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PREFACE 
 
This work summarizes results of about ten years of the author’s own research activities in the field of 
colloidal synthesis of semiconductor nanoparticles, their postsynthetic chemical modification, assembly, 
and applications. I attempted to provide a concise yet comprehensive overview presenting my own 
results as a part of the knowledge framework created in close collaboration with many colleagues from 
all over the world. This habilitation thesis consists of an introduction, explaining the motivation of the 
research accomplished, followed by a main part which briefly presents key achievements of the author 
with links to appropriate annexes, i.e. original published articles in peer review journals which are 
attached to this cumulative script, and completed by conclusions.  
  



3 

CONTENT 
SECTION PAGE 

List of abbreviations………………………………………………………………………………………………………………. 4 
1. INTRODUCTION………………………………………………………………………………………………………….……... 5 
2. MAIN RESULTS…………………………………………………………………………………………………………………... 8 

2.1. Design………………………………………………………………………………………………………………………... 8 
2.1.1. Alloyed aqueous semiconductor nanocrystals……………………………………………………. 8 
2.1.2. Tetrazole-capped aqueous nanocrystals…………………………………………………………….. 10 
2.1.3. Amphiphilic nanocrystals………………………………………………………………………………….… 11 
2.1.4. Synthesis of copper chalcogenide nanocrystals………………………………………………….. 12 
2.1.5. Cation exchange……………………………………………………………………………………………….… 13 
2.1.6. Ligand exchange and shell design……………………………………………………………………….. 16 

2.2. Assembly……………………………………………………………………………………………………………………. 18 
2.2.1. 3D assembly of thiol-capped nanocrystals via controllable destabilization…………. 18 
2.2.2. 3D assembly of tetrazole-capped nanocrystals…………………………………………………… 19 
2.2.3. 3D assembly of all-inorganic nanocrystals…………………………………………………………… 20 

2.3. Applications……………………………………………………………………………………………………………….. 21 
2.3.1. Copper indium sulfide-based quantum dots-in-polymer composites for 

luminescent solar concentrators………………………………………………………………………... 
 
21 

2.3.2. Copper selenide-based conductive flexible coatings…………………………………………... 22 
2.3.3. Copper selenide-based electrochromic device……………………………………………….…… 23 
2.3.4. Copper sulfide in lithium ion batteries……………………………………………………………….. 24 

3. CONCLUSIONS & OUTLOOK.….…………………………………………………………………………………………… 25 
REFERENCES………………………………………………………………………………………………………………………….. 28 
ACKNOWLEDGEMENTS………………………………………………………………………………………………………….. 34 
List of annexes including a statement of the author’s own contribution to jointly published 
papers……………………………………………………………………………………………………………………………………. 

 
36 

Annexes 1‒29  
  



4 

LIST OF ABBREVIATIONS 
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1. INTRODUCTION 
 

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) have evolved during the last 
few decades from fundamental theoretical concepts to real commercial products owing to intensive 
efforts by a plethora of research groups worldwide. One of the latest and probably most fascinating 
examples of commercialization of QDs is a line-up of Samsung QLED TVs, in which QDs are employed as 
color converters. These nanomaterials benefit on one hand from their unique size-dependent 
optoelectronic properties, based on the quantum confinement effect.1 Thus, QDs exhibit extremely 
attractive optical features, such as widely tunable absorption spectra extending over a broad wavelength 
range, high photoluminescence (PL) quantum yields (QYs), narrow PL spectral bandwidth, and high 
thermal and photochemical stability.2-3 On the other hand, their solution-based synthesis is a remarkably 
simple process that can be implemented in nearly any moderately equipped chemical laboratory. A 
typical setup for the so called hot-injection synthesis of semiconductor NCs is presented in Figure 1a. 
High quality materials can be produced by this method at surprisingly low cost. Both these factors greatly 
promote the investigation of semiconductor NCs, making this field truly interdisciplinary. 

 
Figure 1. (a) A common setup for the hot-injection synthesis of semiconductor NCs. (b) Calculated atomic 
structure of a 5 nm sized PbS NC capped with oleic acid. (c) LaMer diagram depicting the concentration 
variation during the nucleation and the growth of NCs. Reproduced from refs.4-5. Copyright 2014 and 2009, 
AAAS and Wiley VCH Verlag GmbH & Co. 

 
Despite its simplicity, the colloidal synthesis of nanoparticles in its current state allows us to 

prepare NCs from a wide variety of semiconductors, mainly of the II-VI, IV-VI, III-V, I-III-VI, I-II-IV-VI and 
I-IV-VII families (corresponding examples are CdSe, PbS, InP, CuInS2, Cu2ZnSnS4, and CsPbBr3). 
Furthermore, manipulating the conditions of the synthesis makes it possible to tune the size of these 
particles, their shape, and crystal structure. Moreover, one can combine two or more semiconductors 
in one nano-object with different design, such as alloys and heterostructures (core/shell, Janus-type, 
segmented particles). The surface chemistry of these NCs can also be adjusted by means of post-
synthetic functionalization and ligand exchange. The first is very important for the biomedical 
application of nanoparticles, the latter is of paramount importance for their integration into 
optoelectronic devices.2, 6-14 Thus, complex chemistry and physics undergird these apparently simple 
materials. Being soluble objects, these nanomaterials can be processed via common solution-based 
techniques, such as drop-casting, spin- and spray-coating, as well as inkjet-printing. Most of their 
optoelectronic applications, e.g. in light-emitting diodes (LEDs), solar cells, photodetectors, and field-
effect transistors, involve NCs in the form of solid thin films.  
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A typical structure of a semiconductor nanoparticle shown in Figure 1b consists of an inorganic 
core and an organic shell of stabilizing ligands providing them solubility in a variety of solvents and 
stability against aggregation. In the colloidal synthesis, suitable molecular precursors (mainly inorganic 
salts or organometallic compounds) are reacted in a liquid medium in the presence of appropriate 
ligands.15 Chemical reactions between the precursors release reactive species, called monomers which 
are responsible for further nucleation and growth of nanoparticles.16-22 In this process, the reaction 
conditions of the colloidal synthesis have to be carefully controlled to produce monodisperse particles. 
In particular, it is important to temporally separate the nucleation and the growth in order to achieve a 
narrow size distribution of the NCs.23-25 This is generally implemented by tuning the rate at which the 
reactive species are released from corresponding precursors. The LaMer diagram in Figure 1c shows the 
evolution of the concentration in the formation of monodisperse NCs demarcating the three stages: 1) 
generation of atoms (or other active species), i.e. the monomer formation, 2) the nucleation when the 
concentration of the monomers reaches a certain minimal value (nucleation threshold), and 3) the 
growth of the formed nuclei by consumption of the monomer species in the solution.26 

Since the author has contributed to different fields of research on semiconductor NCs, this thesis 
presents three main blocks of results obtained in developing design of the NCs, their assembly and 
potential applications. The design includes a direct synthesis of the NCs either in aqueous or in organic 
media, as well as postsynthetic adjustment of the NC cores and their surface via cation and ligand 
exchange, respectively. The main aims of this work were to prepare complex alloyed (mixed) and 
heterostructured NCs with well controllable properties, in particular size, shape, composition, crystal 
structure, and surface chemistry. Among these main characteristics of the NCs, their size, shape, 
composition, and to some extent crystal structure define optical and electronic features of the materials, 
whereas the surface chemistry offers many approaches to functionalize the NCs via e.g. ligand shell 
modification, exchange or even complete removal. Using technique of aqueous colloidal synthesis, we 
developed methods to prepare several types of alloyed semiconductor NCs, such as Zn1‒xCdxSe,27 ZnSe1‒

xTex,28 Cd1‒xHgxTe29 exhibiting strong fluorescence in the blue and near-infrared (NIR) regions of the 
spectrum. Later work on Cd(Hg)-free NCs has resulted in aqueous Ag‒In‒S-based nanoparticles, 
possessing strong fluorescence in the visible region.30 These materials appended the library of available 
aqueous QDs and extended their optical properties, in particular their PL.31 As a part of the NC design, 
we developed a convenient approach to a partial cation exchange (CE) of pre-synthesized copper 
chalcogenide nanoparticles32 towards complex multinary Cu‒Zn‒In‒S,33 Cu‒Zn‒In‒Se,34 Cu‒Zn‒Sn‒Se,35 
as well as to heterostructured Cu2Se‒CdSe and Cu2Se‒ZnSe NCs36. 

