal (Akdas 

et al., RSC Advances, 2017, 7, 10057-10063, see ‘permissions’ in section B.3 for further 

details). The TEM investigations in the following have been performed by B. Winter 

(CENEM), the AUC experiments by J. Walter (LFG), the ICP-OES analysis in close collaboration 

with P. Hoppe (LFG) and the experiments in the MR were conducted in close collaboration 

with M. Haderlein (LFG). 
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6.2 Continuous QD Synthesis in Flow Reactors 

6.2.1 Introduction of the Flow Reactors 

Two flow reactors are used in the following to synthesize CuInS2 QDs continuously. 

Simplified flowsheets of the two reactors are shown in Figure 6.1. In case of the self-

constructed TR (Figure 6.1a), a stainless steel capillary was bent to a helical coil and placed in 

an oven with internal temperature control. In case of the MR (Figure 6.1b), a modular setup 

from Ehrfeld Mikrotechnik BTS GmbH was used. In this setup, a micro heat exchanger (Heat 

Exch) with piston ring geometry (Scheme 3.1, section 3.4.2.2) is used to transfer heat to the 

reaction solution efficiently within seconds. The residence time reactor (RTR), instead, has a 

rectangular geometry and dimensions in the millimeter range. The precursor solution was 

pumped into the reactors with syringe pumps using varying flow rates resulting in mean 

residence times τ̅ ranging from approximately 1.5 minutes to 26 minutes (see equation 2.4, 

section 2.3.1) in the performed experiments. Note that the residence time starts when the 

precursor enters the heated region of the pipe and does not necessarily coincide with the 

reaction time which is the time the reaction mixture is hold at a certain temperature.239 

a) b) 

  

Figure 6.1: Sketch of a) the self-constructed TR and the b) commercial MR. In both cases, the 

feed (1) is introduced into the reactor setup by a syringe pump (2) and the product is 

collected at the outlet (3). In case of the TR, the reaction is run in a stainless steel 

capillary (4) which is placed in an oven (5) with internal temperature control. In case of the 

MR, two thermostats (6) are heating and cooling, respectively, several heat exchangers (8) to 

ensure accurate temperature control of the setup. The main reaction zone is the meander 

reactor (9). The MR elements are mounted on a base plate (7).239 
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6.2.2 Considerations for Transfer of Batch Synthesis to Flow Reactors  

Control of the two above-mentioned aspects, namely heat transfer and mixing, is important 

for the outcome of a reaction and the product quality. In batch synthesis, reactants are 

simply mixed and heated up to reaction temperature under inert atmosphere. In continuous 

synthesis, and more specifically in flow reactors, additional requirements have to be taken 

into account. Preconditions for the feasibility of a continuous synthesis are a (i) clear and 

homogeneous reaction solution (ii) that can be pumped and (iii) that does not clog the 

channels of the reactors.239 

As the reactants for CuInS2 synthesis do not dissolve in 1-ODE at room temperature, the first 

step was the evaluation of a suitable routine for the preparation of a homogeneous solution 

which can then be introduced into the flow reactors in the second step. Considering the 

synthesis of CuInS2 from single-source molecular precursors65, 188, 259-260 and the large variety 

of possible thiolate complexes261-262, the in-situ formation of a tetragonal precursor 

complex166 is very probable. Based on the two-step nucleation and growth of CdSe QDs121 

and further recent findings in that field111, 120, 124, 127, an illustration of a possible reaction 

path for CuInS2 QD synthesis is given in Scheme 6.1. In the first step, dissolution of the 

reagents and formation of a precursor solution is achieved by heating the reaction solution. 

Further temperature increase leads to the decomposition of the precursors in the second 

step. This presumably results in “activated” monomers which eventually nucleate if their 

concentration is high enough and grow yielding CuInS2 QDs in the third step. From previous 

investigations87, it is known that side-products such as DOS are formed during reaction, (see 

section 5.2.2 for details). Precursor decomposition at temperatures below 240 °C is 

proposed as experiments revealed that particle formation is readily possible at ~220°C (see 

continuous experiments in the MR in Figure A3. 3, section A.3.2 in the appendix).239   

 
Scheme 6.1: Illustration of the reaction path as a three step process, starting from the single 

reagents to the final product.239 
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Based on the above-mentioned prerequisites concerning operability and the mechanistic 

aspects, a precursor solution has been prepared in batch under inert conditions by mixing all 

reactants and heating up. Various tests revealed that a homogeneous solution that can be 

pumped is obtained at temperatures ≥150°C. Interestingly, we found that the feed precursor 

solution is stable against oxidation. First tests performed in the MR showed that the 

precursor prepared at 150 °C yielded copper-deficient products, while the ideal precursor 

preparation temperature of 170 °C resulted in stoichiometric CuInS2 QDs at a reaction 

temperature of 220 °C. Increase of the reaction temperature to 230 °C and 240 °C influenced 

the reaction kinetics, but the product itself in terms of crystal structure or absorption 

properties was not affected (see continuous experiments in MR in Figure A3. 3 in 

section A.3.2).239  

 

6.2.3 Continuous Synthesis in a Tubular Reactor 

All reactions discussed in the following were carried out by preparing a precursor solution 

under inert conditions at 170 °C first, then pumping that solution into the TR preheated to 

240 °C. Mean residence times were ranging from τ̅ = 5 min to τ̅ = 20 min.239 

Structural characterization of the products revealed CuInS2 QDs with tetragonal crystal 

structure (see Figure A3. 6a, section A.3.4) and a composition of Cu : In : S = 1 : 0.9 

(±0.08) : 1.8 (±0.16). BF-TEM, HRTEM and STEM imaging performed by B. Winter (CENEM) 

provided additional information on the crystallinity and particle size of the CuInS2 QDs. 

Respective images of the products with τ̅ = 5 min and τ̅ = 20 min are shown in Figure 6.2. 

The QDs synthesized with τ̅ = 5 min are crystalline and show a narrow size distribution 

(Figure 6.2a, b). They exhibit very small sizes of 1.5 nm to 2 nm, therefore only a few lattice 

planes are visible in the BF-TEM and HRTEM images which explains the quite low contrast in 

the TEM images even using an ultrathin carbon layer (thickness 5 – 10 nm) as substrate for 

the QDs. The investigation of single particles reveals, as expected for chalcopyrite CuInS2, 

that the crystal lattice planes {112}CuInS2 can be observed with highest probability (lattice 

plane distance d112
CuInS2 = 0.31973 nm [ICSD no. 186714]). Similar results were obtained for 

QDs prepared with τ̅ = 20 min (Figure 6.2c), but beside the small QDs with sizes of 1.5 nm to 

2 nm, a few larger CuInS2 QDs with sizes of ~5 nm were present (see inset of Figure 6.2c).239 
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Figure 6.2: a) BF-TEM image of the 5 min sample showing CuInS2 QDs with a size of around 

1.5 nm to 2 nm – the insets show HRTEM images of two exemplary QDs with indicated 

{112}CuInS2 lattice planes (yellow lines) with a distance of d112
CuInS2 = 0.3197 nm. b) STEM 

image of the 5 min sample showing the CuInS2 QDs exhibiting a bright contrast. c) BF-TEM 

image of the 20 min sample showing CuInS2 QDs with a size of around 1.5 nm to 2 nm – the 

BF-TEM image in the inset shows the rare occurrence of bigger CuInS2 crystals besides the 

small crystals (yellow lines indicate {112}CuInS2 lattice planes with a distance of 

d112
CuInS2 = 0.3197 nm). 

 

Optical characterization of the products obtained for τ̅ = 5 min, 10 min and 20 min are 

shown in Figure 6.3a. The QDs synthesized with τ̅ = 5 min reveal an absorption spectrum 

with one single feature at ~520 nm and an absorption onset at ~650 nm. With increasing τ̅, 

both the absorption feature and the absorption onset shift to longer wavelengths 

(~560 nm and ~700 nm), indicating growth of the QDs with increasing τ̅, and thus, increasing 

reaction times (in accordance with TEM results). A similar tendency is observed in the 

emission spectra (Figure 6.3b) which show a slight shift of the maxima from ~660 nm to 

~680 nm from τ̅ = 5 min to τ̅ = 20 min. Furthermore, the emission intensity increases and the 

relatively broad signals seem to consist of only one feature, although not being perfectly 

symmetrical. Interestingly, the differences between the optical properties of the two 

samples τ̅ = 10 min and τ̅ = 20 min are relatively small in terms of exact position and shape 

of the absorption spectrum, however, a clear intensity increase accompanied by just a small 

shift is discernible in the emission spectrum. However, the emission intensities as such are 

quite low and PL QYs are below 1%, most probably due to processing under ambient 
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conditions. It is expected, however, that the QY can be raised to some 10 % when adding a 

ZnS-shell to the CuInS2 core particles (PL QY for the batch CuInS2-ZnS were ~50 %).239 

From the results so far, the following conclusions can be drawn. Importantly, the shifts in 

both spectra indicate a size-dependency of the optical characteristics. Due to the very small 

shift between the two samples with τ̅ = 10 min and τ̅ = 20 min, the growth rate of the QDs 

within that time seems to be small. However, a series of processes must take place resulting 

in an increase of the radiative recombination pathways relative to non-radiative ones. This 

behavior of increasing PL for single stabilized particles with progressing reaction time has 

also been observed for the batch synthesis (Figure A3. 1, section A.3.1 and Figure A3. 5, 

section A.3.3) and is similar to the reports on CdSe where it is referred to as ‘bright point’263. 

