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ABSTRACT: We review the synthesis of semiconductor nanocrystals/colloidal quantum
dots in organic solvents with special emphasis on earth-abundant and toxic heavy metal
free compounds. Following the Introduction, section 2 defines the terms related to the
toxicity of nanocrystals and gives a comprehensive overview on toxicity studies concerning
all types of quantum dots. Section 3 aims at providing the reader with the basic concepts of
nanocrystal synthesis. It starts with the concepts currently used to describe the nucleation
and growth of monodisperse particles and next takes a closer look at the chemistry of the
inorganic core and its interactions with surface ligands. Section 4 reviews in more detail the
synthesis of different families of semiconductor nanocrystals, namely elemental group IV
compounds (carbon nanodots, Si, Ge), III-V compounds (e.g., InP, InAs), and binary and
multinary metal chalcogenides. Finally, the authors’ view on the perspectives in this field is
given.
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1. INTRODUCTION

Colloidal semiconductor nanocrystals (NCs) have drawn
significant research interest since the discovery of their size-
dependent optical and electronic properties more than 30 years
ago.l_4 These small, inorganic crystallites of nanometric size,
containing hundreds to thousands of atoms and covered with
organic surfactant molecules (ligands), present a high interest
for fundamental science: they are also known as “quantum
dots” (QDs) or “artificial atoms”, whose unique properties can
be adjusted with size, composition, shape and surface state.” At
the same time these nano-objects have a strong potential for
use in many types of applications, particularly in optoelec-
tronics (display, lighting, photovoltaics, etc.), as well as in
biological imaging and detection. Many of these applications
rely on the fluorescence emission of the QDs, and by proper
surface engineering quantum yields approaching unity are now
being achieved with type II—VI NCs based on CdSe. Figure 1
gives an overview of the emission ranges reported for different
types of QDs. The development of chemical synthesis methods
has received particular attention, as it is of prime importance to
be able to synthesize NCs of precisely controlled dimensions,
shape, and composition. A pronounced distribution in these
parameters directly affects their physical properties; one
example is the fluorescence emission line width, which strongly
depends on the size distribution of the NCs. In reality, the size
distribution of a colloidal sample cannot be reduced to zero,
and it is common practice to term a sample showing a size
distribution of 5% or less as being “monodisperse”.

The increase of the band gap with decreasing particle size
induced by the quantum confinement effect strongly influences
the suitability of different types of QDs for various applications.
Indium phosphide, for example, has an optimal bulk band gap
for photovoltaics (E, = 1.35 V) but may no longer be suitable
for this application when the size is below 10 nm. InP QDs are
indeed mainly investigated for use in visible light emitting
devices or in biological imaging applications. Similarly, narrow
band gap semiconductors such as InAs and InSb (E, = 0.35 and
0.23 eV, respectively) may have optimal band gaps for
photovoltaic applications or as near-infrared active materials
in form of colloidal QDs.”

The chemical synthesis of semiconductor NCs has been
reviewed in several papers and book chapters appearing in the
last two decades.” " Additionally, a number of reviews focus
on the synthesis of specific families of materials, which are cited
in the appropriate subsections of the present work, and on their
applications such as biological imagzing/ detection,”' > light-
emitting devices,”® photovoltaics,”’ ~*” and optoelectronics in
general. * In contrast to prior reports, here we focus on the
synthesis of NCs constituted of nontoxic and earth-abundant

materials. The precise definition of the terms “non-toxic” and
“earth-abundant” NCs is not straightforward, even though they
are used abundantly in research papers. When discussing NCs’
toxicity, one has to distinguish between effects coming from the
toxic effects of the constituting elements, as well as those
induced by the small dimensions of the particles. For example,
the latter influences their circulation in the body and uptake in
different organs. Furthermore, the high surface/volume ratio
can be at the origin of catalytic reactions, leading to the
formation of reactive molecules, such as reactive oxygen species
(ROS). The intrinsic toxicity of the constituting elements
depends on their chemical environment. If they are strongly
bound in a crystal, which is then covered with another
inorganic shell material, even Cd- and Pb-containing NCs are
not expected to exhibit toxic effects directly related to these
elements. This supposes however that the inorganic shell
prevents from dissolution and release of highly toxic Cd*" and
Pb** ions. Nonetheless, NCs containing elements notoriously
known for their toxcitiy and banned by legal regulations are out
of the scope of this review. This applies in particular to Cd-, Pb-
and Hg-based materials, for which a huge body of work exists
and which have been already reviewed extensively elsewhere.
The contents of theses elements, as well as those of hexavalent
chromium, polybrominated biphenyls (PBB) and polybromi-
nated diphenyl ethers (PBDE), in (opto-)electronic consumer
products are severely restricted by the RoHS (Restriction of
Hazardous Substances) regulation, in vigor in the EU since July
2006. For all substances the maximum concentration values by
weight in homogeneous materials are fixed to 0.1%, except for
Cd where the limit is set 1 order of magnitude lower (0.01%).
Similar regulations exist in a number of other countries,
including South Korea and China. The currently available data
on the toxicity of NCs suffers from the multiplicity of
experimental procedures and conditions, including large
differences in the investigated samples, which hampers on the
comparison of the results and the establishment of global
statements. It appears, therefore, appropriate to start this article
with a short, yet comprehensive overview of the data related to
the toxicity of semiconductor NCs (section 2).

The earth abundance of the elements can first be judged by
their abundance in the Earth’s upper crust, as depicted in Figure
2. However, this chart only partially reflects the effective usable
abundance of the elements, as becomes clear when looking at
the particular situation of the rare earth elements (REE). Even
though a number of them are as earth-abundant as common
metals such as nickel or copper, REE do not generally
concentrate in exploitable ore deposits, and by consequence,
the world’s supply relies on a small number of sources.”
Furthermore, the extraction of these deposits and the REE
separation bear environmental and regulatory problems. All of
these factors contribute to an apparent scarcity of REE and to
their elevated prices; Eu, Tm and Lu metal reach prices of
several thousands of euros per kg. As visible in Figure 2, the
semimetal tellurium is one of the rarest elements on Earth. By
consequence, Te-based NCs do in principle not fall into the
scope of the present review. However, for the sake of
completeness metal telluride NCs are included. Indium, being
a main constituent of InP and chalcopyrite-type semi-
conductors, like CulnS, and CulnSe,, is an element of
particular interest for this article, as these compounds are
considered to range among the most promising ones for
replacing toxic Cd- and Pb-based NCs. While widely
considered as a “rare” metal, the abundance of indium in the
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Figure 1. Spectral range of emission for the most widely studied types of semiconductor NCs. Reprinted from ref 6. Copyright 2013 Cambridge

University Press.

earth crust is roughly as high as 1.6 X 107 %, similar to that of
cadmium and twice as high as that of silver. However, In does
not naturally occur in the native state but can be found at ppm
levels in base metal ores (e.g., zinc, lead, tin, copper). It has to
be separated from these ores at the base metal smelter using
complex procedures, then concentrated and purified in indium
refineries.’” An important factor contributing to an apparent
scarcity of this element is its strongly increasing use as a
constituent of transparent conducting oxides (TCO) in
optoelectronics. Around 50% of the produced indium is
transformed into ITO (indium tin oxide), used as transparent
electrode material in LCD and other types of flat panel display
technologies. A continuous trend in this direction could lead to
the limited availability of indium in the near future. Therefore,
processes for the recycling of ITO and the recovery of indium
are currently being developed, which show increasing maturity
and efficiency. Nonetheless, indium-based compounds are not
economically viable in applications requiring huge amounts of
these materials, such as for example photovoltaics.”’ While
excellent power conversion efficiencies reaching up to 21% are
obtained with CIGS (Cu(In,Ga)Se,) thin film solar cells,”* a lot
of research efforts are being devoted to the development of
indium-free alternative materials. Cu,ZnSn(S,Se), (CZTS) is
one of the most promising candidates, even though the
efficiencies lack behind CIGS. This is due to the difficulties in
controlling the crystalline phases, which form during the
transformation of the starting compounds into thin films. In
this context, NCs can play an important role, as they allow for
the ex situ control of size, composition, and crystalline phase
prior to their processing as thin films.”’

In summary, we do not exclude materials from discussion on
the basis of the smaller earth abundance of their constituting
elements (e.g, indium in InP NCs). On the other hand, we
explicitly exclude materials containing the three toxic elements
Cd, Pb, and Hg. The compound semiconductor NCs based on
these metals are already largely covered by earlier studies,
describing in details their synthesis and physical properties.
From a more applied point of view, their use in most
applications is severely restricted by many national and
international regulations. One exception from this rule is
section 2 dealing with toxicity studies, as the main body of work
has been carried out on CdSe-based NCs.>* This section would
lose its interest when restricting it to Cd-free materials. The
semiconductor materials covered within this review possess a
bulk band gap <3 eV. Zinc sulfide with a band gap of 3.9 eV is
also included, as this material has a prototype character for the
synthesis of other metal chalcogenide NCs and it serves as the
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major material for preparing an inorganic shell passivating core
NCs. Such core/shell systems, earlier reviewed in refs’*° are
directly integrated in the discussion of the relevant core
materials” families. The main emphasis is put on the solution-
phase synthesis of spherical NCs in organic solvents. 1D Rod/
wire- and 2D platelet/sheet-shaped particles are also discussed
for specific materials, which show a high tendency to form these
structures. On the other hand, aqueous syntheses and methods
based on cation exchange and the preparation of doped systems
are not covered here, as dedicated reviews in this Special Issue
deal with these topics.

The review is structured as follows: First, aspects related to
the toxicity of semiconductor NCs are summarized, including:
toxicity assessment, impact and translocation of NCs to primary
and secondary target organs, and the mechanisms underlying
NC toxicity (section 2). Next, the basic concepts of NC
synthesis are discussed, with emphasis on nontoxic materials
and on recent progress in the understanding of reaction
mechanisms (section 3). In the following, the synthesis of NCs
of different material families is reviewed, starting with group IV
elemental semiconductors, continuing with binary III-V
compounds and metal chalcogenides, and finishing with ternary
and multinary compounds (section 4). Finally, we give our view
on the perspectives of this currently strongly expanding field.
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Figure 2. Abundance (atom fraction) of the chemical elements in
Earth’s upper continental crust.’® Major industrial metals attain a
global production exceeding ~3 X 107 kg/year. The six platinum
group elements plus Au, Re, and Te (a metalloid) form the nine rarest
“metals”. Credit: U. S. Geological Survey.
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2. TOXICITY OF SEMICONDUCTOR NANOCRYSTALS

2.1. Definition of Risk and Toxicity; Toxicity Assessment

Health risk associated with exposure to a chemical substance or
a nanoparticle (NP) is classically defined as the combination of
hazard and exposure (Figure 3). Hazard is an inherent property

Dose-response
assessment
What are the health
problems at different
exposure doses

Hazard
identification
What health problems
are caused by the QD N
Risk
characterization
What are the extra risks
of health problems in the

Exposure assessment exposed population

How much of the pollutant are
people exposed to during a
specific time-period? How
many people are exposed?

Figure 3. Steps of the risk assessment process. Chart adapted from the
U.S. Environmental Protection Agency (EPA), http://www.epa.gov/
risk/conducting-human-health-risk-assessment.

of the chemical element or NP, and this parameter is usually
measured using toxicity assays. Exposure is defined as the
quantity of a chemical element or NP to which a person or a
population is exposed, as well as the frequency of that exposure.

Studies dedicated to risk assessment for NPs have emerged
since the early 2000s and have increased exponentially to the
present day. Many of the current studies in the literature have
focused on identifying potential hazards, and although recent
advances have demonstrated substantial progress within the
field, current knowledge still needs to be refined. With regard to
QDs, risk assessment studies have mainly focused on CdTe and
CdSe, while there are fewer studies reporting on the
toxicological impact of other types of QDs, such as InP or
CulnS,/CulnSe,.

To appropriately assess the risk associated with the use of
QDs, it is thus necessary to (i) address exposure, (ii) verify the
presence and quantify QDs in the considered object, (iii)
quantify the release of QDs from this object, and (iv) identify
the state of the released QDs. Indeed, NP transformation in
biological or environmental matrices has been demonstrated as
having significant effects on its biological impact. Consequently
the state of the NP, i.,, still pristine or aged (partly dissolved,
surface passivated etc.), greatly impacts the outcome of toxicity
assays.

Second, risk assessment necessitates the identification of the
route of exposure, which defines the primary target organs. If
QDs translocate to internal tissues, i.e., cross the physiological
barriers of skin, lungs, or intestine, accumulate in secondary
target organs and are finally released via urinary excretion or in
the feces, then toxicity toward the secondary target organs, as
well as kidneys and/or the liver also has to be evaluated. A
series of toxicity end points have to be addressed by carrying
out toxicity assays on these defined organs using laboratory

models (in vivo experimental animals or in vitro cell lines)
exposed to realistic concentrations of this QD, either pristine or
aged. An important issue to be considered when performing
toxicity assays is the interference of QDs while interpreting
results. Most QDs are fluorescent, and many toxicity assays rely
heavily on measuring the absorbance or fluorescence of a
reagent, which may also be excited by QDs and/or emit in the
same range of wavelength as QDs. This interference must thus
be characterized and therefore only non-interfering QD/
toxicity assay pairs may be used to assess risk. Only by using
this experimental strategy can potential risk be appropriately
identified.

2.2. Who Are the Exposed Populations?

Two populations are at risk when it comes to QD toxicological
impact, since exposure may occur during the whole life cycle of
QD-containing products (Figure 4). First, workers in QD
production plants may be exposed during raw material
processing, manufacturing, and final product assembly,
especially if they are not properly protected. Occupational
exposure primarily consists of cutaneous and ocular exposure
(i.e., skin and cornea). QDs are mainly produced in the liquid
phase, thus minimizing the probability of their release in
ambient air and possible exposure via inhalation, however, the
risk of inhalation (ie., lung exposure) still exists. Ingestion via
oral exposure through hand-to-mouth contact is also a major
route of exposure.

The general population may be exposed in a direct way
during the use of products containing QDs, as well as indirectly
through environmental contamination following the disposal of
the products, unless properly treated and recycled. To illustrate
this last point: What happens when the consumer upgrades to a
new system (e.g,, TV set, mobile phone, and so on) and the old
one is thrown in a landfill, where it breaks open and gets rained
upon? The materials inside of it will surely be washed into the
environment. For this population, the general route of exposure
depends on the consumer product and/or application for which
QDs are used. Briefly, the applications and consumer products
that already/will soon contain QDs are (i) medical/clinical
applications (fluorescent labels for site-specific medical imaging,
vectors for drug delivery, etc.), (ii) solar cells, (iii) color
converters, and (iv) light emitting diodes (LEDs). In terms of
risk, medical applications differ from the other application
domains. Medical applications imply that pristine QDs are
directly delivered to patients, possibly by intravenous injection.
Here “exposure” is maximal, and the strategy is to minimize
toxicity and/or to promote the rapid release of QDs out of the
patient’s body. For the other three applications mentioned,
“exposure” is far less important and depends on the life cycle of
the product containing QDs, as well as the method and
intensity of its usage. Within this population, the major
exposure route is skin contact through the release of aged QDs
or QDs embedded in a polymeric matrix. Based on these

Material
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l
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Figure 4. QD life cycle assessment.
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Figure 5. Penetration of QDs through intact skin. (A) structure of the skin, treated with buffer only for 8 h; SC, stratum corneum; E, epidermis; D,
dermis. (B) confocal scanning microscopy of skin treated for 8 h with PEG, PEG-amine (NH,), or carboxylic-acid (COOH) coated QD 565. Top
row: confocal-DIC channel only allows an unobstructed view of the skin layers. Middle row: confocal-DIC overlay with the fluorescence channel
(green) shows QD localization in the skin layers. Arrows indicate QD localization in the epidermis or dermis. Bottom row: fluorescence intensity
scan of QD emission. QDs 565 are localized in the epidermis (PEG and COOH coatings) or dermal (NH, coating) layers by 8 h. Scale bar (lower
right corners): SO um. Reproduced with permission from ref 37. Copyright 2006 Oxford University Press.

conclusions, it can be predicted that the primary target organs
of possible QD toxicity are the skin and eyes, followed by the
gastrointestinal (GI) tract, and finally, the lungs.

2.3. Impact and Translocation of QDs on/through the
Primary Target Organs

2.3.1. Translocation through the Skin. Translocation of
CdSe QDs through intact skin was first demonstrated by the
team of Monteiro-Riviere, where they demonstrated that QDs
could penetrate the outer stratum corneum (SC) layer of
porcine skin. Using a flow-through diffusion model, this group
demonstrated that the level of skin penetration is based on QD
shape (spherical, ellipsoid or nail-shaped) and QD surface
coating [(-PEG or -PEG-amine or -carboxylic acid), and/or QD
charge (neutral, positive or negative charge)], dictating how
deeply the QDs can localize within the skin (Figure S). This
demonstrates the role of their physicochemical characteristics
on the deepness and rate of QD skin penetration.””**

QDs were never detected in the perfusate of the flow-
through diftfusion cell, suggesting that they may not reach the
bloodstream via this exposure route.’”*® However, skin
penetration demonstrates exposure of QDs to keratinocytes.
A subsequent study from the same team addressed cytotoxicity
and release of pro-inflammatory cytokines in vitro by human
epidermal keratinocytes when exposed to some of these QD
formulations. None of the QDs induced overt cytotoxicity and
only COOH-coated QDs induced a pro-inflammatory
response, suggesting that surface charge modulates the pro-
inflammatory potential of QDs.*” To reduce potential risks
associated with the exposure to QDs, larger QDs with neutral
surface charge, such as those coated with PEG which were also
used in these studies, would appear be the best formulation, as
they seem to minimally penetrate the skin barrier. Mortensen et
al. applied DHLA-coated CdSe/ZnS QDs topically on mice,
which had been previously exposed to UVB irradiation. As
expected, UVB irradiation caused significant damage and
barrier impairment to murine skin, and thus promoted deeper
penetration of QDs. Moreover, Cd accumulation in the liver

and lymph nodes of exposed mice was detected, which was also
related to the inflammatory response of skin cells.”’

To conclude, CdSe/ZnS QDs penetrate the first layers of
undamaged skin, but do not appear to translocate to the
systemic circulation. Conversely, following skin injury, QDs (or
Cd ions released from their surface) can penetrate much deeper
and can be translocated to secondary organs, the liver and the
lymph nodes.

2.3.2. Translocation through the Intestine. When
considering the GI tract as a route of exposure, no translocation
was observed for a variety of QDs, including hydrophobic
CdSe/ZnS core/shell QDs without any other surface
modification,” as well as hydrophilic CdSe/ZnS QDs coated
with mercaptocarboxylic acids or encapsulated in a silica shell.**
Depending on their surface properties, these QDs progressively
degraded along the GI tract, more or less quickly. Hydrophobic
CdSe/ZnS QDs were completely degraded in under an hour,
while CdSe/ZnS QDs coated with hydrophilic thiols were only
partially degraded within 4 h.*"** Conversely, hydrophilic
CdSe/ZnS QDs, coated with a shell of silica, appeared to be
resistant to degradation and were rather eliminated in the feces
of exposed animals.*” It has also been reported that InP QDs
have the capacity to degrade in physiological fluids, mainly in
gastric fluid.*> Most importantly, progressive degradation of
QDs along the GI tract suggests the release of Cd and In ions
in the intestinal lumen, which may also allow them to localize
within internal organs. This hypothesis is further confirmed by
the observation of oxidative damage in the kidneys and spleen
of animals exposed to hydrophobic CdSe/ZnS QDs.*' In
addition, the resistance of several formulations of CdSe/ZnS
QDs toward reconstituted GI fluids has been assessed in vitro.
The ZnS shell is not resistant to the acidic and enzymatic
environment of these GI fluids, even when QDs are further
coated with polyethylene glycol (PEG350 or PEG5000).** An
attractive strategy to render them more resistant is to coat them
with so-called “proton-sponge” polymers, such as polyethyle-
nimine (PEI). This strategy efficiently enhances the resistance
of QDs against the gastro-intestinal environment. However,
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Figure 6. Co-localization of Cd with Se, Zn, and S in slices of lungs from animals exposed to CdSe/ZnS QDs by intratracheal instillation. Laser-
ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS) mapping images. Reproduced with permission from ref 46. Copyright 2013

Royal Society of Chemistry.

[o9)

15.0
25
c £
5 2.0 s
S_El 15 .5A10.0'
5 T2
EE: 1.0 gg
o
S 05 2 50
& 3
0.0 T
0 A4S 5 o
o&so SR A @
) Time (hours) 0.0 -

Liver

05 Il Control
0.4 Il Day3

03 Il Day28
02 Il Day56
01 Il Days4

Concentration of In
(ug/g)

Heart Lung Kidney Brain
[ ; 1
L) T m L) T
Spleen Heart Lung Kidney Brain

Figure 7. ICP-MS analysis of In content in the blood and major organs of mice treated with InP/ZnS QDs encapsulated in PEGylated
phospholipids. A: ICP-MS analysis of blood samples at 0.5, 1, 2, 4, 6, and 24 h postinjection. B: In vivo biodistribution of In in liver, spleen, heart,
lung, kidney, and brain at indicated time-points. Values are means + SD, n = 3. Reproduced with permission from ref 52. Copyright 2015 Elsevier

Inc.

CdSe/ZnS QDs coated with PEG-grafted PEI retain only 70%
of their fluorescence in vitro after 1 h of incubation in simulated
GI fluids.*® Based on the current literature, the best alternative
for CdSe/ZnS QDs to resist degradation in the GI environ-
ment, and consequently to avoid the release of toxic Cd and Se
ions, is to coat them with a shell of silica or PEG—PEL
2.3.3. Translocation through the Lung. Regarding
translocation through the lung, two studies report the fate of
QDs administered to mice by intratracheal instillation,* and to
rats by inhalation, using head-nose exposure.”” Hsieh and
collaborators showed that over 17 days neither obvious
translocation through the lung barrier nor degradation of
CdSe QDs in the lung took place, as attested by Cd and Se
being closely colocalized in specific lung regions, with no
evidence of the presence of isolated Cd atoms (Figure 6).
One way the authors could have validated their findings
would be to quantify Cd and Se using a sensitive method, such
as ICP-MS, thus confirming the absence of QD degradation,
and translocation of Cd or Se soluble species. The authors
show that QDs accumulate in the bronchiolar region of the
lung, colocalized with lymphocytes, suggesting that they cause
inflammation.*® In the study by Ma-Hock et al,, QD or soluble
Cd species translocation through the lung was shown to be
minimal, and the authors indicate that Cd found in the rats’
livers and kidneys may result from oral ingestion of the QDs
deposited in the nose and mouth at the time of administration
and/or due to mucociliary clearance and/or contaminated fur
clea.ning.47 Here, translocation through the lung barrier is not

definitely demonstrated under these conditions. The authors
show no obvious toxicity of QDs, except lung inflammation that
partially regresses after a recovery period of 3 weeks.”” To our
knowledge, no article reports the impact of InP-based QDs
after lung exposure. Several studies have been conducted with
microparticulate forms of InP. InP microparticles cause severe
pulmonary inflammation and fibrotic changes after inhalation
or oropharyngeal aspiration, as well as pleural effusion.”®*’
Even if the impact of nano- vs microparticle is not comparable,
it is important to note that the International Agency for
Research in Cancer (IARC) concluded that there was “clear
evidence” of carcinogenic activity of InP microparticles in rats,
based on a 2-year inhalation study, thus classifying InP in
Group 2A (probable) carcinogens.™

From these studies, it is rather clear that the translocation of
CdSe/ZnS QDs through physiological barriers and further
redistribution through the body via the bloodstream is minimal,
if not absent. Consequently, systemic toxicity in these exposure
scenarios would also be low or absent. Acute toxicity primarily
consists of local inflammation. Yet QD translocation and
toxicity resulting from chronic exposure is still poorly
documented and now has to be considered for a proper risk
analysis.
2.4. Secondary Target Organs after Translocation, Primary
Target Organs after Intravenous Administration, Clearance

Several studies, mainly using intravenous (IV) or intra-
peritoneal (IP) administration, have addressed the biodistribu-
tion (the organs in which QDs accumulate) and biokinetics
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(the time scale of retention/clearance) of QDs out of the body.
Most of them were short-term studies, conducted after a single
IV or IP injection. However, recently there have been findings
focusing more on chronic exposure, thus demonstrating the
limited view of the chronic effects of QDs.

As observed with most of the NPs, primary target organs and
retention time of QDs in the body depend on their size (i..,
primary diameter and/or agglomeration state), surface charge,
and surface coating. The largest or agglomerated NPs are
recognized by scavenger receptors of cells from the
mononuclear phagocytic system, which eventually transfer
NPs to the lymph nodes, liver and spleen.’’ This pattern has
been proposed for QDs as well. Biodistribution of InP/ZnS
QDs with 58 nm hydrodynamic diameter, encapsulated in
PEGylated phospholipids and IV injected into mice (25 mg/
kg) show accumulation in the spleen and liver, with progressive
clearance from these organs. Still considerable amounts of QDs
with intact fluorescence remain 12 weeks postinjection (Figure
7).>* These QDs do not appear to cause any visible acute
toxicity in the animals.>”

Upon subcutaneous (SC) injection in mice, CulnS,/ZnS
QDs emitting in the near-infrared region rapidly distributed to
lymph nodes.”*** Their toxicity was compared to that of
CdTeSe/CdZnS QDs, also administered by subcutaneous
injection. The authors observed the onset of an inflammatory
response within the axillary lymph nodes, occurring at only 10
pmol of CdTeSe/CdZnS QDs while it rather occurred at 100
pmol of CulnS,/ZnS.>* This pro-inflammatory response of the

Cd-based QDs was attributed to the release of Cd and/or Te.
Moreover, CulnS,/ZnS QDs did not induce any hemolysis in
vitro up to 150 nM, while 28% of hemolysis was already
reported when red blood cells were incubated with 25 nM of
CdTeSe/CdZnS QDs. In vitro, this higher toxicity of CdTeSe/
CdZnS QDs was confirmed in MRC-5 human fibroblasts.” In
this cell line, the cytotoxicity index, i.e., the QD concentration
leading to 50% of cell death, ranges between 8 and 21 nM for
CdTeSe/CdZnS QDs while it ranges between 76 and 108 nM
for CulnS,/ZnS QDs.> Together, these data demonstrate that
QDs made of CulnS,/ZnS are less toxic than those made of
CdTeSe/CdZnS.

Generally speaking, upon IV administration, most CdSe/ZnS
and CdTe/ZnS QDs, whatever their surface coating, show
rapid blood clearance and accumulate primarily in the lung,
liver, spleen and kidneys at early time points. CdSe/ZnS QDs
coated either with carboxylic acid or with amine were shown to
induce vascular thrombosis via activation of the coagulation
cascade in the pulmonary circulation upon IV injection.”
Accumulation in the lungs may thus result from coagulation,
leading to deposition in the lung microvasculature. To a lesser
extent, they accumulate in the carcass, heart, muscles, and
occasionally the brain. The kinetics of blood clearance, exact
distribution and retention time in organs, clearance from the
body, depend upon the surface coating of the QD. This
distribution pattern was observed in mice,* ™ rats,**°! and
rhesus macaques primates” exposed to CdSe QDs either
noncoated”® or coated with several ligands. Among these
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ligands, mercaptopropionic acid (MPA) or thioglycolic ac1d
(TGA);***” methoxy-polyethylene glycol (methoxy-PEG);*
dihydrolipmc acid (DHLA), cysteamine, cysteine or DHLA-
PEG;* bovine serum albumin (BSA), octadecylamine grafted
on poly(acryhc acid) (PAA) or PEG-3000;°" or phospholipid
micelles’” have been tested. Most of the studies reporting
similar biodistribution pattern also encountered increased Cd
content in the kidneys at later time points, suggesting
redistribution of Cd from other organs up to kidneys over
time. It was suggested that this redistribution to the kidneys
originates from the degradation and release of Cd ions from
QDs in the hepatic tissue. Cd ions would then be complexed by
metallothioneins (MTs), which are small thiol-containing
proteins that complex ions as a means of detoxification.
These complexes would further be transferred to kidneys, as
demonstrated in animals treated with CdCl,.>* CdTe-ZnS QDs
indeed were rapidly degraded in the liver, as shown by Liu et al,,
by the evolution of the Cd:Te ratio in this organ during the 28-
day course of their experiment.”® In contrary to what was
observed in animals treated with CdCl,, Yeh et al. observed no
induction of MTs in the liver 28 days after IV injection. This
team also previously reported intact fluorescence of QDs in the
liver in the same exposure conditions with the same QD
formulation,*® suggesting that these QDs did not degrade in the
liver. Relocated Cd may thus result from the transfer of QDs
from other tissues where they accumulated earlier, ie., the
lungs, the brain, and/or the muscles.”” Using CdSe/ZnS QDs
coated with mPEG-5000, Fitzpatrick et al. observed primary
distrlbution in the liver, spleen, and lymph nodes, but not in
kidneys.”> QDs were retained in these organs for up to two
years, and exhibited emission spectra with blue-shifted emission
peaks and increased bandwrdth 1n mouse tissues, also
suggesting that they had degraded In contrast small CdSe/
ZnS QDs coated with cysteine (zwitterionic, 4.36, 4.99, and
5.22 nm) were cleared in mice via urine excretion after a single
IV injection at 300 pmol of *Tc-labeled CdSe/ZnS QDs
(Figure 8). 60

Finally, several of these studies also indicate that QDs may
translocate to the brain,*****®* and potentially induce adverse
effects on the central nervous system. For instance, Gao et al.
exposed rats for 7 days to CdSe/ZnS QDs coated with
streptavidin (15—20 nm, injection of 0.25 or S pmole of QD)
by IP injection, and they observed Cd accumulation in the
hippocampus of animals as measured by ICP-MS, as well as
localized oxidative stress. The authors observe signs of
enhanced synaptic transmission, as well as impairment of
synaptic plasticity in exposed animals, while rats’ spatial
memory is altered.®* ICP-MS is a very sensitive technique,
but it does not indicate whether this Cd is in the form of QDs
or if the migration of Cd ions released by QDs occurs upon
partial dissolution. Whether these effects are due to QD
accumulation in brain tissues or to the accumulation of toxic
ions released from QDs upon degradation is not demonstrated.

As summarized from these studies, QDs generally show long-
time retention in the body of exposed animals, with low (if any)
clearance in the urine and feces, except for very small QDs
coated with specific ligands. For instance CdSe/ZnS QDs with
primary dlameter <5.5 nm, coated with DHLA-PEG or
cysteine,” would be good candidates. The kidneys, spleen
and liver are consequently the most potent secondary target
organs that may be damaged by QDs. The fate of QDs in the
body, especially their degradation largely depends on their size,
composition and surface coating. Their persistence as QDs (or

as their composing elements) in these organs justifies the
necessity to prove their innocuousness by using chronic, long-
term exposure systems.

2.5. Mechanisms Driving QD Toxicity

2.5.1. Release of Toxic lons from QDs. Concerning the
toxicity of QDs, the primary mode of action described to date is
the release of toxic ions from the core of the QD, principally
Cd, Se, In, and Te. The toxicity of Cd and Se are very well
documented and are known to depend upon the speciation of
the ion. The release of these ions from QD cores is attributed
to oxidation of chalcogenide atoms (S and Se) by O, from air;
these atoms then form oxides (SO,>~, SeO,) that desorb from
the QD surface, leaving free reduced Cd atoms that eventually
leach from the surface of the QD core (Figure 9). This release
is amplified upon UV irradiation and in the presence of Cd-
binding ions such as chloride.”’

seCdge Cd

< cg
) e . .
cd cd 40, _Oidation oy Cd  +Cd2*+Se0,
Se ge
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Figure 9. Mechanism of toxic ion release from QD core. Adapted from
ref 66. Copyright 2004 American Chemical Society.

In addition to dissolution caused by air oxidation, the
oxidative degradation of QDs in vitro by reactive oxygen
intermediates (ROI), espec1a11y HOCI and H,0,, has been
reported by Mancini et al.”® For any kind of surface coating,
including MPA, polyethylenimine (PEI) graft PEG, PAA graft
dodecylamine (DDA), or lipid-PEG, CdSe-(CdS-ZnS) core—
shell QDs are rapidly etched by these molecules, leading to loss
of fluorescence intensity and a blue shift in the exciton peak,
suggesting a decreased QD size. This leaching of toxic ions is
efficiently reduced by coating QDs with an inorganic shell
(such as a shell of ZnS), or small organic ligands, or cross-
linked organic shells deposited on the core.”® For better
stability, double inorganic shells are also employed, such as
ZnSe/ZnS or CdS/ZnS shells. In these systems, the
intermediate shell, acting as a “crystal lattice adapter”,”” enables
the growth of a thicker and hence more protective outer ZnS
shell. While they do not totally protect the QD core from
degradation upon exposure to UV radiation® and in acidic
environments,”* double shells on CdSe and InP QDs* help to
efficiently reduce their toxicity. At the cellular level, UV
irradiation is improbable (unless used as a recreational or
therapeutic option), whereas acidic conditions are encountered
within lysosomes (pH 5), where QDs are stored after
intracellular accumulation by endocytosis.”””' QDs might
thus degrade in these compartments. Moreover, the presence
of ROI inside the cell resulting from other unresolved stresses,
would amplify the QD dissolution process.