From the point of view of the new NC surface chemistry, we introduced novel tetrazole (Tz)-
capping of semiconductor NCs, which allows for a controllable complexation of the particles via a simple 
addition of different cations to their colloidal solutions.37-40 Furthermore, we developed amphiphilic Au41 
and CdTe42-43 nanoparticles by employing a specially designed short-chain polyethylene glycol molecules 
functionalized with ‒SH group. These particles were demonstrated to be capable of a spontaneous 
transport through model and cellular membranes,43 that is of particular interest for studying intracellular 
transport phenomena and for further bio-labelling applications of these materials. Later on, we used a 
technique of the ligand exchange toward all-inorganic capping in order to precisely engineer QD shells 
via alternation of ZnS and CdS monolayers in colloidal ionic layer deposition.44  

Tz-based unique surface coverage has led to the development of highly porous non-ordered 3D 
assemblies of nanoparticles in the forms of gels and aerogels.37-40 In these structures NCs were bridged 
via metal ions forming strong complexes with Tz-molecules. A similar approach to networking 
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semiconductor NCs has been applied to inorganically capped particles resulting in all-inorganic NC 
(aero)gels, a promising material for photocatalysis.45 

Thus developed materials and approaches have been tested for application in several different 
fields. For instance, copper selenide nanoparticles and nanosheets (NSs) were applied as conductive 
coatings, in which the NSs exhibited remarkably better performance, than contending nanoparticles, 
being deposited in the form of thin films on flexible substrates.46 Another simple binary copper 
chalcogenide, CuS, synthesized in the form of hierarchical superstructures built of NCs, has been 
successfully applied in lithium ion batteries (LIBs) as an electrode material.47 Cu2‒xSe NCs have been 
employed as a material that can switch its localized surface plasmon resonance (LSPR), thus resulting in 
well-controllable transmittance of a simple device in the NIR region, which can be easily tuned 
electrochemically.48 Furthermore, fluorescent Cu‒Zn‒In‒S-based QDs were incorporated into polymer 
matrices forming photostable composites, which hold a great potential for application in photovoltaic 
windows.49-50 
  



8 

2. MAIN RESULTS 
2.1. Design 
Design of semiconductor NCs summarized in this section includes: 1) their direct synthesis either in 
aqueous or in organic media, 2) postsynthetic modification of their surface via ligand exchange, and 3) 
postsynthetic modification of their cores by means of CE. 
 
2.1.1. Alloyed aqueous semiconductor nanocrystals 

Main body of work on aqueous synthesis of semiconductor NCs was devoted to CdS51-52 and to 
CdTe31, 53-56. As these two materials have intrinsic restrictions of their optical properties due to limited 
tuning of their band gaps via size change during their growth, additional handle would be the formation 
of alloyed nanoparticles. In these materials band gap can be tuned not only by the size of the NCs, but 
also by the composition.57 Following this strategy, by using mixed Cd- and Zn-precursors and a synthetic 
setup shown in Figure 2a, we synthesized ZnxCd1‒xSe QDs with a low cadmium content (x=0.8‒1), which 
subsequently were subjected to photochemical treatment resulted in a dramatic increase of the PL 
intensity (Annex 1).27 Thus obtained NCs exhibited fluorescence in the UV‒blue spectral region with PL 
maxima ranging from 390 to 460 nm and with PLQYs of 20–30%. The observed shift of the PL maximum 
upon the irradiation with a powerful white light Xe lamp depended on the Cd content in the particles. 
An increase of the Cd content in the NCs resulted in a further shift of the PL maximum to longer 
wavelengths, yet at the same time a decrease of the PL QY was observed. Alternatively, to shift the 
fluorescence of pure ZnSe QDs toward longer wavelengths, alloying from anion side has been developed 
that resulted in a facile one-pot synthesis of blue-emitting glutathione-capped ZnSexTe1‒x NCs possessing 
PLQYs of up to 20% (Annex 2).28 These nanoparticles were further incorporated into a water dispersed 
polymer in order to enhance their stability and processability yielding transparent fluorescent inorganic–
organic composites. Thus, by these two types of alloyed NCs we covered UV-blue region of the visible 
spectrum, inaccessible by either pure binary ZnSe or CdTe QDs (Figure 2b). 

 
Figure 2. (a) Scheme of a setup for the aqueous synthesis of various metal chalcogenide NCs with a photo of 
different NC colloids under UV-light excitation. (b) PL spectra of different aqueous QDs. Adapted from ref.31. 
Copyright 2013, the Royal Society of Chemistry. 
 

A similar strategy was applied to push the PL of pure CdTe QDs beyond the visible region, which is 
basically limited by the bulk ban gap of CdTe (1.56 eV)58. In this direct one-pot synthesis we used a 
mixture of Cd- and Hg-precursors aiming at alloyed CdxHg1‒xTe QDs with a narrower band gap (Annex 
3).29 In this system, moderate variations of the initial Cd2+/Hg2+ ratio from 98/2 to 95/5 in the reaction 
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mixture led to a vast shift of the PL maxima of the resulting products from 640 to 1600 nm. The PL of 
these alloyed nanoparticles covers the first and the second diagnostic windows and two 
telecommunication transmission windows at 1.3 and 1.55 µm (Figure 2b), making them promising 
candidates as labels for in vivo imaging (when properly encapsulated in a stable matrix to prevent release 
of Cd and Hg ions) and as optical amplifiers. The high PLQY of these samples with values up to 55% for 
the red emitting, and up to 60% for the NIR emitting QDs was a clear indication of their excellent quality. 
We further determined the absolute electronic energy levels in CdxHg1‒xTe QDs with varying size/volume 
and Hg content by using cyclic voltammetry measurements and density functional theory (DFT)-based 
calculations. The electrochemical measurements demonstrated several distinct characteristic features 
in the form of oxidation and reduction peaks in the voltammograms, where the peak positions were 
dependent on the volume of the NCs as well as on their composition (Annex 4).59 The volume-dependent 
shift in the characteristic reduction and oxidation peak potentials was attributed to the alteration in the 
energetic band positions owing to the quantum confinement effect. We also demonstrated the 
composition (Cd/Hg=98.3/1.7 and 97.0/3.0)-dependent alteration in the electronic energy levels of 
CdxHg1‒xTe NCs for two different samples with similar volumes. Thus obtained electronic energy level 
values of CdxHg1‒xTe NCs as a function of volume and composition demonstrated good congruence with 
the corresponding absorption and emission spectral data supported by DFT-based calculations. The 
latter revealed that incorporation of Hg into CdTe NCs mostly affects the energy levels of conduction 
band edge, whereas the valence band edge remains almost unaltered. 

The applications of cyclic voltammetry was further extended to in situ monitoring of degradation 
processes in water-soluble CdTe QDs (Annex 5).60 Observed correlations between characteristic features 
of voltammograms and the PL spectra allowed us to propose mechanisms responsible for evolution of 
the fluorescence properties as well as degradation pathway of CdTe QDs at low pH. We found that when 
aqueous thioglycolic acid (TGA)-capped CdTe QDs were introduced into a buffer solution with pH 5, 
thiolic groups were protonated, and Cd–S bonds on the surface were disrupted, that resulted in the drop 
of QD stability against oxidation. Nevertheless, TGA molecules remained adsorbed on the Cd-terminated 
surface of QDs, being anchored to the particle surface by weak van der Waals bonds. Upon oxidation in 
air, CdTe QDs first lost cadmium, which led to the excess of tellurium that resulted in a PL QY decrease 
within several minutes. In contrast, in an inert atmosphere PL of QD solutions was retained, although 
slowly decreasing with time due to a gradual aggregation of the particles and their precipitation from 
solution.  