Explanations for that PL increase with time may be changes in (i) the PSD, (ii) the surface 

structure and/or (iii) the crystal structure due to a potential reorganization of the atoms and, 

finally, (iv) changes in the nature and bonding of stabilizing ligands on the surface. Most 

probably, a combination of factors leads to the observed changes. In the following, solely the 

effect of the PSD will be investigated.239   

a) b) 

 
 

Figure 6.3: Temporal evolution of a) absorption spectra, b) emission spectra of CuInS2 QDs 

synthesized in the TR with τ̅ = 5 min, 10 min and 20 min.239   

 

To precisely determine the changes in the PSD during growth, sedimentation velocity 

experiments were carried out by J. Walter (LFG) via AUC. The experiments reveal a very 

narrow PSD (τ̅ = 5 min) which then shifts to larger sedimentation coefficients with increasing 

τ̅ as shown in Figure 6.4. A very slight broadening is recognized (the normalized results are 
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compared in Figure A3. 7, section A.3.5). Calculations of the mean core diameter xc using a 

core-shell model and the multidimensional approach resulted in mean xc of 2.41 nm 

(τ̅ = 5 min), 2.61 nm (τ̅ = 10 min) and 2.68 nm (τ̅ = 20 min), respectively. The growth rate 

based on mean diameters can be estimated to initially 2.4 nm h-1 (between τ̅ = 5 min and 

10 min) slowing down to only 0.42 nm h-1 (between 10 and 20 min). A very small, negligible 

amount of larger particles (~4 nm) was detected for the τ̅ = 20 min sample, which is in 

accordance with the observations in TEM. More information on AUC results can be found in 

Table A3. 1, section A.3.5. The AUC results corroborate the growth of the particles as 

suggested by red-shift of the absorption and emission spectra and, thus, demonstrate the 

connection of the particle size with the optical properties. Furthermore, the fact that larger 

QDs in general exhibit higher emission intensities is in accordance with the batch results 

presented in Chapter 476. The slight broadening of the PSD with increasing τ̅ is ascribed to 

the absolute width of the residence time distribution (RTD). In the laminar flow regime, the 

resulting parabolic flow profile leads to a wider RTD for larger τ̅ in absolute numbers.239   

 

Figure 6.4: Sedimentation coefficient distributions for CuInS2 QDs synthesized in the TR with 

�̅� = 5 min, 10 min and 20 min.239   

 

6.3 Impact of Reactor Type on the Synthesis of CuInS2 QDs 

6.3.1 Comparison of the Products  

In the following, the products from synthesis in all three reactors, namely TR, MR and batch 

will be investigated and compared in terms of crystal structure, composition, optical 

properties and PSD. All reactions were carried out by preparing a precursor solution under 
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inert conditions at 170 °C first, then pumping that solution into the reactors preheated to 

240 °C. 1-ODEtechn was used in all experiments.  

In all cases, XRD analyses revealed tetragonal crystal structures with three main diffractions 

at exactly the same diffraction angles (see Figure A3. 6a, section A.3.4). Additional TEM 

investigations of the TR (Figure 6.2) corroborated these results. The inorganic composition of 

the samples was found to be almost identical, i.e., Cu1.0In0.9S1.8 for the TR product, 

Cu1.0In1.0S1.9 for the MR product and Cu1.0In0.8S2.0 for the batch product (slight deviations are 

within the experimental error, i.e., ± 10 % for both indium and sulfur). However, the organic 

content of the samples differed, making an adjustment of the post-processing procedure 

necessary. While many centrifugation cycles were necessary to purify the batch product87, 

just 2-3 cycles of centrifugation using MeOH-acetone or only acetone as poor solvent were 

sufficient for purification of the products synthesized in the flow reactors. The TGA curves 

given in Figure A3. 6b, section A.3.4, revealed that in all cases a final organic content of 

~45 wt-% was reached. The large number of centrifugation cycles necessary to purify the 

batch product indicates once more that these QDs are surrounded by a huge and rigid 

organic matrix which seems not to be the case for the products from flow synthesis. Further 

discussion on the impact of the organic matrix will follow below. From an economical point 

of view, continuous flow synthesis results in products which allow for an easier post-

processing saving time and money.239 

Turning to the optical properties, it should be mentioned first that the time-dependent 

growth of the QDs and the corresponding shifts in the absorption spectra were observed for 

products synthesized in all three reactors. Comparing the results in more detail, it becomes 

evident that samples synthesized with τ̅ = 5 min in TR and τ̅ = 3 min in MR demonstrate 

almost identical absorption and emission features (Figure 6.5). The closest respective batch 

sample showing an absorption onset at the same wavelength range was synthesized 45 min 

and reveals a broader absorption spectrum with one or two less distinct absorption features. 

The reason for the significant differences in reaction times will be discussed in section 6.3.3. 

Turning to the normalized emission spectra depicted in Figure 6.5b, the three products emit 

in the same wavelength range, only very small differences are apparent.239 
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a) b) 

  

Figure 6.5: Comparison of the a) absorption and b) emission spectra of CuInS2 QDs 

synthesized batchwise in the flask and in the flow reactors TR and MR, respectively. The 

reaction temperature was 240 °C in all reactions; corresponding τ̅ were 5 min in the TR, 

3.0 min in the MR and 45 min in the batch reactor.239   

 

To examine the PSD of the samples and to validate the previous results (Chapter 4) on the 

size-property relationship of CuInS2 QDs76, PSDs derived by sedimentation coefficient 

distributions were compared. The AUC analysis has been performed by J. Walter (LFG). 

Comparing the QDs synthesized in TR and in batch, it becomes evident that the PSD of the 

samples synthesized in the TR is much narrower (see Figure 6.6 and Figure A3.7, 

section A.3.4). The particle sizes range from 1.9 nm to 3.3 nm for synthesis in the TR, while 

sizes ranging from 1.6 nm to 3.7 nm are obtained in batch. Thus, the overall width of the PSD 

could be reduced from 2.1 nm in batch to 1.4 nm in TR (reduction by ~30%).239 

On closer inspection, similarities but also a deviation between the AUC results and the 

absorption spectra become apparent. First, smaller particles are present in the batch 

product, which are detected by AUC and are also found in the absorption spectra (less 

distinct second feature at ~480 nm). Second, the AUC identifies larger particles in the batch 

product as the upper ends of the PSDs deviate for the two products. This finding, however, is 

not supported by the absorption spectra as the absorption onsets of the TR and the batch 

samples are located at nearly equal wavelengths. Since we can exclude the existence of 

products with different crystal structure and varying inorganic composition from our TEM, 

XRD and ICP-OES studies, it is very likely that aggregation occurred during the batch 

synthesis - a finding that was also proposed in Chapter 476. The organic molecules seem to 
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form ligand-mediated bridges between the QDs and thereby link them to each other, 

resulting in the detection of larger particle sizes in AUC. As the aggregates are not visible in 

the absorption spectrum, it is likely to conclude that electronic communication between the 

single QDs does not exist. Presumably, the aggregation of the QDs in the batch synthesis and 

their strong encapsulation in an organic matrix resulting in tedious purification procedures 

are linked to each other. Furthermore, these findings serve to explain the moderate 

separation efficiencies in case of SSP.239  

Summarizing, the TR product (τ̅ = 5 min) exhibits a relatively narrow PSD (AUC, absorption 

spectroscopy and TEM). For the batch product, in turn, the existence of smaller species was 

proven by AUC, absorption and TEM76 confirming it’s broader PSD. Additionally, aggregation 

was recognized in the batch product by AUC.239  

 