While cells have evolved mechanisms to regulate the
intracellular concentration of toxic chemical elements, including
efflux of toxic ions, scavenging by metallothioneins (MTs) or
other thiol-containing ligands, such as glutathione, this is not
the case for NPs. Indeed, Cd ions are usually transported inside
cells by hijacking membrane transporters dedicated to the
internalization of essential elements. Generally they enter cells
via DMT1 which is a transporter of iron, Zrt/Irt-related
proteins which are zinc transporters, but also amino-acid or
organic cation/anion trelnsporters.72 Upon reaching the
cytoplasmic compartment, these ions are captured by MTs
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that sequester them, limiting their reactivity and thus their
potential toxic impact. Conversely, NPs are internalized in cells
mostly via endocytosis and accumulate in endosomes and/or
lysosomes.”' Soluble NPs would then progressively dissolve in
these cytoplasmic compartments which would serve as
reservoirs that progressively release toxic ions that cells cannot
appropriately regulate. This was first hypothesized by Limbach
et al.”® and then demonstrated for Ag-NPs, ZnO-NPs, and
CuO-NPs;"* it certainly also applies for QDs. A recent study
shows that both CdSe/ZnS and InP/ZnS QDs accumulate in
the same amount in two cell types, where they release
comparable amounts of Cd and In ions, respectively, but only
CdSe/ZnS QDs induce cell mortality.”” Assuming that QD
toxicity is caused only by toxic ion release, the authors
concluded that In jons show less intrinsic toxicity than Cd
ions.*”

2.5.2. Oxidative Stress. The toxicity of QD core elements
is well documented, especially that of Cd.” It has primarily
been related to the induction of oxidative stress, observed in the
liver shortly after exposure of the animals, then in the kidneys.
Cd ions induce extreme overexpression of genes encoding
MTs. Oxidative stress is a situation resulting from a misbalance
between the amount of ROIs present in the cell and the cell’s
capacity to eliminate them (Figure 10). ROIs may accumulate
upon exposure to QDs; this is not a guarantee of oxidative
stress and its consequences, especially if ROIs are appropriately
handled by the cell’s antioxidant systems, including reduced
glutathione (GSH) or antioxidant enzymes, such as superoxide
dismutase (SOD) or catalase (CAT). If these antioxidant
systems are overwhelmed, then ROIs can oxidize biomolecules,
including proteins, lipids from extra- and intracellular
membranes, as well as DNA. Oxidative DNA damage can
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also be amplified by inhibition of DNA repair, as demonstrated
with Cd ions.”®

Several studies published to date relate the potentiality that
QDs per se produce ROIs. This was demonstrated for InP/ZnS
QDs exposed to visible light. ROI generation was halved when
InP QDs were coated with a double-shell of ZnS, as compared
to a single-shell. It mainly consisted of superoxide production,
as well as the generation of a small amount of hydroxyl radicals.
Generation of these radicals was directly correlated with cell
death induced by these QDs; this cytotoxicity, tested on five
different cell lines, was low and significantly lower than that
induced by CdSe/ZnS or CdTe QDs.”” In the study by
Brunetti et al, CdSe/ZnS QDs (double shell of ZnS) were
shown to induce cell mortality, oxidative stress and increased
intracellular Ca®* content in two cell types, while InP/ZnS
(double shell of ZnS) did not.*” Early in vitro acellular studies
using electron paramagnetic resonance (EPR) showed that
CdSe/ZnS QDs produced ROIs, both in the dark and under
UV irradiation, which were shown to attack the backbone of
DNA.”® The authors explained that the generation of ROIs in
QDs which were not light exposed or photoactivated was
caused by generation of sulfur free radical species from the ZnS
shell via exposure to air and water.”® In another study, CdS and
CdSe QDs were shown to produce ROIs when UV-irradiated,
while CdSe/ZnS QDs did not.”” The same QDs did not
produce any EPR signal when manipulated in the dark.”” Anas
et al. used DNA as a probe of ROI generation by CdSe/ZnS
QDs upon photoactivation under different lighting conditions
and showed induction of oxidative DNA damage only when
Q_Dsggvere photoactivated, compared to QDs not exposed to
light.
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In vivo induction of oxidative stress has been demonstrated
in animals dosed with CdSe/Te-based QDs. For instance, Lin
et al. demonstrated that, upon IV injection in mice, CdSe/Te-
ZnS QDs coated with methoxy-PEG-5000 accumulated in the
liver, where they caused time- and dose-dependent elevation of
MT contents, as well as increased expression of several markers
of oxidative stress and inflammation (hemoxygenase 1,
interleukin 6, and TNF-alpha).®'

2.5.3. Damage to DNA. In addition to oxidative stress, Lin
et al. reported that CdSe/Te-ZnS QDs coated with methoxy-
PEG-5000 caused oxidative DNA damage through generation
of the signature lesion, the oxidized derivative of guanine (8-
ox0-dGuo).*" Khalil et al.** also reported oxidative DNA
damage in the liver and bone marrow of animals exposed at
much higher doses of CdSe QDs, as well as chromosomal
damage. As previously mentioned, if not appropriately handled
by cells, ROISs, especially the hydroxyl radical °OH, may attack
DNA and generate both oxidized DNA bases and DNA strand
breaks (Figure 11). These bases are efficiently repaired by the
base-excision repair (BER) pathway. However, if these lesions
are not properly repaired, they have been shown to have
mutagenic properties.

More generally, QD genotoxicity has been demonstrated in
several in vivo and in vitro studies. In vivo, Aye et al. showed
that CdSe/ZnS QDs, encapsulated in phospholipids, caused
DNA strand breaks in the liver and brain of exposed animals
(exposure via IP injection at 0.55, 0.0S, or 0.005 ug/kg body
weight, with DNA damage analysis at 24 h postinjection).
These QDs also caused chromosomal aberration on blood
reticulocytes, as determined by the micronucleus assay.*’
Interestingly, the authors also monitored oxidative stress,
inflammation (TNF-&), Hsp70, and apoptosis (Caspase-3),
but did not observe any significant modulation of these markers
in the organs of exposed animals. Genotoxicity may thus be
caused by both oxidative stress and other mechanisms. From in
vitro experiments, the mechanisms of QD genotoxicity have
been deeply investigated, and while oxidative stress plays a
major role,””** it was also shown that QDs may directly induce
DNA strand breaks after entering the nucleus via nuclear pore
complexes.”**>*® Moreover, since Cd ions have been shown to
promote the accumulation of DNA damage via inhibition of
DNA repair mechanisms,”” QDs that dissolve and release Cd
ions may have the same effect, although this has not been
mentioned in the current literature.

2.6. What Would Be the Profile of Safer-by-Design QDs?

As described earlier in this chapter, risk results from the
combination of hazard and exposure. Limitation of exposure
derives from QD surface modification or limitation of
dissolution. For example, coating QDs with a shell of PEG
render them furtive or coating them with a shell of amorphous
silica would limit their dissolution, even in harsh conditions,
such as low pH. The last option would be to embed them in an
insoluble, inert and robust matrix, such as polymeric matrix.
Considering the already acquired knowledge relative to QD
toxicity, the ideal candidate for safer QDs would not contain
any heavy metals, or would contain the least toxic metal
possible (reduction of hazard). These QDs would be coated so
that they do not translocate through physiological barriers
(reduction of exposure), and/or would minimally dissolve
(reduction of hazard and exposure to toxic ions that would be
released). Lastly their dissolution products would show low
toxicity. New generations of QDs are composed of In or Cu/In

rather than Cd. This is an important step toward safer QDs, yet
the toxicity of In might also be significant, even if it is lower
than that of Cd, as demonstrated some years ago with indium—
tin-oxide microparticles®® and InP microparticles.”” Replace-
ment of In by another chemical element would thus also be
valuable, as long as QD properties are preserved. Among such
examples, zinc phosphide has been proposed in recent years,
which has a direct band gap of 1.5 eV in the bulk. Despite the
fact that only a handful of synthetic methods for colloidal Zn;P,
NCs have been reported, steady progress in this field gives now
access to samples of low polydispersity in different size regimes.
In the 2—3 nm size range they exhibit clear excitonic absorption
features indicative of band gap energies of 2.3—2.9 eV,* while 8
nm sized ZnsP, NCs showed a band gap of 2 eV.”” Another
option would be to reduce as much as possible the In content
in QDs, for instance by substituting it or doping it with another
chemical element that would be less toxic and would enhance
the optical properties of QDs. This option is already tested in
the strategies aiming at doping ZnS, ZnSe and InP QDs with,
for example, Mn or Cu ions. However, it must be kept in mind
that the chemical elements used as dopants may also exert
some toxic action under certain conditions. Finally QDs that
would not contain any possibly toxic elements would be even
better options, and it is certainly the case of the NCs of the
elemental semiconductors Si and Ge. These alternative QDs
show promising luminescence properties; their syntheses and
properties will be discussed in details in section 4.1. A recent
review summarizes the findings relative to the toxicity and
biodegradability of Si NCs.”' Very few articles describe the
toxicity of Ge NCs; the vast majority of them report very low
toxicity.”” As for Cd- and In-based QDs, their toxicity depends
on their surface coating, charge and size,”> and indirectly on
their in vivo degradation. However, toxic effects appear at much
lower concentrations of these QDs compared to Cd- or In-
based QDs. In vivo, their biodistribution is comparable to that
of other QDs, except that they degrade much more rapidly if
not appropriately surface-coated. But contrary to Cd- and In-
based QDs, the degradation of Si NCs leads to the release of
silicic acid in the bloodstream, which is not toxic and is rapidly
released out of the body via renal excretion. Combined to the
high natural abundance of Si, these properties place Si NCs
among the most promising QDs for medical applications,
provided their optical properties can be improved to similar
quality as those of established QDs. Indeed they have already
been tested in vivo, coated with phospholipid-PEG micelles and
targeted to tumors via RGD ligands, and proved to be efficient
for subcutaneous tumor imaging.”

3. BASIC CONCEPTS IN NANOCRYSTAL SYNTHESIS

3.1. Introduction

The introduction of a high temperature synthesis method in
organic solvents in 1993 by Murray, Norris, and Bawendi was
one of the most important steps toward the preparation of
monodisperse NCs.” It described the synthesis of cadmium
chalcogenides (CdE, E = S, Se, and Te), and since then CdSe
NCs serve as the work horse for a huge number of studies.
Monodispersity is of paramount importance for fundamental
studies aimed at understanding the optoelectronic properties of
nanostructures but also for applications, as NCs show more
uniform optical and improved electrical transport properties
and better pack into 2D films or 3D solids. Before going into
details of the discussion of different families of materials, this
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Nucleation takes place when the monomer concentration exceeds C*. Highly reactive precursors, which undergo conversion to monomers in stage I
with a fast rate, yield a larger number of NCs of smaller final size (red curve) than less reactive precursors (blue curve).

section aims at giving an overview of the main synthetic
schemes for the preparation of monodisperse NCs as well as of
the underlying physicochemical models.

3.2. Physicochemical Principles of Nucleation and Growth

3.2.1. Homogeneous and Heterogeneous Nucleation.
Classical studies of LaMer and Dinegar predict that the
temporal separation of nucleation and growth is necessary for
obtaining colloidal solutions of NCs showing narrow size
distribution.” In other words, the nucleation event (“burst”)
should be as short as possible with no more new nuclei formed
in later stages of particle growth. The qualitative validity of this
model has been experimentally verified in many examples. Its
limitations and extensions will be discussed in the next
paragraphs. Separation of nucleation and growth can be
achieved in different ways, and it is helpful to divide the
cases of heterogeneous and homogeneous nucleation. Zsig-
mondy introduced the “seeded growth” method, which is a
prototype reaction for heterogeneous nucleation.”” Here the
seed particles are first formed and isolated and then injected
into the reaction medium containing appropriate precursors
and stabilizers for the growth, while being in a regime of
concentration, which does not induce further nucleation of
seeds. In particular this early example concerned the synthesis
of monodisperse Au nanoparticles by reducing chloroauric acid
with formaldehyde in the c/Presence of 3 nm seed particles,
namely Faraday’s gold sols.”””® More recently seeded growth
has turned out to be a powerful method for the synthesis of
spherical core/elongated shell semiconductor heterostructures,
giving an unprecedented control of diameter and length in
CdSe/CdS NCs.””'* Heterogeneous nucleation occurs at
preferential sites of surfaces and requires lower activation
energy then homogeneous nucleation. Both processes have
been treated in the framework of classical nucleation theory
(CNT), which is based on the principle that the thermody-
namic system tends to minimize its Gibbs free energy.'’" Upon
nucleation the Gibbs free energy change is the sum of a
negative term, describing the energetic gain due to bond
formation, and a positive term arising from the increase of the
Gibbs free surface energy (eq 1)1

4 3 2
AG = — —ar’lAGy| + 4ar
3 v 7 (1)

dAG 2y
=0- r,=
dr IAG,y
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with r being the nucleus radius, Gy the Gibbs bulk free energy
per unit volume, and y the surface free energy per unit area.
The maximum in the plot of AG vs r corresponds to the
minimum critical radius for nucleation r, and the correspond-
ing energy barrier, the activation energy AG, (Figure 12a).
Only nuclei larger than 7. enter the growth stage, while smaller
ones redissolve.

In homogeneous nucleation the formation of the solute
(“monomer”) from the precursors precedes the NCs’
nucleation and growth, as demonstrated by Steckel et al,'”
Liu et al,'”* and Abe et al.'”® Importantly the precursor
transformation to monomers is often irreversible and the
conversion rate is not affected by the concentration of
monomers or NCs. Therefore, the whole process can be
summarized as follows:'*>'%°

precursors — monomers = nanocrystals

Recent synthetic methods adjust the precursor conversion
rate in a way that it limits the crystallization step. By
consequence this rate can be used to tune the number of
NCs produced during nucleation, which allows the design of
syntheses showing close to quantitative chemical yield for a
desired NC size.

3.2.2. LaMer Model and lIts Extensions. The LaMer
model links nucleation and growth of colloidal particles in
homogeneous solution and represents, despite some short-
comings,'”’ the most widely applied model for describing the
formation of NCs. Figure 12b depicts the LaMer diagram for
the cases of high (red) and low (blue) precursor-to-monomer
conversion rate. Fast nucleation of a large number of seeds
leads to a larger number of particles of smaller final size and
vice versa. In any case the reaction can be divided into three
phases:”® In stage I the concentration of the solute/monomers
is built up by the addition of precursors or change in the
reaction parameters (e.g, T, p). When the monomer
supersaturation reaches the level of the critical concentration
C* nucleation sets in (stage II). The nucleation process
continues until the monomer of the growing nuclei exceeds the
monomer production by precursor conversion (C,,, < C*),
terminating this stage. In the subsequent growth stage (stage
), ideally the balance of monomer consumption and
production maintains a high supersaturation. If this is not the
case, growth from solution can be accompanied and/or
followed by another growth process termed Ostwald ripening.
This phenomenon is triggered by the larger solubility of the
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smaller particles in an ensemble (Kelvin effect), which can lead
to a broadening of the size distribution. The dissolved matter is
redeposited on the larger particles, leading finally to a smaller
number of particles of increased diameter.'” To prevent the
formed crystallites from irreversible coagulation/aggregation,
the addition of stabilizing molecules (ligands, surfactants) is
mandatory when working in organic solvents. These molecules
have to be chosen in a way that they provide sufficient steric
repulsion to ensure colloidal stability of the NCs. In many cases
they contain long alkyl chains (e.g, trioctylphosphine oxide,
oleate, oleylamine). When the synthesis is carried out in
aqueous media stabilization is facilitated through long-range
electrostatic repulsion forces between particles, around which
an electric double layer forms. The repulsive forces are function
of the zeta potential and Debye length. One limitation of the
LaMer model is that it does not describe the evolution of the
size distribution during the growth stage. When considering the
seeded-growth approach, size focusing is supposed to occur
during growth, decreasing the initial size dispersion of the
seeds. The growth stage comprises the sequence of monomer
diffusion to the surface and the reaction of the monomer on the
surface. Depending on the diffusion coefficient and rate
constant for the surface reaction the growth can be limited
by one or the other process leading to diffusion-controlled or
reaction-controlled growth. When surface reaction is the rate-
limiting step and the growth rate is proportional to the surface
area, the increase in radius of each particle of the ensemble is
equal, inducing a decrease of the relative size distribution with
growth. For the diffusion-controlled case H, Reiss developed a
model for predicting the evolution of the NC size
distribution.'™ Tt takes into account nanoparticle assemblies
and supposes that the growth rate of spherical particles only
depends on the supplied monomer flux. As a consequence,
smaller particles grow faster than larger ones in the assembly.
This leads, like in the case of reaction-limited growth to size-
focusing, yet with an even faster narrowing of the size
distribution. On the other hand, this model does not consider
competing processes like aggregation or Ostwald ripening,
which can lead to a broadening of the size distribution.
Sugimoto included dissolution processes in the model of Reiss,
which led to the definition of a size-dependent growth rate.''’
One important outcome of this extended model was shown
that under low supersaturation, namely for 7/r* < 2 the size
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distribution increases (7, mean particle radius; r*, particle radius
in equilibrium with the bulk solution, ie., particles of r < r*
dissolve due to the Kelvin effect, particles of r > r* grow). On
the other hand, the size distribution becomes narrower for the
situation of 7/r* > 2. This means that size focusing can be
achieved during particle growth under the condition that the
supersaturation is kept high enough with respect to the
solubility of the particles of the mean size (Figure 13a).
However, it has to be taken into account that r* increases
under the depletion of the monomer reservoir during particle
growth. Therefore, it can practically be necessary to supply
additional monomers during the growth stage to prevent from
size defocusing. Experimentally, this model has first been
validated by Peng, Wickham and Alivisatos who demonstrated
size focusing regimes upon repeated injection of the precursor
mixtures in the synthesis of CdSe and InAs NCs.''" This
approach can be considered as a variant of the seeded-growth
method. One notes in Figure 13b that the achievable size range
is much smaller and the size distribution significantly broader in
the case of InAs. These features unfortunately characterize the
majority of reported syntheses of III—-V semiconductor NCs,
and their origin will be discussed in the last part of this section.

3.2.3. Separation of Nucleation and Growth: Hot-
Injection and Heat-Up Methods. Two main NC synthesis
methods in organic solvents have been developed, which give
access to monodisperse particles through the separation of
nucleation and growth: the hot-injection (HI) and the heat-up
method (HU). Both have been reviewed independently by
Donega et al.''* and Jasieniak and co-workers'’ and have also
been compared to each other in another review by Kwon and
Hyeon.” In case of the HI method, the separation of
nucleation and growth can be achieved by the rapid injection
of the reagents into the hot solvent, which raises the
concentration in the reaction flask above the nucleation
threshold. The hot injection leads to a nucleation burst,
which is quickly quenched by two factors: (i) the fast cooling of
the reaction mixture, enhanced by the fact that the solution to
be injected is at room temperature; (ii) the decreased
supersaturation due to precursor/monomer consumption
during nucleation. Another possibility, realized in the HU
method, relies on attaining the degree of supersaturation
necessary for homogeneous nucleation via the in situ formation
of reactive species upon supply of thermal energy. While
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initially this method was more widely used in the synthesis of
metallic nanoparticles, more recently a strongly increasing
number of examples of semiconductor NCs prepared by this
approach can be found. From the practical point of view and
with regard to the scale-up of syntheses, the HU method has
obvious advantages over the HI method, which typically
translate into higher reproducibility and lower risks. The
characteristic temporal evolution of the prominent reaction
parameters during the HU synthesis is depicted in Figure 14."
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Figure 14. Simulated evolution of the characteristic reaction
parameters during the heat-up synthesis of NCs. The temperature is
ramped at constant rate to the nucleation temperature during the
yellow stage and then left constant for the rest of the simulation.
Reproduced with permission from ref 19. Copyright 2015 American
Chemical Society [Chem. Mater. 2015, 27(7), 2246—2285].

The top panel in this figure shows that the evolution of the
supersaturation follows the LaMer model (cf. Figure 12b),
however, with a prolonged nucleation stage (vide infra). In the
first stage (yellow), the precursors are transformed to
monomers of the compound to be formed and concomitantly
the precursor concentration [P] is going down. Monomer
accumulation takes place until the critical temperature and
critical concentration for homogeneous nucleation are reached
(orange stage). The nucleation rate dN/dt reaches a maximum,
as does the particle size distribution, characterized by its
standard deviation SD. The decline of the nucleation rate marks
the beginning of the growth stage (blue). The high super-
saturation in the initial growth stage favors size focusing, which
leads to a drop of the SD. In the equilibrium stage (green), the
mean size and size distribution remain nearly constant,
although Ostwald ripening could lead to size broadening in
the case of prolonged heating.

Even though the HI synthesis can in principle be
schematized with a similar diagram replacing the yellow
monomer formation/accumulation phase by the fast injection
of precursors, van Embden et al. pointed out differences
between both methods."” The nucleation period, as a key
feature of the HU method, is much longer than in the HI
method. The prolonged nucleation stage in the HU method
arises from the progressive monomer generation, which is
accelerated during the temperature rise and subsequent heating
stage. Therefore, even after the nucleation is triggered, a high
supersaturation is maintained for an extended period. The
overlap of nucleation and growth stages leads to an initially
broadened size distribution. On the other hand, the continuous
monomer formation and supply assures a high growth rate of

the nuclei, fulfilling the above-mentioned condition 7 > 2r* for
size focusing. The most important factors governing the heat-
up synthesis are the choice of the precursors and stabilizers as
well as the heating rate. Increasing the heating rate leads to a
decrease of the mean NC size, which is accompanied by an
increase of the NC concentration, like in the case of fast
precursor conversion depicted in Figure 12b. In addition, fast
heating rates favor the decrease of the size distribution by
ensuring a high growth rate of the nuclei. The choice of
precursors and adjusting their reactivity is the second factor
impacting strongly the size and size distribution of the obtained
NCs. Moderately reactive precursors are the best choice, which
offer a balanced monomer formation rate during heating,
control over the nucleation and growth stages at high
temperature as well as negligible nucleation at room temper-
ature. In case of highly reactive precursors (e.g,, organometallic-
type compounds like RM or E(SiMe;),, R = MeEt; M =
metal; E = pnictogen or chalcogen; x = 2,3), monomer
formation occurs at room temperature, which triggers
nucleation already at a mild increase of temperature.
Simultaneous high nucleation and growth rates lead to broad
size distributions in this case. Too low precursor reactivity in
turn leads to delayed monomer formation and small growth
rates of the nuclei. Ostwald ripening becomes the predominant
growth mechanism in this case, leading once again to a
broadened size distribution. By consequence, the fine-tuning of
the precursor reactivity is a crucial step in the HU method,
which explains why for some materials so far the HI method
yields higher quality NCs. In both methods the rather restricted
libraries of pnictide and chalcogenide precursors currently
explored (cf. section 4) constitute a bottleneck for the
development of synthesis methods for materials less mastered
today, calling for the design of tailor-made compounds. One
exception of this rule is the recent work of Hendricks et al., who
prepared a library of differently substituted thioureas, which
showed tailored reactivity and conversion rates controllable
over several orders of magnitude.'”® This enabled the synthesis
of monodisperse metal sulfide NCs of desired size under
simultaneous optimization of the reaction yield.

3.3. Chemistry of the Inorganic Core, Interaction with
Organic Surface Ligands

The goal of this subsection is to provide the reader with some
useful concepts for understanding the underlying chemistry
governing the synthesis reactions for different families of
semiconductor NCs as well as their interactions with the
surface ligands. We start from the inorganic core and draw
parallels of the observed differences in reactivity and precursor
chemistry with the fractional ionic/covalent character of
bonding (concept of ionocovalency) of the different com-
pounds. These are metal chalcogenides on the one hand, and
metal pnictides as well as silicon and germanium on the other
hand. When looking at the NC as a whole, surface—ligand
interactions have to be considered. In this context the hard and
soft acids and bases (HSAB) principle is very helpful for
classifying affinities between different kinds of metal ions
(Lewis acids) and ligands (Lewis bases). For both the inorganic
core and organic ligand shell, we further highlight recent
developments in advanced characterization techniques allowing
for the real-time assessment of the nucleation and growth
kinetics and the precise description of the surface state. Finally,
we draw attention to an often-neglected step in NC synthesis,
namely purification, i.e. the separation of the NCs from the
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reaction medium, remaining precursors, excess ligands and
eventual side products. Although the purification procedure has
important consequences on the final properties of the NCs
(e.g, colloidal stability, fluorescence emission, surface reac-
tivity), its description is in many cases treated stepwise.

3.3.1. Closer Look at Different Semiconductor
Families. As mentioned before, most of the studies related
to the factors governing nucleation and growth of semi-
conductor NCs have been conducted on CdSe. While the
elaborated principles apply in general also for the synthesis of
NCs of other II-VI and IV—VI compounds of similar bonding
nature (e.g, CdS, CdTe, PbS, and PbSe), the III-V
compounds and elemental group IV semiconductors do not
follow the same behavior. Their nature of bonding does not
facilitate the identification of suitable precursors and reaction
conditions enabling the separation of nucleation and growth
and diffusion-controlled growth from solution. One way to
classify the different classes of materials with regard to their
bonding is by means of their lattice ionicity. From the
crystallographic point of view all II-VI and III-V semi-
conductors exhibit tetrahedral bonding geometry and realize
the zinc blende or wurtzite crystal structure. IV=VI compounds
such as the lead chalcogenides differ from this pattern,
crystallizing in the cubic rocksalt structure with octahedral 6-
fold coordination. Common to all these families is that the
chemical nature of bonding has both covalent and ionic
contributions, which has been quantified by Phillips in form of
the fractional ionic character f; (Table 1).""

Table 1. Fractional Ionic Character of Bonding f;, Band Gap
Energies and Structural Properties of Different Families of

Compound Semiconductors 113,114
E, at crystal structure lattice
300 K (most stable form at parameter
family material  f; (ev) 300 K)
1I-v  InN 0.58 0.8 wurtzite 3.545/5.703
InP 0.42 1.35 zinc blende 5.869
InAs 0.36 0.35 zinc blende 6.058
InSb 0.32 0.23 zinc blende 6.479
GaN 0.50 3.44 wurtzite 3.188/5.185
GaP 0.33 227 zinc blende 5.45
(ind.)
GaAs 0.31 142 zinc blende 5.653
GaSb 0.26 0.72 zinc blende 6.096
II-VI  ZnS 0.62 3.54 zinc blende 541
ZnSe 0.63 2.69 zinc blende 5.668
ZnTe 0.61 2.26 zinc blende 6.104
Cds 0.69 2.49 wurtzite 4.136/6.714
CdSe 0.70 1.74 wurtzite 4.3/7.01
CdTe 0.72 143 zinc blende 6.482
V- PbS 0.77 0.41 rocksalt 5.936
VI PbSe 0.72 0.28 rocksalt 6.117
PbTe 0.63 0.31 rocksalt 6.462

One first qualitative observation is that the III-V compounds
show a much higher fraction of covalent bonding (f; < 0.5
except for InN) than the II-VI and IV—VI compounds (f; >
0.6). Heath and Shiang demonstrated that lattice covalency and
hence the fractional ionic character of bonding is strongly
correlated with the onset and magnitude of quantum size
effects."”® As we will see in the following, the extent of lattice
covalency also correlates with the availability of chemical
synthesis methods giving access to monodisperse NCs of a

given compound. In particular the synthetic challenges related
to the group IV elemental semiconductor NCs Si and Ge
(diamond cubic structure, f; = 0) and to the [II-V compounds
are directly related to their (more) covalent character. It implies
the use of precursors of higher reactivity and higher reaction
temperatures than in the case of metal chalcogenide NCs.
These requirements make it generally difficult to establish
reaction conditions yielding monodisperse NCs.

3.3.2. Investigation of the Evolution of the NC Core
during Synthesis. For the real-time assessment of the
nucleation and growth stages in NC synthesis discussed in
Section 3.1, appropriate in situ characterization methods should
be applied. This type of study gives access to the reaction
kinetics and, depending on the used technique, to the evolution
of the crystal structure and habit with reaction time.''®'"”
However, suitable in situ methods are scarce due to the limited
choice of observable and stringent requirements related to the
chemical synthesis of NCs (e.g, high temperature, inert
atmosphere, fast kinetics).'"* Furthermore, one critical issue
related to in situ methods is that the measurement must not
disturb the observed reaction. This criterion is difficult to fulfill
when working with high-energy electron beams or X-ray
radiation. For in situ (scanning) transmission electron
microscopy investigations, special sample holders have been
designed, using for example silicon nitride or graphene sheets as
window materials."'®""” The nucleation within the precursor
solution placed in these holders can be triggered thermally or
by means of the electron beam. The technique, also called
liquid transmission electron microscopy (LTEM), is therefore
especially well suited to syntheses relying on the heat-up
strategy. It allows for the direct real-time observation of the
nucleation and growth stages and is a potent tool for the
verification of the models proposed for describing these
processes. "’ So far, except for PbS NCs, mainly metal
nanoparticles have been investigated,'”" but this approach is
currently being applied to many other systems.'”” In
comparison to metal nanoparticles, semiconductor NCs possess
the huge advantage of exhibiting size-dependent optical
properties for in situ studies. In particular, due to the quantum
confinement effect, the onset of their absorption spectrum
shifts gradually to longer wavelengths with increasing reaction
time (and hence NC size). This can be exploited in in situ UV—
vis spectroscopy studies of the growth kinetics.'”* Due to the
fast measurement, the temporal resolution can be as low as
microseconds.'”* Both the reaction kinetics and structural
properties can be assessed in real time by in situ X-ray
diffraction. Small-angle X-ray scattering (SAXS) gives access to
precursor or monomer organization in prenucleation stages and
to the average size and autoassembly of NCs in postnucleation
stages. Wide-angle studies (WAXS), in turn, shed light on the
formed crystal structures and their evolution. In contrast to
these techniques, which are angular dispersive, X-ray absorption
fine structure (XAFS) spectroscopy is energy dispersive and
therefore requires a polychromatic X-ray beam. XAFS is very
sensitive to the absorption of X-rays near and above the core-
level binding energies of the atom. Consequently this technique
allows the probing of the local environment of atoms, such as
coordination chemistry, nearest neighbor distances and formal
oxidation state. Another advantage of this technique is that it
does not require the sample to be crystalline, which enables, for
example, the study of amorphous surface layers on nano-
particles formed upon partial oxidation. The XAFS spectrum is
divided into two regions: one within 50 eV above the main
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absorption edge (X-ray absorption near-edge spectroscopy,
XANES) and one within 50—1000 eV above (extended X-ray
absorption fine-structure spectroscopy, EXAFS). Figure 15
summarizes the different X-ray techniques used for the
investigation of the different stages of nanoparticle crystal-
lization.
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Samples for such experiments are generally enclosed or flown
through glass capillaries or specially designed reaction flasks,
and high-energy synchrotron radiation is required to obtain
sufficient signal intensity.*>'*® Sample damage can be avoided
by beam shutters and by the use of short acquisition times.
Depending on the used detectors, SAXS measurements can be
performed as fast as in tens of milliseconds, while WAXS
measurements require usually at least seconds. Initially applied
to Ag'”® and Au'”’ nanoparticles, such methods have more
recently also been used to investigate the pre- and
postnucleation stages of metal chalcogenide synthesis NCs, in
particular of CdSe. Examples are in situ EXAFS and XAFS
measurements performed on CdSe and ZnSe NCs, respec-
tively.'”*'*” Abécassis and co-workers made a combined real-
time SAXS/WAXS study on CdSe QDs, which gave a number
of interesting novel elements for the understanding of their
crystallization process (Figure 16)."*° In particular, while
LaMer-type behavior was observed, the nucleation stage was
longer than theoretically predicted (10 s vs 1 s) and the data
suggested a relatively low energetic barrier for nucleation. The
authors attributed the apparent lowering of the Gibbs free
energy to (i) the decrease of the solid/liquid surface tension in
the presence of surfactants/ligands; (ii) the low solubility of
monomers in nonpolar organic solvents like 1-octadecene. The
observed growth rate in these experiments was 8 orders of

magnitude lower than the theoretically expected one for
diffusion-limited growth, which confirmed that NC growth was
limited by the precursor conversion kinetics.

3.3.3. Metal-Stabilizing Ligand Interactions. Stabiliz-
ing ligands have several crucial roles in NC synthesis: (i) in the
complexation step they transform the starting chemicals into
molecular precursors, which further evolve into “monomers”;
(ii) they prevent from the uncontrolled aggregation of the
monomers and nuclei formed in solution, but allow for NC
growth at elevated temperature; (iii) they regulate the
nucleation and growth kinetics, enabling the control of size
and shape; (iv) they stabilize the NCs in colloidal form once
the reaction is finished, providing sufficient repulsive forces of
steric or electrostatic nature; (v) they passivate the coordina-
tion sphere of surface atoms, ideally preventing from the
formation of deep trap states, which are detrimental for the
luminescence properties. It is obvious that it is difficult to
identify for a given synthesis one single molecule fulfilling all
these requirements, and therefore in the majority of examples
two or more ligands are applied simultaneously. For syntheses
in organic solvents, stabilizing ligands are of surfactant type and
consist of a polar headgroup (e.g, carboxylic or phosphonic
acid, thiol, amine), which shows an affinity for the NC surface
and one or several apolar/lipophilic moieties (e.g, alkyl chains).
Co-ligands, which do not bind to the surface but influence the
reaction mechanism, may also be applied. Furthermore, the
solvent can play the role of ligand, and therefore act as a
coordinating solvent. Trioctylphosphine oxide is certainly the
most well-known representative of this kind,”” although other
examples exist, such as oleylamine"" or dioctylether."** In
aqueous syntheses, the lipophilic moiety is replaced by a
lipophobic/hydrophilic one (e.g, carboxylate, amino, etc.),
generally separated from the surface anchoring function by a
hydrocarbon spacer.

When designing the synthesis method, the appreciation of
the ligand interaction with the precursors and with the NC
surface is fundamental. In our case, we are mainly interested in
the interaction of ligands with metal ions and with pnictogen or
chalcogen atoms. (The coordination chemistry of carbon,
silicon and germanium differs significantly from that of the
compound semiconductor NCs and will be discussed directly in
the relevant part of section 4.) Pearson’s concept of hard and
soft acids and bases (HSAB) is widely used for explaining the
observed trends.'” Tt classifies Lewis acids, i.e. electrophilic
atoms or groups (e.g, metal atoms), according to their
polarizability: a small size and high positive charge results in
“hard” acids of low polarizability, while “soft” acids are
characterized by large size and/or low or zero oxidation state.
The same concept can be applied to neutral Lewis bases (e.g.,
amines, phosphines, and so on). However, in the case of ionic
bases a strong solvent dependence of their binding strength has
to be considered. With this classification at hand (cf. Figure
17), the Pearson principle can be simply summarized as
follows: hard acids prefer to associate with hard bases, soft acids
prefer soft bases, just like in the expression birds of a feather
flock together. This concept is particularly useful for predicting
ligand affinities for metal ions in the design of synthesis
methods and liﬁand exchange reactions. As already stated in the
original work, ** polarizability may only be one property
among others characterizing the reactivity and binding of Lewis
acids and bases. The fractional ionic/covalent character of
(0-)binding, 7-bonding contributions and solvation effects are
expected to add to the observed behavior and the relative
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Society.

contributions of these different effects depend on the system
under study. Solvents may equally be classified as hard or
soft."* The former (“hard”), e.g, water, HF and hydroxylic
solvents, strongly solvates hard bases, such as OH- or other
oxygen anions as well as fluoride. Polar aprotic solvents (“soft”)
like dimethyl sulfoxide or dimethylformamide preferentially
solvate soft bases/large anions. Neutral solutes are affected to a
lesser extent.