Despite excellent optoelectronic properties of the above described II-VI nanomaterials, most of 
them contain toxic elements, such as Cd and Hg, which can be hazardous when released to the 
environment. That is why their widespread applicability faces serious restrictions. Therefore, nowadays 
the focus of research on semiconductor NCs has broadened out on copper and silver chalcogenide-based 
ternary and quaternary compounds, e.g. CuInS2 (CIS), CuInSe2 (CISe), AgInS2 (AIS), Cu2ZnSnS4 (CZTS), 
etc.61-64 In the framework of this research trend, we developed a facile synthesis of brightly emitting 
alloyed AIS NCs applying subsequent size-selective precipitation to crude aqueous colloids in order to 
narrow size distribution of the particles and thus to improve their PL properties (Annex 6).30 In this way 
we were able to select up to 11 fractions emitting in a broad color gamut from deep-red to bluish-green 
with the PLQY reaching 47% for intermediate fractions. The size of the isolated AIS QDs varied from ∼2 
to ∼3.5 nm at a roughly constant chemical composition of the particles throughout the fractions. The 
decrease of the mean particle size in consecutive fractions was accompanied by an increase of the PL 
bandwidth. Examples of the design of copper chalcogenide-based NCs are presented in Sections 2.1.4 
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and 2.1.5. Figure 2b represents a collection of the PL spectra of different aqueous QDs having different 
sizes and compositions, which cover a broad spectral range from the UV to the NIR. The main 
achievements and the state of the art of the aqueous synthesis of semiconductor NCs were summarized 
in the review (Annex 7).31 

 
2.1.2. Tetrazole-capped aqueous nanocrystals 

Typically aqueous semiconductor NCs are capped by functionalized thiol-containing molecules, 
such as TGA and mercaptopropionic acid, cysteine, cysteamine, glutathione, etc., which are directly used 
in the synthesis as stabilizers (ligands) forming complexes with metal cations.31, 65-66 In order to extend 
functionality of the NC surface, we introduced a novel ligand, 5-mercaptomethyltetrazole (5-HSCH2Tz) 
resulting in brightly luminescent water-soluble CdTe QDs with PL QYs of up to 60% (Annex 8).37 
Schematic structure of these nanoparticles along with a transmission electron microscopy (TEM) image 
are displayed in Figure 3a‒b. In the synthesis 5-HSCH2Tz behaves analogously to the widely used TGA, 
although stronger complexation affinity of the Tz moiety to Cd2+ ions slows down the nucleation and the 
growth of the NCs. Note that orange‒red emission, which corresponds to the size of the NCs equal to 
3.3 nm, was reached after almost four days of boiling the reaction mixture (Figure 3c‒d). At the same 
time, this strong complexation imparts these NCs a unique ability to form 3D non-ordered highly porous 
assemblies (gels) upon the addition of metal salts, which will be discussed in Section 2.2.2. Similar 
capping was realized on gold NCs (Annex 9)38 and ZnSe QDs (Annex 10)39, that allowed for fabrication of 
mixed metal‒semiconductor and semiconductor 1‒semiconductor 2 assemblies. In the case of 5-
HSCH2Tz-capped ZnSe NCs we used the same method of the photochemical treatment as for TGA-
capped particles mentioned above27. This treatment eventually resulted in the formation of a ZnS-rich 
shell on the surface of the particles that covers defects acting as trap states for charge carriers generated 
upon light excitation. Main results published on Tz-based ligands and precursors for nanostructured 
materials, including our own contribution to this topic, were summarized in a recent review (Annex 11).40 

 
Figure 3. (a) Schematics of a 5-HSCH2Tz-capped CdTe nanoparticle. (b) TEM image of CdTe NCs. Evolution of 
absorption (c) and PL (d) spectra of 5-HSCH2Tz-capped CdTe NCs during their growth. The inset in (d) shows 
a photograph of the corresponding fluorescence color change of the NC colloid under UV light. Adapted from 
ref.37. Copyright 2010, American Chemical Society. 
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2.1.3. Amphiphilic nanocrystals 
With the proper design and the fine tuning of their structure, ligands such as thiolated 

polyethylene glycols (PEGs) enable the synthesis of semiconductor NCs in a variety of solvents. Thus, 
employing short-chain PEG molecules terminated with ‒SH group (H3C‒[O(CH2)2]7‒SH), CdTe NCs 
schematized in Figure 4a, can be synthesized in water, toluene, dimethylacetamide, or in 
dimethylformamide solution (Annexes 12, 13).42-43 Among them, high-boiling, good coordinating 
solvents such as dimethylacetamide and dimethylformamide accelerate the growth of the NCs yielding 
stable colloids, whose which PL maxima can be tuned to cover the region of 540‒640 nm with PL QYs of 
up to 30%.43 This stabilizer imparts the nanoparticles a unique ability of spontaneous phase transfer 
between media of different polarity, such as in a simple test experiment shown in Figure 4b, where 
mPEG-SH-caped CdTe QDs being added to a toluene layer poured over water and chloroform layers, 
start to transfer into water layer after 30 min and further to chloroform after approx. 2 hours.43 Note 
that no adjustments of the solvent content such as the addition of some surface-active species are 
needed to initiate migration of the NCs. Hence, these QDs demonstrate an amphiphilic behavior. The 
same stabilizer can be applied to synthesize gold NCs, which form stable and highly concentrated colloids 
(Annex 14).41 These particles are also capable of a similar spontaneous tri-phase transfer owing to their 
inherent compatibility with media of different polarity. 

 
Figure 4. (a) A sketch of a CdTe NC capped by mPEG-SH. (b) Photographs of vials demonstrating the 
spontaneous tri-phase transfer of mPEG-SH-capped CdTe QDs from toluene through water into chloroform 
with time, under UV light. (c) Bright field (left panels) and confocal microscopy (right panels) images of live 
cells acquired after 1 h of incubation in the presence of TGA-capped CdTe (top) and mPEG-SH-capped CdTe 
(bottom) QDs. (d) Simplified scheme of the penetration of the corresponding QDs into a cell. Adapted from 
ref.43. Copyright 2012, American Chemical Society. 
 

Thus obtained amphiphilic CdTe QDs were further studied in transport processes through lipid 
bilayers of model (giant unilamellar vesicles and giant plasma membrane spheres) and cellular plasma 
membranes (Annex 13).43 For the first time it was found that these NCs were able to permeate through 
the both types of membranes. Furthermore, experiments performed on live cells demonstrated the 
nonendocytic uptake of these amphiphilic particles, while hydrophilic TGA-capped CdTe QDs were solely 
accumulated in endosomes, as evidenced by fluorescence confocal microscopy images shown in Figure 
4c and schematized in Figure 4d. This makes the amphiphilic QDs promising agents for tracking whole 
cells as well as intracellular processes. Moreover, their high colloidal stability in various biological media 
and robust emission properties can be exploited for a controllable delivery of agents for therapeutic 
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applications. Most of the results obtained on the synthesis and characterization of amphiphilic NCs were 
summarized in a recent review.67 

 
2.1.4 Synthesis of copper chalcogenide nanocrystals 

Another type of semiconductor nanomaterials is coper chalcogenide-based NCs, which typically 
do not exhibit fluorescence (recently reported PL from copper sulfide NCs is one of a few examples)68, 
however many of these compounds possess a strong LSPR.62, 69-75 Unlike noble metal nanoparticles, 
exhibiting LSPR owing to a large concentration of free electrons, copper chalcogenide NCs have holes as 
free carriers, associated with copper vacancies, constituting a class of so called self-doped or 
degeneratively doped semiconductor nanomaterials. We developed a facile and general approach to 
synthesize Cu2‒xS, Cu2‒xSeyS1‒y, and Cu2‒xTeyS1‒y NCs ranging in sizes from 3 to 10 nm (Annex 15).32 This 
approach has an advantage over the existing ones as it does not involve the hot-injection and does not 
use phosphines, requires moderate reaction temperatures (200‒220 oC), and is easily up-scalable. In 
fact, scaling up of this synthesis yielded monodisperse nanoparticles without variations in their 
morphology. Main approaches of large-scale syntheses of nanomaterials were summarized in a recent 
review (Annex 16).76 Alloyed Cu2‒xSeyS1‒y and Cu2‒xTeyS1‒y NCs formed due to the incorporation of sulfur 
by using 1-dodecanethiol (DDT) as a ligand along with oleic acid. Despite their mixed structure, the 
samples showed optical properties, in particular the position of their plasmon bands, similar to those 
reported for pure binary copper chalcogenides, i.e., approximately 1800 nm (1270 nm after a prolonged 
oxidation), 1300, and 800 nm for nonstoichiometric copper sulfide, selenide‒sulfide, and telluride‒
sulfide, respectively. Moreover, these plasmon bands were demonstrated to be widely tunable via a 
controlled oxidation generating copper vacancies. 

 
Figure 5. Easy shape control of copper selenide NCs by varying basic reaction parameters: from Cu2‒xSe 
spherical nanoparticles through Cu2‒xSeyS1‒y nanoplatelets to large CuSe nanosheets. In all syntheses the 
same Cu- and Se-precursors were employed. On the right, corresponding TEM images and absorption spectra 
are shown. Adapted from refs.35-36, 46. Copyright 2014, 2015, and 2016, American Chemical Society and Wiley 
VCH Verlag GmbH & Co. 