Figure 6.6: Comparison of the PSDs obtained from SV-AUC experiments of CuInS2 QDs 

synthesized in the TR and in the batch reactor.239   

 

6.3.2 Theoretical Aspects and Comparison of the Reactors  

To understand the results and their dependency on the reactor type, a deeper look at mixing 

and heat transfer in the single reactors is necessary. While internal temperature 

measurements were possible in the MR and in the flask, estimations were necessary to 

describe the temperature evolution within the self-build TR. The results of the calculations 

which characterize mixing and heat transfer are summarized in Table 6.1 and reveal huge 

differences between the three reactors. The equations, physical parameters and reactor 

dimensions used for the calculations are given in sections 2.3.4 and 3.4.2. The Prandtl 

number Pr as the ratio of momentum to heat transfer which solely depends on the 
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kinematic viscosity and thermal conductivity of the fluid was approximated to be ~11 

(calculated according to equation 2.14 in section 2.3.4 using the physical properties of the 

fluid at 503.15 K given in section 3.4.2). While the Reynolds number Re demonstrates that 

the flow is laminar in both flow reactors, it reveals turbulent mixing in the batch reactor. To 

further characterize the flow in the curved pipe of the TR, the Dean number De was 

calculated. A value of De ~ 3 additionally indicates the absence of vortices in the TR. The 

Nusselt number Nu was calculated to be 3.8 and 3.7 for the TR and the residence time 

reactor of the MR (MR - RTR), respectively. These values obtained under constant wall 

temperature reveal that the flows in both systems are hydrodynamically fully-developed. 

Regarding the heat exchanger of the MR (MR - Heat Exch), a Nu value of 7.5 was obtained 

revealing that this module is too short in length for the flow to be fully developed. Note that 

no Nu number is given for the batch reactor as there are no adequate solutions to describe 

this quantity in the flask in a meaningful way. Regarding the heat transfer coefficient h and 

the rate of heat flow Q̇, the lowest values were determined for the TR (~120 W m-2 K-1 and 

5 W). The approximations for the MR - Heat Exch resulted in larger values of h and Q̇ 

(~1300 W m-2 K-1 and 24 W), with h being lower than in the batch reactor (~2500 W m-2 K-1)  

 

Table 6.1: Comparison of mixing and heating in the three reactor systems, namely the TR, 

the MR and the flask (batch). Thereby, the two dimensionless quantities Reynolds number 

Re and Nusselt number Nu characterize the flow, while the heat transfer is described by the 

heat transfer coefficient h and the rate of heat flow Q̇. The two separate parts of the MR, 

namely the heat exchanger (MR - Heat Exch) and the residence time reactor (MR - RTR), 

were considered separately for the calculations.239  

Reactor Re Nu H Q̇ 

 [-] [-] [W m-2 K-1] [W] 

TR 20 3.8 120 5 

MR – Heat Exch 13 7.5 1300 24 

MR – RTR  3 3.7 28 1 

Batch 11300 - 2400 9 
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and Q̇ being much higher compared to the batch reactor (9 W). These estimations can be 

explained by the fact that the h values depend on the flow conditions, and thus are higher in 

case of turbulent flow in the batch reactor, while the different Q̇ values result from the 

differences in surface-to-volume ratio.  

The temperature curves in Figure 6.7 show the calculated temperature evolution within the 

TR and the comparison of the heating period for all three reactors, respectively. The results 

indicate that the temperature in the TR evolves along the tube length and depends on the 

flow rate as can be seen in Figure 6.7a. Comparing the temperature evolution with time for 

all three reactors in Figure 6.7b, it is apparent that heat transfer is most efficient in the MR 

where only a few seconds are needed to reach the desired reaction temperature (240 °C). In 

TR, it takes ~3.5 min to reach 240 °C for all flow rates, while heating up is slowest in the 

batch reactor with ~13 min (temperature was measured in-situ, curve has been 

smoothened). This effect of the ratio of surface area of the respective reactor to volume of 

reaction solution that needs to be heated is therefore clearly visible in the heating rates. 

With a tube diameter of only 2.2 mm in the TR or 220 μm in the Heat Exch of the MR, a 

lower heat transfer coefficient still results in a faster heating rate than in the flask.239  

a) b) 

  

Figure 6.7: a) Calculated evolution of the temperature in the TR for different τ̅ and 

b) comparison of temperature evolution in the three reactors, TR (blue dotted line), MR 

(cyan dashed line the batch reactor) and in batch (purple dashed-dotted line). The 

temperature profile of the batch reactor has been smoothened.239  
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6.3.3 Relevance of Heat Transfer in CuInS2 QD Synthesis 

The results demonstrate the successful synthesis of CuInS2 QDs with tetragonal crystal 

structure in three different reactors. The main difference between the products synthesized 

continuously in the flow reactors and the product from batch synthesis is the width of their 

PSD. Products from continuous syntheses have much narrower PSDs than in batch 

syntheses, even though a slight dependency of the PSD width on τ̅ is recognized. Moreover, 

aggregation is likely to occur in batch synthesis. In view of the fact that the reagents and the 

preparation procedures were identical for reactions in all three reactors, and considering the 

detection limits of our analysis methods, it becomes evident that the main reasons for 

product variations originate from the impact of different reactor characteristics on the 

various reactions and the related reaction kinetics.239  

While the flow in the continuous reactors was laminar, turbulent mixing was assured in the 

flask by stirring the reaction solution vigorously. However, comparing the products obtained 

in the three reactors, the impact of mixing on the synthesis product in terms of crystal 

structure and inorganic composition appears to be marginal. Thus, it can be stated that 

intense mixing is not necessary to ensure a successful synthesis of CuInS2 QDs, provided that 

the precursor has been synthesized in a separate process step before. This aspect indicates 

that the important mechanism in this certain reaction is rather the heat transfer than the 

mass transport.239 

In section 6.3.2, it was shown that heat transfer is most efficient in the MR and least efficient 

in the flask. This has serious consequences for both, the duration of the heating period and 

the duration of the reaction itself. Heating up to a reaction temperature of 240°C takes only 

a few seconds in MR, ~4 min in TR and ~13 min in the flask (Figure 6.7b). Similarly, the 

duration of the reaction is shortened down to a few minutes in the flow reactors, while the 

reaction takes much longer in the batch reactor (Figure 6.5). Note that these dramatic 

increases in efficiency of heat transfer were possible without increasing the power input. 

The improved heat transfer affects both, the kinetics of QD formation and the kinetics of the 

side-reactions, the latter resulting in changes in the organic matrix around the QDs (as 

proven by TGA and AUC results). In the following, the impact of heat transfer will be 

discussed in detail for both, the continuous and the batch syntheses.239  
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Based on LaMer-type growth and the strong dependency of reaction kinetics on 

temperature, two scenarios are depicted in Scheme 6.2 illustrating the formation of CuInS2 

QDs in the different reactors. In the flow reactors used in this study, the heating period is 

relatively short and 240 °C is reached quickly. This results in quasi simultaneous 

decomposition of the precursors followed by a sudden nucleation event, similar to the 

theoretical ‘burst’ nucleation known from the hot injection (HI) method (illustrated by the 

fast heating curve – blue dotted line – in Scheme 6.2). As the wall temperature in the flow 

reactors is constant, (i.e., no temperature fluctuations occur), and as there is ideally no 

mixing between earlier and later entering fluid (i.e., no backmixing), a defined stream of 

reaction solution is flowing along the tube. The nuclei formed in the beginning grow and 

have all a similar growth history, resulting in a relatively narrow PSD of the product, as 

confirmed by AUC analysis. The fact that the reaction proceeds relatively fast in the flow  

 

Scheme 6.2: Effect of the heating rate on the build-up and decline of supersaturation. The 

fast heating curve (blue dotted line) depicts the situation in the flow reactors, while the slow 

heating curve illustrates the reaction progress in the batch reactor (black dashed line).239 
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reactors (a few minutes opposed to 45 min in batch) might follow from two effects. First, the 

effective and homogeneous heat transfer in the tube enhances the decomposition of the 

precursor and, thus, the formation of monomer units. This does not only influence the 

formation of nuclei but also their growth. Second, also the reaction kinetics of the side-

reactions are varied, affecting the organic matrix and, eventually, colloidal stability of the 

particles. As the organic matrix in the TR product seems to be less rigid, growth of the 

particles might be fastened.239  

In the batch reactor used here, the heating period is comparably long, resulting in a slow 

reaction during heat-up (HU) as depicted in Scheme 6.2 (black dashed line). Considering that 

the precursor decomposes at temperatures ~220 °C or even below (see Scheme 6.1, 

section 6.2.2), activated monomers can already form and accumulate in the solution over a 

long period of time before the desired reaction temperature is reached. Thus, a longer 

heating period as in the case of batch reaction increases the probability for nucleation to 

start prior reaching final reaction temperature. This results in a wide overlap of (i) formation 

of activated monomers, (ii) nucleation and (iii) growth and, thus, yields a wider PSD. The 

broad PSD becomes even more evident when considering the temperature fluctuations 

during the batch synthesis in the flask (electrical heating: 239°C ± 5°C). These fluctuations 

will definitely influence the monomer supply kinetics and might even result in spontaneous 

nucleation events during synthesis. This serves to explain broad and potentially even 

bimodal PSDs.239  

 