Despite the usefulness of the HSAB principle for guiding the
choice of ligand combinations in the synthesis of NCs of a
desired material, it does however not describe the actual nature
of the surface—ligand interaction and the change it induces to
the electronic structure of the NC. Recent combined theoretical
and experimental studies aim at the understanding of the NC
surface at an atomic level, but are far from being generalized
due to the large demand of computation resources.'”* While in
initial syntheses the interaction of the NC surface with organic
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ligands was generally described as a dative bond between a
neutral electron donor (Lewis base) with the metal atom, e.g. in
the case of TOPO molecules bound to cadmium surface atoms
in CdE (E = S, Se, and Te).” In the meantime it has been
demonstrated and recognized that also neutral acceptors,
bound ion pairs and ionic species can act as surface ligands.
In this context, the covalent bond classification method
proposed by Green,"*> whose application is promoted by
Owen and others in the field of QDs, is very useful for
classifying ligands and describing their exchange reactions on
NC surfaces (Figure 18).

3.3.4. Progress in the Understanding of the Surface
State and Reaction Mechanism. Understanding the
chemical transformations of all ingredients of the reaction
medium (precursors, stabilizing ligands, additives, solvent(s))
at any stage of the reaction is an important step enabling the
optimization of synthesis methods and the development of new
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Figure 17. Classification of Lewis acids and bases relevant in NC
synthesis according to the Pearson HSAB principle.

ones. Furthermore, in many cases the fortuitous discovery of
secondary products or of “impurities” and the identification of
their role in the reaction mechanism has led to breakthroughs
in the synthesis of semiconductor NCs and to paradigm shifts.
To give an example, the identification and intentional use of the
impurities contained in 90% and even in 99% purity
trioctylphosphine oxide (TOPO), widely used as a coordinating
solvent, has led to novel synthetic schemes for a large variety of
spherical and of anisotropically shaped metal chalcogenide
NCs 124137141

NMR and FTIR spectroscopic techniques are methods of
choice for investigating the chemical transformations of the
organic compounds involved in NC synthesis. These
techniques are also extremely useful for the in-depth character-
ization of the surface state of the obtained NCs. The organic
ligand shell governs their physicochemical properties (colloidal
stability in a given solvent, reactivity) and, through the
passivation of surface electronic states, influences their
optoelectronic properties. As highlighted by Hens and Martins,
advanced proton and carbon NMR studies (e.g, DOSY,
NOESY) allow for the identification of ligand dynamics at the
NC surface, distinguishing bound from free ligands, and for
analyzing binding strengths of competitive ligands.'** These

techniques are of course also routinely used for the
determination of ligand exchange yields. In this context,
Owen and co-workers made a significant contribution by
putting into evidence that carboxylate terminated metal
chalcogenide NCs (ME, with M = Cd, Pb and E = S, Se) are
subject of metal carboxylate complex displacement when
exposed to various Lewis bases such as alkylamines or
phosphines.'*> Their results indicate that the Lewis bases
cooperatively complex the displaced metal ion as well as the
NC. The process is accompanied by a strong decrease of the
fluorescence QY, which is reversible upon rebinding of metal
oleate. Using the Green formalism'*® this can be described as
L-type donors displacing reversibly Z-type carboxylate ligands,
which leads to variations in the NC stoichiometry for a given
core size. Another accurate way for quantifying the ligand
coverage of QDs has been proposed by Kaittel et al., who used
tritium-labeled oleic acid and scintillation counting.'** One
result of this study was the assessment of the strength of various
competing ligands with regard to their ability for displacing
oleic acid from the QD surface. These ligands are added in
controlled excess to the NCs covered with tritiated oleic acid,
and scintillation counting is used for measuring the decrease of
the radioactivity borne by the QDs. As shown in Figure 19, also
L-type ligands (neutral donors) replace X-type oleate ligands,
though to a lesser extent than oleic or stearic acid, which
undergo fast exchange.

In terms of mechanistic understanding, analysis of the H,
BC, and *'P NMR spectra gave access to the molecular
mechanism of precursor evolution in the synthesis of Zn- and
Cd-chalcogenide NCs."*”'*~'*” The obtained knowledge from
such experiments about reaction pathways and rate limiting
steps is obviously extremely valuable for the fine-tuning and
development of synthesis methods. For the moment, the large
majority of studies have focused on metal chalcogenide NCs, in
particular on CdSe and to a lesser extent on PbSe.

3.3.5. When Synthesis Is Over: Purification—An Often
Neglected Step. High quality NCs are generally synthesized
in organic media in the presence of ambipolar organic ligands
or surfactants containing long hydrocarbon tails and polar
headgroup.'*® During the synthesis ligands have various roles
including solubilization of the precursor, controlling of size and
size dispersion and the shape. Post synthesis, these ligands
provide the NCs colloidal stability and functionality. However,
excess of ligand is usually not desirable for the subsequent use
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Figure 18. (a) Example of ligand exchange reactions on NCs. (b) Coordination of different types of ligands to metal chalcogenide NCs. Reproduced
with permission from ref 136. Copyright 2015 American Association for the Advancement of Science (AAAS).
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Figure 19. Displacement strength of various ligands with respect to
the initial capping ligand, tritium-labeled oleate, on the surface of CdSe
QDs. (a) Chemical structures of the competing ligands; (b) number of
remaining labeled oleate ligands per NC after exchange with an excess
of 53 (purple), 106 (green), 266 (red), or 2128 (blue) competing
ligands per nm* of QD surface. Reproduced with permission from ref
144. Copyright 2013 American Chemical Society.

of the NCs as the ligands unpredictably affect the chemical
composition of the surface,”” the optical and electrical
properties,*°~"** functionalities'>>™"*” and processability of
these NCs."**">” Therefore, a purification step invariably
follows the synthesis of colloidal quantum dots. The most
commonly employed purification technique is based on
centrifugation. Typically, an excess amount of a polar
nonsolvent such as methanol, ethanol, acetone, acetonitrile
etc. is added to the colloidal quantum dots dispersed in
organics. The nonsolvent precipitates the sterically stabilized
NCs and upon centrifugation they form pellets at the bottom of
the tube while free ligands remain in the solution. By discarding
the supernatant unbound free ligands could be removed. This
method has been largely successful in removing excess ligands,
remaining precursors and secondary reaction products.
However, the efficiency of this procedure strictly depends on
the solubility of the free ligands or other impurities in the
mixture of solvent/nonsolvent. As it has been found in the case
of InAs NCs, the usual purification process cannot remove the
excess Indium precursor effectively.'® Another drawback of
this purification technique is that controlling the surface ligand
coverage and surface properties are rather difficult.'*”'*" The
decrease of dispersibility of NCs in apolar organic solvents with
an increasing number of purification cycles is widely observed,
but a more quantitative description of this phenomenon has
not been achieved until recently. Hens and co-workers
demonstrated that short chain alcohols like methanol and
ethanol, which are widely used for purification, can induce the
release of X-type ligands like alkylcarboxylates (oleate ligands)
from the NC surface."®" This is accompanied by a decrease of
the fluorescence QY due to the formation of surface trap states.
On the opposite, acetonitrile used as the nonsolvent did not
show this behavior, indicating that the protic character of the
alcohols is at the origin. To avoid protonation and desorption
of the carboxylate ligand, the authors advised the use of aprotic

solvents for NC purification. Shakeri and Meulenberg
investigated the influence of the choice of the nonsolvent
(methanol or ethanol) and number of washing cycles on the
surface state of CdSe NCs, which were initially capped with a
mixture of stearic acid and TOPO.'®> They found that L-type
TOPO ligands are removed in the first purification steps, while
the removal of stearate ligands reaches a plateau, resulting in
QDs with very low organic mass fraction (13%) while still
stable in colloidal form. Pansu et al. showed by means of NMR
and time-resolved PL studies that in the case of a ligand shell
composed of oleylamine, stearic acid and TOP (in average 144,
93, and 13 molecules per NC), even simple dilution with
toluene can have dramatic consequences on the PL decay
behavior.'®® This has been rationalized by the generation of 3
quenching sites per NC on average caused by the removal of
TOP. While the above examples deal with CdSe and PbSe NCs,
it is evident that the influence of purification processes on the
surface state and optical properties has also to be taken account
for in the case of the nontoxic NCs in the focus of this article.

Alternatively, purification techniques based on chromatog-
raphy and electrophoresis,"*”'**~"°° allow a more precise
control over surface ligand coverage. However, the challenge
with chromatographic or electrophoretic separation is to find a
suitable stationary phase compatible with the quantum dots in a
nonpolar solvent. Recently, Shen et al. have successfully
demonstrated purification of colloidal quantum dots from
hydrophobic solvents using gel permeable chromatography
with polystyrene as stationary phase.'>”

4. SYNTHESIS OF DIFFERENT FAMILIES OF
SEMICONDUCTOR NANOCRYSTALS

This section first reviews the progress in the development of
synthesis methods for the group IV elemental semiconductor
NCs Si and Ge, carbon nanodots are also briefly discussed. Due
to their peculiar bonding and coordination chemistry, their
synthesis methods differ significantly from the subsequently
discussed compound semiconductors. They crystallize in the
diamond cubic structure with lattice parameters of 5.43 A (Si)
and 5.66 A (Ge), showing tetrahedral bonding. The binary
compound semiconductors covered in the following subsection
of this review are composed of a main group or transition metal
and a pnictogen (N, P, As, and Sb) or a chalcogen (S, Se, and
Te). Most of them crystallize either in the cubic zinc blende
(ZB) or in the hexagonal wurtzite (W) structure. Both are four-
coordinate and vary in the layer stacking along (111), showing
an ABCABC or an ABAB sequence, respectively (Figure 20).
The room temperature ground state structures and lattice
parameters of a number of binary semiconductors are given in

Figure 20. Zinc blende (left) and wurtzite (right) crystal structures
realized by most of the binary semiconductors. The diamond cubic
structure is identical with zinc blende, but with equal atoms on each
site (e.g,, Si and Ge).
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Table 1. The presented synthesis methods are classified
according to the applied pnictogen or chalcogen precursor.
As mentioned before, the relatively restricted libraries of
currently explored anionic precursors are a bottleneck in NC
synthesis. Finally, an overview of the strongly expanding family
of ternary and multinary metal chalcogenide NCs is given.
Their structural properties are directly discussed in section 4.3.

4.1. Elemental Group IV Semiconductors

4.1.1. Introduction. Colloidal NCs of the group IV
elemental semiconductors silicon and germanium have been
studied to a much less extent than compound semiconductors.
In the case of silicon, this stands out against the ubiquitous use
of this material in modern electronics and the fact that it is with
27% the second most abundant element in the earth crust after
oxygen. Furthermore, several studies indicate the nontoxicity
and biodegradability of Si nanoparticles.””'®” Both materials
have a narrow, indirect band gap of 1.12 eV (Si) and 0.66 eV
(Ge) and crystallize in diamond cubic structure with lattice
parameters of 5.43 A (Si) and 5.66 A (Ge), showing tetrahedral
bonding.'*® As indirect semiconductors, they are poor light
emitters in the bulk; however, on the nanoscale efficient
emission has been observed. In particular, the seminal work of
Canham in 1993 on porous silicon, demonstrating intense and
blue-shifted emission, stimulated considerable research activ-
ity.'” One of the biggest differences with respect to the more
widely studied compound semiconductors is the covalent
nature of binding in Si and Ge requiring high temperatures to
form crystalline nuclei.'"® The bond dissociation energies are
327 and 274 kJ/mol, respectively, and both elements form
stable amorphous phases. In addition they have a strong
propensity toward binding with oxygen with dissociation
energies of 798 kJ/mol (Si — O) and 662 kJ/mol (Ge — O).
These factors combined with marked differences in surface
ligand chemistry with respect to compound semiconductor
NCs make the chemical synthesis of Si and Ge NCs
challenging. As by definition the oxidation state of the atoms
composing elemental semiconductor NCs is zero, their
synthesis methods are more similar to those of metal
nanoparticles than those used for compound semiconductor
NCs. As an example, one of the main ways to synthesize them
is via reduction of their halides. Despite all aforementioned
problems in recent years, significant progress has been made.
Nowadays the research is not only focused on the design and
optimization of synthetic methods, but continuous efforts are
being made also toward the understanding of the optical and
electronic properties of the NCs. Triggered by Canham’s
work,'” a huge number of studies have demonstrated the
complex mechanisms underlying the photoluminescence of Si
NCs. They put into evidence the dependency on several
parameters such as size effects,”™'7% surface effects,'”*'”* and
defect states.'”>'”® The observed emission wavelength of Si
NCs prepared by solution routes covers the spectral region
from blue'””'”® to the near IR."%""7'7?~'¥! Kovalev and co-
workers reviewed the optical properties of Si NCs and
concluded that their bright and tunable photoluminescence
arises from exciton confinement with the confinement energy
exceeding 1 eV for small particles."®> However, even nano-
meter-size crystals do not become a direct semiconductor. The
theoretical framework has been elaborated by Delerue and co-
workers who investigated the size-dependent properties of both
Si and Ge NCs (Figure 21).183184
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Figure 21. Calculated optical band gap energies vs diameter d (a) Si
NCs, using the linear combination of atomic orbitals (LCAO)
approach (data from ref 183). The band gap follows approximately a d
~1% law. The effective mass approximation predicts an exponent of 2,
which is only reached for large diameters. (b) Ge NCs, using the tight
binding approach (data from ref 184).

On the experimental side, as most synthesis methods yield Si
NCs of relatively broad size distribution, the analysis of size-
dependent effects is hampered and the characteristic features
are averaged. Therefore, postsynthetic size selection procedures
have been applied to separate the initial sample into fractions of
narrow size distribution, namely size-selective preciyitation185
and density gradient ultracentrifugation (Figure 22)."%® As one

Ultracen trifu.g'ation

. «1.2g/cm?
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Figure 22. Principle of density gradient ultracentrifugation for the
separation of a polydisperse sample of Si NCs into sharp size fractions.
Reproduced with permission from ref 186. Copyright 2011 American
Chemical Society.

example of the importance of size fractionation, Ozin and co-
workers were able to show that the PL QY and the lifetime
monotonically decreased with decreasing Si NC size in a range
of 1—5 nm, indicating that in their case nonradiative surface
defects and vibrational effects dominate over spatial confine-
ment effects favoring radiative recombination.'®” The same
group also reported size-dependent oxidation of Si NCs after
their size fractionation using size-selective precipitation.'*> Due
to the higher surface-to-volume ratio and surface curvature,
which induces a less dense packing of organic surface capping
groups, the smaller NCs (around 1.5 nm) were more prone to
surface oxidation and its associated loss of PL QY.

4.1.2. Carbon Nanodots. Strictly speaking, NCs of carbon
are not in the scope of this article, as this element, in its bulk
form, is not a semiconductor. Its well-known allotrope diamond
shows tetrahedral coordination and sp® hybridization of the C
atoms. Diamond is an electrical insulator with a band gap of
approximately 5.5 eV. Even though bright visible light emission
can be observed in the case of nanometer-sized diamond
crystals (nanodiamonds), this effect is not the consequence of a
reduction of band gap or quantum size effects, but arises from
color centers in the crystal structure, formed for example by
nitrogen atoms close to a vacancy in the lattice (N—V
center).'"®® The second allotrope of carbon, graphite, has a
layered structure of sp® hybridized C atoms arranged in a
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Figure 23. (a) Synthesis scheme for carbon nanodots using a microemulsion technique. (b—d) TEM analysis of the obtained particles. (e) High-
resolution image indicating graphitic clusters distributed in an amorphous matrix, probably containing oxygenated species like carbonyl or carboxyl
groups. Reproduced with permission from ref 204. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

honeycomb lattice and is an electrical conductor. A new era
started with the discovery of the new allotrope fullerene in
1985,"®” which triggered an unprecedented research interest in
carbon nanostructures based on the graphitic motive. These
have turned out to exhibit many unique and unexpected
properties. Fullerenes as the first representative are closed cage
structures consisting of three-coordinated carbon atoms in sp*
hybridization, just as in graphite, however arranged in both
hexagonal and pentagonal rings. Buckminsterfullerene Cq,
exhibits a band gap of 1.86 eV and its bigger brother
“rugbyballene” C,, of 1.56 V. Just a few years later,
multiwall (1991)"" and single-walled (1993)"°*"* carbon
nanotubes (CNTs) have been reported, representing a further
novel allotropes of carbon. CNTs consist of a single graphitic
sheet folded resulting in a cylindrical nanostructure. They can
be metallic or semiconducting depending on the diameter and
helicity of the graphitic rings.194 More recently, a flat single
graphitic sheet, much better known now as graphene, has been
isolated in 2003."”> Graphene is an extremely good conductor
with electron mobilities as high as 15 000 cm® V™' 7\ It
exhibits a particular band structure where the conduction and
valence band meet at six Dirac points, making it a zero band
gap semiconductor. On the other hand, the opening of a band
gap can be achieved by controlled hydrogen adsorption'”® or
by using appropriate substrates for the growth.'”” As excitons in
graphene have an infinite Bohr radius, fragments of any size
show quantum confinement effects. Experimentally, several
methods for cutting fragments of graphene have been
developed, giving access to nanostructures of various sizes
and shapes called graphene quantum dots (GQDs).'”® They
can show strong luminescence with reported QYs up to 28%
with the emission peak centered at 360 nm for GQDs of 13 nm
average diameter."”” Surface and/or edge states are involved in
the PL mechanism, as the band gap energies of GQDs with
diameters exceeding 5 nm have been calculated to be not
higher than 1.0 eV.””° GQDs constitute one example of the
larger family of 0D carbon nanostructures, which comprises
also carbon nanodots (C-dots) and polymer dots (PDs).*"!
PDs have been the least investigated so far and are prepared by
dehydration, condensation, carbonization or assembly routes
from conventional, ie., nonconjugated polymers.201 The
enhancement of the PL properties in these systems has been
attributed to the decreased vibrational and rotational freedom
of organic chromophores in the aggregated state within the

nanometers sized dots, a phenomenon termed cross-linked
enhanced emission (CEE).””> C-dots, finally, are the type of
carbon nanostructures coming most closely to the other types
of semiconductor NCs in the scope of this review. They are
characterized by strong luminescence properties, biocompati-
bility, and chemical and photostability and can be prepared
from a surprisingly large variety of resources from every-day life
such as ground coffee, boiled tea, candle soot, and grass.203
Their size is usually below 10 nm and recent studies indicate
that they possess a complex structure composed of graphitic
domains in amorphous carbon as well as oxygenated species
like carbonyl and carboxyl groups (Figure 23).”* Many
synthesis methods are tog—down approaches like arc-
discharzge,205 laser ablation,”® electrochemical or combustion
routes,””” and will not be discussed here. Solution synthesis is
mainly carried out in aqueous solvents, for example by means of
dehydratation of carbohydrates like glucose, fructose, starch
and so on using concentrated mineral acids (e.g, sulfuric or
nitric acid).””® Eventually stabilizers like poly(ethylene) glycols
can be added before or after the reaction and the acid treatment
can be assisted by ultrasound treatment”® or replaced by
microwave heating”'”*'" for triggering the formation of the C-
dots. One rare example of synthesis in organic solvent has been
proposed by Kwon et al, who used nanometer-sized water
droplets in a microemulsion containing of 1-octadecene and
oleylamine as reactors for C-dot formation.””* Cytric acid was
solubilized in these droplets, which were subsequently
dehydrated by heating at 250 °C. The size of the obtained
C-dots could be tuned by varying the amount of oleylamine
used in the reaction. After exchange of the oleylamine surface
ligands with aromatic amines PL QYs up to 40—60% have been
obtained in the blue region (400—500 nm), however, with a
broad emission line width and a dependence of the PL with the
excitation wavelength.

The detailed understanding of the emission mechanisms in
C-dots is subject of current research and debate. Nonetheless,
ten years after their discovery”'” a common consensus has been
found concerning several distinct contributions to their
luminescence, whose relative weights depend on the structure
and surface state of the investigated sample.””"”"* First, the
blue emission (around 450 nm) is attributed to intrinsic
quantum confined states, which are related to the dimensions of
the sp” hybridized (graphitic) domains in the core of the C-

dots, with a characteristic decay time of § ns.”"? Second, the
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emissions at longer wavelengths, mostly observed in the green
range, are ascribed to extrinsic states involving in particular
carbon—oxygen species like carbonyl or carboxyl groups with
longer characteristic decay times of 5—10 ns.”"> This feature is
common to C-dots and GQDs and the mentioned common
origin of the green luminescence observed in both cases has
been unraveled by Wang et al. using ultrafast transient
absorption spectroscopy.”* An intriguing feature is the marked
dependence of the PL signal position and intensity on the
excitation wavelength. This can be seen in Figure 24 showing

Abs

Normalized signal

200

Wavelength / nm

Figure 24. Absorption and normalized PL spectra of C-dots, using
increasingly longer excitation wavelengths starting with 350 nm in 15
nm increments. Inset: colloidal solution of C-dots under UV light.
Reproduced with permission from ref 21S. Copyright 2012 Royal
Society of Chemistry.

the absorption and PL emission spectra of 5 + 2 nm C-dots
prepared by calcination of coffee grounds at 300 °C in air,
followed by extraction with ethanol.”’® The excitation wave-
length dependence of PL is usually attributed to the size
distribution of the C-dots and/or to the distribution of emissive
trap states.”'”

4.1.3. Synthesis of Si and Ge NCs. Most solution
synthesis routes have been developed in parallel for both silicon
and germanium NCs. At a first glance both elements share
some similarities such as the diamond cubic crystal structure
and covalent nature of bonding. However, within column IVA
(14) of the periodic table of elements the chemical reactivity of
germanium resembles more to that of carbon than that of
silicon, as can be seen in the reduction behavior of the
halogenides, the hydrolysis of tetrahydrides, and the reaction of
Ph;EH (E = C, Si, or Ge) with organolithium compounds. As
mentioned above, a large research interest has been devoted to
the study of silicon NCs with the goal of exploiting their
luminescence properties. Their appealing features of natural
abundance, nontoxicity and chemical inertness place them very
well for a range of potential applications. To give some
examples, Si NCs have been proposed for use in biological
imaging, LEDs, photodetectors as well as in form of electrode
material in energy storage devices.'”"791 77180 yreinot (2006)
and later Tilley (2014) and co-workers reviewed the chemical
synthesis and the applications of silicon NCs.'”**'° Likewise, in
2013 Vaughn and Schaak published a comprehensive review on
colloidal germanium, germanium chalcogenide NCs and other
types of nanostructures.”’” In the following chapter, we will
divide the reported methods into three main groups, namely
the reduction of the group IV salts, mainly halides, which
represents by far the most employed method, the metathesis
reactions and finally the thermal decomposition of organo-

silanes or -germanes. For each method, first the reports on Si
NCs and then those on Ge NCs will be discussed. Table 2 gives
an overview of the applied methods and reaction conditions.

The reduction of Ge(IV) and Si(IV) halides is the most
widely used approach for synthesizing NCs of these elements.
In the case of germanium, also the use of Ge(Il) precursors is
becoming popular. These show a more positive reduction
potential than the Ge(IV) precursors (+0.247 and +0.124 V vs
SHE, respectively).””” Therefore, Ge(Il) precursors are more
reactive and convert to Ge(0) under milder conditions (e.g,,
lower temperature) than Ge(IV) compounds. Analogous
progress has not yet been reported with Si(II) compounds,
due to their challenging preparation, low yield, low stability and
hence difficulties to isolate them. Nonetheless recent advances
in the synthesis of silylenes with high yield pave the way for the
exploration of these systems.™

4.1.3.1. Reduction of Ge and Si Salts Initiated by
Organoalkali or Alkali Metals. Only few reports concern the
reduction of SiCl, by alkali metals, due to the harsh conditions
(temperature and pressure), which have to be used to obtain
crystallization of the particles. Heath reported the first wet-
chemical route synthesis of silicon NCs in 1992.”** SiCl, was
mixed with RCl; (R = H or octyl) and sodium and stirred in a
reactor under pressure (>100 atm) for 3 to 7 days at 385 °C.
The obtained nanoparticles were extremely polydisperse (S to
thousands of nanometers) but showed good crystallinity as
evidenced by TEM analysis. An FTIR study of the crystals was
used to probe their surface state, revealing Si—H, Si—O and Si—
Cl bonds. As the required conditions of pressure and
temperature were uneasy to reach and to control during the
reaction, the development of solution syntheses based on the
reduction of silanes with alkali metals was not further pursued.
In contrast, the same strategy turned out to be more promising
for the synthesis of germanium nanoparticles, as already
mentioned in Heath’s work. Weller and co-workers first
reported the room temperature reduction of GeCl, with
lithium naphthalide (C,oHgLi) in THF in 1993.*° The reaction
was terminated by addition of Me;SiCl to the mixture, which
reacts with excess naphthalide and passivates surface atoms.
The obtained particles were amorphous and could be
crystallized under laser illumination. Several reactions derived
from this early work, aiming at directly obtaining crystalline
particles. Kauzlarich and co-workers used sodium naphthalide
and butyl-Grignard (nBuMgCl) to terminate the reaction.”*!
The obtained alkyl-capped particles were crystalline as
demonstrated by electron diffraction with an average size of
4.5 nm and relatively large polydispersity. The organic
polymeric side product generated in this reaction could be
removed by heating the oily reaction product to 300 °C under
vacuum. This heating step resulted also in a reduction of the
size distribution affording a mean size of 5.1 nm, albeit yielding
particles in the amorphous state. Further heating to 500—600
°C induced a reverse amorphous—crystalline transition
accompanied by particle ripening to 7.6 nm and broadening
of the size distribution. Melting of the Ge NCs was observed at
925 °C. Lee and co-workers used a similar approach for their
synthesis, and obtained amorphous butyl-capped Ge NCs of 10
nm average size by reacting GeCl, with Na naphthalide in
diglyme.””" In this work, the butyl ligands were coming from
nBuLj, injected into the mixture to catalyze the reaction. No
recrystallization steps were attempted and the obtained
particles were explored as anode materials for Li-ion secondary
batteries. Heath and co-workers used the same type of reaction
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Table 2. Representative Overview of the Solution-Phase Synthesis Methods for Si and Ge NCs“

Si nanoparticles

synthesis conditions

size
refs method Si precursor other reagents ligands solvent(s)  temp. (°C)  (nm)
174,179,218,219  reduction SiCl, LiAlH,, (TOAB) heptane toluene, RT 1.8
hexane
allylamine water 1-10
171 reduction SiCl, LiAlH, H octane, decane RT 1.8—-10
220 reduction SiCl, LiAlH,, C1,ES alkyl, amines hexane RT 1.6
LiBH(Et),, C12ES 1.8
LiBH,, C1,E5 22
NaBH4, CL,ES 25
221 reduction SiCl4 LiAlH,, TOAB dodecyl, tetradecyl, hexadecyl toluene RT 1.8
222 reduction SiBr4 TOAB, C1,ES allylamine, hexadiene hexane, RT 3.7
toluene
180 reduction APTMS trisodium citrate “hydrophilic amino groups” water 160 22
dihydrate
223 reduction APTMS 1,8-naphthalimide 1,8-naphthalimide water RT 2.3
224 reduction SiCl,, HSiCls, octyl- Na octyl toluene 385 5—3000
SiCl,
173 sol—gel Allyl-SiCls, SiCl, LiAlH, alkane-thiols toluene RT 3.7
172 sol—gel HSQ HF, HCI dodecene, ODE 1100— 3.1-12.8
1400
225 sol—gel HSiCly HF H water 1100— 4, 4.5
1400
185 sol—gel HSiCl, HF, allylphenylsulfide  allylphenylsulfide toluene 1100 1-10
178 metathesis SiCl, Mg2Si, glyme, MeLi methyl hexane RT 32
ethyl 31
n-butyl 3.7
n-octyl 44
226 decomposition  Si(Ph), octanol octanol octanol 500 1.5
octanol, Hexane octanol, 2.5-3.5
hexane
170,227 decomposition  SiH, HF, HNO3 PAAc water 850 3-5
228 decomposition  SiH, H EG 860 3-8
229 decomposition  SiH, HF, HNO; styrene, ODE, Ethyl chloroform RT 4
undecylenate
175 decomposition  HSQ HF dodecyl 1100 3.5
Ge nanoparticles
synthesis conditions
temp. (°
refs method Ge precursor other reagents ligands solvent(s) C) size (nm)
230 reduction GeCl, LiAlH, H octane RT 2—-10
231 reduction GeCl, Na naphtalide, n-BuLi butyl glyme RT 10
232 reduction GeCl4, n-butyl-GeCl, n-BuLi butyl hexane RT 4
233 reduction GeCl, LiAlH,, THDAB allylamine toluene RT 3-12
234 reduction GeCl, LiAlH,, TOAB heptane toluene RT 3
LiBH(Et),, TOAB 41
LiBH,, TOAB 4.7
Li(CH(CH,)CH,CH;),BH, TOAB 5.1, 11.7
GeBr, LiAlH,, TOAB 4
LiBH(Et),, TOAB 45
LiBH,, TOAB 5S4
Li(CH(CH,)CH,CH,);BH, TOAB 114
235 reduction GeCl, LiAlH,, TBAB allylamine toluene RT 3.5
LiAIH,, THAB 3.7
LiAlH,, TOAB 41
LiAlH,, TKAB 45
236 reduction GeCl, NaBH,, NaOH, HCl, PVP PVP water 60 3.8
PVP, triglyme PVP EG RT 39
237 reduction GeCl, NaBH,, triglyme PVP EG RT 3.7
238  reduction GeCl, Li naphtalide, CH;(Si) CH3(Si) THF 60 2
239 reduction GeO, NaBH,, NaOH, HC], PVP PVP water 60 3
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Table 2. continued

Ge nanoparticles

synthesis conditions

refs method Ge precursor other reagents ligands solvent(s) tenlej ( size (nm)
240 reduction GeO, NaBH,, PVP, NaOH, HCI pPvP water 80 3-7
241 reduction GeCl, Na naphtalide, n-BuMgCl butyl glyme 300 4-5
242 reduction GeCl,, Ph-GeCl; NaK Cl heptane 270 6, 10, 20
243 reduction Ph,PC(CHj;)2-GeH2 1-dodecene, diphenylether 1-dodecyl 1-dodecene, 100— 53101
‘BH3 diphenylether 250
3-dimethylamino-1-propyne dimethylamine ~ 3-dimethylamino-1- 54
propyne
244 reduction Gel, OLA, OA, HMDS OLA OLA, OA 260 6, 12, 22
245 reduction Gel, OLA OLA OLA 300 4.8
246 reduction GeBr, OLA OLA OLA 260 10
247 reduction Gel, OLA DDT OLA 210 3.7, 54, 9.7
248 reduction Gel, OLA OLA OLA 210 29, 48,5,
S.1
Gel,, Gel, 3.5, 5.6, 10
249 reduction Gel,, Gel, OLA DDT OLA 210 39,5375
250 reduction Gel,, Gel, n-BuLi HDA, ODE HDA, ODE 300 23-113
181 sol—gel (C3H;)GeCly H 400 12
(C,H,)GeCl, 450 11
(Et)GeCl, 400 22
(n-Bu)GeCl, 300 15
(HOOCC,H,)GeCl, 350 12
251 sol—gel Ph-GeCl, IPA oxides, water 525 5.5
hydroxides
252 metathesis GeCl, NaGe, KGe, Mg2Ge, alkyllithium, butyl, methyl, glyme 84 6.2—6.5
Grignard reagent octyl diglyme 162
triglyme 216
253 decomposition ~ Ge(Et), nonanoic acid H C toluene, hexane 430 5-30
254 decomposition  Ge(Et), scCO,, octanol octanol scCO,, octanol 500 5.6
Ge(Ph), 10.1
255  decomposition  HGeCl; TOA TOA TOA 385 1-2
HGe(Bu), squalene squalene squalene 410 2-7
4-15
256 decomposition TOG OLA, OA, TOA OLA, OA, TOA OLA, OA, TOA 360 52,95,
20.4

“RT: room temperature (298 K), Me: Methyl, Et: Ethyl, Bu: Butyl, Ph: Phenyl, ODE: Octadecene, OLA: Oleylamine, TOA: Trioctylamine, HDA:
Hexadecylamine, DDT: Dodecanethiol, OA: Oleic Acid, THF: Tetrahydrofuran, EG: Ethylene Glycol, IPA: Isopropyl Alcohol, Glyme:
Dimethylglycol, Diglyme: Dimethyldiglycol, Triglyme: Dimethyltriglycol, C ,E: Pentaethylene glycol monododecyl ether, PAAc: Polyacrylic Acid,
PVP: polyvinylpyrrolidone, THAB: tetrahexylammonium bromide, TOAB: Tetraoctyl ammonium bromide, THDAB: tetrahexadecylammonium
bromide, TBAB: tetrabutylammonium bromide, TKAB: tetrakis(decyl)ammonium bromide, Li(CH(CH;)CH,CH;);BH: Lithium tri-sec-
butylborohydride, scCO,: supercritical CO,, APTMS: (3-Aminopropyl)trimethoxysilane, HSQ: Hydrogen Silsesquioxane, HMDS: Hexamethyldi-

silazane, TOG: tetra-cis-9-octadecenoic germanium

in 1994, but replaced the organoalkali compound by NaK, a
liquid alloy made of sodium and potassium dispersed in
heptane.”*” GeCl, was mixed with PhGeCl; and the NaK
reducing agent and followed by ultrasonication which allowed
the authors to reduce the reaction time to minutes. The
obtained amorphous particles of 10 nm mean size were
crystallized through annealing under pressure at 270 °C for 24
to 48h. Summarizing, all described reactions for the synthesis of
Ge NCs through reduction of Ge halides by means of
organoalkali compounds or alkali metals were conducted at
room temperature, but further thermal and chemical treatments
were necessary to crystallize the nanoparticles and passivate
their surface.