We further introduced a novel synthesis of copper selenide nanomaterials based on the hot-
injection method, in which we achieved a straightforward control of the shape, size, and composition of 
the resulting NCs via tuning basic reaction conditions, such as temperature, precursor ratio, and 
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sequence of mixing. Thus, injecting Se-precursor (Se powder dissolved in DDT and oleylamine (OlAm)) 
into a solution containing Cu-precursor (copper acetylacetonate dispersed in DDT‒OlAm mixture) at 
220oC resulted in spherical Cu2‒xSe NCs, when the ratio between Cu- and Se-precursors was 1 (Annex 
17),36 and in hexagonal Cu2‒xSeyS1‒y nanoplatelets, when Cu/Se = 2 (Annex 18),35 as summarized in Figure 
5. Furthermore, adding the Cu-precursor to the Se-precursor at lower reaction temperature (140oC) 
yielded large CuSe NSs with lateral dimensions of up to 3 µm and thickness of 4‒5 nm (Annex 19).46 All 
these copper selenide nanomaterials possess a strong LSPR in the NIR, as displayed in Figure 5. 
 
2.1.5. Cation exchange  

Binary and quasi-ternary copper chalcogenide NCs described in Section 2.1.4 constitute a perfect 
platform to synthesize more complex multinary (multicomponent) nanomaterials using CE method77-81. 
This technique basically consists in the controllable replacement of host cations in the lattice of NCs with 
guest cations added in the form of appropriate precursors, studied mainly on the example of metal 
chalcogenide nanoparticles. This process is governed by both thermodynamic and kinetic factors, such 
as the difference between the crystal lattice energies (association and dissociation) of the existing and 
newly forming phases, solvation and desolvation energies of the outgoing and incoming ions, solid-state 
diffusion of cations, etc. In copper chalcogenide nanoparticles copper ions are very mobile, so they can 
be easily exchanged with a range of different cations. Exploiting this property we developed a 
convenient strategy to controllable synthesis of multicomponent compounds based on partial CE, i.e. a 
partial replacement of Cu+ ions in the crystal lattice. A general scheme of CE showing main products, 
which depend on miscibility of host and guest crystal phases, is presented in Figure 6. According to this 
scheme, resulting nanomaterials can be completely or partially cation-exchanged, forming either doped 
or alloyed (mixed) structures, or heterostructures with a sharp boundary between different phases. The 
latter can be arranged either in the core/shell or the Janus-like structure. 

 
Figure 6. A general scheme of CE of NCs showing its main products. 

 
Since the direct synthesis of multinary copper chalcogenide-based NCs involves reaction between 

several compounds with different reactivity, it is limited in terms of the control over the size, shape, and 
composition of resulting particles. Therefore, more facile and controllable approach would be the 
synthesis of simple binary compounds in the first stage with subsequent in-situ partial CE towards 
complex alloy or heterostructures. This strategy was employed to synthesize different ternary and 
quaternary NCs, such as CIS, CISe, CZSe, CTSe, CZTSe, CZIS, CZISe.33-35 For example, starting from Cu2‒

xSeyS1‒y nanoplatelets (see Section 2.1.4), we obtained copper zinc (or tin) selenide‒sulfide (CZSeS and 
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CTSeS) and copper zinc tin selenide‒sulfide (CZTSeS) particles with approx. 20 nm lateral size (Annex 
18).35 In this process, the initial feed ratio of cation precursors (i.e., Zn and/or Sn) to copper ions 
mediates the final composition of the alloyed compounds without altering the morphology and 
hexagonal crystal structure of the starting nanoplates. Furthermore, we demonstrated that by the 
incorporation of guest zinc and tin cations into Se/S anion framework of Cu2‒xSeyS1‒y nanoplates, it was 
possible to engineer the band gap of the resulting alloyed NCs, which opens new opportunities for their 
application as light absorbers to fabricate solar cells. 

 
Figure 7. (a) Scheme of the synthesis of pristine Cu2S NCs and their exchange reactions to CIS and CZIS NCs 
possessing both homogeneous (left) and core/shell (right) alloy structures. (b) XRD patterns of pristine Cu2S 
NCs, exchanged CIS, and CZIS NCs obtained by sequential and simultaneous injection of In- and Zn- 
precursors. (c) Absorption spectra of parent Cu2S NCs and exchanged CIS NCs with varied In content. (d) 
Absorption spectra of CZIS NCs obtained by sequential and combined CE. (e) PL spectra of CZIS NCs with 
increasing Zn content. (f) Absorption and PL spectra of CIZS NCs with different compositions. Adapted from 
ref.33. Copyright 2015, American Chemical Society. 

 
A similar strategy was utilized to synthesize ternary copper indium sulfide (CIS) and quaternary 

copper zinc indium sulfide (CZIS) NCs (Annex 20).33 This approach consisted of a three-step sequence: 
first, binary Cu2S NCs were synthesized, followed by the homogeneous incorporation of In3+ by an in situ 
partial CE reaction, yielding CIS NCs. In the last step, a second CE was performed, where Zn2+ partially 
replaced Cu+ and In3+ ions at the surface, creating a ZnS-rich shell with the preservation of the size and 
the shape (Figure 7a). Alternatively, by combining two precursors (In3+ and Zn2+) in one pot, 
homogeneously alloyed CZIS NCs with higher zinc content were synthesized. Careful tuning reaction 
parameters (growth and exchange times as well as the initial Cu+:In3+:Zn2+ ratios) allowed us to achieve 
the precise control over both the size and the composition accompanied by a slight rearrangement of 
low symmetry monoclinic crystal structure of pristine Cu2S particles to higher symmetry hexagonal 
lattice of CIS NCs (Figure 7b). We furthermore demonstrated that the sequential exchange with Zn2+ led 
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to a sufficient increase of the PL efficiency and that PL could be tuned from 850 to 1030 nm by carefully 
controlling the Cu:In:Zn content in the NCs (Figure 7e, f). On the contrary, homogeneously alloyed CZIS 
NCs did not exhibit any PL signal, although their absorption spectra were very similar to those of the 
core/shell (ZnS-surface rich) particles (Figure 7c, d). Cytotoxicity tests confirmed the biocompatibility of 
the synthesized CZIS NCs, which opens up opportunities for their application as NIR fluorescent markers 
in the biomedical field. 

This sequential one-pot approach was further applied to synthesize CISe-based NCs in order to 
push their PL farther to the NIR region, since CISe has a narrower bulk band gap and a larger Bohr radius 
than CIS (1.04 eV and 10.6 nm vs. 1.45 eV and 4.1 nm, respectively). In this case, firstly binary highly 
copper-deficient Cu2‒xSe NCs were synthesized (see Section 2.1.4), followed by a partial CE of Cu+ to In3+ 
ions, yielding CISe NCs (Annex 21).34 Subsequently, ZnS shell was grown in the third step, resulting in 
CISeS/ZnS core/shell particles. The shell growth led to a drastic increase in the size and reshaping the 
particles from spheres to trigonal pyramids, while preserving their crystal structure. In this process, for 
the first time, we observed a prominent anion exchange Se2−-to-S2−, whose efficiency was dependent on 
the size of the core NCs being limited by the surface region. Furthermore, we were able to cover a wide 
range of the PL maxima from 990 to 1210 nm by varying the particle size, while keeping the spectra 
relatively narrow for this type of semiconductor nanoparticles. Thus, we were able to push the PL 
maxima to longer wavelengths with the large CISeS/ZnS NCs exhibiting the farthest for this material 
emission in the NIR, which goes beyond the bulk band gap of CISe. 