6.4 The Potential of Continuous Synthesis 

Although the advantages of QD synthesis in flow reactors had been proposed before, 

evidence was missing so far as most studies were performed on CdSe QDs which have 

already a very narrow PSD in batch synthesis. The PSD of multicomponent QDs from batch 

synthesis, however, is usually quite broad irrespective of the synthesis method used. In this 

chapter, the influence of three reactors with fundamentally different characteristics on the 

product properties of CuInS2 QDs was investigated. The two continuous flow syntheses in a 

self-constructed TR and in a commercial MR were compared with the batch synthesis in a 

three-necked round bottom flask. Thereby, a strong impact of heat transfer on overall 
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reaction kinetics and products’ PSD was found, revealing the importance of the heating rate 

on the synthesis of multicomponent QDs.239  

The transfer of the batch synthesis routine to a continuous setup was enabled by the 

preparation of a precursor solution prior to synthesis. Once prepared under inert conditions, 

the low viscous precursor solution was found to be stable under ambient conditions. 

Remarkably, the continuous syntheses had several advantages:  

(1) Compared to the batch synthesis, the reaction time was dramatically reduced 

down to a few minutes in the flow reactors (reaction temperature 240 °C in all 

reactors).  

(2) Syntheses products were almost identical in terms of crystal structure and 

inorganic composition, however, a significant impact of the reactor type on the 

width of the PSD of the samples was recognized. Overall, the PSD is significantly 

narrower in the flow syntheses compared to batch synthesis.  

(3) Changes in the organic matrix surrounding and stabilizing the QDs urged the need 

to change the post-processing routine. Purification of the products from 

continuous syntheses was simplified and economically more feasible as the 

number of centrifugation cycles was reduced.      

These improvements were mainly ascribed to a much more effective heat transfer in flow 

reactors in comparison to batch routines, influencing the reaction kinetics. Mixing is found to 

play a minor role once a homogeneous precursor solution is prepared. The results suggest a 

strong influence of the reactor design on the mechanism of nucleation and growth and on 

the kinetics of side-reactions, eventually determining the PSD of the product. Based on the 

LaMer model and recent findings concerning the formation mechanism of semiconductor 

nanocrystals, a possible reaction scheme was developed for both continuous flow and batch 

syntheses. Accordingly, the effective heat transfer combined with accurate temperature 

control in flow reactors results in a sudden burst nucleation with defined growth afterwards. 

Contrary to that, the slow heating rate and less defined temperature control in batch 

synthesis leads to a long period in which nucleation and growth overlap and result in a 

comparably broad PSD.239  
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Concluding, the one-pot synthesis of CuInS2 QDs was successfully transferred to a 

continuous flow system and the impact of reactor type on QD synthesis and products’ PSD 

was investigated. The newly developed routine in flow reactors offers the possibility to 

produce larger amounts of QD material with well-defined PSD in shorter time coupled with a 

simplified post-processing routine. The small differences of the products synthesized in MR 

and TR indicate that these processes were conducted in a regime where heating is not a 

limiting factor. Therefore, the TR applied within this work is well-suited for upscaling.239 

 



 

 

 

7 Conclusion  

 

 

7.1 Summary of the Findings and Contributions 

In the framework of this thesis, various aspects of the processing of non-toxic chalcogenide 

QDs were investigated and both, the unit operations as well as the products were optimized. 

The ternary I-III-VI2 material CuInS2 and its related core-shell (CS) structure CuInS2-ZnS were 

used as model systems. The investigations provided deep insights into the interplay between 

structural and optoelectronic properties which was possible only due to the unique 

combination of advanced characterization techniques. In the following, the main findings 

shall be summarized briefly. General conclusions will be drawn subsequently.    

Starting with the batch process and product investigations (Chapters 4 and 5), the 

foundation for characterization and understanding of the quantum-confined ternary 

material system CuInS2 was laid in Chapter 4. Scheme 7.1 illustrates the procedure used to 

determine the size-property functions. The feed with broad PSD and indistinct spectra as 

obtained from the synthesis was purified first, then classified into several fractions by 

performing SSP. Characterization of each fraction was carried out thoroughly with 

complementary methods, such as HRTEM, AUC, XRD, ICP-OES. The experiments revealed 

that the broad and indistinct features of the optical spectra can be related – at least partly – 

to the presence of a broad size range in the feed sample. An interesting aspect in accordance 

with observations on other material systems was the discovery of increased emission in the 

larger size fraction, offering the opportunity to enhance a samples’ emission in a post-

synthetic step.  
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Scheme 7.1: Determination of the size-property functions for multicomponent QDs via SSP 

and analysis of the obtained fractions.76  

 

After having unraveled the origin of the broad optical spectra in the stoichiometric product, 

optimizations in the synthesis and post-processing were performed with the aim to obtain 

enhanced optical properties (Chapter 5). As a first synthesis modification, copper-

deficiencies were introduced into the product by varying the starting composition, resulting 

in an enhancement of the PL QY from initially ~2% for the stoichiometric product up to a 

maximum of 15% for the copper-deficient product. Thereby, the tetragonal crystal structure 

of the material was maintained. Following the synthesis, modification of the purification 

procedure was conducted aiming at (i) less organic compounds in the final product, (ii) less 

solvent consumption during the process and (iii) lowering the number of centrifugation 

cycles, all together saving time and costs in the post-processing routine. Comparison of three 

different antisolvent mixtures in the purification process, namely acetone, MeOH-acetone 

and HAc-acetone, revealed the huge impact of solvent choice on the final product. It was 

found that purification of QDs with crystal-bound thiol surfactants is conducted most 

efficiently when using HAc-acetone as antisolvent mixture. This removes most organic 

compounds and residual metal salts from the matrix surrounding the QDs. However, the 

purification results in a surface etching which leads to a degradation of the emission.  

In order to minimize the negative side-effect of emission degradation upon purification, the 

QDs were coated with a ZnS shell in the second step of synthesis modification. The same 

three different antisolvent mixtures were tested, revealing that HAc-acetone is again most 
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effective. Optical characterization of the three purified products combined with 

compositional and structural analyses provided information on the structure of the CuInS2-

ZnS QDs. It was found that an alloy is formed with a gradient ZnS content and an outer shell 

of ZnS. This ZnS shell protects the inner core of the type-I CS system from the negative 

impact of the purification process, resulting in products with highest degree of purification 

and best optical performance (PL QY ~30%) when using HAc-acetone. Additionally, HRTEM 

imaging of the particles revealed that size-focusing takes place upon addition of the ZnS 

precursor. Scheme 7.2 illustrates the results presented in Chapter 5. 

 

Scheme 7.2: Modifications on the synthesis and the post-processing for enhanced emission. 

The purification with HAc-acetone resulting in surface etching is illustrated for CuInS2 and 

CuInS2-ZnS QDs. R denotes the alkyl chain of the ligands, Mn+ is the metal ion (Cu+, In3+ or 

Zn2+), H+ is the proton of the acid used for purification. 