No annealing step was required in a method reported by
Carolan and Doyle:*>> GeCl, was added to butyl trichlor-
ogermane (nBuGeCl;) in hexane. The reduction of both
reagents was achieved by injecting dropwise n-butyllithium to

the mixture and the excess of reducing agent was quenched by
addition of methanol, affording Ge nanoparticles with a size of
3.9 + 0.5 nm. One particular interest of this procedure among
others is that it directly produces Ge NCs of low polydispersity
and good crystallinity. Furthermore, a high PL QY of 37% has
been observed; the PL decay was characterized by two lifetime
components of 2.5 and 9.1 ns. The emission peak maximum
showed several spectral contributions and a marked depend-
ence on the excitation wavelength (Figure 25), arising from the
size distribution and/or from surface states involved in the
luminescence mechanism.

Veinot et al. recently reported a method based on the
reduction of the germanium dihydride (Wittig reagent) adduct,
compound 1 in Figure 26,”** precedently isolated by Rivard
and co-workers.”*”*®° The hot injection method (HI) is
compared to microwave irradiations of the reagent after
optimization of the reaction temperature and precursor
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Figure 25. (a) UV—vis, PL and PLE spectra of 3.9 nm Ge NCs in
chloroform. (b) PL peak maximum (red squares) and intensity (blue
circles) versus excitation wavelength. Reproduced with permission
from ref 232. Copyright 2014 Springer Science+Business Media
Dordrecht 2014.

concentration. The obtained roughly spherical particles are
crystalline and show low polydispersity with diameters of 10 +
1.5 nm for the HI method and S + 1 nm for the microwave
irradiation method. Hydrophobic particles were obtained by
reaction of the Ge precursor with 1-dodecene and dipheny-
lether while the reaction with 3-dimethylamino-1-propyne
yielded hydrophilic particles.

4.1.3.2. Reduction Initiated by Hydrides. Wilcoxon et al.
proposed in 1999 a synthetic route for silicon NCs'’" and a
very similar approach for germanium, which will be described
later.”" Silicon tetrachloride was reduced by LiAIH, within
inverse micelles formed by nonionic aliphatic polyethers or
cationic quaternary ammonium salts (surfactants) in octane
(continuous phase). It is worth emphasizing that in contrast to
other works describing NC synthesis in reverse micelles (water
droplets in oil), which have been in particular conducted in the
initial discovery stages of this field,**>*®* the present system is
characterized by the complete absence of water. Anhydrous
compounds are required to avoid hydrolysis of the Si precursor
into SiO,. The latter is completely insoluble in organic solvents
such as octane or decane, and therefore the reaction takes place
inside the reverse micelle formed by the surfactant, which acts
as a microreactor confining the size of the obtained particles in
a range of 1.8 to 10 nm depending on the conditions. Room
temperature PL emission in the range of 350 to 700 nm has
been observed with a maximum QY of 4%. The discussion of
the emission peak positions and their correlation with NC size
was once again complicated by the potential overlap of optical
transitions, inherent to the particle volume, which are expected
to be modified by quantum confinement effects, and transitions
involving surface states. It has to be noted that the authors
pointed out later in an erratum serious safety issues with the
described reaction, as it produces highly toxic and pyrophoric
silane (SiH,) gas.264 Tilley and co-workers further explored the
microemulsion method using reducing agents of variable

strength.'””**%?% In order to increase M-H bond lability and

hence reducing strength, sodium borohydride (NaBH,),
lithium borohydride (LiBH,), superhydride (LiBHEt,), and
lithium aluminum hydride (LiAlH,) have been compared, while
keeping the other synthetic conditions identical. The stronger
the hydride, the smaller and the less polydisperse the obtained
Si nanoparticles; the size range was 1.6 to 2.5 nm. In
accordance with these findings, lithium aluminum hydride is
the most widely used reducing agent in the microemulsion
synthesis of Si NCs. In the final step, the hydrogen-terminated
particles were capped with amine groups using hexachlor-
oplatinic acid as a catalyst and UV irradiation to diminish the
reaction time of grafting. Although being substantially smaller
than the exciton Bohr radius of 4-5 nm,266 again no
pronounced size-dependent optical properties have been
seen: the PL peak position just shifted by 5 nm from 347 to
352 nm when exciting the 1.6 and 2.5 nm Si NCs at 325 nm
(Figure 27). Also, a marked red-shift of the PL signal with
increasing excitation wavelength was noted, which indicates
surface states to be involved in the emission process, similar as
in the reports cited above. The size distribution is another
factor, which can contribute to this behavior.

A modified version of Tilley’s method*®® has been developed
by Zuilhof and co-workers who used sonication at all reaction
steps.””’ The size distribution of the NCs remained narrow
(1.57 + 021 nm), and as a major advantage this method
allowed synthesizing quasi-gram quantities of crystalline silicon
NCs (Figure 28). This represents approximately a 100-fold
increase compared to the above-cited microemulsion methods.

Another variant of the microemulsion method has been
proposed by Cheng et al, who used allyltrichlorosilanes in
addition to SiCl, within a sonication-assisted reaction (Figure
29)."* The allyltrichlorosilanes acted as both secondary Si
source and surfactant/capping ligand. The obtained alkene-
capped NCs were then reacted with various functional ligands
via the versatile, efficient and specific thiol—ene click chemistry,
upon 254 nm UV-light illumination. Terminal amine,
carboxylate, and sulfonate groups as well as alkyl chains were
successfully introduced in this manner.

The optical properties of the as-synthesized particles remain
very similar to the ones described before with an absorption
onset below 400 nm, and an emission peak at 375 nm with a
fwhm of 70 nm. The observed spectral shifts upon surface
functionalization were attributed to the differences in the
electron donating or withdrawing character of the involved
groups, which may lead to a change of the energy levels of the
quantum confined states within the Si QDs. The influence of
the differing dielectric environment of the nanoparticles, which
are surrounded by functional groups and solvents of various
polarity, is another possible origin of the observed behavior.”®”
Apart from microemulsion syntheses based on Si halides,
Zhong et al. proposed two methods for the reduction of (3-
aminopropyl)trimethoxysilane (APTMS). In the first method,
trisodium citrate dihydrate was used as the reducing agent in
aqueous solution under microwave heating at 160 °C, yielding
0.1 g of 22 nm Si nanoparticles, which showed blue
luminescence (QY: 20—25%).'* More recently the same
group reported a mild photochemical reduction method,
resulting in large amounts (10 g) of fluorescent Si NCs (QY:
25%) with tunable emission in the 470—560 nm range.223 In
this case APTMS was mixed with 1,8-naphthalimide in aqueous
solution and submitted to UV irradiation at 365 nm for
different reaction times (15—40 min). In the proposed reaction
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Figure 26. Top: Synthetic pathway leading to hydrophilic or hydrophobic germanium nanoparticles by thermal decomposition of Ph;PCMe,-GeH,-
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Figure 27. (a) Absorption spectra of hydrogen-terminated Si nanoparticles. (b) PL spectra of 1.6 nm particles and (c) of 2.5 nm particles using the
indicated excitation wavelengths. Reproduced with permission from ref 220. Copyright 2012 Royal Society of Chemistry.

mechanism, APTMS first undergoes hydrolysis to form (3-
aminopropyl)trihydroxysilane and is then photochemically
reduced by 1,8-naphthalimide. PL studies indicate that this
molecule is also involved in the formation of a charge-transfer
complex with the Si NCs, leading to an enhanced emission with
increasing amount of 1,8-naphthalimide.

For Ge NCs, the described microemulsion technique was
applied in a similar way. Initially, Wilcoxon and co-workers

reduced GeCl, solubilized in the above-mentioned water-free
surfactant/solvent system known to form reverse micelles by
using LiAlH,.”®" Similar safety issues as in the case of the
reduction of SiCl, exist, here of course related to the formation
of toxic and pyrophoric germane (GeH,) g;1s.268 The initially
polydisperse samples with sizes ranging from 2 to 10 nm were
fractionated by the means of high-pressure liquid chromatog-
raphy (HPLC). The hydrogen-terminated Ge NCs showed PL
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functionalization via thiol—ene click chemistry. Middle: PL spectra
showing the emission of Si NCs capped with different surface groups
(a—e) excited at 320 nm. Bottom: photograph taken under UV (365
nm) illumination showing the change of the emission color and
hydrophobicity/philicity of the particles as a function of the surface
groups. Each vial contains hexane (upper layer) and H,O (lower
layer). Reproduced with permission from ref 173. Copyrights 2008
Royal Society of Chemistry.

emission centered at 480 nm for 2 nm and at 615 nm for 5 nm
sized particles, indicating quantum confinement effects. The
latter are expected in view of the large exciton Bohr radius in
Ge of around 24 nm.”” More recently, Carolan and Doyle
expanded Wilcoxon’s approach, focusing on the choice of the
cationic quaternary ammonium surfactants used to form the
reverse micelles, which led to an improved control of the PL
properties with size-dependent emission in the visible range
and QY values reaching 20% (Figure 30).*~>** On the other
hand, the initial broad size distribution of 6.4 &+ 2.0 nm first had
to be split into more narrow size fractions by centrifugation.”*

GeO, has been explored as an alternative germanium
precursor by several groups in syntheses taking place in
aqueous media.”**>**** In a first step, GeO, was dissolved in a
NaOH solution under ultrasonication to form aqueous
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Figure 30. (a/b) UV—vis, PL and PLE spectra of 3.9 nm (a) and 6.8
nm (b) Ge NCs obtained by the reduction of GeCl, by LiAlH, in
inverse micelles formed by mixing tetrahexadecylammonium bromide
with toluene. (c/d) Excitation—emission scanning matrices for 3.9 (c)
and 6.8 nm (d) Ge NCs. Reproduced with permission from ref 233.
Copyright 2015 Royal Society of Chemistry.

Na,GeO; whose pH was adjusted with HCI to 6.5. In the
second step, this mixture was injected into a solution of the
reducing agent NaBH, and the polyvinylpyrrolidone (PVP),
which acts as a stabilizer. The Ge NCs formed under heating to
60—80 °C for several hours (3—8). The obtained particles
showed high PL QY up to 26%, however, no shift of the
emission peaks located in the UV/blue region with changing
size was observed, indicating that interfacial defects or surface
oxides are involved in the fluorescence process. The powder X-
ray diffractograms obtained with these methods show only two
broad peaks, which resolve to the characteristic pattern of
crystalline Ge after annealing at 600 °C. On the other hand, the
visibility of lattice fringes in high-resolution TEM images
already before annealing suggests the crystalline character of the
as-synthesized Ge nanoparticles. In a modified polyol process
taking place at room temperature, Schaak and co-workers used
the same stabilizer (PVP) and reducing agent (NaBH,) but
GeCl, as germanium precursors and a mixture of ethylene
glycol and trieth;flene glycol dimethyl ether (triglyme) as
reaction medium.””® Amorphous Ge nanoparticles of 5.1 + 1
nm were obtained, emitting at 352 nm when excited at 310 nm.
By changing the reaction conditions other sizes were also
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accessible in a range of 2—50 nm, the biggest cube-shape
particles were constituted of aggregates of smaller particles. A
similar method was followed by Karatutlu and co-workers in
2015, who bubbled a mixture of H,/Ar (5%/95%) instead of
pure Ar through the reaction mixture.”>” The obtained 3.9 +
0.6 nm Ge NCs exhibited a shoulder in the UV—vis absorption
spectrum at around 400 nm and a strongly red-shifted PL
emission centered at 680 nm (ex. wavelength: 473 nm). The
structural and optical properties were described on the basis of
a model implying a crystalline core and an amorphous shell of
the particles.

4.1.3.3. One Pot Reduction Using Oleylamine. Oleylamine
(OLA) has become a very widely applied starting compound in
NC synthesis, which can have a triple role of solvent,
surfactant/ligand and reducing agent with the additional
advantages of being liquid at room temperature and having a
high boiling point (~350 °C).””" In particular it can act as a
mild reducing agent for Ge halides, being itself oxidized to
imine or nitrile as evidenced by FTIR spectroscopy.”””
Adapting the heat-up method widely use to synthesize metal
or chalcogenides NCs (cf. section 3), Schaak and co-workers
synthesized germanium NCs with a good control of the size
and shape by heating Gel, with oleylamine, oleic acid and
hexamethyldisilazane (HMDS) at 260 °C for 30 min.”** By
changing the concentration of germanium precursor the size of
the obtained particles could be varied from 6 to 22 nm. While
the precise role of HMDS was not identified, it is suggested that
initially a Ge-HMDS complex is formed as the reactive species.
Wan and co-workers used oleylamine as solvent and reducing
agent for GeBr, without additional stabilizers, obtaining after
heating to 260 °C for 2 h Ge nanoparticles of 10 nm average
diameter.”*® In a similar approach Shirahata used Gel, in
oleylamine, heated up to 300 °C.*** Solubilization of the Ge
precursor at 120 °C indicates adduct formation with OAm. The
disproportionation of Gel, into Ge and Gel,, is proposed as
alternative reaction pathway. Polydispersity is still quite large
(1—-12 nm), but most of the crystals are found to be in the
range of 4.8—5 nm. Yet, oleylamine capped germanium NCs
have the tendency to degrade over time upon exposure to
ambient conditions, with a loss of solubility and a diminution of
their photoluminescence properties. As one possible solution,
Kauzlarich and co-workers used thiols to replace oleylamine at
the surface of the synthesized Ge NCs.”*” Similar as in prior
work,”** the synthesis was carried out by reducing Gel, with
oleylamine in a microwave reactor at 210 °C for 1 h. After
purification, the NCs were treated with hydrazine to remove
the initial oleylamine ligands from their surface. This step was
performed at room temperature (1 h) and monitored by FTIR
spectroscopy. Then NCs were mixed with dodecanethiol
(DDT) and heated in the microwave reactor at a 150 °C for
1 h. A slight increase of the crystallite size was observed by
XRD. All the result of surface photovoltage voltammetry (SPV)
and contact potential difference indicate a n type conduction of
the charge carriers (electrons) and quantum confinement, i.e.
increasing band gap with decreasing size). Beside the fact that
DDT capped NCs exhibit a better colloidal stability than the
oleylamine capped ones, they also show a larger negative
contact potential difference (CPD). Control experiments
indicated that this better charge separation was neither related
to the shorter chain length of the DDT ligands, nor to ligand—
substrate interactions, but rather to the nature of the thiol
anchoring group itself, passivating the surface of the Ge NCs.
The size-dependent band gap of the thiol and oleylamine

capped Ge NCs was investigated in another work from the
same authors, confirming quantum confinement effects:** For
oleylamine capped crystals, the band gap determined from
UV—vis spectra, equals 1.30 eV for 3.87 nm, and 1.00 eV for
7.54 nm Ge NCs, in accordance with previous studies (Figure
31).”° The corresponding DDT capped samples exhibited
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Figure 31. Band gap as a function of size for Ge NCs. Lines with
symbols: experimental data from ref 249 (black diamond, OAM =
oleylamine, red circle, DDT = dodecanethiol), ref 248 (blue triangle),
ref 250 (green diamond); black solid line: theoretical behavior of Ge
NCs (nc) according to the effective mass model, compared to
nanoamorphous (na) Ge (black dashed line).””> Reproduced with
permission from ref 249. Copyright 2015 American Chemical Society.

larger values of 1.46 and 1.15 eV, respectively. In cyclic
voltammetry studies the oleylamine capped NCs showed weak
but distinguishable signals, however, no redox signals could be
detected after exchange with DDT. This suggests that oxidation
of the NCs was prohibited after DDT capping and likely
occurred through surface defects in the case of oleylamine
ligands. The passivation of surface trap states would also explain
the observed widening of the band gap for DDT capped
particles.

4.1.3.4. Thermal Reduction of Organogermanes and
Organosilanes, Sol—Gel Methods. The use of sol—gel
methods in the synthesis of Si and Ge NCs gives access to a
large range of controlled sizes and narrow size distributions.
The sol—gel process is generally used for building up solid
materials such as metal oxides from molecular precursors in a
controlled way through the stages of sol formation, gelation/
polycondensation, aging and drying.””* Veinot and co-workers
proposed to translate silicate sol—gel chemistry to the synthesis
of Si nanoparticles by carrying out the thermal treatment under
reducing atmosphere.””> Either commercial silsesquioxanes of
the general formula RSiO, (R = H, alkyl, silyl, aromatic) such
as HgSigO,, (HSQ)*”® or tailor-made polymers obtained for
example by the hydrolysis of trichlorosilane”* can be used as
the sol—gel precursors. They are submitted to thermal
processing under reducing atmosphere, which leads to the
diftusion of Si atoms in the formed thermodynamically stable
SiO, matrix, clustering of Si-rich domains, and crystallization of
Si nanoparticles. In one example Si NCs embedded in the sol—
gel matrix were formed by heating the precursor in a furnace to
1100—1400 °C for 1—10 h under reducing atmosphere (5%
H,/95% Ar).”*® The particles were removed from the matrix by
etching with HF yielding hydride termination of their surface,
which opens the way for functionalization with alkenes. Korgel
and co-workers built on this method and achieved accurate size
control in a range of 3 to 13 nm (standard deviation: 10—19%)
by varying the reaction temperature from 1100 to 1350 °C
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under more strongly reducing atmosphere (10% H2/90% Ar)
(Figure 32)."7” Heating to 1400 °C leads to very polydisperse
nanoparticles in a range of 18—90 nm.

In addition to the mentioned hydrosilylation reactions for the
surface functionalization involving alkenes, several studies
report the use of polymeric ligands or the polymerization of
suitable monomers on the NC surface. Such approaches can
further enhance the surface passivation, stability and function-
ality of the NCs. As an example, in an earlier study Li and
Ruckenstein polymerized acrylic acid on the surface of silicon
nanoparticles upon UV illumination, which led to water
dispersible NCs of hi_;h colloidal stability while maintaining
their PL properties.””” The obtained particles were used as
fluorescent probes in cellular biological imaging. Instead of
directly grafting the hydrophilic polymer on the surface,
Erogbogbo et al. used amphiphilic polyethylene glycol (PEG)
substituted phospholipids to encapsulate alkyl capped Si
nanoparticles in a micellar approach.””” The surface of the
phospholipid micelles can serve as a platform for the
introduction of additional functional groups enabling the
grafting or targeting of biomolecules. For applications in this
field the postsynthetic purification steps deserve special
attention to prevent toxicity from unreacted precursors or
excess capping agents, which potentially exceeds that of the Si
nanoparticle itself.

In an extension of the sol—gel approach to Ge nanoparticles
Veinot and co-workers investigated the use of phenyl
trichlorogermane as a precursor for sol—gel polymerization.”"
PhGeCl; was first hydrolyzed by addition of isopropyl alcohol
in water under inert atmosphere, and then heated at 60 °C for

10758

24 h to ensure complete condensation. The obtained sol—gel
polymer (PhGeO, ), was then heated to 500—550 °C under
reducing atmosphere (5% He/95% Ar) leading to the
formation of Ge NCs within a GeO, matrix. In contrast to
SiO,, GeO, is hydrosoluble, and therefore the matrix can
simply be dissolved in warm water (60 °C). The average
diameter of the obtained nanoparticles was 5.5 nm, with a
relatively low polydispersity. By changing the substituent on the
trichlorogermane precursor, the same group later showed that
lower reaction temperatures could be used (300—400 °C), and
larger average sizes of the Ge NCs could be obtained in a range
of 11-22 nm."*!

4.1.3.5. Zintl Salt Metathesis Reactions. Starting from 1996,
Kauzlarich and co-workers reported several metathesis
reactions for the synthesis of Si and Ge NCs. These approaches
rank among the first solution phase syntheses performed at
comparably low temperature. As a common feature these
reactions imply Zintl compounds such as NaE, KE or Mg,E “(E
= Si, Ge)” as precursors, which are a special class of
intermetallic phases of unusual bonding, structural properties
and oxidation states.”’® They are reacted with silicon,
germanium, transition metal or ammonium halides, and the
driving force for the metathesis is the formation of the alkaline
(earth) metal halide. Initially NaSi and KSi have been applied in
a metathesis reaction with SiCl,, leading to polydisperse Si
nanoparticles.””” Later Mg,Si has been used in combination
with SiCl, to produce 2—5 nm nanoclusters of crystalline
silicon."”® In this case, the Zintl salt was mixed with glyme
(ethylene glycol dimethyl ether), dissolved gradually after
addition of SiCl,, and the mixture was refluxed for 36—48 h
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Table 3. Synthesis Conditions and Outcome (Size and Shape of Ge NCs) of the Thermal Decomposition of Organogermanes in
High Boiling Point Solvents”***

germanium decomposition reaction temperature mean size
precursor temperature (°C) solvent (°C) (nm) comments
trichlorogermane 140 trioctylamine 384 1-2 mainly amorphous. crystalline fractions after longer
times (30 min)
squalene 410 2-7 uniform, highly crystalline particles
tributylgermane 390 squalene 410 4-15
triethylgermane 420 squalene 410 ~10 nm nanowires
octacosane 429 diameter

“A novel type of organogermane precursor was proposed by Jiang and co-workers in 2006: tetra-cis-9-octadecenoic germanium (TOG) was obtained
in a simple way by the reaction of GeCl, with oleylamine.”>® TOG was dissolved in trioctylamine and injected into a mixture of trioctylamine, oleic
acid and oleylamine at 200 °C. The mixture was then refluxed at 360 °C for 15 min, 30 min or 1 h, yielding Ge nanoparticles of 5, 10, and 20 nm,

respectively, and of narrow size distribution (Figure 33).
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Figure 33. TEM images and size distribution of Ge NCs obtained by thermal decomposition of tetra-cis-9-octadecenoic germanium after 15 min (a,
d), 30 min (b, e), and 60 min (c, ) reaction time at 360 °C. Reproduced with permission from ref 256. Copyright 2006 IOP Publishing Ltd.

under inert atmosphere. Finally the Si—ClI bonds at the surface
of the NCs were replaced by alkyl chains after reaction with
various Grignard reagents or alkyllithium leading to NCs
soluble in organic solvents like hexane. The yield of the
metathesis reaction could be increased by adding a phase-
transfer catalyst such as (n-octyl),NBr, to facilitate the
solubilization of Mg,Si in refluxing glyme. The metathesis
method was further optimized by reacting NaSi with NH,Br in
dimethoxyethane at 80 °C or in dioctylether at 260 °C
affording 4.95 + 1.23 nm and 3.85 + 1.03 nm H-terminated Si
NCs.””® Si nanoparticles obtained by these methods have been
applied in hyperpolarized magnetic resonance imaging””” and
as anode material in Li-ion batteries.”*’

Also in the case of germanium NCs metathesis reactions of
Zintl salts such as NaGe, KGe and Mg,Ge have been
explored.”*>”®" The Zintl compounds were added to a large
amount of glyme, diglyme or triglyme (mono-, di-, or
triethylene glycol dimethyl ether) and stirred for several
hours under reflux. Upon addition of 3-fold excess of GeCl,
with respect to the Zintl salt and further reflux, Ge NCs were
obtained with sizes depending on the heating time (4—120 h).
Surface modification has been achieved as mentioned before
using BuLi, MeLi or Grignard reagents. Methyl capped NCs
were found to be better soluble in polar solvents such as
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methanol, whereas butyl and octyl capped ones showed higher
solubility in apolar solvents such as toluene or hexane.
4.1.3.6. Thermal Decomposition of Organosilanes and
Organogermanes. Early syntheses based on the thermal
decomposition of silanes, i.e. molecules composed exclusively
of Si and H, have been reported by Brus and co-workers in
1993.72%%% In their work, silicon NCs were synthesized using
an aerosol system for the pyrolysis of silanes in the gas phase
and collected in ethylene glycol. Due to the required high
temperatures to form crystalline nuclei and with the goal to find
easier to manipulate precursors for synthesis, organosilanes
have replaced the pyrophoric and low boiling point silanes in
subsequent studies. Their thermal decomposition under
supercritical conditions has been developed by Korgel and
co-workers who heated diphenylsilane with octanol and hexane
in a sealed reactor to 500 °C at 34.5 MPa.”*® 1.5 nm diameter
Si NCs were obtained in pure octanol and a radical mechanism
was claimed for the decomposition of diphenylsilane. Octanol
passivated the NC surface and prevented from further growth
or aggregation of the particles, which was observed when using
ethanol instead. When replacing some of the octanol by
supercritical hexane, larger particles were obtained in a range of
2.5 to 3.5 nm. Those particles showed green photo-
luminescence with a QY of 23%, while the 1.5 nm particles
exhibited blue emission, indicating the presence of quantum
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size effects. One drawback of this method is the relatively low
reaction yield, because only 0.5—5% of the initially introduced
Si precursor is converted into Si NCs. Organogermane
precursors have likewise been decomposed thermally. In an
earlier report by Gerion and co-workers tetraethylgermane is
heated to 430 °C during 1-30 min in a sealed pressure
reactor.”>” TEM and X-ray diffraction confirm that crystalline
Ge NCs in diamond cubic phase have been obtained.
Depending on the reaction conditions (addition of toluene,
hexane, reaction time), their size could be varied in a range of
5—30 nm and also different shapes have been obtained (dots,
pyramids, cubes, wires, etc.). Nonetheless the precise control of
size and shape was not possible with this method, and a large
amount of residual byproducts was observed. On the other
hand, the obtained products have been found to be air stable
for months, without sign of surface oxidation. Lu and co-
workers used a similar method to synthesize Ge NCs in
supercritical CO, (sc-CO,) in a sealed reactor at 500 °C.***
The conditions were similar to those used by Holmes et al. for
the above-described synthesis of Si NCs**® and in addition to
tetraethylgermane diphenylgermane was also explored. The
germanium precursor was mixed with octanol and sc-CO, and
heated to 500 °C in the sealed vessel at high pressure (27.6
MPa). However, as before the size distribution remains broad
and hardly controllable with this way of synthesis and the
separation of the NCs from byproducts was challenging. A
better control of the size and morphology of the Ge NCs has
been achieved by Zaitseva and co-workers who carried out the
thermal decomposition of organogermanes at ambient
pressure.”>> The authors used different high-boiling point
organic solvents, which were adapted to the decomposition
temperature of the used Ge precursor. As seen in Table 3, Ge
nanoparticles in a size range of 1—15 nm were obtained from
trichlorogermane, triethylgermane, and tributylgermane in
trioctylamine, squalene, and octacosane. The reactions of
triethylgermane in squalene or octacosane led to the formation
of Ge nanowires growing in the [110] direction. A vapor—
liquid—solid (VLS) growth mechanism was suggested on drops
of the boiling solvent condensed on the walls of the reaction

flask.
4.2. llI-V Semiconductor NCs

4.2.1. Introduction. III-V semiconductors are crystalline
binary compounds formed by combining metallic elements
from group IIIA (13) and nonmetallic elements from group VA
(15) of the periodic table. They are used for high performance
optoelectronic devices due to their unique properties such as
high electron mobility, direct band gap, low exciton binding
energy, and bulk band gap values covering a wide range of
spectra from ultraviolet to infrared region. Despite of their
dominance in bulk form both Si and III-V semiconductors
have been outperformed by more polar II-VI and IV-VI
semiconductor based QDs mainly due to synthetic challenges
associated with these systems. As reflected in their fractional
ionic character of bonding (Table 1), except for some nitrides
most III-V semiconductors have smaller lattice ionicity than
II-VI and IV-VI semiconductors. Compared to ionic
reactions, more covalent bond formation usually requires
harsher reaction conditions marked by higher reaction
temperature, longer reaction time and more reactive
precursors.”®® These conditions are generally not favorable
for the precise control of size and size distribution of the NCs.
The precursor reactivity and reaction conditions have to be

carefully optimized to obtain high quality materials. Further-
more, the III—V semiconductor NCs such as InP are much
more air-sensitive than their II-VI counterparts (e.g,, CdSe), so
that most syntheses require air-free conditions. The nitrides are
different from the other III-V compounds with regard to their
crystal structure (wurtzite) and their comparably low thermal
stability, which complicates high temperature syntheses. Indium
nitride single crystal films of 200—300 nm thickness, for
example, undergo thermal decomposition under dinitrogen
desorption at 500—550 °C.”** In form of NCs with diameters
of a few nm, this process is likely to appear at much lower
temperature. For the metal nitrides in particular, but also for
the NCs of the other pnictides, the identification of suitable
group V precursors is the key challenge in chemical synthesis.
Due to the comparably low electron affinity of group V
elements, it is difficult to find appropriate precursors in the
oxidation state —III. By consequence common group V
precursors involve reactive compounds with highly electro-
positive elements like H, Na, Si. Some examples are Na;P, H;P,
(Me;Si);As, (Me;Si);P, Li;N, (Me;Si);N, etc. Table 4 outlines

Table 4. Physical Properties of III-V Semiconductors®

exciton exciton
Bohr binding
i E, radius energy
material €% p(m)*® gy (me)*® (er;287 (nm) (meV)
InN S.5 0.12 0.5 0.8 3.0 43.5
InP 12 0.077 0.6 1.35 9.3 6.44
InAs 12.3 0.022 0.4 0.35 31.2 1.87
InSb 15.6 0.014 0.4 0.23 60.9 0.75
GaN 5.8 0.18 0.54 3.44 2.3 54.5
GaP 85 035 0.5 227(i) 22 387
GaAs 10.9 0.067 0.5 1.42 129 3.87
GaSb 14.4 0.041 0.28 0.75 21.3 2.34

“All values are calculated for room temperature (300 K).

the basic properties of III-V semiconductors. Baring few most
III-V semiconductors are direct band gap semiconductors.
Both the exciton Bohr radius and exciton binding energy give a
useful perspective on the length scale where these materials
deviate from the bulk materials and exhibit size dependent
optical and electrical properties.
The exciton Bohr radius can be calculated using the
equation:
em, 4re i’
rg = —a, where g, = ————,
H mg

€ = dielectric constant, €, = vacuum permittivity,

h = —, m, = free electron mass, p = effective mass
2

The dielectric constant is frequency-dependent. Conse-
quenty, the exciton Bohr radius and exciton binding energy
values reported in the literature may slightly vary from each
other due to discrepancies in the dielectric constant value used.
For simplicity we have used high frequency optical dielectric
constants (€,) for our calculation. This gives a qualitative idea
about the quantum confinement and binding energies of the
exciton in various III-V semiconductors and hence helps us in
judging the suitability of a material in various applications. The
exciton binding energy has been calculated using the following
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equation, Eg; 4 =

eV).285

Due to the large exciton Bohr radius in GaSb, InAs, and InSb
a wider size range of NCs exhibiting quantum confinement
effects can be prepared with these materials. In contrast, InN,
GaP, and GaN have a very small Bohr exciton radius.
Therefore, ultrasmall particles have to be synthesized to
observe quantum confinement with these materials. As we
will see in the following discussion, syntheses of quantum-
confined NCs in colloidal form with these materials are sparse.

4.2.2. Indium Nitride. For a long time it was believed that
the fundamental band gap of InN was 1.9 eV. However, more
recent studies on higher quality films of this material have
unambiguously shown that the true value of its direct band gap
lies at 0.8 eV,”™ making it a very promising compound for
optoelectronic applications. In bulk form the band gap can be
tuned by forming alloys with other materials such as GaN and
AIN. For example, the band gap energy of aluminum gallium
indium nitride (AlGaInN) can be tuned between 6.2 and 2.0 eV
by changing the composition. Consequently, these semi-
conductors can be used for red- to ultraviolet-emitting
devices.”® In quantum confinement regimes, the band gap
can be further tuned by changing the size and shape of the
NCs, even though the Bohr exciton radius is with 3 nm rather
small (vide supra). INN NCs are potentially important for a
wide range of applications including solid-state lighting,
biological imaging and photovoltaic applications. Several wet-
chemical synthesis strategies such as solvothermal synthesis,
thermolysis of precursors, and dehalosilylation reactions using
N(SiMe;); have been used to obtain InN in colloidal form.
However, to date the optical properties in terms of size-tunable
absorption and emission spectra and fluorescence quantum
yield, are not of comparable quality to those obtained with
more established types of NCs. In the solvothermal method the
synthesis is conducted in an autoclave at elevated pressure. Like
in a pressure cooker used in the kitchen, in the hermetically
closed system of the autoclave the boiling temperatures of the
solvents can be elevated by increasing the vapor pressure. Bai et
al. synthesized InN by autoclaving Li;N and InCl; in xylene at
250 °C for 24h.**° Crystalline InN nanoparticles were also
synthesized by autoclaving Inl; with NaNH, in benzene at
different temperatures (180, 210, 230 °C).””" Depending on
the reaction time and temperature the particle size could be
controlled. For example, higher temperature and longer
reaction time yielded larger sized particles. Other examples of
solvothermal syntheses are reactions between NaNH, and
In,S;, "% as well as autoclaving of a mixture of M,S; (M= In,
Ga, Al), NH,C], CS,, and I, in water.””* Neale and co-workers
synthesized oleylamine capped colloidal InN of 4—10 nm
diameter by reacting NaNH, and In,S;.>”* The obtained InN
NCs exhibited a visible absorption onset (~1.8 eV) and a
strong localized surface plasmon resonance absorption in the
mid infrared (~3000 nm). Other attempts to synthesize InN
NCs include thermal decomposition of precursors and
dehalosilylation reactions between InCly and N(SiMe,), in a
non-coordinating solvent using myristic acid as ligand.””
However, these methods usually resulted in polydisperse
NCs. Recently, nearly monodisperse InN NCs dispersible in
various organic solvents have been synthesized by combining
solution and vapor phase methods. First colloidal myristic acid
capped In;0,/Si0, core/shell NCs were grown, which were

"R, where R = Rydberg constant (13.6

2
€ m,

subsequently annealed at 500—700 °C under NH; flow to
obtain InN NCs with an average size of 5.7 + 0.6 nm.*”

4.2.3. Gallium Nitride. Nitrides of gallium and indium have
first been synthesized using solvothermal methods. Xie et al.
obtained GaN crystallites of 30 nm average size with this
approach.””’ The reaction was carried out at 280 °C in benzene
(Boiling point: 80.1 °C at 1 atm) by using GaCl; and Li;N as
gallium and nitrogen precursors, respectively.