As mentioned above, when the host and the guest crystal structures are immiscible, CE yields 
heterostructured NCs, either core/shell or Janus-like particles (Figure 6). The latter were obtained in the 
Cu+-to-Cd2+ and Cu+-to-Zn2+ CE reactions on copper selenide NCs (Annex 17).36 In particular, in this work 
we compared the reactivity of stoichiometric Cu2Se NCs with that of nonstoichiometric Cu2‒xSe NCs to 
gain insights into the mechanism of CE at the nanoscale, as schematized in Figure 8a. We have found 
that the presence of a large density of copper vacancies significantly accelerated the exchange process 
at room temperature and corroborated vacancy diffusion as one of the main drivers in these reactions. 
Partially exchanged samples exhibited Janus-like heterostructures made of immiscible domains sharing 
epitaxial interfaces (Figure 8b‒f). In the case of Cu+-to-Cd2+ CE it was possible to monitor the 
transformation by means of the XRD analysis (Figure 8g), since Cu2Se and CdSe have distinctly different 
crystallographic patterns, unlike the case of Cu2Se‒ZnSe pair. In both systems we observed a drastic 
difference in the kinetics of the CE between stoichiometric and nonstoichiometric NCs (Figure 8h), which 
revealed that Cu vacancies play a key role in CE reactions involving copper selenide NCs. Furthermore, 
room temperature conditions were found advantageous compared to higher temperature (150 oC) 
conditions, owing to the preservation of copper vacancies over time, which resulted in a much more 
efficient exchange on substoichiometric Cu2‒xSe NCs. We also unraveled the multifunctional role of 
phosphines, like tri-n-octylphosphine, in these reactions, which, besides acting as a selective solvating 
ligand for Cu+ ions exiting the NCs during the exchange, also enable anion diffusion, by extracting an 
appreciable amount of selenium to the solution phase, which may further promote the exchange 
process. Therefore, the use of NCs with a high density of Cu vacancies can simplify CE reactions and 
make them more practical, for example, by significantly reducing the ratio between host and guest 
cations and by working under mild conditions, for example, at room temperature. 
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Figure 8. (a) Scheme of the reduction of Cu2‒xSe NCs and subsequent CE Cu-to-Cd and Cu-to-Zn. (b) TEM 
image of CdSe‒Cu2Se NCs obtained by partial CE at room temperature from Cu2‒xSe NCs, with elemental 
mapping of Cu and Cd (c). HRTEM image (d) of a CdSe‒Cu2Se NC with corresponding mean dilation map (e) 
and fast Fourier transform pattern (f). XRD patterns in (g) display the evolution of the CdSe‒Cu2Se crystal 
structure with increasing Cd content shown by an arrow. Diagram displaying the evolution of the Cd/Cu ratio 
in the heavily substoichiometric and close to stoichiometric NCs over the time of the Cu+-to-Cd2+ CE reaction 
(h). Adapted from ref.36. Copyright 2015, American Chemical Society. 
 

Furthermore, we have demonstrated that the pathway of CE reactions can strongly depend on the 
crystal structure of the host nanoparticles, comparing cubic and hexagonal (metastable) Cu2Se NCs in 
Cu-to-Pb exchange performed at room temperature (Annex 22).82 Despite the fact that in both systems 
the final product of the exchange was rock salt PbSe NCs, in cubic Cu2Se NCs PbSe nucleated randomly 
on the overall surface of the host particles, generating Cu2Se/PbSe core/shell heterostructures as 
intermediates. This exchange trend, already observed in other CE transformations, can be explained 
taking into account the low diffusivity of Pb2+ ions coupled with the absence of preferred entry points in 
cubic Cu2Se. On the other hand, in hexagonal Cu2Se NCs, Pb2+ ions could diffuse and replace host cations 
along defined (a, b) planes of the host material, generating PbSe stripes sandwiched in between Cu2Se 
domains. This peculiar CE process, not observed in any other known system, was attributed to the 
metastable hexagonal Cu2Se structure, which offers preferred entry points to the guest ions. Our 
findings, thus, suggested that the crystal structure of host NCs is an important parameter that should be 
taken into account when performing CE reactions. More precisely, we observed that both the crystalline 
quality and morphology of the nanostructures obtained by CE are sensitive to the phase of starting NCs. 
 
2.1.6. Ligand exchange and shell design 

Ligand exchange strategy basically consists in replacing ligand molecules, which are inherited in 
the synthesis, on the surface of NCs, with other ligands that better suit following processing and 
application of nanoparticles, such as replacement of hydrophobic molecules with hydrophilic ones to 
impart NCs solubility in aqueous media. This process is particularly important for bio-application of 
various nanoparticles.83 For example, by applying mPEG-SH ligand described in Section 2.1.3, successful 
water solubilization of Cu2‒xTeyS1‒y NCs with preservation of their plasmonic properties has been realized 
via the ligand exchange.32 Another important application of ligand exchange is the synthesis of all-
inorganic NCs capped with small charged inorganic species introduced by the Talapin group.84-87 Such 
small species drastically improve charge transport in NC-based solids owing to shortening the distance 
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between adjacent particles. Another application of this method is the growth of inorganic shells around 
semiconductor NCs by alternating anionic and cationic layers, such as S2‒ and Cd2+ to grow CdS at room 
temperature (Figure 9a).88 We extended this approach to prepare multilayered shells on CdSe NCs made 
of uniform ZnS and CdS monolayers in several different configurations, as illustrated in Figure 9b (Annex 
23).44 All core/shell multicomponent nanoparticles preserve narrow size distribution, phase crystallinity, 
and shape homogeneity of the cores. Combining CdS and ZnS monolayers in various sequences it was 
possible to finely tune optical properties of the resulting heterostructures. Figure 9c,d shows an example 
of this tuning on CdSe/CdS/ZnS/CdS/ZnS core/multishell QD structure, in which pronounced red shifts 
in both absorption and PL spectra are observed. Furthermore, using this technique one can alter also 
the Stokes shift of the QDs (Figure 9e). Moreover, we extended the toolbox of the ionic layer deposition 
to integrate materials with intrinsically different properties, such as Au and CdS in the core/shell 
structures with substantial lattice mismatch. The results presented in this work demonstrate great 
opportunities for creating functional materials with programmable properties for electronics and 
optoelectronics. 

 
Figure 9. (a) Scheme of the ligand exchange and following ion layer deposition of the CdS shell forming 
core/shell NCs. (b) Investigated shell combinations with corresponding energy band diagrams of CdSe, CdS, 
and ZnS. Numbers of layers are indicated after the composition with a final shell thickness of 4 monolayers 
for all samples. Evolution of the absorption (c) and the PL (b) spectra, as well as values of the Stokes shift (c) 
of CdSe NCs during their alternate shelling with CdS and ZnS forming the CdSe/CdS/ZnS/CdS/ZnS 
core/multishell structure. The inset in (d) shows PL color evolution (samples under UV light) during the shell 
growth. Adapted from ref.44. Copyright 2017, American Chemical Society. 
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2.2. Assembly 
Developed assembly approaches relate to non-ordered three dimensional (3D) networking of NCs, also 
defined as gelation, which yield highly porous structures with large surface area. Three main methods 
to form these 3D assemblies will be discussed in this section: 1) controllable destabilization of NC 
colloids, 2) binding through Tz-surface ligands, and 3) electrostatic linking of the all-inorganic NCs via 
oppositely charged ions. 
 
2.2.1. 3D assembly of thiol-capped nanocrystals via controllable destabilization 

Aqueous semiconductor NCs described in Section 2.1.1 are ideal candidates for further covalent 
linking and self-assembly such as layer-by-layer deposition mediated by polyelectrolytes, since they are 
stabilized with short-chain thiols possessing amino-, carboxyl or hydroxyl functional groups.65, 89 First 
porous semiconductor metal chalcogenide aerogels made of nanoparticles were reported by the group 
of Brock.90-91 Later on, our group introduced a well-controllable and easily up-scalable method to gelate 
aqueous CdTe QDs via photochemical treatment.92 The thus produced hydrogels can be further 
processed by a supercritical drying technique with liquid CO2. Combination of NCs made of different 
materials, while capped by similar thiol-containing ligands, in one pot allowed us to produce mixed 
metal‒semiconductor Au‒CdTe aerogels (Annex 24).93 We assumed that photochemical treatment 
induces oxidation of thiolate moieties on the surface of the particles leading to formation of RS‒SR bonds 
thus eventually linking adjacent NCs in one 3D network, as proposed for the formation of the NC gels 
upon adding an oxidant. The resulting aerogel monoliths consisted of networks of homogeneously 
dispersed gold and CdTe nanoparticles, which exhibited optical behavior dependent on their 
composition, while retaining their quantum confinement effects. The variation of the initial CdTe NCs to 
Au NCs ratio ensured a facile tuning of the content and the properties of the aerogels. Materials of this 
type combining the optical and catalytic properties of their nano-building blocks with very high porosity 
of the gel structure are of special interest for applications in sensing and photocatalysis. 