 

Summarizing the investigations on the batch process, a deeper understanding of the 

interactions between process design, sample composition and product properties have been 

achieved. This allowed for a tuning of the emission up to a PL QY of 40%. The presented 

findings result from exhaustive and in-depth analyses of the products which requires – 

especially in the case of such complex multicomponent systems – a combination of very 

accurate experimentation and complementary analysis techniques. 
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As a point towards large scale production, the synthesis of CuInS2 QDs was transferred from 

the batch process in a flask to flow reactors in Chapter 6. The continuous process couples 

many advantages: Besides allowing for (i) production of larger amounts of material, (ii) the 

reaction time is shortened dramatically to just a few minutes, (iii) the products’ PSD is 

narrowed and (iv) post-processing in terms of purification is simplified significantly. The main 

reason for these improvements in comparison to the batch process is the intensified heat 

transfer in tubular reactors (TR), as illustrated in Scheme 7.3. The improved heat transfer 

results in a change of the reaction kinetics for both, nucleation and growth of the QDs as 

well as for side-reactions. Besides these changes, one of the main characteristics known 

from the batch synthesis of CuInS2 QDs (and other QD systems) is maintained, which is the 

fact that large, stable primary particles emit stronger than smaller, unstable, agglomerated 

or aggregated ones. Therefore, the PL of the samples, regardless whether synthesized in a 

flask or in a TR, increased with reaction time until a bright point was reached. Summarizing, 

it can be stated that the processing of multicomponent QDs becomes easier and more 

efficient in TRs due to the immense importance of the heat transfer in heat up reactions. 

This makes thorough purification procedures and SSP unnecessary which is beneficial from 

many perspectives, as not only the profit margin is raised, but also the degradation of 

product properties in the post-processing can be reduced down to a minimum.    

 

Scheme 7.3: Impact of reactor type on the synthesis parameters and the disperse properties 

of the product.239 
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7.2 General Conclusions for Production of QD Formulations 

Altogether, it can be stated that non-toxic multicomponent QD systems are comparable to 

binary systems and, thus, product and process optimizations can be achieved for both of 

them following basic common rules. Fundamental requirements for the products are  

(1) stable single particles with narrow PSD that are  

(2) as large as possible in order to minimize the impact of surface defects (tuning of 

optical properties should rather occur by composition control than by reduction 

of size) and 

(3) in which efficient saturation of the dangling bonds is assured. This can be 

accomplished by effective stabilization either with organic ligands, inorganic ones 

or by growth of an inorganic shell.  

Importantly, the number of post-processing steps should be reduced to a minimum in order 

to avoid post-synthetic degradation of product properties. Thus,  

(1) purification as the most relevant step of post-processing should be as efficient as 

possible (consider balance between a high amount of stabilizing, but quenching 

organics and surface etching causing dangling bonds) and  

(2) further post-processing steps such as SSP should be avoided completely if 

possible.  

This means that ideally, the product from synthesis should already come up to the 

expectations existing on the desired product. For CuInS2 QDs prepared by heat up (HU), all of 

this can be accomplished by performing a continuous synthesis in TRs rather than a batch 

HU synthesis with a slow heating ramp.  

Scheme 7.4 summarizes the steps necessary for production of colloidal nanocrystal 

formulations in general. From the investigations presented above, it is evident that no 

differentiation is needed for the processing of different material systems, instead general 

rules can be derived for all systems. The process is divided into a ‘synthesis part’ and a post-

synthesis part called ‘post-processing’. Characterization of the product and monitoring of the 

process parameters is required at each step. Ideally, the process should be fully-automated 

and operated in a continuous manner. The rudimentary steps necessary in all cases are listed 
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in the first line and framed by a solid blue line (i.e., mixing of the reactants, synthesis, 

purification etc.). Unit operations that are not required necessarily but might be added to 

the process as an option, e.g. shell growth and ligand exchange, are framed by a light blue 

dashed line. Finally, those steps that should be avoided ideally are framed by a dashed red 

line. As an example, SSP can be avoided in the production of CuInS2 QDs if the synthesis is 

run in a TR (as it was shown in this work). The separately listed step of precursor preparation 

is currently necessary for continuous QD synthesis in TRs, while it is not required for batch 

HU synthesis. This step should be avoidable also for flow synthesis in future when synthesis 

routines specially designed for flow reactions will be available.  

 

Scheme 7.4: Process steps for production of nanocrystal formulations based on the 

presented findings for multicomponent nanocrystals. Ideally, the main steps (dark blue 

frames) should run continuously and automated, optional steps (illustrated by blue dotted 

frames) may be added at accurate positions if necessary. The number of unit operations 

should be reduced to a minimum of necessary steps, i.e., unit operations framed by red 

dashed lines should be avoided if possible. 

 

7.3 Future Directions  

Recent achievements give important insights into the interplay between processing and final 

properties of non-toxic chalcogenide QDs. Nevertheless, there is the need for further 

progress in research in order to enable a future commercialization of non-toxic QDs. While 
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potentially interesting questions and experiments directly related to the topics investigated 

in this work were addressed in the summary and conclusion parts of each results chapter, 

the questions raised in the present section are directed towards more general future 

challenges and directions. 

While a wide range of technical components for the production of all kinds of chemical 

products are commercially available, the implementation and optimization of the processes 

for the continuous production of high-quality QD formulations is still challenging due to 

incompatibilities and difficulties regarding the chemistry of QDs. For optimized, high quality 

products, new concepts allowing for composition control, precursor and ligand design are 

required. Thus, one of the main tasks will be the design of new synthesis routes which are 

compatible with TRs and allow for continuous production of various high quality QD systems, 

whereby the definition of quality depends on the foreseen field of application. Ideally, the 

reactions should be conducted at temperatures as low as possible. Furthermore, it is highly 

desirable to not only perform the synthesis of core QDs in a continuous manner, but also the 

synthesis of CS QDs as well as the post-processing of the synthesized materials. 

Irrespective of the operation mode, a deeper understanding of reaction mechanisms, the 

role of single components, the elucidation of nucleation and growth etc. is of fundamental 

importance to enable targeted material design. For both, scientific achievements as well as 

an industrial implementation of non-toxic QD systems, there is, as shown in this work, no 

alternative to the combination of careful experimentation combined with in-depth analysis, 

including basic as well as advanced methods. Only by doing so, the understanding of (i) key 

factors determining the outcome of particle formation in terms of composition and disperse 

properties and of (ii) the interaction of QDs with their surroundings will expand. Both 

aspects will finally result in a better control of material properties and, thus, improve the 

performance of the product.  

Finally, at least as significant as all afore-mentioned points are general considerations 

regarding toxicity, danger potential and waste management. Great efforts need to be 

undertaken to keep the environmental impact at a minimum. 
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9 Notations 

 

Abbreviations 

AUC   analytical ultracentrifugation 

BFTEM   bright field transmission electron microscopy 

CS   core-shell 

DAP   donor-acceptor pair 

e.g.   lat.: exempli gratia, engl.: for example 

eq   equivalent 

EMA   effective mass approximation 

FTAS   femtosecond transient absorption spectroscopy 

FWHM   full width at half maximum 

Heat Exch  heat exchanger 

HI   hot injection 

HRTEM  high resolution transmission electron microscopy 

HU   heat up 

i.e.   lat.: id est, engl.: that means 

ICSD   inorganic crystal structure database 

ICP-OES  inductively coupled plasma optical emission spectroscopy  
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LED   Light Emitting Diode 

me/h*    effective mass of electron/hole 

MR   microreactor 

NIR   near infrared 

NMR   nuclear magnetic resonance 

NOPA    noncollinear optical parametrical amplifier 

OD   optical density 

PFTR   plug flow tubular reactor 

PLE   photoluminescence excitation 

PL QY   photoluminescence quantum yield 

PSD   particle size distribution 

QD   quantum dot 

QDSSC   quantum dot sensitized solar cell 

QLED   QD based Light Emitting Diode 

RoHS   Restriction of Hazardeous Substances 

S   supersaturation 

SAED   selected area electron diffraction 

SAM   self-assembled monolayer 

SSP   size-selective precipitation 

STEM   scanning transmission electron microscopy 

surf. cov.  surface coverage 

SV-AUC  sedimentation velocity analytical ultracentrifugation 
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TAPPS    transient absorption pump / probe system  

TCSPC   time correlated single photon counting  

TEM   transmission electron microscopy  

TG   thermogravimetry 

TGA   thermogravimetric analysis 

TR   tubular reactor 

UV   ultraviolet 

vis   visible 

XPS   X-ray photoelectron spectroscopy 

XRD   x-ray diffraction 

 

 

Latin Symbols 

a   conductibility of temperature   [m2 s-1] 

Ac   cross-sectional area of pipe    [m2] 

AQD   surface area of QD     [nm2] 

Bo   Bodenstein number     [-] 

ckrit   critical concentration     [mol l-1] 

c(D)    diffusion coefficient distribution   [m2 s-1] 

c(s)    sedimentation coefficient distribution  [sved] 

cp   specific heat capacity     [J kg-1 K-1] 

csol   solubility limit      [mol l-1] 
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Da   Damköhler number     [-] 