GaCl; + Li;N — GaN + 3LiCl

The product mainly crystallized in the wurtzite (hexagonal)
form with some traces of rocksalt GaN. The PL spectra showed
a broad emission peak at 370 nm, which is characteristic of bulk
GaN. As evident from the synthetic scheme, the above method
does not use a capping ligand. Rao and co-workers have
synthesized GaN particles of 2.5 nm average diameter by using
N-cetyl-N,N,N-trimethylammonium bromide (CTAB) as the
capping ligand (Cupferron stands for 3 equiv of N-nitroso-N-
phenylhydroxylamine):***

Ga cupferron + (CH;);SiNHSi(CH,),
CTAB
— GaN (4 nm) + (CH,),SiOSi(CH,); + H,

The reaction was carried out for 2 h in toluene at 250 °Cin a
Teflon-lined steel autoclave. In the absence of the capping
agent, NCs of bigger particle size (4 nm) have been obtained.
In the same report, the authors demonstrate the size-
dependency in GaN NCs, resulting from quantum confine-
ment. The PL emission band at 265 nm exhibited by 2.5 nm
quantum dots red-shifted to 315 nm for 4 nm particles. The
first article on the synthesis of GaN stable in colloidal form
came up in 1999.””” Miéié et al. reported the synthesis of 2 nm
sized GaN NCs using a polymeric gallium imide as the
precursor and trioctylamine as ligand and high boiling solvent
(boiling point: 365 °C) to facilitate the pyrolysis of the
precursor at 360 °C (reaction time: 24 h). Addition of the less
sterically hindered ligand hexadecylamine (HDA) improved the
capping robustness and hence colloidal stability. At low
temperature, the PL spectrum showed several emission peaks
in the range of 3.0—3.8 eV. The polymeric precursor gallium
imide, [Ga(NH); ,],, was first shown to yield cubic/hexagonal
GaN particles via pyrolysis by Wells and co-workers.””" It was
suggested that this precursor yields GaN via stepwise
deamination reactions:

- A(-1nH
Ga(NH,), 2 Ga(NH),NH 20N Ga(NH);
A Inm
—— GaN
Pan et al. proposed a modification to the above reaction
strategy.””' They showed that the dimeric amidogallium
precursor (Ga,[N(CHj;),]s), which upon reaction with
ammonia gas generates the polymeric precursor gallium imide
[Ga(NH);/,],, can be converted directly to GaN through
pyrolysis without the need for the polymeric intermediate. This
strategy therefore does not require the use of gaseous ammonia.
In addition to an improved reaction yield, the authors also
demonstrate the importance of the used capping ligand for the
production of stable colloidal QDs. No GaN was produced in
the absence of the capping ligand HDA, which suggests a
possible transamination reaction. However, the reaction time
was still at least 24 h. Manz et al. reported the synthesis of GaN
NCs at remarkably low temperature (220 °C) and low reaction
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time (15—300 min) in triglyme solution using the following
organometallic azide precursors: [Et,Ga(N;)];, (N;),Ga-
[(CH,);NMe,] and (Et;N)Ga(N,).*>* Depending on the
reaction conditions, several sizes in the range of 2.5 nm up
to 500 nm have been obtained. However, the lower annealing
time and lower temperature is at the cost of the crystalline
quality of the GaN NCs; X-ray diffraction revealed that they
were of amorphous nature.

4.2.4. Indium Phosphide. The interest in synthesizing InP
NCs mainly stems from their tunable emission in the visible
and NIR range making them a direct alternative for CdSe-based
QDs. Colloidal InP NCs were first synthesized by reacting
chloroindium oxalate with tris(trimethylsilyl) phosphine (P-
(SiMe;);, also abbreviated as P(TMS);) in trioctylphosphine
oxide (TOPO) at 270—360 °C for 3 days.’*® This reaction is
based on the dehalosilylation reaction developed by Wells and
co-workers and already mentioned for the nitrides. Since this
seminal work, P(SiMe;); has become the most commonly used
phosphorus source for the synthesis of InP NCs. In this
reagent, the phosphorus atom bonded to the highly electro-
positive Si imparts the necessary driving force to react with
cationic In(1Il) precursors to form InP. Heath and co-workers
modified the original procedure of Mici¢ by replacing the
chloroindium oxalate with InCl; and reported size-dependent
optical properties. While they employed postsynthesis size
selective precipitation techniques to improve the size
dispersions, they were still broader (~20%) compared to
CdSe (~5%) NCs. In addition, the InP NCs also showed poor
photoluminescence properties (QY < 1%). Surface treatment of
the InP NCs with HF or NH,F was shown to drastically
improve the quantum yield up to 30%.°°* With further
optimization of the HF treatment under light irradiation a
QY as high as ~40% at room temperature has been achieved.””
In this study Adam and co-workers also investigated the
underlying mechanism of the HF treatment (Figure 34): by
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Figure 34. (a) Normalized photoluminescence spectra of size-selected
InP NCs after photoassisted etching of their surface with HF. (b) The
four steps of the photoetching mechanism: (1) photon absorption and
exciton formation; (2) capture of the hole by a P surface bond; (3)
nucleophilic attack of photoactivated P atom with fluorine ions; (4)
electron reaction with acceptors from solution. Reproduced with
permission from ref 30S. Copyright 2005 American Institute of
Physics.

means of high-resolution synchrotron XPS spectroscopy they
showed that HF removed unpassivated P atoms, which induced
trap states within the band gap of InP, responsible for the low
initial PL. QY. The reconstructed surface was mainly terminated
by TOPO-passivated In atoms. The same work also provides
the correlation of size and molar extinction coefficient of the

NCs, which greatly simplifies the determination of the
concentration of colloidal solutions of InP QDs.

Alternatively, as in the case of II-VI semiconductor NCs the
concept of inorganic shell growth on the emissive core particle
has also been developed for InP QDs in order to improve their
QY, chemical and photostability.”> Nozik and co-workers first
synthesized lattice-matched InP/ZnCdSe, core/shell NCs and
achieved an improvement of the PL QY up to 5—10%.’"
Following this work, Haubold et al. synthesized InP/ZnS core/
shell NCs with a maximum QY of 20%.”"” Despite of 7.7%
lattice mismatch between the InP core and the ZnS shell, zinc
sulfide is the most widely used shell material for InP NCs due
to the lower QY obtained with ZnSe (lattice mismatch 3.3%)
and ZnCdSe,. On the other hand, Kim and co-workers
successfully used ZnSe as a lattice adaptor between the InP core
and the ZnS outer shell, which enables achieving higher shell
thicknesses (~1.9 nm) and enhanced photochemical stabil-
ity.”*® Recently, an optimized synthesis of an InP/ZnSeS core/
shell system with compositional gradient shell has yielded a PL
QY as high as 81%.>” The highest value reported so far (85%)
has been obtained for the InP/GaP/ZnS system with a very
thin GaP interlayer.”'” GaP presents a relatively large lattice
mismatch of 7.0% with InP but is almost lattice matched with
ZnS (mismatch: 0.2%). It should also be noted that zinc acetate
was used during core synthesis, improving the PL QY to
around 15% with respect to syntheses without zinc (QY < 1%).
Several studies demonstrate that the addition of zinc complexes
does not only improve the surface passivation (e.g, of
phosphorus dangling bonds) but that zinc can be actually
incorporated into the InP core, leading to alloyed InZnP
NCs.”'"?" In the example of Kim et al’'® the authors
proposed that GaP growth occurred on the InP core via the
cation exchange reaction between In*" and Ga*" ions. This is
consistent with the observed blue-shift of 5—15 nm and
concomitant increase of PL QY from 15% to 30%. Overcoating
this structure with a ZnS shell led to the observed high QY. In
addition to these core/shell syntheses implying two steps, the
core preparation followed by shell growth, Li et al. reported a
single-step one-pot heat-up method yielding high PL QY up to
70% and relatively narrow emission line width of 40—60 nm
fwhm (Figure 35).>" In this simple procedure both the core
(indium myristate, P(SiMe;);) and the shell (zinc stearate,
DDT) precursors are mixed and then heated to 300 °C. Due to
the difference in reactivity during the temperature increase first
the InP precursors react followed by the ZnS precursors. A
high-resolution synchrotron XPS study of the obtained NCs
indicated that the core consisted of an alloyed InPZnS
structure, covered with a thin layer of ZnS.”'* Table 5 gives
an overview of representative synthesis methods for highly
luminescent InP-based core/shell NCs.

One of the most important turning points in the synthesis of
InP NCs came when coordinating solvents such as TOPO were
replaced with a noncoordinating solvent, viz. 1-octadecene
(ODE), in combination with fatty acid type stabilizers.”’” In
this case, the size of the NCs could be controlled by varying the
concentration and alkyl chain length of the fatty acid ligand.
Under optimized conditions myristic acid (C,;) and palmitic
acid (C,4) were found to be the best ligands for InP NCs
synthesis in ODE, yielding the narrowest size distribution. The
main achievements of this approach are thus marked by the
reduction in reaction time from 3 to 7 days to 3—60 min and by
the reduction of the size distribution of the as-synthesized InP
NCs (15—20% vs 25—30% in the case of syntheses in TOPO).
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Figure 35. (a) Evolution of the PL (excitation: 400 nm) and
absorption spectra with reaction time in a single-step one-pot synthesis
of InP/ZnS NCs. (b) Photographs of the different sized samples under
UV illumination. (c) Variation of the PL QY and line width (fwhm)
with reaction time. Reproduced with permission from ref 313.
Copyright 2008 American Chemical Society.

Further improvements could be made by the use of reaction
additives. Short chain alkylamines like octylamine, for example,
have been shown to enable a decrease of the reaction
temperature to around 190 °C.>"> On the other hand, the
simultaneous use of alkylamines and fatty acids precludes
reaction temperatures as high as 250—300 °C, as under these
conditions amide formation takes place as a side reaction.’"®
This process is accompanied by the in situ generation of water,
which leads to the concurrent formation of indium oxide. As
mentioned before the addition of Z-type zinc complex ligands,
e.g., zinc stearate’'” or zinc undecylenate,’'’ is widely used for
improving the PL QY of the InP core NCs. In this context
Delpech, Nayral and co-workers showed that fatty acids, used as
a complexing agent for both indium and zinc, can undergo, at
elevated temperature, a decarboxylative coupling reaction
(ketonization) under release of water, once again inducin%
undesired surface oxidation of the InP or InP/ZnS NCs.>?%3?

Despite of the outlined remarkable progress in P(SiMe;),
based synthesis of InP QDs, current studies seek to explore
alternative phosphorus precursors.’*® The motivations for such
a quest arise from the current understanding of InP formation
in noncoordinating solvents. Further drawbacks of P(SiMe;),
are related to its pyrophoric nature, high cost and hazardous
reagents and secondary products involved in its production.
Current studies have linked polydispersity in the case of InP
NCs to the rapid degletion of molecular phosphorus species
following nucleation.”” It has been therefore suggested that the
growth of InP NCs is a non-molecular ripening mechanism.

Rapid precursor depletion is also attributed to be at the origin
of the apparent difficulty in synthesizing larger sized (>4 nm)
InP NCs with this precursor. In another study, the protic fatty
acid ligands are also linked to the polydispersity of the NCs as
they promote rapid side reactions of the phosphorus
precursors.””* Joung et al. replaced P(SiMe;); with more stable
P(SiMe,(t-Bu)); to achieve larger sized NCs without
compromising on the particle size dispersion.””* More recently,
precursors with decreased reactivity such as P(GeMe;); and
P(SnMe;); have been prepared and used for the synthesis of
InP NCs.”*> However, only modest success in improving size
dispersion was achieved. Replacing Si in the Si—P bond with Ge
or Sn reduces the reactivity of the precursor by decreasing the
polarity of the bond. Currently, tris(dimethylamino) phosphine
(P(NMe,),) has been identified as a potential phosphorus
precursor.”**% Although this compound was commercially
available for a long time, its successful use in InP NC synthesis
has only been reported in recent years, as its reactivity in the
“standard” synthesis with indium myristate or palmitate in
ODE is too low. Song et al. applied oleylamine as the solvent/
ligand and reacted InCl; with P(NMe,); in the presence of
ZnCl,. The as-synthesized core NCs do not exhibit any
photoluminescence. After coating with a ZnS shell, however,
the obtained InP/ZnS NCs showed a PL QY (51—53%) and
emission line width (60—64 nm fwhm) comparable to those
synthesized using P(SiMe;); (Figure 36).**
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Figure 36. InP/ZnS NCs synthesized using P(NMe,); as the
phosphorus precursor. (a) PL spectra; (b) photograph of different
sized samples; (c) variation of the PL QY and fwhm as a function of
the emission wavelength. Reproduced with permission from ref 326.
Copyright 2013 Springer Science+Business Media Dordrecht.

This method was further developed by Hens and co-workers
to obtain narrower emission line widths (46—63 nm) and
higher QYs (up to 60%) at quasi-quantitive reaction yield.”*” In
the latter case, the size of the InP NCs was controlled by using

Table 5. Representative Articles on the Synthesis of Highly Luminescent InP Based NCs

core synthesis

year method precursors ligands/additives temp (°C) time (min)  shell material  max. PL QY ref
2007 hot injection P(TMS);/In(OAc); MA/octylamine 188—178 60 ZnS 40% 315
2008 hot injection P(TMS);/InCl, SA, HDA/zinc undecylenate 280—-220 20 ZnS 60% 316
2008 heat up P(TMS),/In(OAc), MA/zinc stearate 25-300 3-20 Zn$ 70% 313
2012 hot injection P(TMS),/In(OAc); PA/Zn(OAc), 300—230 120 GaP/ZnS 85% 310
2012 hot injection P(TMS);/In(OAc), MA/octylamine 200 60 ZnSe/ZnS 55% 308
2013 hot injection P(TMS);/InCl, oleic acid/zinc oleate 280 10 ZnSeS 81% 309
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different In halides, namely InCl;, InBr; and Inl;. Inl; gave the
smallest size while larger sized InP NCs were obtained with
InCl;. The InP NCs were overcoated with both ZnS and ZnSe
shells and the authors reported that the ZnS shell resulted in a
broader emission line width but larger QY compared to the
ZnSe shell. This difference was attributed to the larger lattice
mismatch between InP and ZnS compared to InP and ZnSe
(vide supra).*”’ There are several other synthetic schemes
alternative to the P(SiMe;); method in the literature and a few
of them, affording precise control over the size and hence the
optical properties of the InP NCs, will be presented here. For
more details the interested reader is referred to three review
papers focusing on III-V semiconductor NCs. >33 Liy et
al. obtained size-tunable InP NCs based on coreduction of
indium acetate and phosphorus trichloride using LiBHEt; as
reducing agent in ODE in the presence of stearic acid.’*”
Another example is the slow and continuous injection of PH;
gas into a ODE solution containing indium acetate and myristic
acid.®"” With this method larger sized InP NCs with an
emission up to 750 nm could be synthesized.*” Quantum-dots
with absorption/emission in the near-infrared (NIR) window
(700—1600 nm) are important for applications in in vivo
biological imaging, solar cells and telecommunications. As
pointed out earlier, the synthesis of larger sized (>S5 nm) InP
NCs is a synthetic challenge. Strategies to overcome this
problem include the use of more stable P precursors,3Z4’325 the
increase in ligand concentration,’’® the use of multiple
precursor injections”'® as well as transmetalation reactions.”*
In the latter case, applicable to different types of III-V
compounds, first elemental In or Ga is produced through the
reaction of the metal chloride with butyllithium. In the second
step, Mg;P, or Mg;As, undergo the transmetalation to afford
the according III-V compound NCs. Interestingly, the InP
NCs obtained by the transmetalation method were in the size
range 8—9 nm, which presents the largest size reported for this
system. However, the optical properties of the as-synthesized
NCs were poor; size selective precipitation methods had to be
used to obtain better defined absorption spectra and HF-
etching to reveal a broad photoluminescence with a PL QY of
10%." It should be underlined that the described trans-
metalation method is one of the very rare wet-chemical
syntheses giving access to colloidal GaAs NCs. Furthermore,
the obtained size distribution is lower than with previously
reported methods, many of which rely on highly reactive and
pyrophoric precursors.

4.2.5. Gallium Phosphide. Historically, Dougall and co-
workers first reported size-dependent optical properties of GaP
NCs synthesized in zeolite by reacting Me;Ga and PH, gas.”*”
Nozik and co-workers synthesized for the first time colloidally
stable GaP QDs by carrying out Wells’ dehalosilylation reaction
between GaCl; and P(SiMe;); in a mixture of TOPO and
TOP heated to 270—320 °C. The synthesized NCs were
amorphous and in order to improve crystallinity, the
amoryhous material in TOPO was heated at 360 °C for 3
days.”*® There are several other reports on the solution
synthesis of GaP NCs via reaction between GaCly and (Na/
K);P or P(SiMe,);, summarized in ref 331. Nearly mono-
disperse GaP NCs have been obtained through the ion-
exchange reaction between Cd;P, QDs and Ga** ions in
TOP.*>*” In the transmetalation method mentioned above,
Lauth et al. synthesized crystalline GaP NCs of low size
distribution by reacting Mg;As, with in situ generated Ga(0)
species, prepared from n-butyllithium and GaCl;.>**

4.2.6. Indium Arsenide. An alternative III-V semi-
conductor material for NIR applications is InAs, which has a
smaller band gap than InP (Table 4) and gives access to a
spectral range of emission of approximately 700—1400 nm.
Once again Wells’ dehalosilylation reaction has been success-
fully applied in initial syntheses. Alivisatos and co-workers
prepared InAs NCs by reacting InCl; and As(SiMe;); in TOP
at elevated temperature (240—265 °C).**® Following post-
synthetic size-selective precipitation, they obtained InAs NCs
with sizes ranging from 2.5 to 6 nm and with a size distribution
of 10—15%. In parallel to the development observed in the case
of InP, Battaglia and Peng later also introduced the non-
coordinating solvent ODE in the InAs NC synthesis.”'” The
obtained absorption spectra, with excitonic peaks in the range
of around 650—800 nm exhibited also features from excited
states at higher energy, indicating a narrow size distribution,
albeit the description was extremely brief. As described in
subsequent studies of the same group, the direct translation of
the synthetic scheme used for InP NCs in InAs, resulted to the
initial formation of small “magic-sized” nanoclusters (<1
nm).”* Similar to the case of P(SiMe;);, used as the pnictogen
precursor in InP syntheses, As(SiMe;); decomposes very
quickly in the initial stages of the reaction and Ostwald
ripening becomes the predominant growth mechanisms.
Therefore, the accessible size range of the obtained InAs NCs
is very restricted. A way to circumvent this shortcoming is by
maintaining a high monomer concentration via secondary
injection of precursor solution during the growth stage of the
NCs.*” Under optimized conditions size focusing occurs and
with this strategy the size distribution of InAs NCs could be
improved from initial 20% to 8.7%.°”**" As discussed in section
3.1, under diftusion controlled growth of the NCs, size focusing
occurs when the concentration of monomers is high enough to
promote growth of smaller NCs at a higher rate than that of the
larger particles."'" In this case, the longer growth stage and
profuse monomer supply allow the smaller NCs to “catch up”
with the larger ones. However, when the monomer
concentration is low, Ostwald ripening leads to the broadening
of the size distribution, defocusing occurs.”*" The concept of
generating monodisperse NCs by manipulating the growth
kinetics was further explored by Xie and Peng by introducing
the so-called “self-focusing” concept.”*”**>*** In this technique,
a high particle concentration is maintained to force the
diffusion spheres of adjacent particles overlap. Consequently,
slightly higher monomer concentration near the surface of the
smaller “shrinking” NCs should rapidly move toward the
surface of the larger ones due to the concentration gradient.
The smaller NCs are therefore forced to dissolve completely
while the larger ones grow at a relatively slow rate resulting in
nearly monodisperse particles. By optimizing the concentration
of the initially formed InAs nanoclusters and reaction
temperature, InAs NCs in a size range of 1—3 nm and with
an emission range of 700—1400 nm were obtained.”*” The PL
QY of the latter could be improved from <1% to 90% by
growing a shell of lattice-matched CdSe on their surface. Prior
to this, Cao and Banin had systematically investigated various
shell materials with InAs core NCs, including III-V (InP and
GaAs) and II-VI (CdSe, ZnSe, and ZnS) semiconductors.***
Enhancement of the QY up to 8% for InAs/ZnS and 20% for
InAs/ZnSe or InAs/CdSe were observed (lattice mismatch:
10.7%, 6.4%, 0). PL quenching was observed with InP (lattice
mismatch 3.1%) whereas the optical results of GaAs were not
discussed. Zimmer et al. synthesized water-soluble NIR
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emitting InAs/ZnSe core/shell NCs with small hgrdrodynamic
diameter and performed in vivo studies in mice.”*> With the
goal of reducing the lattice mismatch and hence strain in the
core/shell system, the same group developed the synthesis of
alloyed InAs.P,_./InP/ZnSe core/shell NCs with tunable
emission in the NIR region suitable for biological imaging.**’
Following the same strategy, Peng et al. introduced a single-pot
synthesis of InAs/InP/ZnSe core/shell/shell NCs, with PL QY
in the range 40%—90%."*” One advantage of InAs-based NCs
over InP-based ones for in vivo biological imaging applications
is that, due to their smaller band gap, NIR emission can be
achieved at lower particle sizes. Furthermore, with InAs QDs
wavelengths in the range of 650—900 nm are easily accessible
where light absorption and scattering by hemo§lobin and water
are minimized, enabling larger imaging depths.”** Optimization
of the hydrodynamic diameter is extremely important for in
vivo applications as NCs circulation in the body and clearance
depend on their hydrodynamic size.”* In particular, an upper
cutoft level for renal clearance of 5.5 nm hydrodynamic
diameter has been identified.”” InAs NCs have also been
considered as a potential absorber material for photovoltaic
applications due to their narrow band gap, which can be tuned
to meet the optimum range (1.1—1.4 eV) desired for solar
cells.” In this context, InAs NCs are also a potential candidate
for multiple exciton generation showing a low threshold for
carrier multiplication (CM), i.e., the generation of more than
one electron per incident photon. The CM threshold is
expected to be even smaller in InSb based materials due to a
further decrease in the ratio m,/m;, (~0.03).%"'

4.2.7. Indium Antimonide. InSb is in several respects an
outstanding III-V compound: it exhibits the largest electron
mobility (78 000 cm®* V™' s7') and exciton Bohr radius (60
nm), narrowest band gap (0.18 eV at 300 K), and a high static
dielectric constant (17.9). By consequence InSb is an ideal
candidate for mid-IR optoelectronic applications, in replace-
ment of Cd-, Pb-, and Hg-based materials. As we have seen
above, the majority of successful synthesis schemes for
obtaining high quality InP and InAs NCs are based on Wells
dehalosilylation reaction. However, due to the decreased
stability and tedious synthesis of Sb(SiMe;); the preparation
of InSb NCs using this Sb source has not become popular.
Attempts by Evans et al. did not succeed in obtaining InSb NCs
showing the expected optical and structural properties.”>> On
the other hand, it has been shown that both PH; and AsHj; gas
constitute suitable })nictogen precursors for the synthesis of InP
and InAs NCs.*'?73 Following this route, Maurice et al. used
SbHj gas (stibine) as Sb source to obtain well-crystallized InSb
NCs of around 8—9 nm diameter.”>* However, no photo-
luminescence signal could be obtained presumably due to
surface oxidation. Talapin and co-workers developed a method
to obtain crystalline, monodisperse InSb NCs with well-defined
optical properties using antimony amido complexes.”> Their
synthesis involved simultaneous coreduction of Sb(N-
(SiMe;),); and InCl; in oleylamine in the presence of a strong
reducing agent, LiEt;BH. After size-selective precipitation it
could be shown that the excitonic peak position varied from
1200 to 1750 nm for NC sizes increasing from 3.3 to 6.5 nm.
Two amido precursors, namely In(N(SiMe;),); and Sb-
(NMe,);, have been combined in the method reported by
Yarema and Kovalenko, also yielding sub-10 nm InSb NCs.**
Here no additional reducing agent is required and a weak PL
signal peaking at 1900 nm has been observed for 8.5 nm InSb
NCs. The authors also report a zinc blende/wurtzite poly-

morphism, which can be controlled by changing the In/Sb
precursor molar ratio. Both of the above methods use
silylamides which are not commercially available. Tamang et
al. recently demonstrated that InSb NCs can be synthesized by
directly reacting the commercially available precursors InCly
and Sb(NMe,); in the presence of an activating base for the In
precursor, such as LiN(SiMe;), or nBuLi.>*’

4.3. Metal Chalcogenide NCs

Throughout this section the abbreviations in Table 6 will be
used for the chemical compounds occurring repeatedly.

Table 6
compound abbr. compound abbr.
1-octadecene ODE trioctylphosphine TOP
oleic acid OA trioctylphosphine oxide TOPO
oleylamine OLA dodecanethiol DDT
hexadecylamine HDA thioacetamide TAA

4.3.1. Chalcogenide Precursors. Compared to the
pnictogens discussed above, a much larger variety of anionic
precursors have been developed in the case of metal
chalcogenide NCs. In the simplest form, powders of elemental
S, Se, or Te are applied, generally after “solubilization” in
appropriate organic compounds. Elemental (yellow) sulfur
occurs in its main allotrope as Sg rings, while (gray) selenium
and tellurium consist of polymeric chains. To transform them
into soluble molecular precursors, they are usually mixed and
eventually heated with a Lewis base like OLA or TOP.
Unsaturated organic solvents, such as ODE, can also transform
elemental chalcogens into reactive species, and even saturated
solvents react upon heating. In the following we give a short
overview of these different reactions, many of which have been
discussed in details by Owen and co-workers.”® Their
knowledge is fundamental for the understanding of the
syntheses methods for metal chalcogenide NCs described
subsequently.

4.3.1.1. Reaction of S, Se, and Te with Tertiary Phosphines.
Tertiary phosphines Ry;P (R = octyl, butyl) are very popular
compounds for the preparation of chalcogenide precursors due
to the facile approach and their physicochemical properties
(low melting point, high boiling point). However, they also
present some drawbacks such as air-sensitivity and high price,
which can become limiting when the scale-up of syntheses is
required. In the case of elemental sulfur and selenium, the
oxidation to afford the desired phosphine chalcogenides R;P =
E (E = S and Se) takes place within minutes (S) or hours
(Se).***% Often the parent phosphine is used in excess in NC
synthesis; this excess influences the reaction kinetics. In the
case of phosphine tellurides, an equilibrium between R;PTe
and elemental Te is established within hours, which depends on
the nature of the substituents R; by consequence pure trialkyl-
and triarylphosphine tellurides are unstable.®' The binding
strength and hence reactivity of the three tertiary phosphine
chalcogenides follows the trend expected from the overlap of
the implied atomic and molecular orbitals R;PTe < RyPSe <
R4PS. For R = butyl, P=E bond dissociation energies of 52, 75,
and 96 kcal/mol have been reported for E = Te, Se, and S,
respectively,”” and the P=E bond length determined from
single crystal structures situates itself between a single and a
double bond. The R;P=E species can coordinate Lewis acids
like metal atoms through the chalcogen atom in an unidentate
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or bridging (between two metal centers) way, which causes a
decrease in the P=E bond strength.”** Cleavage of the P=E
bond occurs via two pathways: (i) in an acid/base mechanism,
E* is transferred while the remaining phosphine is oxidized to
phosphine oxide;'**'9%*%* (ii) Elemental E® is transferred in a
redox mechanism. In the first case, the cleavage of the TOP=
Se bond in the presence of cadmium carboxylate or
phosphonate has been studied by means of NMR inves-
tigations, showing that the conversion increased from 70 to
80% in anhydrous conditions to 100% upon addition of a
controlled amount of water.'”* In the second case, the metal
atom is formally in the zero oxidation state right from the
beginning (e.g., metal carbonyl complexes) or reduced to this
form (e.g., decomposition of metal alkyls, chemical reduction)
prior to reaction with RyPE, affording ME + R,P. 358363

4.3.1.2. Reaction with Primary Amines. As mentioned
already in section 4.1, OLA has become a very versatile reagent
in NC synthesis, which can serve as solvent, ligand and
sometimes as reducing agent in the reaction.””' Nonetheless
investigations of the compounds formed upon “dissolving” the
chalcogens in OLA are scarce. Ozin and co-workers used 1D
and 2D NMR experiments for the identification of the formed
products in mixtures of sulfur and octylamine, acting as a higher
purity (99%) model for OLA (70%).%%* They showed that at
low temperatures (<80 °C, sonication), octylammonium
polysulfides were formed. Upon heating to 130 °C for 2 h,
four new products have been detected (Figure 37).
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Figure 37. Reaction pathways for an octylamine/sulfur mixture heated
to 130 °C for 2h (R: CgH;,, R;: C;Hys, Ry: C¢Hy3). Reproduced with
permission from ref 364. Copyright 2011 American Chemical Society.

In particular, octanethioamide (1) is formed, which
hydrolyses in the presence of water traces to yield octaneamide
(2). Excess octylamine reacts with octanethioamide to form N-
octyaloctanamidine (3). The latter can react with polysulfide
ions to afford a-thioketoamidine (4). All these reactions form
H,S, which is considered as the actual sulfur source for metal
sulfide NC formation using this approach. In another study
Peng and co-workers confirmed H,S generation in the course
of the reduction of elemental sulfur with octylamine, and the
synthesis of CdS NCs of low size distribution could be achieved
at lower temperature (100 °C) in toluene.**®

4.3.1.3. Reaction with ODE and Other Types of Hydro-
carbon Solvents.”*® The reduction of elemental sulfur in
alkanes and alkenes proceeds via several steps involving radical
dehydrogenation, and thiol—ene addition and elimination
reactions leading to oligosulfides, hydrogen sulfide and

thiophene derivatives (Figure 38). The conversion rate depends
on the strength of the involved C—H bonds; therefore alkenes

R-H + S§ — R-S;H + R-S-R' + H,S,

RS +R—®

Figure 38. Reduction of elemental sulfur by hydrocarbons.
Reproduced with permission from ref 358. Copyright 2013 American
Chemical Society.

n=1,23, ..
R = alkyl, allyl

react faster than alkanes. The reaction is also accelerated in the
presence of Lewis acidic substrates absorbing H,S, like zinc
oxide.

Heating of elemental selenium in hydrocarbon solvents like
ODE, OA, hexadecane, paraffin or TOPO produces H,Se gas.
Therefore, the loss of H,Se influences the reactivity of the
remaining Se precursor solution. It has been observed that after
prolonged heating for 4 h to 200 °C gradual deactivation
occurred.”” Nonetheless the initially prepared solution showed
higher reactivity than TOPSe in CdSe NC synthesis.**®
Activation of tellurium in ODE has not been reported.

4.3.1.4. Alkylthiols. Alkylthiols have become an increasingly
popular sulfur source due to the ready commercial availability
of a large palette of compounds. In addition, if the organic
substituent is properly chosen, they can also act as the reaction
(co)solvent and as stabilizing ligand for the NC surface. Playing
this triple role, DDT has encountered a large success in the
synthesis of ternary CulnS, NCs.** In the first step of the
reaction with a metal the alkylthiol forms the corresponding
metal thiolate, which can then undergo thermal decomposition
at higher temperatures to afford the desired metal sulfide.’”® In
the case of CulnS, NCs, DDT also helps mediating the
reactivities of the two metal precursors. Heat-up approaches are
well adapted for this kind of reaction. The decomposition
temperature of the metal thiolate depends on the nature of the
metal: softer Lewis acids interact more strongly with the
thiolate group and hence weaken the C—S bond, which results
in lower temperatures of decomposition (e.g., < 200 °C for Cu*
and Ag"). To the contrary harder Lewis acids like Zn** require
higher reaction temperatures.

4.3.1.5. Dithiocarbamates and Xanthates. Dithiocarba-
mates and xanthates coordinate metal centers in a similar way
through their carbodithioate function and differ in the carbon
substituent: alkoxy in the case of xanthates, primary or
secondary amine in the case of dithiocarbamates (Figure 39).
They are of great importance for the preparation of single-
molecular precursors, as after coordination of a metal atom,

thioacetamide thiourea
S
HoN S
)L 2 \C/
CHy NH, NH,
xanthate 1 dithiocarbamate

R S, ' S R
\O g \lh/ N<
v I R

Figure 39. Top: Structures of thioacetamide and thiourea used as
sulfur precursors in metal sulfide NC synthesis. Bottom: Xanthate and
dithiocarbamate coordination of a metal ion M (R, R’ = alkyl or aryl
group, R’ can also be H).
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they can simply be decomposed thermally to afford the desired
metal sulfide NCs.*”' In principle, aliphatic or aromatic
substituents could also be used, however, their air-sensitivity
and more complex preparation constitute drawbacks with
respect to xanthates and dithiocarbamates.””* The same applies
for the corresponding Se- or Te-based compounds; reactions
for synthesizing selenoxanthates or diselenocarbamates gen-
erally imply the use of highly toxic starting reagents like carbon
diselenide, CSe,.

4.3.1.6. Other Types of Chalcogen Precursors. Ammo-
niumsulfide “dissolved” in OLA has been proposed by
Robinson and co-workers as sulfur source.””* In contrast to
the above-discussed transformation of elemental sulfur by
primary amines, the authors proposed a direct salt elimination
without implication of OLA as the mechanism:

g(NH4)ZS + ML, — MS, , + nNH,L

On the other hand, more detailed investigations of the
precursor solution and its transformation upon heating were
not provided. This sulfur source turned out to be highly
reactive toward various metal salt solutions, giving access to
metal sulfide NCs of low size distribution and high reaction
yields.