Another example of self-assembly of thiol-capped CdTe NCs by means of gentle destabilization is 
the preparation of 3D CdTe@Cd-TGA hybrid nanostructures, in which large scale nanowires were found 
as building blocks (Annex 25).94 These structures were formed upon addition of a non-solvent (ethanol) 
to an aqueous solution of the NCs together with sodium acetate at 70oC. After complete solvent 
exchange with acetone, these wet 3D hybrid structures were further supercritically dried, yielding solids 
with a monolith volume of about 1 cm3 and a density of about 1/2500th of the bulk CdTe. It was found 
that the nanowires were composed of CdTe@Cd-TGA complex hybrid nanostructures in which well-
separated CdTe NCs were uniformly distributed (Figure 10a). These nanowires could reach several 
micrometers in length and approx. 30 nm in width. They maintain quantum confinement of CdTe NCs 
and thus retain their PL, which may be suitable for the manufacturing of LEDs (e.g., as light-conversion 
layers), optical sensors, etc. 
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Figure 10. (a) SEM, TEM, and HRTEM images of the 3D CdTe@Cd-TGA complex hybrid nanostructures with 
photographs of the corresponding dry aerogels under day (top right) and UV (bottom right) light. (b) Scheme 
of the gelation of two different types of 5-HSCH2Tz-capped NCs by the addition of Zn2+ ions (left). Photo of a 
CdTe NC hydrogel under day (top right) and UV (bottom right) light. (c) Schematics of the preparation of 
white emitting aerogels by mixing blue-emitting ZnSe, and yellow and red emitting CdTe NCs with their 
subsequent gelation. PL spectrum and a photograph of the white aerogel under UV light. (d) TEM images of 
fragments of hybrid CdTe‒Au NC aerogels with increasing Au NCs content from left to right. Photos of aerogel 
samples prepared from green CdTe QDs‒Au NCs and orange CdTe QDs‒Au NCs mixtures with varied ratios 
between the particles under day and UV-light (right). Adapted from refs.40, 94. Copyright 2010 and 2015, 
American Chemical Society and Wiley VCH Verlag GmbH & Co. 

 
2.2.2. 3D assembly of tetrazole-capped nanocrystals 

Tz-capped CdTe NCs described in Section 2.1.2 were exploited as building blocks to assemble 3D 
nanostructures via metal‒Tz complexation. Thus, a driving force for the formation of a gel network was 
a cross-linking of individual NCs by complexation of the tetrazolate units with Zn2+ ions, as schematized 
in Figure 10b (Annex 8).37 This approach allows the reproducible and easily upscaleable fabrication of 3D 
semiconductor networks maintaining the optical properties of the initial NCs. Furthermore, we 
discovered a unique ability of reversible gelation of these NCs by the competitive complexation of metal 
ions by a stronger ligand such as ethylenediaminetetraacetic acid. We further elaborated this method 
to prepare hybrid gels containing semiconductor particles with different band gaps: ZnSe and CdTe, as 
well as two differently sized fractions of CdTe QDs (Annex 10).39 In these hybrid systems we investigated 
energy relations between donors and acceptors by means of absorption, steady-state, and time-
resolved PL spectroscopy. We found that addition of energy donors compensated the emission 
quenching of the 3D assembly and resulted in a fine control of its optical properties. The approach 
ensured a facile preparation of a white-light emitting aerogel via the combination of UV‒blue-emitting 
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ZnSe and yellow- and red-emitting CdTe QDs (Figure 10c). These experiments revealed a great potential 
of the method for the fabrication of LEDs possessing a wide variety of colors. Aerogels can be infiltrated 
with polymers using a technique recently reported to improve their mechanical properties.92 
Furthermore, they can be hybridized with hole-conducting conjugated polymers to ameliorate the 
electrical-transport properties of the material. 

In addition to mixed semiconductor NC-based (aero)gels, hybrid semiconductor‒metal CdTe‒Au 
NCs systems were prepared by the controlled gelation of mixed CdTe and Au NC colloids (Annex 9).38 
Simply tuning the initial ratio between CdTe and Au NCs resulted in a precise control of the final aerogel 
composition owing to the complete cross-linking of all particles present in solution. Figure 10d displays 
TEM images of hybrid CdTe‒Au NC aerogels with varying gold content. Apart from Cd2+, other ions like 
Zn2+, Ba2+, Ni2+, and Ag+ are applicable for the assembly. The resulting assemblies processed by critical 
point drying formed highly porous aerogels with the surface area in the range of 50‒130 m2/g and the 
pore volume of 0.18‒0.51 cm3/g. Optical studies revealed a distinct dependence of the optical properties 
of the gels on their composition. Gelation and the increase of the gold content in the hybrid architectures 
induced PL quenching and shortening of the emission lifetime. The method developed is promising for 
biological and chemical beacon measurements:95 optical detection of molecules interacting with metal 
and/or semiconductor nanoparticles in highly porous nanostructures.  
 
2.2.3. 3D assembly of all-inorganic nanocrystals 

 
Figure 11. (a) Schematic representation of the gelation process and TEM images showing the gelation of I‒-
capped CdSe NCs in 24 h, 48 h, and one week after the addition of Cd2+ linker. (b) SEM image of the 
corresponding aerogel. (c) XRD patterns of the initial CdSe NCs and the all-inorganic CdSe NC aerogel. (d) 
Absorption spectra of CdSe NCs before and after the ligand exchange with I‒, their subsequent gelation with 
Cd2+ in N-methylformamide, and after drying and heat treatment of the resulting aerogel. The spectra are 
vertically shifted for clarity. (e) PL spectra of the initial CdSe NCs, the CdSe(I‒)/Cd2+ wet gel, and the aerogel, 
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as well as their corresponding Stokes shifts, FWHM, and PLQY. Adapted from ref.45. Copyright 2016, Wiley 
VCH Verlag GmbH & Co. 

 
All-inorganic semiconductor NCs introduced in Section 2.1.6 represent another example of 

suitable building blocks for 3D self-assembly. Therefore, we developed an efficient approach to 
assemble a variety of electrostatically stabilized all-inorganic NCs by their linking with appropriate ions 
into multibranched gel networks (Annex 26).45 Among nanomaterials successfully tested in the gel 
formation were spherical colloidal CdSe, PbS, and PbSe semiconductor NCs with narrow size 
distributions, as well as CdSe nanoplatelets and ZnO nanorods that were ligand exchanged with different 
inorganic species, such as S2‒, I‒, Cl‒, F‒, as well as Ga/I and In/Cl complexes. The advantage of using 
charged all-inorganic NCs as building blocks is their inclination to form gel networks through bridging by 
counterions, as shown in Figure 11a on the example of spherical I‒-capped CdSe NCs electrostatically 
linked via Cd2+ ions, independent of their size, composition, morphology, and even charge. These all-
inorganic nonordered 3D assemblies benefit from strong interparticle coupling, which facilitates charge 
transport between the NCs. As in the case of the aerogels obtained as described in Sections 2.2.1 and 
2.2.2, all-inorganic NC assemblies are highly porous monolithic structures (Figure 11b), which preserve 
the quantum confinement of their building blocks (Figure 11c‒e). For example, the inorganic 
semiconductor aerogel made of 4.5 nm CdSe NCs capped with I‒ ions and bridged with Cd2+ ions had a 
large surface area of up to 150 m2/g. This approach represents a powerful method to tackle a crucial 
problem in technological applications of NCs, namely how to build well interconnected all-inorganic 3D 
structures while retaining the characteristic properties of the individual NCs. 

 

2.3. Applications 
Main applications have been accomplished with copper chalcogenide-based nanoparticles, as they are 
relatively low-toxic and environmentally friendly. Among the materials applied were CIS-based QDs, Cu2‒

xSe NCs, and CuS superstructures. Thus, CIS-based QDs have been engaged in the fabrication of QDs-in-
polymer composites tested as photovoltaic windows, copper selenide nanoparticles were employed to 
manufacture flexible conductive coatings and as a material with switchable plasmon, copper sulfide 
hierarchical structures were studied as an electrode material in LIBs. 
 
2.3.1. Copper indium sulfide-based quantum dots-in-polymer composites for luminescent solar 
concentrators 

As has been mentioned above, CIS-based QDs have a great potential for implementation into 
various devices, in particular those harnessing their excellent optical properties (high extinction 
coefficient and PLQY values), owing to their low-toxic and environment friendly composition. We 
exploited this material in luminescent solar concentrator prototypes, schematized in Figure 12b (Annex 
27).49 This application benefits from the large Stokes shift of CIS-based QDs essential to decrease 
possible light losses within the device. The QDs embedded into a solid transparent matrix are supposed 
to absorb energy of the solar light and emit it toward the edges of a plate surrounded by solar cells, thus 
acting as a light pump.96 In order to fabricate highly transparent and photostable QDs-in-polymer 
composites we designed a special surface engineering method, according to which as-synthesized 
CIS/ZnS or CZIS/ZnS core/shell QDs were first functionalized with 4-vinylaniline and zinc methacrylate, 
double bond-containing molecules. Then they were processed into bulk composites by free radical 
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copolymerization with styrene or poly(lauryl methacrylate) in the presence of a common initiator, 
azobisisobutyronitrile (AIBN) (Figure 12a, c).  