De   Dean number      [-]  

dB   diameter of batch reactor    [m] 

dF   diameter of flow channel in tubular reactor  [m] 

dh   hydraulic diameter      [m]  

di/a   inner/outer diameter of piston ring   [m] 

dshell   shell thickness      [nm] 

Eexc   excitation energy     [eV] 

Egap   bandgap energy     [eV] 

Egap (x)   size-dependent bandgap energy   [eV] 

Ehν   photon energy     [eV] 

f   stirrer rotations     [s-1] 

Fρ   inertial force      [N] 

Fη   frictional force     [N] 

∆G   overall free energy     [J] 

∆G*   free energy of crystal with critical radius  [J] 

∆Gs/v   surface/volume free energy of crystal  [J] 

∆H   free enthalpy      [J] 

h   heat transfer coefficient    [W m-2 K-1] 

He   helical number     [-] 

K   dimensionless shape factor    [-] 

kr   specific reaction rate     [(l mol-1)n-1 s-1] 
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l   length of tube      [m] 

L   characteristic dimension of reactor   [m] 

Lhkl   coherence lengths     [nm] 

[M]   monomer concentration    [mol l-1] 

Morg   molecular mass of organic molecules  [g mol-1] 

ṁ   mass flow rate     [kg s-1] 

mc/f/r   mass of coarse/fines/residuals fraction   [kg] 

morg/QD,s   mass of organics/QDs in the sample   [kg] 

mQD   mass of each QD      [kg] 

mtot   total mass of the sample    [kg] 

n   refractive index     [-] 

NML/QD   number of monolayers/QDs    [-] 

Norg/QD,s   number of organic molecules/QDs in the sample [-] 

Nu   Nusselt's number     [-]   

P   perimeter of the tube     [m] 

p   pitch length of helical coil    [m] 

Pe   Peclet number     [-] 

Pr   Prandtl number     [-] 

Pr   Prandtl's number     [-] 

qwall   wall heat flux      [W m-2] 

q3   volume density distribution    [nm-1] 

Q̇conv/cond   rate of convective/conductive heat flow  [W] 
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rBohr    Bohr radius      [nm] 

rNC    radius of nanocrystal     [nm] 

rc   critical radius of nuclei    [nm] 

R   radius of curvature path of channel   [m] 

Rc   critical radius of helical coil    [m] 

Re   Reynold's number     [-] 

rpm   rounds per minute     [min-1] 

t   time       [min] 

T   temperature      [K] 

ΔT   temperature difference    [K] 

ΔTad   adiabatic temperature rise    [K] 

u̅   mean flow rate     [m2 s-1] 

V̇   volume flow rate     [m3 s-1] 

Vm   molar volume      [m3 mol] 

VMR/TR   reactor volume (micoreactor/tubular reactor) [m3] 

wt-%   weight percent     [-] 

x   diffusion path length     [m] 

xh   hydrodynamic diameter    [nm] 

xc    core diameter      [nm] 

Z   heat transfer      [-] 
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Greek Symbols 

β   line broadening     [rad] 

η   dynamic viscosity     [Pa s] 

εr   relative permittivity of  a material   [F m-1] 

γ   surface free energy     [J m-2] 

λ   wavelength      [nm] 

λexc   excitation wavelength    [nm] 

κ   thermal conductivity     [W m-1 K-1] 

ν   kinematic viscosity     [m2 s-1] 

ρ   density      [kg m-3] 

θ   Bragg angle       [rad] 

𝜏̅   mean residence time     [min] 

 

  

Constants 

e    elementary electric charge    1.602*10-19 C 

ε0   vacuum permittivity      8.854*10-12 F m-1 

me   mass of electron     9.11*10-31 kg 

NA   Avogadro's constant     6.022*1023 mol-1 

R    ideal gas constant     8.314 J mol-1 K-1 
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Chemicals 

1-ODE   1-octadecene 

1-DDT   1-dodecanethiol 

CHCl3   chloroform  

DOS   dodecyloctadecylsulfide 

HAc   acetic acid  

MeOH   methanol 

OLA   oleylamine 

PTFE   polytetrafluoroethylene 

Rho6G   rhodamine 6G 

 



 

 

 

A Appendix 

 

 

A.1 Additional Data for Size-Property Relationship 

All following data plus further information has been published by Akdas et al.76 in Nanoscale, 

2015, 7, 18105-18118 (see ‘permissions’ in section B.1). 

 

A.1.1 Theoretical background of analytical ultracentrifugation  

The Lamm equation provides a thermodynamic approach of the centrifugation process by 

considering the movement of particles due to sedimentation and diffusion in a mass 

conservation approach175: 

 

∂c

∂t
= D(

∂2c

∂r2
+
1

r

∂c

∂r
)

⏟          
diffusion

−ω2s (r
∂c

∂r
+ 2c)

⏟          
sedimentation

  (A1.1) 

∂c/∂t is the change in mass concentration with time as a function of the radius r. The 

sedimentation coefficient s has the dimension of time and is usually expressed in Svedberg 

with 1 sved equal 10−13 seconds. The Svedberg equation correlates the sedimentation and 

the diffusion coefficient: 

 M =
sRT

D(1 − ν̅ρs)
 (A1.2) 

M denotes the molar mass of the particle, R is the gas constant, T is the temperature of the 

experiment in Kelvin, ρs is the density of the solvent and ν̅ is the partial specific volume, 
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which is the inverse of the particle density. With known particle density ρp and solvent 

parameters the hydrodynamic diameter xh of the particles can be calculated according to 

Stokes’ equation: 

 xh = √
18ηs

ρp − ρs
  (A1.3) 

η is the viscosity of the solvent and ρp is the density of the particle. Using the direct 

boundary c(s) model implemented in Sedfit, the sedimentation coefficients distribution can 

be determined. The c(s) model calculates the distribution of the diffusion corrected 

sedimentation coefficients by fitting the experimental data to the direct solution of the 

Lamm equation176. However, it assumes a spherical particle shape and a constant ν̅ for the 1-

dimensional parameterization. In contrast, the c(s,D) model also allows for variations in the 

partial specific volume for particles of known shape by spanning a 2-dimensional grid of s 

and D values177. For spherical particles, the partial specific volume and size of the particles 

can be calculated without prior knowledge on the QDs by using the sedimentation and 

diffusion coefficient distributions194, 264.  

Herein, it has to be noted that the resolution of the 2-dimensional c(s,D) model in Sedfit is 

limited by the maximum number of computable grid points (900 points in the present case). 

The software Ultrascan3 offers a much higher resolution as it can access supercomputing 

capabilities in combination with the 2-dimensional spectrum analysis (2DSA)265. However, 

the current 2DSA model does not include regularization which would be required to stabilize 

the solution of Lamm’s equation. Thus, evaluation of polydisperse samples such as 

considered in this work is not possible so far because heavy peak splitting is observed during 

analysis using 2DSA. 
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A.1.2 Results of 2-dimensional AUC analysis 

For the feed, coarse fraction #1 and residuals fraction #3 one main species is obtained each, 

whereas two species were found for the fines fraction #2. Further, it becomes clear that the 

distributions of the feed and fraction #1 are very similar with a comparably narrow range of 

sedimentation coefficients. In contrast, fraction #2 reveals a second main species at 

6.96 sved, which was not observable in the feed before. For fraction #3, a much faster 

sedimenting species with a very broad sedimentation coefficient distribution is found. 

 

  

a) b) 

  

c) d) 

 

 

Figure A1. 1: 2-dimensional sedimentation and diffusion coefficient distributions of the a) 

feed, b) coarse fraction #1, c) fines fraction #2 and d) residuals fraction #3 as obtained by the 

c(s,D) analysis performed using Sedfit, Version 14.6e. Colours from purple to red indicate a 

higher relative concentration. 
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A.1.3 Composition of the Single Fractions 

 

 

 

A.1.4 Additional Tests for Optical Characterization after SSP 

 

 

 

 

a) b) 

  

Figure A1. 2: a) XRD pattern of the feed (black line), coarse fraction #1 (red line), fines 

fraction #2 (green line) and residuals fraction #3 (cyan blue line). b) Results of TG analyses of 

the feed (black line), coarse fraction #1 (red dashed line), fines fraction #2 (green dotted 

line) and residuals fraction #3 (cyan blue dashed-dotted line).  