SeO, has a polymeric structure and has been proposed in
combination with ODE for the synthesis of CdSe NCs by Cao
and co-workers.””* A stock solution of SeQ, prepared by
heating with ODE at 240 °C has been found to be stable for
months. The detailed mechanism of SeO, activation is
unknown, but reduction to Se® by ODE is presumed.
Bis(trimethylsilyl)chalcogenides are highly reactive chalcogen
sources, which readily react with many transition and main
group metal salts M—X (X = halide, acetate, and so on). The
energetically favorable formation of the Si—X bond is the
driving force in these reactions, just like in Wells’
dehalosilylation reaction for producing metal pnictides,
discussed above. One drawback of these compounds is their
air- and moisture sensitivity, and the tellurium species
decomposes even when stored under inert atmosphere at
—20 °C in the dark. Te(SiMe,'Bu), can be used as a more
stable alternative.””> Thiourea (Figure 39) and selenourea are
common chalcogen precursors for NC preparation in aqueous
media where the hydrolysis of the C—S or C—Se bonds is
accelerated under basic conditions. Fewer reports on their use
in dry organic media exist, mainly for zinc and cadmium
chalcogenide nanostructures. One notable recent study
concerns the use of a library of differently substituted thioureas
whose conversion rate could be controlled over several orders
of magnitude giving access to synthetic schemes for
monodisperse NCs in a large range of sizes obtained in
quantitative yield.'”® Thioacetamide (TAA) is a very well-
known chemical used in place of gaseous H,S in the practical
work of undergraduate chemistry classes for precipitating more
than 20 metal sulfides. Its hydrolysis in aqueous solution is
controlled by heating. TAA can also be used in organic solvents
and dissolves in Lewis bases like OLA or TOP. Its
decomposition implies the release of H,S and acetonitrile as
possible side products. It has been successfully applied for
example in the synthesis of SnS NCs. Diorganyl dichalcoge-
nides (R— E— E— R, where E = S, Se, or Te and R = alkyl, allyl,
benzyl, or aryl) have emerged as alternate chalcogenide
precursors and their use in NC synthesis has been reviewed
by Brutchey in 2015.>’° Ph,Se, and Ph,Te, have first been

applied in the synthesis of SnSe and SnTe nanoparticles in
2002.”7 In the meantime a large number of papers has
described the use of differently substituted diorganyl
dichalcogenides in the synthesis of binary, ternary and
multinary metal chalcogenide NCs of controlled size and
shape. The decomposition of the precursors can be triggered
thermally (R1) or photolytically (R2):*"

A
Ph,CHSeSeCHPh, — Ph,CHCHPh, + 2Se (R1)
hv(A>280 nm)
PhCH,SeSeCH,Ph —————— PhCH,SeCH,Ph + Se
(R2)

These reactions yield elemental selenium, monoselenide and
organic side products through the radical scission of the Se—Se
and Se—C bonds. Vela and co-workers reported a combined
experimental and DFT study correlating the bond strengths in
the precursor molecules with the size and shape of the obtained
CdSe and CdS NCs.””® They demonstrated that the carbon—
chalcogen bond determines the reactivity of the dichalcogenide
precursor, while the chalcogen—chalcogen bond strength
remains essentially constant within the disulfide or diselenide
series. Among the molecules studied, the phenyl substituted
dichalcogenides exhibited the strongest carbon—chalcogen
bonds and hence least reactivity, while the weakest bonds
were observed in allyl-substituted compounds. Among the
advantages of this type of precursors is the fact that a broad
variety of differently substituted dichalcogenides are commer-
cially available. Furthermore, they constitute the only family of
precursors, which can be used for the synthesis of all types of
chalcogenide compounds, i.e., metal oxides, sulfides, selenides,
and tellurides.*”

4.3.2. Binary Metal—Chalcogenide NCs. Binary metal—
chalcogenide semiconductors of general formula M,E, M =
Cd, Hg, Pb, Zn, Ag, Cu, Mn, Sn, Nj, Bi, Eu, and so on, and E =
S, Se, and Te) constitute a large class of materials, and for
numerous examples, syntheses in the form of colloidal NCs
have been reported. Since the Pioneering works performed by
Ekimov,””” Efros,**° and Brus®®' on Cd-chalcogenides in the
early 1980s, it has been shown that metal chalcogenide NCs
exhibit unique chemical and physical properties, which have
enabled their utilization in various applications including
electroluminescent devices,”*** solar cells,** photodetec-
tors,”***** and catalysis.**® More recently, the development
of efficient approaches for the functionalization of NCs has
allowed the increase of the range of their aPplications to
chemo-sensing®*”*** and biomedical imaging.**”””* Until today
CdS, CdSe, and CdTe NCs remain the most widely studied
representatives of this family, due to their range of emission
covering the whole visible and NIR region, their high PL
quantum yields approaching unity after surface passivation,
their high photostability, and, as discussed in section 3, their
relative ease in preparation. With the increasing maturity of NC
based applications the demand for nontoxic compounds
complying with national and international regulations is rising.
This is surely one of the reasons for the strongly growing
research interest in the development of alternative materials;
binary and multinary metal chalcogenide NCs play an
important role in this field. Due to the chemical similarities
between various transition metals, it can be anticipated that the
preparation of NCs of other types of metal chalcogenides ME is
achievable using similar synthetic pathways as in case of Cd-
and Pb-based compounds. Historically, the synthesis of
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Figure 40. (a—d) TEM images showing the evolution of CuS nanoprisms with increasing number of growth cycles (a—d: from zero to three). (e)
Evolution of the NIR extinction intensity as a function of the number of growth cycles. Reproduced with permission from ref 407. Copyright 2015

American Chemical Society.

alternative ME NCs has been intensively studied for ZnE due
to the similarities with CdE. Among the first examples, Brus
and co-workers used arrested precipitation, where at low
temperatures first small crystallites were formed before allowing
thermal coagulation.””’ A derivation of this method used
stabilizing ligands, which prevented the NCs from aggregation
and therefore improved colloidal stability.””* The amelioration
of size and shape control was also attempted using nanoscale
micelles: either reverse micelles or normal micelles have been
utilized as template or microreactors for the production of small
QDs with sizes ranging from 4 to 6 nm.****** Another elegant
approach for the formation of ME such as ZnSe consists in ion
exchange on presynthesized NCs of another material. Ion
exchange is favored in many metal chalcogenides due to the
relatively high fractional ionic character of bonding (cf. section
3). As the anions constitute the structural framework the
smaller cations show in many compounds sufficient mobility to
support this type of reactions.””> Manna and co-workers used
this approach for the synthesis of phase controlled ZnSe NCs
and nanorods, through the conversion of CdSe primary
particles via a double cation exchange CdSe — Cu,Se —
ZnSe.*”® The synthesis of metal chalcogenide NC has also been
performed by means of more exotic strategies such as the use of
microorganisms. In one approach, which has been developed
mainly for the formation of metal sulfide NCs, the conversion
process of sulfate into sulfide ions by enzymes within the cells
of funghi, bacteria, or other microorganisms, was used to
provide intra- or extra-cellularly the sulfur precursor. Its
reaction with soluble metal ions allowed for the formation of
insoluble colloidal M,S, NCs (M = Zn, Ag, Fe, Bi, Cu, and Mn)
with diameters in the range of some nm to some hundreds of
nm depending on the material and method, showing narrow
size distribution.”” In the following discussion we will focus on
the major body of work developed for the synthesis of metal
chalcogenides in organic media, which is essentially derived
from the two general methods described in section 3: the hot-
injection and the heat-up methods. Table 7 summarizes the
different methods and experimental parameters used as well as
the mean size and shape obtained.

4.3.2.1. Metal Sulfide NCs. 4.3.2.1.1. Heat-Up Approaches.
Contrary to the hot-injection method, the heat-up approach has
been widely investigated for the formation of binary metal
sulfide NCs. Elemental sulfur is dissolved in an appropriate
Lewis base and fatty acid or alkylamine metal complexes are
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generally applied as precursors. A number of similar methods
have been developed for ZnS, MnS and CuS NCs, which
mainly differ in regard to the solvent used (oleylamine or 1-
octadecene or a mixture of both). In 2003 Hyeon and co-
workers proposed a general synthetic procedure for the
formation of metal sulfide semiconductor NCs such as ZnS
or MnS.>® In this synthesis the metal precursor was prepared
in situ by dissolving the chlorides MCl, in oleylamine in the
presence of TOPO at 170 °C (Zn) or at 120 °C (Mn).
Elemental sulfur “dissolved” in oleylamine was added at room
temperature and the reaction was triggered by heating to 340
and 280 °C, respectively, through the release of hydrogen
sulfide occurring during the heating of the polysulfides
generated in oleylamine (vide supra). This method yielded
uniform spherical ZnS NCs with diameters ranging from 8 to
11 nm. According to the authors the addition of TOPO along
with oleylamine improved the dispersibility of the obtained
particles. In the case of MnS, size and shape control was
achieved by modulation of the temperature and the
stoichiometry of precursors: a 1:1 molecular ratio of precursors
heated up at 240 °C gave rise to rod-shaped NCs with average
size of 20 X 37 nm, crystallizing in the wurtzite structure (y-
MnS). The size of these nanorods could be increased up to 60
nm by varying the temperature. When the Mn:S ratio was
increased, the wurtzite NCs were found to reach a hexagonal
shape with mean diameters of 20—25 nm. The apparent
increased reactivity of elemental sulfur in the presence of
oleylamine is attributed to the formation of a sulfide-
ammonium complex, which acts as a strong Lewis base. The
use of elemental sulfur and metal salts in combination with
oleylamine has also been applied for synthesizing chalcocite
CuS NCs of quasi-spherical shape and a mean diameter of 12
nm.** In this case the Cu:S ratio had an influence on the phase
purity of the NCs: when the ratio Cu:S was greater than 2.25,
pure chalcocite was easier to be obtained. The ratio of Cu:S
changed also the phase transformation rate within the NCs:
The higher the Cu:S ratio, the slower the phase transformation
from a-chalcocite to djurleite. In the majority of other reported
heat-up methods, oleic or stearic acid (OA, SA) have been used
to generate molecular metal precursors. Metal carboxylate
complexes acting as reaction intermediates are easily formed
with a large variety of metals, even the softer ones according to
Pearson’s classification. Fatty acids like OA and SA generally
also act as X-type surface ligands and favor isotropic growth of
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Figure 41. TEM images of ZnS NCs synthesized at 200 °C with 1:1 Zn/S ratio (a) with oleic acid; (b) with OLA as cosurfactant. (c) NCs obtained
from a synthesis using a Zn/S ratio of 0.4 at 200 °C and OA. (d) Evolution of the optical properties of the ZnS NCs as a function of their size.
Reproduced with permission from ref 402. Copyright 2004 The Japan Institute of Metals.

the nanoparticles. In many cases the addition of neutral L-type
donors like TOPO is explored for improving dispersibility but
also with the goal of improving the control of size, size
distribution and crystalline phase.

In the case of CuS NCs, the precise control of their
nanoscale morphology is crucial, as they are known to possess
interesting plasmonic properties dependent on their dimen-
sions and composition. Hsu et al. recently developed a heat-up
approach for the formation of covellite CuS nanoprisms with
tight control of composition and sha.pe.‘w7 First, CuCl was
complexed in in a mixture of OLA and ODE and then sulfur
powder was added as such before the heat-up process. The
temperature was increased gradually to 130—180 °C, which
gave rise to spherical CuS NCs with mean diameters of 23.2 nm
(Figure 40a).

These NCs exhibited NIR absorption centered at around
1000 nm. Their addition to a growth solution of CuCl and S in
OLA and ODE at 130 °C gave rise to the formation of
monodisperse nanoprisms, whose sizes could be increased with
the subsequent growth cycles (from 23.2 to 56.2 nm for 1 to 3
cycles as shown Figure 40). The comparison of this approach
with the previously described one showed that the presence of
ODE helped to achieve a lower size distribution and directed
the growth toward prism formation. The NIR absorption was as
a function of the NCs’ size and varied from 1050 to 1480 nm,
making them potential candidates for light focusing and
advanced spectroscopy applications. The dispersion of
elemental S powder in ODE has also been utilized for the
synthesis of MnS NCs. Ponti and co-workers reacted this sulfur
source with Mn(OA),, Mn(St), or Mn(OA)(OH) and
obtained octahedral-shaped fcc a-MnS nanoparticles of narrow
size distribution and 20—30 nm size for reaction temperatures
of 300-320 °C and of 9-20 nm for 250—300 °C."** The
utilization of Mn(OA)(OH), gave rise to smaller NCs than in

the case of Mn(OA), with average diameters of 14 and 29 nm,
respectively. The Mn:S ratio played a crucial role in this
synthesis: for values below 0.5 pure @-MnS was formed, while
increasing the Mn:S ratio to >1.7 results in pure MnO
nanoparticles. Magnetic measurements on the a-MnS nano-
particles indicated exchange coupling between an antiferro-
magnetic core and a ferromagnetic shell below the blocking
temperature (23 K for 29 nm nanoparticles). Robinson and co-
workers proposed another, easily scalable method relying on
the use of ammoniumsulfide instead of elemental sulfur.””* The
precursor solution was prepared by mixing (NH,),S with
oleylamine for 20 min at room temperature, followed by
removal of trace water by means of molecular sieve. This sulfur
source was found to be stable for at least 1 h after preparation
and showed high reactivity when combined with various metal
halides, carboxylates or thiolates. It enabled the use of
comparably low reaction temperatures, in some cases room
temperature, for the synthesis of metal sulfide NCs showing
narrow size distribution and high reaction yield. More
specifically, the synthesis of Cu,S NCs on a scale of several
tens of grams has been demonstrated from CuCl in oleylamine,
with sizes tunable in the range of 4—8 nm. Using the metal
oleates, 3—5 nm CdS, 6—10 nm SnS, 5.5 nm ZnS and 20 X 12
nm anisotropic MnS NCs were synthesized. Reactions using
AgCl gave access to 2—3 nm Ag,S NCs, bismuth dodeca-
nethiolate yielded 3—5 nm Bi,S; NCs, albeit with broader size
distributions in these last two cases.

Numerous syntheses rely on the use of thiols, in particular
dodecanethiol (DDT) as the sulfur source. It has to be noted
that DDT can also serve as the solvent and surface ligand in
certain reactions. In one of the early examples, the synthesis of
monodisperse ZnS NCs has been described by Sumiyama and
co-workers."”” In this method, the zinc was prepared by
dissolving ZnCl, in methanol. S powder dissolved in
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dodecanethiol (DDT) was used as the sulfur precursor, DDT
also acting as a capping ligand. The nucleation was triggered
upon heating in octylether to 180—260 °C. During the
subsequent annealing process (3—120h) NCs aggregation was
prevented by further addition of cationic or anionic
cosurfactants, such as OLA or OA. In both cases monodisperse
ZnS NCs have been obtained. In the case of OA the reaction
kinetics were slower and therefore gave rise to smaller NCs.
Conversely, the use of oleylamine resulted in larger NCs
(Figure 41). By varying the annealing temperature and the S/
Zn ratio the diameters could be tuned from 2.2 to 7 nm with
narrow size distributions. In each case the UV spectra exhibited
a narrow exciton band between 280 and 294 nm. Upon
irradiation under UV light, the NCs exhibited UV to blue
luminescence (maximum emission ranging from 350 to 450
nm; Figure 41d).

Choi et al. have used metal oleate and DDT for the
development of a general procedure for the synthesis of
uniform metal-sulfide NCs.>”' This synthesis gave rise to
monodisperse spherical ZnS and Cu,S as well as bullet-shaped
MnS NCs. The preparation of ZnS NCs was performed via a
heat-up approach from Zn(OA), and DDT in the presence of
OLA. The gradual increase of the temperature to 310 °C
allowed the formation of zinc blende ZnS NCs with quasi-
spherical like shape and average size between 7 and 10 nm. The
reaction occurred through a thermolysis mechanism controlled
by the thermal degradation of the DDT. Photoexcitation of the
NCs at their exciton peak gave rise to band edge emission
centered at 350 nm as well as to broad band emission at longer
wavelengths attributed to trap states. High quality spherical and
disk shaped Cu,S NCs with sizes varying from 7 to 20 nm have
been obtained by heating up the reaction mixture to 230 °C for
different reaction times. Conversely, disk-shaped NCs were
obtained when, after this heating process at 230 °C, aging at
140 °C was carried out for several hours. In a similar way the
reaction yielded bullet-shaped MnS NCs of 10—15 nm. Various
related studies focused on different metal precursors such as
copper acetylacetonate or copper acetate."” """ In these
examples, by varying the heat-up temperature or aging
temperature, spherical NCs with sizes varying between 3 and

10 nm and disk-shaped nanoparticles with diameters between
20 and 50 nm were obtained exhibiting a high size and shape
homogeneity. In a similar approach, Peng and co-workers
simply heated the thiolate complexes of silver nitrate or the
acetate-hydrates of copper, zinc, lead, cadmium and nickel for
the facile pregaration of the corresponding uniform metal
sulfide NCs.*””*"® The main difference with the earlier
described DDT-based methods is the fact that the metal salts
are not complexed by other surfactants such as oleylamine or
oleic acid, but are directly transformed into the metal thiolate
complexes. In the case of silver, heating the DDT complex of
Ag(NOs;) to 200 °C gave rise to monodisperse spherical Ag,S
NCs with an average diameter of 3 nm. However, a mixture of
Ag,S/Ag” has been observed when the temperature was
increased. This was attributed to three possible decomposition
pathways of the initially formed DDT complex during heating
(Figure 42). If either the Ag—S or the C—S bonds are cleaved,
exclusively Ag nanoparticles or Ag,S NCs are formed,
respectively, while simultaneous cleavage of both bonds at
higher temperature leads to a mixture of Ag,S and Ag
nanoparticles.

Prior to this work, Korgel et al. had synthesized NiS
nanorods and nanotriangles in the mellerite phase from
Ni(NO;), by means of the solventless thermolysis of the
nickel thiolate Ni(DDT),."'® Heating to 150 °C to yielded
monodisperse rhombohedral nanorods or nanoprisms with
sizes of 33 X 8.1 and 6 nm, respectively. The same approach
was further extended to the formation of NCs of orthorhombic
bismuthinite Bi,S;, a material exhibiting hi%h photoconductivity
and hence of interest for photovoltaics.4 ° In this work, the
reaction of bismuth octanoate with DDT allowed the formation
of the alkylthiol monomolecular intermediary and its
thermolysis at 150 °C, in the presence of elemental S, gave
rise to nanorods with dimension of 11 X 74 nm. The increase
of the reaction temperature to 225 °C allowed the acceleration
of the decomposition of the precursor provoking strongly
anisotropic growth and the formation of micrometric nano-
wires.

In conclusion, this general method of decomposition of
metal thiolates, which constitute single-molecular precursors as
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Figure 44. (a) Ag,S, (b) ZnS, (c) Bi,S; (d) SnS,, and (e) Cu,S colloidal NCs obtained through the thermal decomposition of the single-molecular
precursors M-(DDTC) (metal diethyldithiocarbamate). Reproduced with permission from ref 399. Copyright 2011 Royal Society of Chemistry.

they contain both the metal and sulfur source, offers a facile and
scalable approach for the preparation of a large variety of metal
sulfide NCs of controlled size and shape. In accordance with
the HSAB principle (cf. section 3), this method utilizing soft S-
based Lewis bases, works best in combination with soft or
“borderline” Lewis acids, such as Cu*, Cd*, Ag*, Mn**, Sn*,
Cu®*, Zn*, and Pb*, as the resulting complexes exhibit an
appropriate bond strength for use in heat-up NC syntheses
enabling the temporal separation of nucleation and growth.
In general, single-molecular precursors are of high interest for
NC synthesis, as they can eliminate side reactions occurring
with separate metal and chalcogenide sources, they are usually
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nonpyrophoric in contrast to metal alkyls, and less air-sensitive,
ie. easier to manipulate.”’ Their decomposition and the
controlled release of the metal and chalcogen atoms depends
on the molecular structure. In the case of the metal sulfides,
changing the nature of the S containing coordinating ligand
enables the modification of the decomposition kinetics. In
addition to thiols, thiourea, or thiocarbamate derivatives have
been mainly applied. However, in contrast to the DDT-based
syntheses discussed before, these sulfur containing ligands fully
decompose during heating, and therefore the use of additional
surfactants is mandatory to stabilize the NCs. One example is
the heat-up process of metal-thiocarbamate complexes. Shen et
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Figure 45. TEM images of EuS NCs obtained from the thermal decomposition of single-molecular precursors in OLA/TOP: (a) reaction of
europium diethyldithiocarbamate phenanthroline at 280 °C; (b) reaction of europium diethyldithiocarbamate bipyridine at 200 °C. Reproduced
from ref 479. Copyright 2005 American Chemical Society. (c) TEM image of EuS NCs synthesized from europium diethyldithiocarbamate
phenanthroline in OLA/TOP at 300 °C and magnetization curves recorded at different temperatures (inset: FC/ZFC curves). Reproduced with

permission from ref 476. Copyright 2009 American Institute of Physics.

al. have proposed a generalized synthesis strategy for the
formation of various metal sulfide NCs, namely of Ag,S, ZnS,
Bi,S;, SnS, SnS,, as well as of several iron and copper
sulfides.*”” In this study, the syntheses are based on the use of
nontoxic and air stable metal-diethyldithiocarbamate M-
(DDTC) single-molecular precursors together with the addi-
tional surfactants OLA and OA. When an equimolar ratio of
OA and OLA was used, spherical NCs were obtained with a
size around 10 nm, e.g. 102 nm Ag,S through the thermal
decomposition of Ag-DDTC. These NCs were in a monoclinic
phase and exhibited a band gap of 1.1 eV. Further photophycial
studies have shown they possess absorption and emission in the
NIR region (centered at 920 and 1058 nm respectively).

The same team had reported before the use of a different
surfactant mixture of OA, ODE and octadecylamine for the
synthesis of monodisperse, spherical Ag,S NCs of 10.2 nm
size."' Using DDT as the surfactant gave access to smaller
Ag,S NCs showing quantum confinement effects.”’* In  this
method, relying on the decomposition of Ag-DDTC in neat
DDT, the variation of the reaction temperature and reaction
time allowed the modulation of the size and the composition of
the NCs: while the temperature was varied from 130 to 230 °C
and the reaction time from 1 to 60 min, the diameters increased
gradually from 2.4 to 7 nm (Figure 43). The NIR luminescence
shifted from 915 to 1175 nm and a Bohr exciton diameter of
4.4 nm has been estimated. While the PL QY could not be
quantified, size-dependent lifetimes in the range of 57—181 ns
have been observed. As stated above the thermal decom-
position of the M-DDTC complexes has also been used for a
variety of other types of NCs: spherical ZnS, Ag,S and CdS
NCs as well as Cu,S, SnS, SnS, and Bi;S, nanoplates and Fe, ¢
nanoribbons (Figure 44).*”” In the case of ZnS, luminescent
QDs in the wurtzite phase with an average diameter of 9.5 nm
were obtained from Zn-(DDTC),, whereas in the case of CdS,
the size was smaller (7.5 nm). In both examples the combined
use of OA and OM favored isotropic growth. Conversely, with
the other metals investigated anisotropic nanostructures have
been obtained: SnS, nanoplates with diameters of 150 nm and
a thickness of 6 nm crystallizing in a hexagonal phase, Fe,,S
nanoribbons with a width of 15 nm and 80 X 16 nm Bi,S;
nanoplates. When only OLA was used in ODE solvent, the
thermal degradation of Zn-(DDTC), gave rise to ultrathin

hexagonal phased crystalline nanowires with 4.4 nm diameters
and 300 nm length. This is due to the selective adsorption of
the OLA onto the [100] crystal facet inhibiting isotropic
growth."”" Finally, the use of Cu-(DDTC), in neat DDT
resulted in the formation of 6 nm spherical QDs (Figure 44e.)
whereas the use of OA as the solvent gave rise to larger particles
of 26 nm.”””

It is clear from these methods that the use of metal
dithiocarbamate provides an efficient approach for the
formation of high quality metal sulfide NCs. However, the
simultaneous modulation of size and shape is limited by the
decomposition rate of the dithiocarbamate complex. The latter
can be influenced by using substitutents different from ethyl on
the nitrogen atom, or by replacing the dithiocarbamates by
similar compounds, such as for example xanthates (Figure 39).
Indeed, similarly as dithiocarbamates, xanthates can easily form
air-stable metal complexes. However, the presence of an ester
bond in the xanthates can change the ligand decomposition
kinetics and therefore the rate of sulfur release. Based on this
assumption, Pradhan and co-workers have compared the use of
metal-xanthates and metal-dithiocarbamates for the synthesis of
various types of NCs, namely ZnS, MnS, NiS, CuS, PbS, CdS
and HgS.""" They showed that the dithiocarbamates possess
higher decomposition temperatures than xanthates, which led
to NCs of higher polydispersity and with more pronounced
defect emission. Comparing the xanthate alkyl chain length
showed that shorter substituents (ethyl) led to faster nucleation
and growth kinetics than longer ones (hexadecyl). The
decomposition temperature strongly depended on the nature
of the used solvent. Using hexadecylamine (HDA) allowed the
diminution of the reaction temperature from 140 to 70 °C in
the case of cadmium hexadecylxanthate and from 170 to 125
°C in the case of cadmium hexadecyldithiocarbamate. The
same applies for the zinc precursors. In the case of Mn, Nj, Cu,
Pb and Hg, however, the primary amine decomposes the
xanthates prior to the formation of the metal sulfide NCs.
Therefore, trioctylamine was chosen to replace HDA, albeit the
size distribution was broader in these cases. The proposed
reaction mechanism is an intramolecular elimination based on
the Chugaev reaction and several hypotheses were given
concerning the apparent activation of this reaction in the
presence of a Lewis base (primary amine). Nonetheless, no
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clear evidence for the formation of carbonyl sulfide (O=C=
S) and of the alkene formed in such a reaction has been given.
With the goal of fine-tuning the rate of decomposition of these
single-molecular precursors, various other substituents such as
heterocyclic, alkyl and alkylphenyl dithiocarbamates and
xanthates have been investigated.”’”*”* II-IV NCs of low
size dispersion have been obtained, for example by Onwudiwe
et al,, who used bipyridyl adducts of Zn(II) and Cd(II) bis (N-
phenyldithiocarbamate).** The size of the ZnS NCs could be
modulated with the growth temperature: diameters of 2.9 and
3.5 nm were obtained at 180 and 220 °C, respectively. The
synthesis of SnS NCs has been reported through the thermal
decomposition of tin ethylxanthate in octadecylamine yielding
rectangular nanoplatelets and a minor fraction of tetrahedron-
shaped particles with edge lengths of 20—100 nm.*”* While the
former crystallized in the common orthorhombic structure, the
latter exhibited the rocksalt phase, previously unobserved for
SnS, as evidenced by electron diffraction. The synthesis of NCs
of EuS, which is a well-known example of a (concentrated)
magnetic semiconductor, has also been realized using
thiocarbamate and xanthate derivatives.*”>™*” In most cases,
diamino-based ligands are used to occupy, in addition to the
sulfur containing ligands, the nine sites of the coordination
sphere of the lanthanide ion.**”*”® This type of ligand allows
not only to adjust the Ln** to S ratio within the single-
molecular precursor, but also to control its decomposition
kinetics and hence the size and shape of the formed NCs. In a
first study, polyaromatic chelates such as phenanthroline,
bipyridine, and other pyridyl derivatives have been used to
complex the europium ion. Cubic or close-to-spherical NCs
with sizes between § and 7 nm were obtained when OLA, TOP
and europium diethylcarbamate phenanthroline or bipyridine
complexes were used at 280 and 200 °C, respectively (Figure
45).479

Conversely, another study has shown that the increase of the
synthesis temperature to 240 °C, with the same reagents, gave
rise to large particles with average diameters of 20 nm.**
Summarizing, for the synthesis of metal sulfide NCs, the heat-
up approach offers an interesting pathway for the synthesis of
high quality NCs, ie. of low dispersion of size and shape. In
many cases, the procedures are applicable to a variety of metals,

show high reaction yields and are easily scalable. On the other
hand, as discussed in section 3, in the heat-up method the
separation of nucleation and growth is governed by the rate of
decomposition/reaction of the precursors. Therefore, a delicate
balance for adjusting their reactivity must be found. The hot-
injection method can therefore be an interesting alternative for
specific materials.

4.3.2.1.2. Hot-Injection Methods. Hot-injection approaches to
metal sulfide NCs have mainly been reported for CdS, PbS and
ZnS. The metal and S precursors are essentially the same as
those used in the heat-up approach, with the metals usually
provided as carboxylate complexes. As one example, Zhong et
al. injected elemental sulfur solubilized in ODE into a hot
solution of CdO and ZnO, complexed with oleic acid in
ODE."*" By alloying CdS with Zn and eventually forming a thin
ZnS overlayer, this synthesis addresses the problem that the
CdS surface is prone to oxidation leading to deep-trap
emission. In another example, Nui et al. have developed CdS
and ZnS NC synthesis, using the hot injection of DDT into a
solution of zinc oleate.*”® In this method, the zinc oleate
precursor was first prepared at 260 °C by dissolution of ZnO
with oleic acid in ODE. The nucleation was then triggered
though the swift injection of a solution of DDT in ODE
affording monodisperse zinc blende ZnS NCs. Using a similar
approach Liu et al. synthesized SnS nanosheets, polyhedral
nanoparticles and nanoflowers.””' In this study, SnCl, was
dispersed in a mixture of OA and OLA and heated. The
injection of the alkylthiol (DDT or octanethiol), at various
temperatures, gave rise to the formation of NCs showing the
above-mentioned morphologies. When carrying out the
injection of DDT at 220 °C nanosheets with edge lengths
around 100 nm have been obtained. These nanostructures
crystallized in the orthorhombic herzenbergite, which is typical
for Sn(II)S. Upon decreasing the reaction temperature, the
sheet morphology was largely replaced by a polyhedral
morphology. Furthermore, the use of octanethiol instead of
DDT provoked the formation of NCs with polyhedral shape,
albeit in the same crystalline phase. Finally, the authors
demonstrated that the use of OLA as the only cosurfactant
resulted in the formation of flower-shaped aggregates of quasi-
spherical NCs. SnS nanoparticles have also been synthesized by
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injection of other types of sulfur precursors into the hot
solution of the Sn precursor, namely hexamethyldisilathian or
bis(trimethylsilyl) sulfide (S(SiMe;),),**” thioacetamide
(TAA)**? and elemental sulfur in OLA.*** Hickey and co-
workers injected a solution of TAA in OLA and TOP into a
mixture of bis[bis(trimethylsilyl)amino]tin(II), TOP, OA, and
ODE at 170 °C.*** Monodisperse SnS NCs of 7 nm mean size
were obtained, and when increasing the OA contents in the
reaction mixture a tendency for the formation of larger and
triangular-shaped particles was observed. Liu et al. heated SnCl,
in oleylamine to 200 °C and injected S(SiMe;), in ODE.*** By
adjusting the injection and growth temperatures, monodisperse
SnS nanoparticles in a size range of 6—20 nm could be
obtained. De Kergommeaux et al. compared these two
protocols with four new ones using different combinations of
tin and sulfur precursors.”** In the best combination resulting
in the lowest size distribution (<10%) anhydrous SnCl, was
mixed with ODE, TOP, and OA and heated to 100 °C, before
injecting a solution of TAA in OLA and TOP. By changing the
reaction temperature from 80 to 180 °C, the particle size could
be varied from 5.5 to 19 nm. By means of ''’Sn—Mbssbauer
spectroscopy the spontaneous surface oxidation of the SnS
nanoparticles was demonstrated, which occurred regardless of
the used synthesis method. Seven nm SnS NCs exposed to air
exhibited a Sn(IV):Sn(II) ratio of 40:60, whereas samples kept
under inert conditions still showed 20% of Sn(IV), attributed to
OA surface ligands. The surface oxidation resulted in the
formation of an amorphous oxide layer containing different
Sn(IV) and mixed Sn(II)/Sn(IV) species, namely SnS,, Sn,S,
and SnO,. A similar oxidation behavior is observed also in the
case of pure tin nanoparticles.””> When changing the tin
precursor from SnCl, to SnCl-5SH,0, the same hot-injection
reaction resulted in the formation of monodisperse square SnS
nanoplatelets of 4—15 nm thickness and 15—100 nm edge
length, crystallizing as the spherical particles in the
orthorhombic herzenbergite phase (space group Pnma; Figure
46).*% Their growth occurred via the assembly of small
spherical seed NCs and required a Sn concentration of >0.01 M
in the reaction mixture. Replacing in this reaction TAA by
elemental sulfur solubilized in OLA as the S source yields 2—3
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nm SnS, NCs with tin in the oxidation state +4.** These
exhibited the berndtite 4H crystallographic phase.

Wang et al. developed a novel approach for the formation of
Cu,S NCs either with a spherical or nanodisc shape based on
the use of TOPO as cosurfactant.*'* In this method, injection
of DDT at elevated temperature into a solution of Cu(OAc)
and TOPO in ODE led to the formation of Cu,S NCs (Figure
47). The formation of small dots of 3—6 nm was detected in
the early stages of the reaction, which gradually transformed
into discs (up to 18.2 X 9.6 nm) by increasing the nucleation
temperature to between 160 and 220 °C.