 
Figure 12. (a) Scheme of the synthesis of the core/shell CZIS/ZnS QDs, ligand exchange with vinylaniline and 
zinc methacrylate, and free radical copolymerization of these functionalized QDs with styrene into bulk QD-
in-polymer composite in the presence of AIBN as an initiator. (b) Scheme of the tested photovoltaic window. 
(c) Photos of the CZIS/ZnS QD-in-polystyrene composite prepared in the form of a plate under daylight (top) 
demonstrating its transparency, and under UV excitation (bottom) showing its bright edge. (d) Normalized 
integrated emission of the QD-in-polymer samples versus time of the illumination. Adapted from ref.49. 
Copyright 2017, Wiley VCH Verlag GmbH & Co. 
 

These QDs-in-polymer composites exhibited high photostability against degradation tested in the 
focus of a powerful white-light source. Moreover, we observed a particularly interesting light-soaking 
effect in the case of the QD-in-polystyrene bulk composite that demonstrated at least threefold PL 
enhancement during the light irradiation (Figure 12d). Based on this composite we fabricated solar 
concentrator prototypes and performed measurements supported by Monte Carlo modeling, which 
evidenced the stability of samples in conditions of accelerated PL degradation. The developed method 
of surface engineering can be applied to a wide range of other QDs to incorporate them into a polymer 
matrix and fabricate highly transparent and stable composites. Our calculations showed that the power 
produced by a 100×100 mm CIS QDs-based photovoltaic window prototype can reach up to 85–95 mW 
with an optical performance of 1.1–1.2%, assuming a QY of 50% with 70% average transmittance in the 
visible region, which can be increased to 175 mW (2.2% optical performance), if the QY can be boosted 
to 90%.50 By transferring the transmitted spectrum to the color space, we defined the color of the light 
behind the window (as delivered to the consumer) and found that QDs with an emission maximum at λ 
> 795 nm provided inside illumination conditions closest to the white light, with the c-Si solar cell as the 
optimal choice. 

 
2.3.2. Copper selenide-based conductive flexible coatings 

Copper selenide NCs, introduced in Section 2.1.4, represent one of the most interesting copper 
chalcogenide-based materials, since it is a superionic conductor that shows p-type conductivity due to 
copper vacancies within its crystal lattice.97-99 Especially promising is the application of these colloidal 
nanomaterials as conductive coatings in combination with commercially available plastics, since they 



23 

can be fabricated via low-cost solution-based techniques, such as drop-casting, spin-coating, spray-
deposition, and ink-jet printing. We exploited CuSe NSs (see Figure 5) for the fabrication of flexible 
conductive films prepared by simple drop-casting of the NS dispersions onto polyvinylchloride (PVC), 
polyvinyl alcohol (PVA), and paper, as shown in Figure 13a, without any additional thermal or chemical 
treatment (Annex 19).46 Further, we studied the electrical properties of these films upon bending, 
stretching, and folding. The electrical performance of the NSs-based coatings was benchmarked against 
Cu2‒xSe spherical NCs in order to demonstrate the advantage of 2D morphology of the NSs for flexible 
electronics. The resulting films showed ohmic behavior, with a conductivity of several hundreds of S/m 
that was maintained for several months under air (Figure 13b). The morphology of the NSs-films with 
overlapping contacts between the individual sheets resulted in an advantageous behavior on flexible 
substrates, manifested by an almost complete recovery of their conductivity after the application of a 
mechanical stress such as bending and stretching (Figure 13c). At the same time, the similar treatment 
of Cu2−xSe spherical NCs-based coatings led to irreversible losses of their conductivity that was on the 
order of 20%–30%. Moreover, the NSs enabled the deposition of conductive films on paper that retained 
their conductivity under folding, with losses significantly lower than one order of magnitude after several 
folding cycles. These features make the developed CuSe NSs suitable candidates for printable electronics 
on flexible substrates (e.g., in medical implantation devices) or for a possible use in stress sensors. 

 
Figure 13. (a) Scheme of the NCs-films preparation from copper selenide spherical particles and NS by drop-
casting on various substrates: PVC, PVA, and paper, followed by testing their conductivity upon bending, 
stretching, and folding, respectively. (b) Typical I‒V curve recorded on films of CuSe NSs (average thickness = 
2.9 μm) and Cu2‒xSe NCs (4.9 μm) on a soda-lime glass. Inset: photo of a typical “Greek cross” sample used 
for the conductivity measurements, compared in size with a 2€ coin. (c) Performance of stretchable 
conductive films on PVA fabricated with the both types of nanoparticles. Adapted from ref.46. Copyright 2016, 
Wiley VCH Verlag GmbH & Co. 

 
2.3.3. Copper selenide-based electrochromic device 

As has been mentioned in Section 2.1.4 and shown in Figure 5, another interesting and important 
for application property of Cu2‒xSe NCs is their strong LSPR in the NIR region stemming from a large 
number of free holes supported by copper deficient crystal structure of these materials. We introduced 
an electrochemical method of tuning the LSPR of such degeneratively doped semiconductor NCs by 
combining cyclic voltammetry and chronoamperometry techniques with absorption spectroscopy 
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directly in situ (Annex 28).48 This approach allowed us to monitor optical changes straightaway during 
charging/discharging of Cu2‒xSe NCs embedded in a transparent ionomer Nafion film deposited onto an 
indium tin oxide (ITO)-coated glass, as schematized in Figure 14a. We observed that LSPR of the Cu2‒xSe 
NCs can be well-controlled and tuned in a wide range simply by potentiostatic switching (Figure 14b). 
Starting with an intensive plasmon of the initial as-synthesized Cu2‒xSe NCs we were able to completely 
damp it via reduction (electron injection). Moreover, this electrochemical tuning was demonstrated to 
be reversible by subsequent oxidation (extracting electrons from the system). X-ray photoelectron 
spectroscopy (XPS) analysis of the Cu2‒xSe NCs-in-Nafion samples did not reveal any prominent changes 
in oxidation states of the main elements before and after charging. This allowed us to assign changes in 
absorption solely to electron injection/extraction processes leading to extinguishing and regenerating 
free holes present in the as-synthesized NCs. Hence, our findings demonstrated for the first time a 
reversible tuning of the LSPR of copper chalcogenide NCs without any chemical or structural 
modification. Such a wide LSPR tunability is of paramount importance, for example in applications of 
these materials in electrochromic devices to control their transmittance, as well as in photovoltaics to 
amplify light absorption, and in systems involving plasmon‒exciton interactions to controllably 
quench/enhance light emission. 

 
Figure 14. (a) Scheme of the working electrode preparation and electrochemical cell assembly used to 
measure optical absorption of Cu2‒xSe NCs-in-Nafion films in response to electrochemical stimuli in situ. (b) 
Absorption spectra of the Cu2‒xSe NCs-in-Nafion film recorded during cyclic voltammetry measurements 
upon sweeping the potential (charging/discharging of the working electrode). Adapted from ref.48. Copyright 
2017, American Chemical Society. 
 
2.3.4. Copper sulfide in lithium ion batteries 

Copper sulfide micro- and nanostructures, in particular covellite CuS, have attracted considerable 
interest as electrode materials for LIBs.100 The main benefits of CuS are its high theoretical capacity, low 
cost, abundant sources, and low toxicity.101 In addition, CuS, as a well-known p-type semiconductor, is 
built up of stacked triangular layers of Cu and S, which makes it especially suitable for LIBs. In LIBs, CuS 
typically undergoes conversion reactions (e.g., CuxS + 2Li + 2e‒ ↔ Li2S + xCu), alloying/dealloying, as well 
as intercalation/deintercalation (with some reversibility), which lead to sustained capacities in the range 
of 400–600 mA∙h/g.102 In order to improve properties of this electrode material, in particular its stability 
in charge/discharge processes, we synthesized CuS superstructures by a facile colloidal approach based 
on the reaction of copper nitrate with sodium thiosulfate (Figure 15a) (Annex 29).47 Depending on the 
solvent employed (water or a water‒ethylene glycol mixture) either ball-like or tubular dandelion-like 
hierarchical CuS structures were obtained, respectively. 
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Figure 15. (a) SEM images of the CuS dandelion-like structures and a scheme of the chemical conversion 
reaction in LIBs. Electrochemical performance of this material: (b) cyclic voltammogram between 1 and 3 V 
at 0.05 mV/s rate, (c) first two charge/discharge cycles at 0.56 A/g, (d) first two charge/discharge cycles at 
1.12 A/g, (e) the cycling characteristics at different current densities. Inset in (e) is a scheme depicting the 
effective electrolyte immersion that is favorable for a facile Li-ion reaction. Adapted from ref.47. Copyright 
2015, Wiley VCH Verlag GmbH & Co. 