 

Scheme A1. 1: Illustration of the tests to check the origin of the emission behavior after SSP. 
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Remarks to test 1 

According to section 5.2.5, the emission intensity of (non-stoichiometric) CuInS2 QDs 

depends on the purification and thus on the organic surrounding of the nanocrystals. The 

more effective the purification, i.e., the less organics in the sample, the lower is the emission 

intensity. The results shown here on stoichiometric CuInS2 QDs hint in the same direction: 

When comparing the emission spectrum of the feed washed five times with the emission 

spectrum of the feed washed six times (test 1, Figure A1.3b), it becomes evident that with 

increasing number of purification cycles, the emission of the sample as a whole is 

decreasing. This is in accordance with reports on other material systems266.  

 

Remarks to test 2 

As the supernatant after SSP is not thrown away but kept and evaporated, resulting in 

fraction #3, the whole initial sample consisting of particles and organics is retained. Thus, 

a) b) 

  

Figure A1. 3: a) Absorbance and b) emission spectra of the feed (black solid line), the coarse 

fraction #1 (red dashed line), the fines fraction #2 (green dotted line) and the residuals 

fraction #3 (cyan blue dashed-dotted line), plus the spectra of the samples on which 

additional tests were performed, namely additional washing of the feed (test 1, grey 

dashed-dotted-dotted line) and the back mixed fractions (test 2, brown dashed-dotted-

dashed line). The optical density of all samples was adjusted to OD = 0.1 at 480 nm, 

excitation was performed with λexc = 480 nm.  
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recombination of all fractions back to one single sample results in a sample that seems to be 

identical to the feed at first glance. Nevertheless, it has to be considered that this sample 

was in contact with antisolvents and changes will have occurred on the molecular level quite 

certainly: (i) a certain fraction of organic molecules might not be attached to the surface 

anymore as strongly as prior to the SSP procedure and (ii) a certain mass loss has occurred 

which might not be just due to particle losses but also due to organic losses.  

These two reasons might explain the fact that the emission intensity of the ‘feed’ sample 

after recombination does not have exactly the same emission over the entire wavelength 

range as before. However, the absorption spectrum seems to be less prone to such small 

changes – in accordance with the fact that the missing smaller particles of fraction #2 are not 

recognized in the absorption spectrum of fraction #1.   
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A.2 Additional Data for Process Modifications 

All following data plus any further information has been published by Akdas et al.87 in the 

Journal of Colloid and Interface Science 445 (2015), 337-347 (license number 

3615240792252, see ‘permissions’ in section B.2). 

 

A.2.1 Optical Characterization of Copper-Deficient Products 

 

 

A.2.2 Side-Reactions: Close-ups of 1H-NMR spectra 

In the reaction mixture with metal ions and QDs, additional side products might form due to 

the catalysis effect of the QDs. Experiments performed so far did not show any as can be 

seen in the following NMR spectra, however, this topic is issue of further research.  

 

a) b)  

  

Figure A2. 1: Summary of PL QYs of CuInS2 nanocrystals with stoichiometry variations from 

Cu:In = 1:1 up to Cu:In = 1:5 (OD = 0.1 at 480 nm, λexc = 480 nm for all samples). Changes of 

PL QYs were followed over a period of four weeks. The samples were diluted with n-hexane 

and stored under nitrogen.  
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Figure A2. 2: 1H-NMR spectra of (a) 1-ODE, (c) 1-DDT and (b) the reaction product of 1-ODE 

and 1-DDT at 240 °C. The reaction was carried out in a 1:1 ratio for 15 minutes.  

 

 

Figure A2. 3: 1H-NMR spectra of purified CuInS2 QDs. Purification was performed with (a) 

acetone, (b) MeOH-acetone and (c) HAc-acetone. The broad signal at ~0.35 ppm in (c) which 

is also present in (a) and (b) with less intensity and shifted to ~0.5 ppm, is most probably due 

to water267 (traces) from the solvents and the purification process under ambient conditions.  
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A.2.3 Additional Compositional Studies  

 

 

Figure A2. 4: Concentration of copper, indium and sulfur in the supernatant after each 

washing cycle. Five washing cycles were performed, HAc-acetone was used to purify the 

QDs. Starting elemental composition was Cu:In:S = 1:2:10.  

 

ICP-OES results of the supernatant after each centrifugation step are shown. While the 

amount of detected sulfur was decreasing with each cycle, the concentration of copper and 

indium was increasing. The decrease of sulfur is due to a high amount of surfactants being 

removed from the surface especially in the first two cycles. The detection of copper and 

indium, especially in the first washing cycles, relates to unreacted metal salts still present in 

the reaction solution. However, an increase of the concentration of metals in the 

supernatant after each washing cycle is a clear hint at surface etching, as removal of 

unreacted components should yield in a decreased detection of metals.  
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Figure A2. 5: TGA results of dried CuInS2-ZnS QDs purified by three different washing 

procedures. The solvents for purification were acetone (black line), MeOH-acetone (red 

dashed line) and HAc-acetone (blue dotted line). 

 

 

 

  

a) b) 

  

Figure A2. 6: XRD pattern of (a) CuInS2 core QDs and (b) CuInS2-ZnS QDs purified with three 

different washing procedures, namely with pure acetone and the mixtures of methanol with 

acetone (MeOH-acetone) and acetic acid with acetone (HAc-acetone). The intensity of the 

signal at ~19° changes with the purification method and its efficiency to remove organic 

components.    
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A.2.4 Additional Data of the Optical Characterization of Purified QDs 

 

 

Figure A2. 7: Zoom in the region between 450 nm and 650 nm of the absorbance spectra of 

CuInS2 QDs with a Cu:In ratio of 1:2. A broad absorption with two features located at 

~550 nm and ~480 nm is apparent. The feature at ~480 nm is referred to as absorption 

maximum in the text.   

 

 

a) b) 

  

Figure A2. 8:  Time resolved emission spectra at an excitation wavelength of 403 nm. a) 

CuInS2 before (under nitrogen atmosphere – original sample) and after purification 

(atmospheric conditions) with acetone, MeOH-acetone and HAc-acetone. b) CuInS2-ZnS 

before (under nitrogen atmosphere – original sample) and after purification (atmospheric 

conditions) by the three different washing procedures. 
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Table A2. 1: Lifetimes determined from FTAS by fitting the results from multiwavelength 

analyses. 

sample  

purification 

CuInS2 CuInS2-ZnS 

τ1 τ2 τ3 τ1 τ2 

[ps] [ps] [ps] [ps] [ps] 

original sample 3.26 ± 0.43 50.1 ± 6.3  1019 ± 101 56.4 ± 14.3 733 ± 140 

acetone 0.61 ± 0.06 20.3 ± 0.7  1223 ± 133 35.2 ± 12.5 1068 ± 419 

MeOH-acetone 0.9 ± 0.15 11.4 ± 1.43  64.7 ± 13.9 19.3 ± 1.7 863 ± 82 

HAc-acetone 0.7 ± 0.08 7.1 ± 0.08  32 ± 6.05 50.6 ± 9.1 800 ± 131 

 

 

A.2.5 Remarks to Calculation of Surface Coverage 

It has to be considered that the calculation is performed under assumption of a closely-

packed layer of solely 1-DDT on the surface. From 1H-NMR results (presented in Figure 5.3), 

it is known that for acetone and MeOH-acetone purified particles, additional to 1-DDT, also 

1-ODE and DOS were detected. For HAc-acetone purified QDs, however, only DOS molecules 

were detected via NMR. The calculations are therefore rough estimations performed under 

assumption of ideal conditions and do not necessarily depict the reality. Adsorption of dialkyl 

sulfides, such as DOS, might be weaker than the adsorption of alkanethiols as 1-DDT due to 

the double-chain conformation.  The formation of defects was observed in self-assembled 

monolayers (SAMs) from dialkyl sulfides on Au(111)268. The double-chain conformation of 

DOS implies a higher degree of motion, resulting in more defected structures, less defined 

tilt angles and less defined adsorption areas. 
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Scheme A2. 1: Effect of purification on CuInS2 QDs. Initially being surrounded by organic 

molecules, i.e., 1-DDT, 1-ODE and DOS, purification with HAc-acetone mixture leads to a 

removal of most organics. The nature of organics bound to the surface needs to be 

identified.  
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A.3 Additional Data for Reactor Impact on Synthesis 

All following data has been published by Akdas et al.239 in RSC Advances, 2017, 7, 10057-

10063 (see ‘permissions’ in section B.3). 