A second way to tune size and shape of the NCs was by
increasing the growth time. Again the shape evolved from
spherical dots of 3.1 nm diameter after 60 min to nanodisks
with dimensions of 13 X 7.9 nm. Each sample synthesized
showed high crystallinity in the Cu,S hexagonal phase and a
narrow size distribution. These NCs are good NIR absorbers
with size and shape dependent absorption spectra. S(SiMe;),
decomposes at lower temperatures than DDT. Jiang et al. have
developed a two-step hot injection synthesis for the formation
of small Ag,S NIR emitting NCs.**” The first step consisted in
initiating the nucleation by injection of S(SiMe,), to a myristic
acid activated Ag precursor (AgOAc) in a mixture of
octylamine and ODE, followed by dropwise addition of a
mixture of AgNOj;, octylamine and elemental sulfur in toluene
to allow the growth (Figure 48). The Ag,S seed NCs
crystallized in the monoclinic phase, typical of a-Ag,S. The
authors have demonstrated that the NC size was directly linked

(TMS),S
AgAC =l
Injection Dropwise

addition

Step One

Figure 48. Evolution of Ag,S NCs during a two-step HI synthesis and
evolution of their optical properties before and after additional
precursor injection (AgAc: silver acetate; TMS: trimethylsilyl;
Ag(OA): Ag/octylamine). Reproduced with permission from ref
487. Copyright 2012 American Chemical Society.
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Figure 49. (a) Evolution of the size of Cu,Se NCs as a function of the reaction temperature and reaction time. (b) Evolution of the shape of the NCs
as a function of the Cu:OA:OLA:Se ratio. Reproduced with permission from ref 433. Copyright 2011 Royal Society of Chemistry.

to the injection temperature: When the injection temperature
was varied from 50 to 120 °C, NCs with diameters varying
from 1.5 to 4.6 nm were obtained after the seed-mediated
growth of 18 h. This method yielded monodisperse Ag,S NCs
exhibiting fluorescence emission in the range of 813—1227 nm.

The hot-injection of single-molecular precursors offers an
interesting approach due to the colocalization of both elemental
constituents in the same source. An example of MnS NCs
synthesis has been described using manganese diethyldithio-
carbamate injected into a mixture of hot HDA and ODE.*” In
this study the formation of nanowires has been detected at low
temperature (120 °C), whereas increase of the temperature to
180 °C allowed the formation of NCs with a mean diameter of
2.5 nm. Further increase of the temperature leads to the gradual
transformation of the dots into nanocubes. The synthesis of
Ag,S NCs has been achieved using the single-source precursor
Ag(SCOPh), injected into TOP in the absence of activating
agents such as alkylamines."'” This approach allows the
sequential release of Ag and then S. Hot injection at 160 °C
is affords 25 nm Ag,S nanoparticles, while heating up the
mixture from room temperature to 160 °C yields 80 nm Ag
nanoparticles.

4.3.2.2. Metal Selenide NCs. Due to the differences in
commercial availability and reactivity of the chalcogen
precursors, in contrast to the metal sulfides the HI method
has been preferentially used in the case of metal selenide NCs.
In addition to CdSe, NCs of Zn, Cu and Sn selenides have been
intensively studied, while for other materials only few examples
exist.
4.3.2.2.1. Heat-Up Approach. In the case of ME materials, the
major part of the heat-up approaches has been derived from
those initially developed for CdSe and then transferred to ZnSe
and eventually to other MSe materials. Although the chemical
reactivity of S and Se is similar, NCs of metal sulfides have been
much more studied as they benefit from the large variety of S-
containing organic compounds, such as alkylthiols, thiourea and
carbamates derivatives, the decomposition of which can be
finely controlled during the heat-up synthesis. In the case of Se,
the precursor library is much more restricted (vide supra).
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Zhang et al. confronted the HI and HU approaches using the
same precursors.”” The metal was provided as a fatty acid
complex, Zn(NA), (NA = nonanoic acid), in an ODE/OLA
mixture and Se powder solubilized in octylamine and OLA was
the selenium source. When the temperature was varied from 20
to 160 °C in the HU approach the formation of magic-sized
ZnSe clusters in the wurtzite phase occurred. Upon further
temperature increase, the formation of larger NCs of 2—3 nm
size was observed, which showed PL centered around 300 nm.
Finally, when the temperature was raised above 220 °C the
formation of regular QDs and nanorods occurred exhibiting
zinc blende/wurtzite polytypism. The HI approach gave similar
results when the corresponding temperatures were used.
Favored by its facile preparation the Se precursor prepared
by dispersing Se powder in ODE has been widely applied. Shen
et al. used it for the synthesis of high quality Cu,Se NCs (1.58
< x < 1.65) of different shapes.**> Copper stearate was used as
the Cu source and a mixture of OLA and OA as surfactants. All
samples obtained from this method exhibited the cubic
berzelianite crystalline phase. This approach offered different
ways of shape control by varying reaction temperature and
growth time (Figure 49a). Under constant heating conditions
ramp monodisperse NCs with diameter of 4.5, 5.6, 11.2, and
16.8 nm were obtained, when the end temperature was set to
120, 150, 180, and 200 °C, respectively. In parallel, the shape of
the NC could be tuned by varying the ratio Cu-
(St),:OLA:OA:Se leading to hexagonal (1:2:6:1), octadecahe-
dral (1:2:2:1), and pyramidal (1:6:6:1) nanoparticles (Figure
49b). Comparison with the HI approach demonstrated the
impossibility of size control in that case. Triangular shaped
Cu,Se NC have been obtained using similar protocols but
replacing OA by stearic acid (SA).**® Heating a 1:6:6:1 mixture
of Cu(St),:SA:OLA:Se to 220 °C resulted in the formation of
NCs with sizes between 2.8 and 12 nm depending on the
growth time (5—120 min). The use of SA instead of OA
prevented the formation of columnar assemblies of NCs.
O’Brien and co-workers investigated in more detail the role
of the zinc carboxylate precursor on the ZnSe NC
production.”** Their synthesis involved heating up of a mixture
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Figure 50. (a) ZnSe NCs obtained from a HU approach varying the Zn(St),: Se ratio. (b) Proposed reaction between Se and ODE preceding NC
formation. Reproduced with permission from ref 424. Copyright 2015 American Chemical Society.

containing Zn(St), and Se powder dispersed in ODE to 290
°C. Zn(St), acted in this case as both the Zn source and
stabilizing ligand for the surface. Spherical ZnS NCs with
average diameters of 6, 4.5, and 5 nm were obtained for Zn/Se
ratios of 0.5, 1, and 2, respectively (Figure S0a). The authors
have also shown that the concentration of Zn(St), influenced
the morphology of the NC: When an equimolar ratio of Zn and
Se was used, the particles were spherical whereas other ratios
led to their agglomeration. Previous studies performed on fatty
acids used in the synthesis of CdSe NCs,"*”*”° showed that the
concentration of carboxylates in solution had a large influence
on the reaction outcome; if the OA (or SA) concentration was
too high, the resulting NCs showed a broad size distribution
due to the delayed and prolonged nucleation.

In the proposed reaction mechanism the slow delivery of Se
during the growth was due to the reaction of the Se ion with
ODE to yield a 2,5-dihexadecyl-tetrahydroselenophene com-
plex prior to the reaction with Zn** (Figure SOb). This
mechanism limited the Se delivery and therefore slowed the
growth process, which had also positive effects on the PL
properties as it has been shown that Se-rich samples exhibited
no luminescence. The obtained stearate stabilized NCs had an
average PL QY of 8%.

The activation of elemental selenium in primary amines is
another facile way for preparing a Se precursor, even though
neither the molecular structure of the latter nor its reaction
pathway has been elucidated so far. Wang et al. used Se/OLA
in an HI approach for the synthesis of spherical 10 nm Cu,Se
and Ag,Se NCs in combination with the metal nitrates.”*> As
another alternative selenium source Se powder has been
dispersed in alkylphosphines. The use of the secondary
phosphine such as diphenylphosphine (DPP) resulted in a
higher reactivity of the Se precursor compared to TOP. Yu et
al. used this approach in the synthesis of highly luminescent
ZnSe QDs."””" In this example, the DPPSe and TOPSe
precursors have been compared. Zn(OA), has been reacted
either of them in ODE under gradual heating to 310 °C
yielding zinc blende ZnSe NCs. With both TOPSe and DPPSe,
the presence of free DPP accelerated the initiation of the

nucleation process. The reaction mechanism has been studied
by NMR spectroscopy and it was deduced that two main
mechanisms occurred (Figure S1). These pathways depended

TOPSe
a. (oleate),Zn ——> Zn - Se complex ——> ZnSe monomer
(Direct, nucleation/growth 260 — 280 °C)

DPP TOPSe
b (oleate),Zn ——> Zn-—P complex ——> ZnSe monomer
(Indirect, nucleation/growth 140 — 160 °C)
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Figure 51. Proposed mechanism for the synthesis of ZnSe from
TOPSe and Zn(OA), in ODE, (a) in the absence and (b) in the
presence of free secondary phosphine (DPP). (c) ZnSe NCs and
optical properties of the ZnSe NCs showing a PL QY of 72%.
Reproduced with permission from ref 124. Copyright 2011 Royal
Society of Chemistry.

on the presence of free phosphine in solution: When only
TOP-Se or DDP-Se and Zn(OA), were used the synthesis of
the ZnSe monomer occurred through a direct nucleation/
growth mechanism via formation of an intermediary Zn—Se-
phosphine complex. On the contrary, when free phosphine
(TOP, DOP, or DPP) was added to the reaction mixture, an
indirect nucleation/growth mechanism occurred and the
formation of a Zn-phosphine intermediary complex was
detected. The second mechanism resulted in an increase in
the reactivity of Zn and Se precursor and has allowed the use of
lower temperature for nucleation and growth (160 °C instead
of 280 °C).
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The use of DPP instead of TOP allowed to further decrease
the nucleation and growth temperature from 160 to 120 °C.
The obtained zinc blende ZnSe NCs had a mean size of 3.1 nm
and a size dispersion of 9%. By varying the size blue
luminescence ranging from 360 to 410 nm (QY 66—72%
Figure Slc) was achieved.

As in the case of metal sulfide NCs single-source precursors
(SSP) have also been explored with the selenides. Cumberland
et al. have used the cluster [Zn;Se,(SPh)4]*" as a single
source precursor and HDA as a stabilizing ligand for the
synthesis of size tunable small ZnSe QD of narrow size
distribution <5%."*> The diameters were tunable from 2 to $
nm by varying the temperature from 220 to 280 °C and the
approach was easily scalable. Joshi et al. have investigated the
facile formation of a new SSP based on the use of 3-benzyl-1-
(2-phenylselenyl-ethyl)-3H-imidazole bromide (L), which read-
ily forms complexes with silver.”>” The latter have been applied
in the syntheses of Ag,Se and AgBr NCs. Heating of Ag[(L-
HBr),]BF, in the presence of TOP and OA (v:v ratio of 1:2) to
200 °C, gave rise to orthorhombic Ag,Se with average
diameters of 17 nm. The counterions have a certain importance
as when the SSP Ag,[L,-Br,] was used in the same conditions, a
mixture of AgBr and Ag,Se particles was obtained. The
synthesis of Ni and Co based MSe NCs is delicate using
traditional two precursor approaches and gave rise to materials
with a limited quality. For this reason, the majority of Co or Ni
based NCs were obtained through milling or hydrothermal
methods.**”*”" O’Brien and co-workers have originally
developed a SSP approach based on the use of metal complexes
with dialkyldiselenophosphinates (Se,PR,) for Cd based
materials"”” and have recently adapted this methods to the
synthesis of colloidal CoSe, NCs.*”” The Co[Se,PPr,]
precursor was mixed with HDA and the resulting mixture
was heated to 320 °C. After 120 min of reaction quasi-spherical
CoSe, NCs were obtained.

As illustrated in the first part of this section, in contrast to the
sulfides, the Se precursor library is more restricted. By
consequence the fine-tuning of the precursor-to-monomer
conversion rate upon temperature increase is more delicate,
which explains why most of the synthetic procedures developed
for metal selenide NCs rely on the HI rather than the HU
approach.
4.3.2.2.2. Hot-Injection Approaches. In the HI approach the
same set of Se precursors has been explored as in the case of
HU methods albeit with a predominance of TOPSe inspired by
the seminal work of Murray and co-workers on CdSe NCs.”
Hines et al. reported a synthesis using TOPSe or TBPSe as the

selenium and the highly reactive organometallic compound
diethylzinc in HDA as the zinc source, respectively.*”” Injection
of the Se precursor at 270 °C resulted in the formation of ZB
ZnSe NC, with sizes up to 6 nm and PL emission between 365
and 445 nm. The combined use of TOP and HDA provided
efficient surface passivation leading to PL QYs of 20—50%.
Shen et al. developed a synthesis of highly luminescent ZnSe
and ZnSe/ZnS NCs with UV to blue emission and QY up to
70%."*° Zn(OA), and elemental Se powder dispersed in ODE
served as the precursors. The authors compared injection of
either precursor into the hot solution of the other at 240, 300,
or 310 °C. In each case spherical ZnSe NCs with sizes ranging
between 3 and 8 nm were obtained. Their range of emission
was 390—450 nm with line widths approximately 14—20 nm
(fwhm; Figure 52). Interestingly, Zn injection gave NCs of
higher quality, with higher QY and narrower emission, than in
the case of Se injection. The obtained ZnSe NCs were coated
with a ZnS shell using the successive ionic layer adsorption and
reaction (SILAR) technique, following a method reported
previously for Cd based materials.*”**”* The PL QY reached up
to 70% for two ZnS monolayers and decreased to 38% upon
growth of the third layer.

Flamee et al. proposed a similar method but replacing
Zn(OA), with the cluster Zns(CO;),(OH)4.**” More precisely
the Se powder, dispersed in ODE, was injected into a hot
solution of Zn (CO;),(OH)4 in OA and ODE. The obtained
NCs exhibited a mean diameter of 3.4 nm. The growth reached
saturation after 8 min and the calculated reaction yields were
above 90%. Zhang et al. observed the formation of ZnSe magic-
sized clusters in a synthesis based on the injection of Se powder
dispersed in a mixture of OLA and octylamine into a solution of
Zn(OAc), complexed with the nonanoic acid at 110, 180, 220,
or 230 °C.*® Our own team developed a straightforward
synthesis for ZnSe NCs based on the injection of TOPSe into a
hot solution of zinc stearate in ODE.**® The variation of the
temperature between 250 and 315 °C and of the Zn(St),
concentration from 0.02 to 0.1M, allowed the production of
spherical ZB ZnSe NCs with diameters ranging from 3 to 7 nm.
The emission spectra exhibited maxima ranging between 390
and 440 nm with narrow line widths of 12.7 to 16.9 nm (fwhm)
indicative of narrow size distributions. Several other examples
have been reported following similar approaches based on the
use of TOPSe or TBPSe leading to spherical, nanorod or
nanowire morphologies by varying the temperature and the Se/
Zn ratio.*”**"” The syntheses and properties of ZnSe NCs and
their core/shell systems reported prior to 2007 have been the
object of a dedicated review.*”® Trialkyl phosphines such as
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TOP and TBP can also be used to activate the metal precursor
if the considered metal center is soft enough as for example in
the case of silver, described by Sahu et al.**” In this method,
TOP-Ag was injected at 160 °C into a solution of TOP-Se,
ODA, and OA in ODE. 6.5 nm Ag,Se NCs were obtained in
the metastable tetragonal phase—bulk Ag,Se exhibits the
orthorhombic phase. These NCs exhibited an excellent size
dispersion of around 5% (Figure 53) and the same method but
using TOPTe could be applied for synthesizing Ag,Te NCs.
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Figure 53. TEM images of Ag,Se (a) and Ag,Te (b) NCs using
TOPSe or TOPTe with TOP-Ag. (c) HRTEM image. Reproduced
with permission from ref 439. Copyright 2011 American Chemical
Society.

This procedure has been slightly modified, which allowed the
formation of Ag,Se NC with diameters between 2.8 and 10.8
nm.*** Diameters below 7.5 nm were synthesized in a similar
way to that described before by decreasing the injection
temperature to 130 °C and varying the growth time (1—6 min).
Diameters larger than 7.5 nm required the utilization of TOP-
AgCl and a reaction time of 20 min. The obtained samples
exhibited narrow absorption and emission features tunable with
size. Importantly the absorption band could be varied from 1.4
to 6.5 pum with increasing size, placing these NCs as interesting
alternative to Pb- and Hg-containing mid-IR absorbers. The 2.8
nm NCs exhibited narrow NIR emission centered at 1763 nm
with a Stokes shift of 629 nm. TOPSe has also been used for
SnSe NC syntheses as in the example of Baumgardner et al,
who combined this Se source with bis[bis(trimethylsilyl)-

amino]tin.**" This Sn precursor, dissolved in OLA, was injected
into a TOPSe/OLA mixture at temperatures of 65—175 °C,
and subsequently OA was injected to quench the nucleation.
Quasi-spherical, monodisperse SnSe NCs were obtained with
sizes of 4 to 10 nm and a band gap of 125 to 0.92 eV. In
another approach Liu et al. dissolved Se powder in in different
solvents such as TOP, TBP, OLA and OA.**' The Se precursor
was injected into a solution of SnCl, dissolved in a mixture of
OLA, OA, and ODE. The use of OA-Se resulted in spherical
NCs with a diameter of 7.5 nm for nucleation/growth
temperatures of 156/150 °C. A slight increase of these
temperatures to 170/162 °C gave rise to 9.2 nm diameter
NCs. Spherical NCs of 7.2 nm diameter were also obtained
using OLA-Se with an injection temperature of 150 °C and
growth at 146 °C for 30s. With these latter parameters, 2D
SnSe nanosheets have been obtained when OLA was replaced
by dodecylamine. Also the use of TOPSe or TBPSe as a
precursor led to the formation of nanosheets. Wei et al. have
developed a method for the synthesis of ZnSe and Ag,Se NCs,
using Se in OLA."" Se was reduced with sodium borohydride
in the presence of OLA producing the reactive hydrophobic
precursor. Injection of the latter in a hot solution of Ag(NO;)
or Zn(St), in OLA, at 100 or 240 °C respectively, triggered the
formation of 10—15 nm Ag,Se or <5 nm ZnSe NCs. NaBH,
was employed to facilitate the reduction of elemental selenium
in OLA at room temperature, avoiding an extended heating
process. Ning et al. used selenourea dispersed in OLA for the
synthesis of high quality SnSe NCs with diameters varying from
7 to 20 nm.*** Snc0,(OH), mixed with OA and OLA acted as
the Sn precursor. When a 1:1 ratio was used quasispherical
orthorhombic NCs were obtained whose size increased with
nucleation temperature from 7.2 nm at 110 °C to 8.4 nm at 140
°C (Figure 54). When changing the Sn/Se ratio to 1:2 or 2:1
nanocubes with sizes of 24 and 19.5 nm have been obtained,
respectively (T, = 110 °C).

As mentioned in the first part of this section, diorganyl
dichalcogenides are another interesting class of chalcogen
precursors allowing the control of the reactions kinetics. These
compounds can be thermally decomposed either in elemental
chalcogen or in monoalkyl-chalcogenide.””” Wang et al. have
used diphenyl diselenide as Se precursor for the synthesis of
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Figure 54. (a) TEM images of SnSe NCs obtained by varying the injection temperature from 110 to 140 °C. Varying the Sn/Se ratio leads to
different morphogies. HRTEM images obtained at 140 °C for the (b/c) HRTEM images. Reproduced with permission from ref 442. Copyright 2011

Royal Society of Chemistry.
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size-tunable octahedral Cu,,Se NCs."** Ph,Se, was injected
into a hot solution combining CuCl and OLA in ODE at
temperatures between 200 and 300 °C. Growth for 30 min at
260 °C gave rise to octahedral-shaped NCs in the cubic phase.
The size and shape of the particles could be tuned by varying
the growth time and reaction temperature: NCs with sizes
between 25 and 155 nm were obtained with growth times
between 30 s and 60 min (Figure 5S). At lower temperature
(200 °C) the formation of tetragonal phase Cu;Se, NCs was
observed.
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Figure SS. (a) TEM Cu,,Se NCs obtained during the synthesis with
Ph,Se, at 270 °C with growth time of 30 s, 5 min, and 45 min.
Reproduced with permission from ref 434. Copyright 2015 American
Chemical Society. (b) SnSe NCs obtained from the use of ‘Bu,Se,
Reproduced with permission from ref 443. Copyright 2010 American
Chemical Society.

Diorganyl dichalcogenides have also been used for the
synthesis of SnSe NCs.** The reaction of ‘Bu,Se, (di-tert-butyl
diselenide) with Sn** (provided as SnCl,) in a mixture
containing DDA (dodecylamine) and DDT at 180 °C gave
rise to elongated SnSe NCs. For an equimolar Sn/Se ratio the
orthorhombic phase was observed while a 2:1 ratio led to the
trigonal Berndtite phase. In the original work using the same
type of chalcogen precursor performed by Schlecht et al, Sn°
was reacted with Ph,Se, at 160 °C, which resulted in
amorphous NPs.””” The use of diorganyl dichalcogenides has
further been extended to other types of nanostructures, such as
ZnSe nano- and microsphere,”’” MoSe, and WSe,.”**** They
are also suitable for the utilization of other techniques such as
hydrothermal or microwave assisted methods.

Finally, a number of single-source precursors have been
developed for the HI synthesis of metal chalcogenide NCs. In
an approach derived from a sgrnthesis developed by O’Brien and
co-workers for CdSe NCs,*” Wakefield et al. injected TOP-
ethyl(diethyldiseleno carbamato)zinc into hot TOPO which led
to the formation of <6 nm ZnSe NCs."*' Crystallizing in the
wurtzite structure, they exhibited a weak broad emission
centered at 446 nm. A more recent example described the use
of the bis(phenylselenolato)zinc-tetramethyl-ethylendiamine,
which is a better suited ligand for Zn** ions. Its thermal
decomposition led to small, luminescent ZnSe NCs in the zinc
blende phase with sizes from 2.7 to 5 nm and PL emission
ranging from 351 to 451 nm.”*?**

More recently, 2-(4,6-dimethylpyrimidyl)selenoate (DPSe)
metal complexes were used for the synthesis of coinage metals

selenides.”® In this method, the M(DPSe) complexes were

freshly prepared from metal salts and Na(DPSe) in the
presence of BH, and CH,Cl,. This solution was injected into
hot DDT at 150 °C and 30 min growth gave rise to cubic phase
Cu,Se, and orthorhombic Ag,Se NCs. In both cases, spherical
shaped aggregated structures were obtained. These structures
were composed of irregular shaped NC with diameters of 100—
500 nm in the case of Cu,Se, and of a mixture of spherical and
ellipsoid shaped particles with sizes of 110—170 nm and 100 X
200 nm respectively, in the case of Ag,Se. Even if the use of
SSP in the described examples did not result in an
improvement of the size dispersion as compared to conven-
tional HU or HI methods, they represent an interesting
alternative for the synthesis of other types of NCs such as NiSe.
Nickel selenide is a p-type semiconductor with a direct band
gap of around 2.0 eV. Indeed, as mentioned previously, most of
the traditional methods for the synthesis of this material gave
rise to highly polydisperse or amorphous nanoparticles. Raftery
and co-workers used metal selenophosphinate M(Se,PR,), (R
= iPr, tBu, and Ph) dissolved in TOP and quickly injected into
HDA or TOPO at 200, 280, and 330 °C.**" Once the
nucleation was initiated, the growth was continued for 1h. The
obtained NCs had diameters from 3.9 to 6.2 nm when the
nucleation temperature was varied from 330 to 280 °C. The
authors have shown that the length of the alkyl moiety had only
a small influence on the size and shape of the NCs. However,
the nature of the substitute could direct the crystallization
toward different phases: When iPr was used the NCs
crystallized in the hexagonal phase, while in the case of {Bu
orthorhombic NCs were obtained. The use of Se,PPh, gave rise
to tetragonal phase Ni;,P; particles. Moloto et al. have
developed another method using the SSP [NiCl,(Se,C¢Hs),]
synthesized by reacting diphenyldiselenide with NiClL,.*** This
compound, dispersed in TOP, was injected in HDA at 160 °C
and kept at this temperature for 60 min. This single-source
approach was also compared to HI methods using NiCl, and
TOPSe or Na,Se in HDA at 160 °C. The latter gave rise to
amorphous materials composed from the aggregation of
orthorhombic NiSe particles, the SSP approach lead to the
formation of cubic NiSe, NCs with diameters ranging between
10 and 15 nm. The magnetic properties have not been
investigated, however, the authors reported a luminescence
emission centered at 400 nm.

4.3.2.3. Metal Telluride NCs. In comparison with their S and
Se based homologues, metal telluride NCs have been less
developed. Due to the differing reactivity of the tellurium
precursors, numerous syntheses based on HU methods gave
rise to amorphous or polydispersed samples. Furthermore,
many metal tellurides are more sensitive to oxidation than
sulfides and selenides. One notable exception is the case of
CdTe NCs prepared in aqueous media, which drew
tremendous research interest.””" In contrast to their synthesis
in organic solvents, characterized by high air-sensitivity, CdTe
NCs prepared from Cd salts and hydrogen or alkali telluride in
the presence of hydrophilic thiols in water are extremely stable
and show intense fluorescence. The in situ generation of a
passivating CdS surface layer is generally invoked to explain this
behavior.”™ The majority of synthetic approaches for the
preparation of MTe NCs in organic solutions applies the HI
approaches. The methods developed for CdTe by Talapin et al.
and Wauister et al,**>*"” which gave rise to high quality NCs
with PL QY up to 65%, provided an excellent basis for the
development of other metal telluride nanoparticles. These
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syntheses used trialkylphosphine telluride as the chalcogenide
precursor in the presence of alkylamine. A direct adaptation of
this method to ZnTe has been proposed by Bang et al. yielding
luminescent ZnTe core as well as ZnTe/ZnSe and ZnTe/
ZnSe/ZnS type I core/shell NCs.*** The injection of a mixture
containing both highly reactive ZnEt, and TOPTe, into a
mixture of ODE and HDA at high temperature (270 °C) gave
rise to ZB ZnTe QDs with mean diameters of 2.2 nm. The
HDA capped ZnTe NCs exhibited no luminescence. Without
further purification, they were subsequently coated with ZnSe
and/or ZnS shells. In each case, the shell deposition was
performed using a one-pot synthesis where TOPSe or
bis(trimethylsilyl)sulfur in TOP and ZnEt, in HDA were
added dropwise during 6 h to the colloidal solution of the ZnTe
NCs in a HDA/ODE mixture at 200—250 °C. Upon shell
deposition, the maximum of emission varied from 500 to 600
nm upon deposition of 1 to 5 ZnSe monolayers due to the type
II band alignment with spatial separation of the photogenerated
electron—hole pair in the core and shell regions. PL lifetimes of
77 ns and a QY up to 6% were observed. The use of less
reactive and easier-to-handle Zn sources has been widely
investigated. As in the case of the metal sulfides and selenides,
air-stable Zn(St), represents an interesting alternative to ZnEt,,
which can also act as Z-type surface ligand. Using this Zn
source, Park and co-workers studied the shape evolution of
ZnTe NCs from nanoflower shaped aggregates to nanorods, as
a function of temperature and surfactant nature.*** In this work,
the ZnTe NCs were obtained through the injection of a
solution of TOPTe or TBPTe eventually mixed with
alkylamine, into a solution containing the metal precursor in
ODE at 300 °C. As shown in Figure 56, the variation of the
reaction parameters allowed shape control leading to the
formation of three different morphologies: nanorods, quantum
dots, and flower shaped aggregates of quasispherical NCs. The
authors demonstrated that the surfactant nature and concen-
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Figure 56. (a) Effect of amine addition and temperature variation on
the morphology of ZnTe NCs obtained from a HI synthesis using
Zn(St), and TOPSe or TBPSe as precursors. (b) TEM images of
nanoflower shaped aggregates (NC1), spherical NCs (NC2), and
nanorods (NC3). Reproduced with permission from ref 448.
Copyright 2007 American Chemical Society.

tration variation allowed control over the formation of ZB
nanodots and nanoflowers whereas temperature variation
enabled the formation of orthorhombic nanorods.

A similar approach has been used by Lincheneau et al. for the
synthesis of ZnTe and ZnTe/ZnS QDs.**” In this work,
TBPTe was used and flower-like aggregates were obtained.
These aggregates were composed of quasi-spherical NCs with
diameters ranging from 4.4 to 9 nm depending on the
temperature or the presence of ODE. The presence of ODA or
of a higher temperature led to the formation of larger NCs.
Conversely, the presence of TOPO in the reaction mixture
prevented particle formation. In each case, the obtained NCs
exhibited low stability under ambient conditions and no
luminescence. They were coated with 2—5 monolayers of
ZnS using the SILAR method, which led to a size increase from
5 to 6.1- 9.3 nm (for 2 and S monolayers, respectively). While
still no luminescence could be detected, the stability was greatly
increased from several hours to several months. The obtained
samples generated an anodic photocurrent up to 35 nA, making
them potential candidates for applications in photovoltaics or
photodetectors. SnTe is another material of interest for such
types of applications as well as for thermoelectrics. Tilley and
co-workers described a facile synthesis of spherical SnTe NCs
with tunable size, base on SnBr, and TOP-Te.**® In this
approach the tin precursor was activated using triethanolamine
(TEA) in DMF. A TOPTe solution was injected into this
mixture at a comparably low temperature of 50 °C leading to
the formation of small SnTe NCs with diameters of 2.7 nm.
Their size could be further increased up to 6.5 nm by heating to
150 °C. The size of the particles could be further tuned with
the quantity of TEA. Decreasing the quantity of TEA gave rise
to smaller NCs due to the decreased stabilization of the Sn-
TEA complex by the presence of excess TEA. Changing the
amount of TEA thus allowed the control of the remaining
monomer reservoir during the growth phase. However, when
the quantity of TEA was too small the formation of NCs of
irregular shape with diameters up to 32 nm occurred. The
obtained samples crystallized in the rocksalt structure and
showed an absorption spectrum, which extended to the NIR
range. Size control allowed the modulation of the absorption
onset from 2270 and 3400 nm. In the case of copper based
NCs, the use of Cu(acac), represents a widely used Cu" source.
It is usually activated in situ by the use of OA or alkylamines.
Yang et al. developed a method based on the reaction of
Cu(acac), with TOP-Te in OLA for the formation of high
quality multifaceted plasmonic Cu, ,Te NCs as well as hollow
NCs (HNC).** Injection of the chalcogen precursor into the
solution of the Cu precursor at 220 °C triggered the nucleation.
The obtained NCs were monodisperse and multifaceted with
mean diameters varying between 4.4 to 8 nm depending on the
growth time (up to 1 h; Figure 57). Conversely, HNC were
obtained by the Kirkendall effect, using the same parameters
but leaving the Cu(acac),-OLA mixture at temperatures <220
°C prior to injection of TOPTe.

The HNC crystallized in the hexagonal phase and had mean
diameters of 16.5 nm (Figure S7c.). The authors envisaged a
two-step mechanism for explaining the different morphologies
obtained (Figure 57a): heating of the Cu-OLA solution to 220
°C formed Cu,O NCs, whereas stirring of this solution for 1 h
at temperatures below 220 °C provoked the formation of Cu
NCs. Upon injection of TOP-Te, these seed particles were
transformed into Cu,,Te NCs and HNCs, respectively. The
materials synthesized using this approach exhibited plasmonic

DOI: 10.1021/acs.chemrev.6b00116
Chem. Rev. 2016, 116, 10731-10819


http://dx.doi.org/10.1021/acs.chemrev.6b00116

Chemical Reviews

Review

°
once reach 220 °C Cu;O?\lCS

3 @0
for1h
under 220 C for 1 hr CuNGs

LY .
inject Te-TOP .
—_— -

220°
¢ Cuz:Te NCs

. )
inject Te-TOP
— 2 O 0

220°C

Cuz.Te HNCs

Figure 57. (a) Mechanism proposed for the synthesis of plain and hollow (HNC) Cu,_Te NCs using TOPTe and Cu(acac),. (b/c) TEM images of
Cu,, Te faceted NC and HNC obtained in the presence of OLA. (d) Faceted Cu,,Te NCs obtained in the presence of OA and DDT. (e) Hexagonal
shaped Cu,Te discs obtained in the presence of OA and DDT. Reproduced with permission from refs 454 and 455. Copyright 2012/2013

American Chemical Society.

d.
10-4 L -~ 5"[{ -~ -
e D=l
*
i /‘. a—4 A\A-fISnm
2 ¢
2 /
2 aa—« <= ingot
-5 /
A0 .
300 400 500 600

Measurement Temperature (K)

€. 16

< !