 
Both of these architectures were assembled of small semispherical 30–40 nm sized nanoparticles, 

and thus, exhibited similar crystal phases and optical properties. However, these two CuS morphologies 
were characterized by their markedly different electrochemical performances, suggesting that their 
complex structures/morphologies influenced the electrochemical properties. From the cyclic 
voltammetry analysis, we concluded that the particles effectively underwent the redox reactions 
accounting for conversion processes during charge/discharge (Figure 15a). Upon cycling between 1 and 
3 V the cells made with CuS dandelion superstructures delivered a good capacity, for example at 0.56 
A/g a capacity of approximately 500 mA∙h/g was achieved, and the capacity loss after the first cycle was 
also found to be appreciably low, only by a difference of about 100 mA∙h/g (see Figure 15c). Similarly, 
even at high current densities such as 1.12 A/g, the cells exhibited a higher capacity of approximately 
425 mA∙h/g with a low capacity loss (Figure 15d,e). Our electrochemical data indicated that the tubular 
dandelion-like morphology offered an improved electrochemical performance, over the ball-like 
assemblies. This particular structure improved both the capacity and the cycling behavior probably due 
to facile lithiation/delithiation processes on the CuS particles, and also by maximizing the exposure of 
the particles to the electrolyte (Figure 15e). Ease of preparation and processing of these hierarchical 
nano-microstructures, together with good electrochemical performance, make CuS tubular dandelion-
like clusters attractive for developing low-cost LIBs based on conversion reactions. 
 

3. CONCLUSIONS & OUTLOOK 
This work summarizes main results accumulated by the author during his work on colloidal 

semiconductor nanomaterials over last ten years. They embrace a relatively broad field from chemical 
synthesis of various nanoparticles, through their postsynthetic modification to assembly and application, 
each supported by a comprehensive characterization. The main compounds studied include II‒VI, I‒VI, 
I‒III‒VI, I‒II‒III‒VI, and I‒II‒IV‒VI semiconductors. In the framework of these investigations facile and 
easy upscalable aqueous syntheses of alloyed ZnxCd1‒xSe, ZnSexTe1‒x, and CdxHg1‒xTe QDs were 
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developed. These syntheses produce bright emitting aqueous QDs with extended PL and absorption to 
the blue and to the NIR region of the spectrum, which widen areas of their potential applications.  

Particular focus in the studies was made on copper chalcogenide-based materials, as low-toxic 
and widely applicable alternatives to more investigated “classical” II‒VI systems, such as CdSe. In this 
direction, by employing the heat-up and the hot-injection approaches binary Cu2‒xS and Cu2‒xSe, as well 
as quasi-ternary Cu2‒xSeyS1‒y and Cu2‒xTeyS1‒y NCs were synthesized. Facile shape and crystal structure 
control was demonstrated on the example of copper selenide nanoparticles allowing for the preparation 
of monodisperse spherical NCs, nanoplatelets, and large yet thin NSs by means of a simple tuning of 
basic reaction conditions. Furthermore, these as-prepared binary and quasi-ternary NCs were chemically 
transformed via CE into more complex alloyed ternary Cu‒In‒S(Se), quaternary Cu‒Zn‒In‒S(Se), Cu‒Zn‒
Se‒S, and quasi-quinary Cu‒Zn‒Sn‒Se‒S particles, as well as into Cu2Se‒ZnSe and Cu2Se‒CdSe Janus-like 
heterostructures. The precise composition control achieved in these nanomaterials was reflected in the 
fine tuning of their optoelectronic properties. In particular, synthesizing large CISeS/ZnS core/shell QDs 
we were able to push their fluorescence farther to the NIR, thus significantly extending range of their 
optical activity. In general, the strategy of partial CE introduced in our work and applied to copper 
chalcogenide nanoparticles is rather universal and may pave the way to other various complex 
nanostructures. CuS superstructures were successfully applied as an electrode material in LIBs, based 
on chemical conversion. Strongly plasmonic self-doped Cu2‒xSe NCs were demonstrated as a promising 
material to be employed in fabrication of electrochromic windows as well as solution-processable 
conductive coatings. In the latter, CuSe NSs demonstrated their superiority over spherical contenders in 
the case on flexible substrates. 

Special attention in the work was devoted to the surface chemistry of the NCs, since in the case 
of small nanometer-scaled particles surface plays a crucial role, determining not only their properties 
but also the ways of further processing and applications. Thus, unique amphiphilic nanoparticles were 
designed by employing a special short chain PEG molecules functionalized with the thiol group. These 
NCs were demonstrated to be capable of spontaneous three-phase transfer and of penetration through 
model and cellular plasma membranes, which makes them a perfect candidate for investigations of 
inter- and intracellular transport phenomena. Another new ligand successfully employed directly in the 
synthesis of CdTe and ZnxCd1‒xSe QDs was 5-mercaptomethyltetrazole, which endows the particles with 
a unique ability to form donor‒acceptor complexes with metal cations. Exploiting this property, gels and 
aerogels assembled from Tz-capped CdTe, CdTe with Au, green CdTe with red CdTe and blue ZnxCd1‒xSe 
NCs were prepared and studied. Thus, by tuning the ratio between the components in green CdTe‒red 
CdTe‒blue ZnxCd1‒xSe QDs aerogel it was possible to fabricate white light emitting assembly of close 
connected QDs. These porous materials possessing high surface area are perfect candidates for 
applications in optical sensing, photocatalysis, and lighting. 

Another important approach to the surface modification is the ligand exchange to small inorganic 
species. Based upon this method we developed gelation of all-inorganic capped NCs, bearing a 
significant surface charge, through the facile electrostatic assembly via oppositely charged ions. For 
example, CdSe NCs capped with I‒ ions were interconnected by adding Cd2+ counterions. We 
demonstrated a general applicability of this gelation approach to a wide range of semiconductor NCs 
with different morphologies, compositions, and sizes. The resulting 3D structures, as in the case of the 
gels and aerogels built of Tz-capped NCs, exhibit a large surface area of up to 150 m2/g. In addition, NC 
building blocks in these assemblies are not covered by an insulating ligand shell and thus should have 
better charge transport properties, as compared to as-synthesized organic capped particles, which is 
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beneficial to application of the obtained (aero)gels in optoelectronics, sensing, catalysis, and 
thermoelectrics. Furthermore, using the ligand exchange, we developed the precise engineering of the 
NC shells, in particular CdS, ZnS, and their multilayered combinations, in which CdS and ZnS can be 
alternated in any sequence. This shell growth was manifested by significant changes in optical properties 
of the resulting core/shell QDs, especially prominent was the PL shift. A versatility of the shell growth 
was demonstrated on the synthesis of Au/CdS core/shell NCs, in which a large lattice mismatch between 
the metal and the semiconductor components makes its direct synthesis based on heterogeneous 
nucleation very challenging. Special design of the surface of CIS QDs resulted in the fabrication of 
transparent and photostable QDs-in-polymer composites tested as luminescent solar concentrators. In 
order to improve compatibility of the QDs with the polymer matrix, they were modified by anchoring 
copolymerizable molecules. 

Overall, despite all progress in the field of colloidal semiconductor NCs achieved up to date, there 
is still a plenty of room for further fundamental investigations of these unique and versatile materials. 
In particular, patterns derived by studying “classical systems”, such as CdSe and PbS QDs, can be applied 
to other less developed semiconductor nanoparticles, among which are Cd(Pb, Hg)-free InP- and CIS-
based materials, as well as currently booming cesium/alkylammonium lead halide perovskite NCs. 
Nevertheless, in the author’s humble opinion, the chemistry of colloidal NCs has already matured during 
last decades to the level, where a wide variety of high quality materials can be easily produced by a 
plethora of synthetic protocols developed to date. Thus, now it is time to turn semiconductor NCs to 
industrial and commercial lines, not being satisfied with a few successful commercial examples, such as 
that of Samsung’s QLED TVs mentioned in the introduction. One of the hurdles standing on the way of 
fulfilling expectations of our society in nanomaterials appears to be underdeveloped large-scale 
production, since most syntheses published to date deal with milligram to gram-scale amounts of 
precursors and hence resulting products. Large-scale production should go hand in hand with 
implementation of NC-based optoelectronic devices. In order to advance these two fields, joint 
contribution of researchers from different specialties, not only chemists and physicists, but also 
chemical, process, automatization and electrical engineers, programmers (software developers), and 
managers will be highly required. In this way, development of colloidal nanomaterials will undoubtedly 
contribute to the general progress of nanotechnology aiming at the level of infiltration into many aspects 
of life, such as that envisioned in a science fiction novel “The Diamond Age” by Neal Stephenson. 
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