 

A.3.1 Comparison of technical and pure 1-ODE 

For batch synthesis with a small volume, usually 1-ODE95% (500€ l-1) is utilized. However, 

each continuous synthesis requires processing of around half a liter of 1-ODE. Therefore, it 

was investigated whether less pure but much cheaper 1-ODEtechn (technical grade, purity 

90%) also serves the needs by performing the batch synthesis with 1-ODEtechn. The overall 

impact of the solvent quality on the product was rather low as the optical properties did not 

change considerably and the crystal structure was found to be identical. Regarding the 

immense cost aspect for a future large scale production, 1-ODEtechn was decided to suit the 

demands for CuInS2 QD synthesis.  

a) b) 

  

Figure A3. 1: In (a) the comparison of PL QYs over the reaction time is shown for 

stoichiometric CuInS2 QDs synthesized in 1-ODE95% (black rectangles) and in 1-ODEtechn (red 

circles), respectively. The lines serve as a guide for the eye. In (b), the normalized absorption 

and emission spectra for stoichiometric CuInS2 QDs synthesized in 1-ODE95% (black dashed 

line) and in 1-ODEtechn (red dotted line), respectively, is given. Spectra of samples which led 

to the highest PL QY are compared: 60 minutes of reaction time in the case of 1-ODE95% and 

45 minutes of reaction time in the case of 1-ODEtechn. The reaction temperature was 240 °C. 

The optical density of all samples was adjusted to OD = 0.1 at 480 nm, excitation was 

performed with λexc = 480 nm. 
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A.3.2 Reactions in the Microreactor 

 

 

Figure A3. 2: XRD pattern of CuInS2 QDs synthesized with precursor solutions prepared at 

150 °C, 170 °C and 190 °C. All reactions were carried out in the MR at 220 °C with a 

residence time τ̅ of 10.5 minutes.  

 

 

a) b) 

  

Figure A3. 3: (a) Comparison of XRD pattern and (b) absorption spectra of CuInS2 QDs 

synthesized at 220 °C (τ̅ = 10.5 minutes), at 230 °C (τ̅ = 6.8 minutes) and at 240 °C 

(τ̅ = 3.0 minutes). The precursor preparation temperature was 170 °C. 
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a) b) 

  

Figure A3. 4: a) Absorption and b) emission spectra of samples synthesized in the MR with a 

reaction temperature of 240°C (precursor preparation at 170 °C).  

 

 

A.3.3 Batch Reactions in the Flask 

 

a) b) 

  

Figure A3. 5: a) Absorption and b) emission spectra of samples synthesized in batch at 

240 °C (precursor preparation at 170 °C).  
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A.3.4 Comparison of Products synthesized in various Reactors 

 

a) b)  

  

Figure A3. 6: a) XRD of CuInS2 samples synthesized at 240°C in the three different reactors 

TR, MR and batch. b) TGA of TR and batch samples purified with acetone or MeOH-acetone: 

five centrifugation cycles in case of batch synthesis and three centrifugation cycles in case of 

continuous flow synthesis in TR.   

 

 

A.3.5 Summary of AUC Results  

 

Table A3. 1: Data derived from SV-AUC experiments on TR and batch samples. 

sample  s D xh vbar ρ xc dshell 

 [sved] [10-6 cm2 s-1] [nm] [cm3 g-1] [g cm-3] [nm] [nm] 

TR - 5 min 12.03 1.79 4.42 0.678 1.475 2.41 1.00 

TR - 10 min 14.86 1.73 4.58 0.639 1.565 2.61 0.99 

TR - 20 min 16.04 1.73 4.58 0.616 1.623 2.68 0.95 

Batch 11.35 1.81 4.38 0.688 1.453 2.35 1.01 
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Figure A3. 7: Normalized results of SV-AUC experiments comparing the PSD of TR samples 

with the PSD of the batch product. 
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B.1 Article on the Size-Property Relationship 

The results (tables, figures and text) presented in Chapter 4, the according descriptions of 

the experimental procedure in chapter 3 (sections 3.2.1, 3.3.3 and parts of section 3.5) as 

well as additional data provided in the appendix (section A.1) have been published in 

Nanoscale76. The Royal Society of Chemistry allows reproduction of the article by its authors 

in a thesis or dissertation without formally requesting for permission. For further 

information, check following website: 

http://pubs.rsc.org/en/content/requestpermission?msid=c5nr04291g 

Text adaptations have been performed for most parts of chapter 4, despite sections 4.4.1, 

4.4.3.2 and 4.4.3.3 which have been taken over verbatim. All text parts written by 

collaborators in the publication have been adapted as indicated in the according sections of 

this thesis. In particular, TEM and SAED investigations and analyses (parts of section 4.2.1) 

performed by B. Winter and B. Birajdar at the Center for Nanoanalysis and Electron 

Microscopy (CENEM, head of institute: Prof. Spiecker) as well as evaluation of AUC data 

(section 4.4.2) performed by J. Walter from the Institute of Particle Technology (LFG, head of 

institute: Prof. Peukert) have been adapted and partly shortened.  

 

 

http://pubs.rsc.org/en/content/requestpermission?msid=c5nr04291g
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B.2 Article on the Effects of Post-Processing 

The results (tables, figures and text) presented in Chapter 5, the experimental procedure in 

sections 3.2 and 3.3.1, theoretical considerations in section 3.4.1, characterization of the 

products as described in section 3.5 as well as additional data provided in section A.2 

(appendix) have partly been published in the Journal of Colloid and Interface Science87. 

Extensions and changes have been performed for most parts of chapter 5. However, some 

text parts are verbatim to the published results (e.g. interpretation of NMR data - parts of 

sections 5.2.2 and 5.2.4.1). A license agreement between Elsevier and the licensee Tugce 

Akdas (license date: April 24, 2015; license number 3615240792252) allows the author to 

reuse the full article entitled “The effects of post-processing on the surface and the optical 

properties of copper indium sulfide quantum dots” in a thesis/dissertation in both print and 

electronic. Check following website for further details: 

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=1a57b165-f491-4de2-97b7-

8547a5a8d9eb 

The measurements and data evaluation performed by collaboration partners is indicated as 

such. The text written by the partners in the original publication have been adapted and 

expanded as indicated in the according sections of this thesis. In particular, optical 

characterization and data analyses (sections 5.2.5 and 5.3.4) carried out by S. Kuhri at the 

Chair of Physical Chemistry under the supervision of Prof. Guldi (head of PC I), and TEM and 

SAED investigations and data analyses (sections 5.2.6 and 5.3.5) performed by B. Winter and 

B. Birajdar under the supervision of Prof. Spiecker (CENEM) were adapted and expanded for 

the discussion on the PSD of the samples. 

Furthermore, ICP-OES was performed in close collaboration with P. Hoppe (LFG, head of 

institute: Prof. Peukert), 1H-NMR spectra were acquired by J. Albert and P. Schulz from 

Chemical Reaction Technology (CRT, head of institute: Prof Wasserscheid) and XPS by H. 

Hildebrand from Lehrstuhl für Korrosion und Oberflächentechnik (LKO, collaborator: Prof. 

Virtanen). In these cases, the text was written independently and is verbatim or slightly 

changed compared to the published text. 

 

http://click.info.copyright.com/?qs=c01fe1ca85b10fc63ef364733564b0e5647199c6b6ed7657486c72d22567fc525f5ba23348f391e4
http://click.info.copyright.com/?qs=c01fe1ca85b10fc63ef364733564b0e5647199c6b6ed7657486c72d22567fc525f5ba23348f391e4


 B.3 Article on Continuous Synthesis  

XXI 
 

B.3 Article on Continuous Synthesis 

The results (tables, figures, schemes and text) presented in Chapter 6, the experimental 

procedure in section 3.2.3, part of the theoretical considerations in section 3.4.2, 

characterization of the products as described in section 3.5 as well as additional data 

provided in section A.3 (appendix) have mostly been published in RSC Advances239. The 

article was published in 2017, while work on this thesis was finished August 2015, thus it 

contains some more recent references. Some parts in the published article are verbatim to 

this thesis. The Royal Society of Chemistry permits reproduction of the article by its authors 

in a thesis or dissertation without formally requesting for permission. For further 

information, check following websites: 

http://pubs.rsc.org/en/content/requestpermission?msid=c6ra27052b 

http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-

permissions/#author-rights 

The measurements and data evaluation performed by collaboration partners is indicated as 

such. In particular, TEM investigations were performed by B. Winter under the supervision of 

Prof. Spiecker (CENEM), AUC experiments by J. Walter (LFG), the ICP-OES analysis in close 

collaboration with P. Hoppe (LFG) and the experiments in the MR were conducted in close 

collaboration with M. Haderlein (LFG).  

http://pubs.rsc.org/en/content/requestpermission?msid=c6ra27052b
http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#author-rights
http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#author-rights