£ e

s 12 + ' ~ingot

:; Y ~1um

2 )

§ 0.8 e Nt
L e -
o 1 I\ % =

g 04f finm  Ssam w—— a4
g 300 400 500

=4

Measurement Temperature (K)

Figure 58. TEM images of Ag,Te NCs obtained by injecting TOPTe to a mixture of AgNOj;, OLA and DDT at 170 °C (a), 190 °C (b), and 110 °C
(c), respectively. (d) Resistivity and (e) thermal conductivity as a function of temperature. Reproduced with permission from ref 461. Copyright

2012 Royal Society of Chemistry.

absorption bands centered at 1150 nm for the NCs (with € =
2.6 X 100 M™! cm™) and at 1200 nm for the HNCs (with & ~
8.1 X 100 M™' cm™). The research on Cu,,Te particles
showing size-tunable plasmonic properties has drawn significant
research interest. With the aim of developing quasi-spherical
Cu,_Te NCs showing enhanced tunable IR absorption, Kriegel
et al. developed a method based on the combination of the
same Cu and Te precursors.455 However, Cu(acac), was
dissolved in a mixture of DDT and OA, and the injection of
TOP-Te was carried out at 160 °C. After 30 min of growth the
obtained NCs exhibited the Cu,Te stoichiometric phase
(Figure 57d.). The authors have shown that the composition
of the NCs could be changed from Cu,,Te (x > 0) to Cu,Te
and vice versa through reduction or oxidation, respectively.
Changing the composition directly influences the plasmonic
absorption properties, as the density of free carriers per volume
increases with decreasing copper content. A similar method has
been used for the synthesis of hexagonal shaped Cu, Te
nanodisks and spherical NCs with tight size and shape control
by varying the temperature of injection.”® For temperatures
between 175 and 185 °C nanodiscs with average sizes ranging
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between 2.2 X 12 nm (175 °C) and 3.2 X 8 nm (185 °C) were
obtained (Figure 57e). Conversely, increase and decrease of the
reaction temperature to 160 and 200 °C gave rise to the
production of spherical NCs with mean diameters of 4.6 and
7.4 nm, respectively. Once the nanodisks were isolated and
purified, they were used as templates for the formation of
luminescent CdTe nanodisks using cation exchange at higher
temperatures. A more recent contribution by Han et al. focused
on the influence of the surfactants, namely OLA, OA, TOP and
TOPO.*” At the same time the variation of reaction
temperature and of the Cu/Te ratio was investigated. CuClI,
(x = 1 and 2) was used as copper source and TOPSe as the
chalcogenide precursor. Without the use of any additional
surfactants, injection at 230—250 °C gave rise to monodisperse
nanocubes with sizes tunable from 54 to 75 nm by changing the
temperature and growth time. The size of the nanocubes could
also be increased up to 104 nm by increasing the Cu
concentration albeit on cost of the narrow size distribution.
The shape of the NCs could be tuned with the Cu/Te ratio. It
varied from polydisperse irregular shaped particles to
monodisperse nanocubes when the Cu/Te changed from 0.5
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to the optimal value of 5. When the reaction was carried out
using OLA, TOPO or OA as solvents, Cu,,Te nanosheets, a
mixture of Te and CuTe particles or a mixture of Cu, gsTe and
Cu,Te; NCs were obtained, respectively. The addition of small
amounts of these ligands into TOP broadened the size
distribution of the nanocubes. Similar approaches can be
applied for Ag,Te NCs. Chen et al. have first described the
formation of Ag,Te nanosheets using a HU synthesis.** In this
approach a mixture containing TOP, Se and AgNO; heated to
160 °C for 2 h gave rise to nanosheets with either round or
hexagonal shape crystallizing in the monoclinic phase. The
latter exhibited dimensions of 20—40 nm, while the disc shaped
NCs had a mean diameter of 32 nm. In both cases the average
thickness was 5.5 nm. The increase of temperature led to bigger
NCs but with irregular shapes. Changing the Ag/Se ratio from
2:1 to 1:§ allowed increasing the thickness from 5.5 to 8.1 nm.
The electrical conductivity was measured as 102.1 S/cm. In this
synthesis TOP acted as both solvent and stabilizer with no
addition of other surfactants such as alkylamine or carboxylic
acids. Zhou et al. have developed a method for the formation of
highly uniform Ag,Te NCs by injecting TOPTe into a mixture
containing AgNO;, OLA and DDT.*' The monodisperse
spherical NCs had diameters in the range of 5—15 nm and size
modulation was achieved either by changing the temperature or
the growth time (Figure 58).

When the injection temperature was decreased to 110 °C
nanoplates of irregular shapes and size were produced. The
authors suggested that the presence of OLA slowed the
nucleation process, leading to the formation of larger NCs.
They also demonstrated that DDT acts as a surfactant limiting
the growth, as the same synthesis without DDT gave rise to
spherical nanoparticles with sizes of ca. 1 ym. The obtained
Ag,Te NCs exhibited promising thermoelectrical properties, in
particular decreased thermal conductivity as compared to the
bulk. The use of DDT has also been investigated in the
synthesis of bismuth and antimony telluride NCs, which are
also materials of high interest for thermoelectric applications.
Kim et al. have developed a simple approach for the synthesis
of Bi,Te; and Sb,Te; NCs by the injection of a solution of
TOPTe in DDT into a mixture of M(OAc); (M = Bi or Sb)
dissolved in OA, at various temperatures (50, 100, and 150
°C).* For both materials, the injection at 50 °C gave rise to
amorphous crystalline products. Higher temperatures improved
the crystallinity of the samples and gave rise to 100 nm
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nanospheres of rhombohedral Bi,Te; and hexagonal phase
Sb,Te; nanoparticles. These nanoparticles were assemblies of
smaller spherical NCs with diameters of 3—5 nm and 5—7 nm,
respectively. This approach can be used for the large-scale
synthesis of Bi,Te; and Sb,Te; based nanostructures for
thermoelectric applications. The versatility of TOPTe as a Te
source has further been demonstrated in syntheses of GeTe
NCs. Milliron and co-workers injected DDT, followed 30 s
later by TOPTe, into a solution of Gel, in TOP and TOPO at
250 °C.**° The resulting GeTe NCs were amorphous and had
mean diameters of 3.5 nm. The use of DDT was mandatory for
obtaining nanoparticles of controlled morphology. The authors
attributed this to the thiol activation of the Gel,-TOP complex,
increasing the reactivity of the germanium precursor. The
utilization of other Ge precursors has been explored by
Alivisatos and co-workers who compared halide and silylamide
compounds: GeCl, and Ge[N(SiMe;),], (Ge-HMDS).*’
Metal silylamides have meanwhile turned out to be suitable
precursors for the precision synthesis of a large variety of
semiconductor NCs.’”® Here, the germanium precursor was
reacted with TOPTe in the presence of excess of TOP and
DDT, or OLA, at 250 °C. When DDT was used, multifaceted
NCs with mean diameters of 8.5 nm were obtained, whereas in
the case of OLA the diameter increased to 17.4 nm, with
narrow size distribution (Figure 59). The use of a GeCl,-
dioxane complex with DDT at 180 °C instead of Ge-HMDS
gave rise to larger NCs with sizes up to 102 nm. However,
while the particles with sizes below 30 nm were monocrystal-
line, those above 30 nm exhibited multiple crystalline domains.

The same approach, using a lower temperature of 200 °C in
the presence of DDT and OLA, yielded smaller GeTe NCs
with average diameters of 4.3 nm after 1 min of growth.*®
Extension of the growth time to 2—3 min led to the formation
of larger polydispersed NCs with sizes ranging between 9 and
28 nm. When TOPTe was injected into a solution of
Ge(HMDS) in OLA at 170 °C, in the absence of DDT,
spherical amorphous GeTe NCs were obtained, with diameters
ranging from 8.5 to 18.5 nm, tunable with growth time. The use
of Ge(HMDS) and TOPTe as precursors, with various
surfactants also provides a method for controlling the shape
of GeTe NCs. Buck et al. described a polymer assisted method
for the controlled growth of faceted GeTe NCs.**” This
approach is similar to the one described previously, except that
OA (or nonanoic acid, NA) and poly(vinylpyrrolidone) (PVP)
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Figure 60. (a) Different approaches for the synthesis of spherical, tetrahedron-, and rod-shaped ZnTe NCs. (b—d) TEM images of the obtained
samples. Reproduced with permission from ref 449. Copyright 2008 American Chemical Society.

or poly(1-vinylpyrrolidone)-graft-(1-triacontene) (PVP-t) were
used as surfactants instead of OLA and DDT. When
Ge(HDMS) and the couple OA/PVP-t were reacted with
TOPTe at 230 °C, the formation of multifaceted NCs in the
rhombohedral crystalline phase was observed. They exhibited
octahedral shape with edge lengths ranging from 70 to 100 nm.
Conversely, when the same reaction was carried out in the
absence of OA, large amorphous NCs were obtained with sizes
around 100 nm. These findings were rationalized by the
formation of a complex of Ge(HMDS) with protogenic
molecules such as OA. The decomposition of the latter slowed
down the nucleation kinetics and gave better control of the
crystal growth.’”” The same synthetic approach, using OA/PVP
at 250 °C also yielded faceted NCs, albeit more polydisperse
than with PVP-t. Conversely, the use of NA instead of OA gave
rise to the formation of 2D platelets with hexagonal and
triangular shapes in the rhombohedral phase. Addition of
NaNA led to spherical nanoparticles with average diameter of
90 nm, suggesting that the reactivity of the precursor was
decreased by the presence of an extra carboxylate. A further
increase of the quantity of NaNA directed the growth toward
formation of 2D nanosheets, with lateral dimensions ranging
from 175 to 900 nm. The nanosheets exhibited several different
morphologies such as triangular, quadrilateral and hexagonal.
The use of metal silylamides has been extended to the synthesis
of high quality spherical SnTe NCs of narrow size distribution.
Kovalenko et al. reacted Sn(HMDS) in ODE with a solution of
TOPTe in OLA using the HI method at 150 °C and a growth
temperature at 120 °C."” The SnTe NCs crystallized in the
cubic rocksalt phase and their size could be tuned from 4.5 to
1S nm by adjusting the injection and growth temperatures as
well as the concentration of OLA in the reaction mixture. The
lowest size distributions were obtained for 90—150 °C enabling
the self-assembly of the NC in 3D superlattices. The SnTe NCs
showed a band gap of 0.38—0.8 eV and have high potential for
application in IR photodetectors. The synthesis of sub-10 nm
Bi,Te; is intrinsically difficult due to the high reactivity of
bismuth salts with tellurium. Furthermore, bismuth telluride
can adopt various compositions complicating the synthesis of
phase-pure materials. While direct HI and HU approaches
failed, Weller and co-workers proposed an elegant multistep

approach for transforming initially formed bismuth nano-
particles into Bi,Te; by means of TOPTe.”'” Monodisperse Bi
nanoparticles of with tunable sizes in the range of 7—40 nm
were obtained through the reduction of bismuth acetate by
means of oleylamine in the presence of DDT stabilizing ligands.
TOPTe was prepared by heating to 220 °C high purity Te
powder and distilled TOP in the presence of octadecylphos-
phonic acid. Bi—Te alloy nanoparticles, which have an
approximately 20% larger size than the parent Bi particles,
were produced by injecting the Te precursor into the crude
colloidal solution of Bi nanoparticles at 60 °C and stirring for
2—3 days. Finally heating at 110 °C for 18 h afforded
monodisperse Bi,Te; NCs in the rhombohedral phase, which is
accompanied by a change from a spherical to rhombohedral
shape.

In addition to these works exploring the chemistry of various
metal precursors, attempts have also been made for controlling
the reactivity of the Te precursor. One of the first examples has
been reported by Zhang et al. in 2008 for the controlled
preparation of ZnTe nanotetrahedrons, spherical NCs and
nanorods (Figure 60).** In this work TOPTe has been used in
combination with a superhydride (lithium triethylborohydride),
a powerful reducing agent widely applied in organometallic and
organic chemistry. As described in the beginning of this section,
TOPTe forms an equilibrium with metallic Te.”®" The addition
of reducing agents like superhydride is expected to produce an
increased amount of reactive Te*” and TeH™ species. In a first
approach the HI of the Te precursor into a solution containing
Zn(OAc), and OA at 250 °C led after few minutes of growth to
spherical monodisperse ZB ZnTe NCs with a mean diameter of
S nm. A second approach consisted in three injections (every
15 min) of neat TOPTe into a solution of ZnCl, in OLA at 250
°C, which gave rise to tetrahedron shaped NCs with sizes
around 5 nm as well. The third method, which led to the
formation of nanorods with average sizes of ~5 X 30 nm
consisted in the gradual heating up of the TOPTe/super-
hydride solution with ZnCl,/OLA to 150 °C and stirring for 3
h. Unlike the two other methods, the third one favors a
kinetically controlled growth accompanied by the binding of
the capping ligands to specific crystal facets, leading to the
formation of uniform nanorods.
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This approach has been further optimized by adding OLA to
the TOPTe/superhydride mixture, freshly prepared before its
injection into the solution of the zinc precursor consisting of
Zn(OAc), in ODE and OA.*" After the nucleation at 160 °C,
the temperature was further increased to 300 °C for the growth
process. The size and shape of the ZnTe NCs could be tuned as
a function of the temperature and the quantity of superhydride.
Upon injection at 190 °C and using an excess of superhydride
with respect to TOPTe, spherical NCs with an average
diameter of 3.5 nm were obtained. However, in the presence
of an equimolar ratio of hydride, the formation of well-defined
nanorods of 3.5 nm diameter was observed. Finally, a smaller
amount of superhydride gave rise to small NCs of irregular
shapes. The size of the obtained nanorods could be modulated
with the growth temperature and time, up to dimensions of 140
X 6.8 nm. The authors reported that the use of superhydride in
combination with OLA and TOPTe led to the formation of a
mixture of Te?”, Te,>”, Te,*”, and higher polytellurides. The
observed temperature dependence of NC morphology was
ascribed to the different reactivity of Te*” and polytelluride
species. At lower temperatures Te®”, being the most reactive
species, promotes isotropic growth. Less reactive polytellurides
react slower and preferentially with the highly active (001)
facet, favoring 1D growth at higher temperatures. In a similar
synthesis, TOPTe/superhydride was injected in a mixture of
ZnCl, in OLA at 160 °C and heated to 280 °C.*' ZnTe
nanowires in the wurtzite structure with small diameters of 2
nm were obtained. Further heating at 280 °C with OLA during
5 to 60 min led to the formation of nanorods of 4.5 nm
diameter via a ripening mechanism. Different reducing agents
have been explored in the synthesis of GeTe particles. Using
the combination of Gel,, TOPTe and t-butylamine borane
(tBAB), Buck et al. synthesized monodisperse GeTe cubes of 1
pm edge length."*” The nucleation was triggered via injection
of tBAB in octylether into a solution of Gel, and TOPTe in
TOP at 180 °C. The obtained cubes crystallized in the
rhombohedral phase typical for the low temperature polymorph
of GeTe, which is slightly distorted with respect to the rocksalt
structure. As an alternative or additive to tertiary alkylphos-
phines and phosphine oxides, in recent years their secondary
counterparts have become popular in NC synthesis."*” This
was triggered by the fact that, on one hand, their presence as
impurities in the former has been revealed and, on the other
hand, their influence on reaction mechanisms has been
understood.”"" Shen et al. developed a general procedure for
the formation of various metal telluride NCs, such as ZnTe,
Cu,,Te, and Ag,Te, with various morphologies. This approach
is based on the use of ZnO or metal acetylacetonate and di-n-
octylphosphine oxide telluride (DOPOTe).*” In a typical
synthesis, DOPOTe was combined with OLA in paraffin oil (in
the case of Ag,Te only OLA was used) and the formation of the
NCs was triggered by injection of the metal precursor solution.
In the case of ZnTe, ZnO dispersed in OA and ODE was used
as Zn source. The nucleation occurred at 310 °C and gave rise
to ZB ZnTe nanodots with diameters of 7.5 nm (Figure 61).
The same approach was utilized for the synthesis of Cu, ,Te
NCs. In this case, the widely applied copper precursor
Cu(acac),, dispersed in OA and OLA, was used. The reaction
with DOPO-Te in paraffin oil at 180 °C yielded Cu,,Te
nanocubes of 32.8 nm edge length in the tetragonal phase.

When the synthesis was performed with the Ag precursor at
150 °C in the presence of OLA, 9.2 nm Ag,Te NCs in the
tetragonal phase were obtained. Addition of OA to the Ag

Figure 61. TEM images of spherical ZnTe NCs (a), Cu,,Te
nanocubes (b), and spherical (c) and elongated (d) Ag,Te NCs
obtained by reacting the metal precursors with DOPOTe. Reproduced
with permission from ref 452. Copyright 2012 Royal Society of
Chemistry.

precursor solution and injection at 120 °C led to the formation
of 11.6 X 18.8 nm rod-shaped NCs. The authors suggested that
a DOPO-Te intermediate was formed with a P=Te double
bond. Starting from this compound, formation of di-n-
octylphosphinic acid (DOPA) and Te® in the presence of
oxygen competes with NC formation. Therefore, the absence of
oxygen in the reaction mixture is of crucial importance for the
successful synthesis. As in the case of the Se-based NCs, the use
of diorganyl dichalcogenides offers in principle an interesting
way to control the decomposition of the chalcogen precursor
and therefore the delivery of tellurium during nucleation and
the growth. In an initial approach Schlecht et al. used Ph,Te,
for the synthesis of SnTe NCs.””” In the first step SnCl, was
reduced in the presence of Li[Et;BH,] in THF. The obtained
nanocrystalline tin was isolated, dispersed in diglyme and mixed
with Ph,Te,. Gradual heating to 165 °C resulted in the
formation of SnTe NCs in the cubic phase. With high precursor
concentrations, large agglomerates of particles with an average
size of 60 nm were obtained. Conversely, the use of 10-fold
smaller concentration provoked the formation of smaller star-
shaped aggregates of needles. The needles exhibited average
dimensions of 15 X 40 nm. The authors proposed homoleptic
cleavage of the Te—Te bond in the course of the reaction
preceding Te—C bond cleavage.

Finally, as in the case of the metal sulfides and selenides,
single-source precursors (SSP) have applied for the synthesis of
M-Te NCs. Cheon and co-workers used the thermolysis of the
SSP Zn(TePh),.[TMEDA] for the obtention of spherical and
rod-shaped ZnTe NCs.">* The synthesis of spherical NCs with
size of 42 or 5.4 nm was performed through the injection of
the SSP solution in TOP into dodecylamine at 180 or 240 °C,
respectively. They crystallized in the cubic phase and exhibited
blue luminescence centered at 377 and 451 nm, respectively.
When the reaction was carried out with the same parameters
but adding dimethylhexylamine (DMHA) to the precursor
solution, the formation of rod-like NCs was observed with
diameters of 25 nm and lengths varying from 200 to 700 nm.
Schultz et al. developed a SSP method for the preparation of
Sb,Te; nanoplates (Figure 62).*** This approach was based on
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400 nm

Figure 62. (a/b) Sb,Te; hexagonal nanoplates obtained from the
decomposition of (Et,Sb),Te in the presence of PVP-t. Reproduced
with permission from ref 464. Copyright 2012 American Chemical
Society. (c/d) Sb,Te; nanoplates synthesized by decomposing
Ph,SbTeR (R = Et, Ph) in the presence of OLA and TOP. (e)
Bipyramidal Sb NCs resulting from the decomposition of Ph,SbTePh
in absence of OLA and TOP. Reproduced with permission from ref
465. Copyright 2013 Royal Society of Chemistry.

the thermolysis of the SSP (Et,Sb),Te (bis(diethylstibino)-
telluride) in the presence of poly(1-vinylpyrrolidone)-graft-(1-
triacontene) (PVP-t) as capping agent. First, the SSP was
synthesized at room temperature through the reaction of
tetraethyldistibine Et,Sb, with elemental tellurium in pentane.
This compound was then reacted in 1,3-diisopropylbenzene
(DIPP) in the presence of PVP-t by heating to 180 °C for 10 h.
Hexagonal shaped nanoplates in the rhombohedral phase with
average diameters of 400 nm and thickness of 35 nm were
obtained using 10 wt % of PVP-t. The quantity of PVP-t
strongly influenced the size of the NCs. Their diameters could
be tuned from 500 to 200 nm when increasing the quantity of
PVP-t from 3 to S0 wt %. Thermoelectric measurements
showed that the obtained nanoplates exhibited Seebeck
coefficients of around 150 uV/K at ambient temperature,
indicating that this SSP approach led to particles with a low
concentration of antisite defects.

The synthesis of larger hexagonal Sb;Te, nanoplates was
described by Kim and co-workers.**® Their approach is based
on the use of the SSP Ph,SbTeR (R = Et, Ph). The precursor
was synthesized by the reaction of the commercially available
Ph,SbCl with elemental Te in the presence of alkylithium at
room temperature. Sb;Te, NCs were obtained through thermal
decomposition of the SSP in the presence of OLA and TOP.
The reaction was triggered via injection of TOP in a solution of
Ph,SbTeR in OLA at high temperature (250—300 °C). After
1-2 h of growth, hexagonal nanoplates in the rhombohedral
phase were obtained (Figure 62). Their edge lengths varied
from 0.4 to 2 ym with thicknesses of 20—50 nm depending on
the reaction temperature. When Ph,SbTeEt was used, the
formation of a mixture of Sb,Te and Sb;Te, NCs (Sb,Te as
predominant phase) was obtained at 250 °C. Increase of the
injection temperature to 300 °C gave rise to phase-pure Sb,Te;
NCs. In the case of the use of Ph,SbTePh as SSP, in each case
exclusively Sb,Te; was formed. The decomposition of
Ph,SbTePh in the absence of OLA and TOP gave rise to
bipyramidal shaped Sb nanoparticles. Within the group IIIA
tellurides the heavier homologue Bi,Te; is to date the most
important material for use in thermoelectric electrical energy
generation in a range close to ambient temperature. SSP
methods have been extended to NCs of this material, whose
synthesis by conventional HI or HU approaches turned out to
be difficult. Schultz and co-workers explored several strategies
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for the synthesis of various phases of bismuth telluride, such as
BiTe, Bi,Te, Bi,Te, and Bi,Te,.""> The SSP (Et,Bi),Te and
Et,BiTeEt were chosen as they provide Bi and Te in 2:1 and
1:1 stoichiometric ratios. Therefore, these SSPs were
anticipated to give rise to Birich NCs. The syntheses were
carried out via thermal decomposition of the SSPs in DIPB
(1,3-diisopropylbenzene), or OLA, at 80 and 100 °C for
(Et,Bi),Te and Et,BiTeEt, respectively. The decomposition of
(Et,Bi),Te at 80 °C gave rise to large aggregates of 200 nm
size. These aggregates were composed of rhombohedral phase
Bi,Te; NCs with sizes ranging from 10 to 40 nm. Further
addition of PVP-t could diminish the level of aggregation of the
particles but no narrow size distributions could be obtained.
The decomposition of Et,BiTeEt in OLA gave rise to a mixture
of elemental Bi and Bi,Te NCs. When the reaction was
performed in DIPB, phase-pure Bi,Te NCs were obtained in
form of well-defined nanocubes with edge lengths of 100 nm.
With increasing reaction time, the particle size reached up to
500 nm. Thus, the thermolyses of these two SSPs resulted in
the formation of Birich phases and, unlike in the case of the
antimony analogues, the Bi,Te; phase was not detected. This
approach was compared with a dual precursor approach, in
which a mixture of Bi(NMe,); was reacted with Te(SiEt;), in
DIPB at 100 °C using the HI method. In this case Bi/Te ratios
of 1:1, 2:3, and 4:3 were explored leading to the selective
production of NCs with BiTe, Bi,Te; and Bi,Te; stoichiometry,
respectively. In the case of Bi,Te;, the NCs were polydisperse
with approximately cubic shape and edge lengths of ca. 40 nm.

4.3.3. Ternary and Multinary Metal Chalcogenide NCs.
Ternary and multinary chalcogenide semiconductors constitute
a large family of materials, which offer the opportunity to
influence the band gap not only by changing the size but also
by varying the stoichiometry of the constituting elements. Most
importantly, they give access to a broad range of semi-
conductors having band gap energies in the visible and near-
infrared range without relying on toxic heavy metals such as Cd,
Pb, and Hg. Table 8 lists a number of these compounds, which
have been investigated in form of colloidal NCs, and which will
be the center of the following section. In recent years reviews
on the synthesis and properties of NCs of specific multinary
materials appeared,”’'* as well as a general review on this
subject from our group.’®”

Table 8. Properties of Selected Ternary and Quaternary
Metal Chalcogenide Materials (at 300 K)

band gap crystal space lattice
compound (eV structure group parameters
CulnS, 1.53 chalcopyrite I-42d  a=3552
c=1112
CulnSe, 1.05 chalcopyrite I-42d  a =561
c=11.02
CuGaSe, 1.68 chalcopyrite I-42d  a=3561
c=11.02
CuFeS, 0.60 chalcopyrite I-42d  a=528
c=1041
AgInS, 1.87 chalcopyrite I-42d  a=582
c=1117
AgInSe, 1.20 chalcopyrite I-42d  a=6.10
c=11.69
Cu,ZnSnS, 1.50 kesterite I-4 a =545
c=10.86
Cu,ZnSnSe, 1.02 kesterite I-4 a=3561
c=1120
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Ternary metal chalcogenides can be conceptually derived
from II—VI materials by replacing two divalent metals with one
monovalent and one trivalent cation; the quaternary com-
pounds can be derived from the ternary ones by substituting
two trivalent cation by one divalent and one tetravalent cation.
It should be noted that ternary and multinary semiconductors
are of course by no means limited to metal chalcogenides. A
number of multinary pnictides is potentially of similar interest,
with band gap ener§ies in the range of 0.5—2 eV and absence of
toxic heavy metals.”'* An example of this family are [I-IV—V,
compounds, such as ZnEP, (E = Si, Ge, and Sn). However, as a
consequence of the more challenging chemical synthesis of
metal phosphide NCs as compared to metal chalcogenides, (cf.
section 4.2) the preparation of high quality NCs of these
compounds has not yet been reported.

In terms of their physical properties, there are marked
differences between binary compound semiconductors and
their multinary counterparts. First of all the latter present a
much larger variety of crystalline phases and they can
accommodate in many cases significant off-stoichiometries
from the nominal composition. The structural diversity is
increasing when going from ternary to quaternary or even more
complex systems. Furthermore, for a given composition
different crystal structures can be realized, depending on the
ordering of the cations in the anion sublattice. When these
materials are synthesized in the form of NCs, crystal structures
can be stabilized, which are not observed in the bulk. Bulk I—
II-VI, semiconductors generally crystallize in the tetragonal
chalcopyrite structure (space group I—42d). This structure,
named after the mineral copper iron sulfide, can be derived
from the cubic Zn$ zinc blende structure by replacing Zn** ions
by Cu* and In* ions in an ordered way (Figure 63). The
resulting reduced symmetry of the chalcopyrite structure leads
to a larger primitive cell (eight atoms vs two in the cubic
structure) and to a slight tetragonal lattice distortion with a
lattice parameter ratio ¢/2a of approximately 1.004. When both
types of cations are distributed randomly in the cation

O A&

Kesterite

Stannite

A OOV o6
(Z:: : Chalcopyrite CuAu-like ‘j
In @ ‘. S
Sn ¢ o ‘
e it

PMCA

Figure 63. Structural relationships in ternary and quaternary metal
chalcogenides. Kesterite (I—4) is derived from the (201) ordered
chalcopyrite structure (space group I—42d), while stannite (space
group I—42m) derives from the CuAu (001) ordering. Both structures
differ in the ordering of the Cu—Zn sublattice. The PMCA structure
(primitive mixed CuAu-like, space group I—4) featuring a 90° rotation
of one of the II-IV layers with respect to stannite has been
theoretically predicted.”"

sublattice, the cubic structure is realized. Distinguishing
between the chalcopyrite and cubic structure by means of
powder X-ray diffraction is a challenging task, as for NCs in a
typical size range of 1—20 nm substantial peak broadening
occurs, hampering the detection of subtle differences and the
accurate determination of the lattice parameters. Particle-to-
particle variations in size and composition contribute to this
difficulty. In contrast to bulk CulnS,, NCs can also form the
hexagonal wurtzite structure (cf. Figure 20). This structure is
preferred when the growth of anisotropic nanostructures (e.g,
nanorods) is aimed, exploiting the different polarity of specific
crystal facets and different reactivity for growth.”"?

Quaternary compounds like Cu,ZnSnS, (CZTS) or
Cu,ZnSnSe, (CZTSe) adopt in bulk form the tetragonal
kesterite (space group I—4) or stannite (space group I—42m)
phase (cf. Figure 63). In accordance with the predicted higher
thermodynamic stability of the kesterite phase, most examples
have been reported to adopt this structure.’'® As in the case of
the ternary materials, a hexagonal polytype exists and CZTS
NCs crystallizing in the wurtzite structure have been
experimentally reported.”’”*'® Increasing structural complexity
from ternary to quaternary materials augments in principle the
chances for cation disorder with three lattice sites. Even though
the condition of local charge neutrality tends to counterbalance
this effect, theoretical studies revealed the delicate interplay
between atomic disorder and the formation of secondary
phases.®'® Tight control of the crystalline phase and
composition of CZTS and derived materials NCs is of
paramount importance for their use in photovoltaics. The
formation of secondary phases has been identified as one of the
key problems at the origin of the lower power conversion
efficiencies observed with kesterites as compared to chalcopyr-
ite materials like CIGS.”"” Simulations have shown that CZTS
is the thermodynamically stable phase only for a small domain
of chemical potentials, i.e., even slight variations from optimum
growth conditions, in particular regarding the Zn contents,
favor the formation of secondary sulfide phases like ZnS (Zn-
rich conditions) or Cu,SnS; (Zn-poor conditions).”™ As a
further complication these phases are essentially indistinguish-
able from CZTS by X-ray diffraction (Figure 64); however,
they can be evidenced by Raman scattering.

Table 9 gives an overview of the synthesis methods for a
large number of different multinary metal chalcogenides. Their
detailed discussion would be redundant with section 4.3.2
treating binary metal chalcogenide NCs, due to the fact that the

Z’ (a) CulZnSnS4

5 |

£ | , |, |

.% . (b) Cu,SnS,

gt

= J

a

Sl 1

= (c) ZnS

23

SL ]
£ J )[ h B

20 30 40 50 60

Figure 64. Simulated diffraction patterns (Cu Ka) of kesterite CZTS
and of potentially formed, indistinguishable secondary phases.
Reproduced with permission from ref 516. Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA.
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fundamental synthetic concepts, metal and chalcogen pre-
cursors are identical. The main additional challenge in the
synthesis of multinary NCs resides in balancing the reactivity of
the different metal precursors, which is a prerequisite for the
control of their composition and crystalline phase. Among all
compounds, chalcopyrite and kesterite materials have attracted
the highest attention. The former show interesting PL
properties with QYs exceeding 80% after proper surface
passivation, while the latter provide appealing features for use
in photovoltaics, thermoelectrics and photocatalysis. DDT and
elemental sulfur dissolved in OLA are the main sulfur sources
for the preparation of chalcopyrite CulnS, (CIS) NCs. The soft
Lewis base DDT efficiently complexes the soft Lewis acid Cu*
and can therefore also be used as the stabilizing ligand. In one
of the simplest reactions for the synthesis of CulnS, NCs, DDT
acts also as the reaction solvent. Used with copper iodide and
indium acetate in a heat-up synthesis, sub-10 nm NCs in the
chalcopyrite phase result in close to 1:1:2 stoichiometry and a
tunable size with reaction time. In these reactions DDT can be
mixed with ODE and oleic acid can be introduced as additional
complexing agent for In*.**'7>*® CulnE, (E = S and Se)
nanocrysals in the wurtzite phase have been obtained in
syntheses generally comprising amines like OLA, which serves
as a co-complexing agent (cf. Table 9). In initial stages of these
reactions binary CuE or Cu,E nanoparticles are formed, which
transform subsequently into the ternary hexagonal NCs.
Starting from this structure the growth of nanorods and
nanowires has been achieved. Likewise the synthesis of
quaternary CZTS (and CZTSe) NCs was found to occur via
intermediate binary phases, such as Cu,S or Cu, ¢,S seeds, while
Zn** and Sn*" ions subsequently diffused into the lattice
affording homogeneous CZTS particles.”’” In contrast to CIS
syntheses, DDT is not the preferred sulfur source in the
preparation of CZTS but rather elemental sulfur dissolved in
OLA. By means of a continuous flow reactor Cabot and co-
workers produced CZTS nanoparticles of high homogeneity
and low size distribution on a gram scale.””” The same team
used a dual thiol approach for preparing CZTS NCs in the
wurtzite phase, exhibiting an extremely narrow size distribution,
contrasting common believe that multinary NCs are not yet
reaching the same standards as binary compounds (Figure

65).%

Intensity (a.u.)

WALV AWFIVIVA e
20 30 40 50 60 70
20 (degree)

Figure 65. (a) TEM image of monodisperse 12 nm CZTS
nanoparticles of 2:1:1:4 elemental stoichiometry. (b) High-resolution
image indicating the lattice spacing. (c) X-ray diffractogram showing
that the particles crystallize in the metastable wurtzite phase.
Reproduced with permission from ref 528. Copyright 2014 American
Chemical Society.

5. PERSPECTIVES

Semiconductor NCs of nontoxic or less-toxic elements are a
very fertile and burgeoning research field. It is driven on the
one hand by the scientific curiosity of the researchers who push
further the limits of the understanding of the underlying
chemistry and reaction kinetics, which enables the synthesis of
novel types of NCs. On the other hand, NCs have
demonstrated their potential for improving the performance
of optoelectronic devices, in particular those relying on their
light emission capacities.'* Combining narrow, tunable
emission peaks with high quantum yield and photostability
make QDs ideal phosphors for LED and color conversion
applications.””” Used for example as color converters, QDs
strongly improve the color-rendering index of white-light
emitting diodes and of flat-screen TVs when integrated in the
backlighting system.””"”%* Despite their appealing features for
use in the fields of photovoltaics and thermoelectrics to date
the performance of colloidal NCs lags behind other types of
materials. Mastering the surface chemistry, size, shape,
crystalline phase and composition are of prime importance
for efficient charge transfer and transport in NC solids."*”*’
These challenging tasks have so far only been achieved for Cd-
and Pb-based NCs where the charge transport properties are
now comparably well understood.””* The unique properties of
semiconductor NCs also generate new applications, which offer
exciting possibilities, as for example in the field of nano-
medicine. Initially used as diagnostic agents for in vitro and in
vivo biological imaging and detection,”’ NCs nowadays evolve
toward multifunctional tools in the emerging field of
theranostics. As such they can serve as a platform for
vectorizing therapeutic agents while showing diagnostic/
analytic properties and eventually tailored targeting and cell
penetration properties. The use of QDs in this field is still in its
infancy, and most reported advances concern metal and/or
magnetic nanoparticles.””>’% The luminescence properties
inherent to many types of NCs enable their tracking by
fluorescence reflectance imaging (FRI)"”” and in addition
further complementary imaging modes can be implemented by
appropriate surface functionalization. One example is the
surface conjugation of gadolinium complexes on fluorescent
QDs, which are efficient contrast agents for magnetic resonance
imaging (MRI), leading to dual-mode probes.””*”*” Finally, a
field which was at the origin of NC research, photo-
electrochemistry for water-splitting and solar fuel generation,”"’
comes back into the center of attention with recent advances
enabled due to the better understanding of the photocatalytical
processes.”'' As one example hydrogen generation with more
than 50% external quantum efficiency has been achieved by the
simple Ni-decoration of cysteine or mercaptopropionic acid
functionalized CdS nanorods.”'* A 100% photon-to-hydrogen
production efficiency has been reported very recently by
Kalisman et al. using Pt-tipped CdSe spherical core/CdS
elongated shell nanorods with a hydroxyl anion-radical redox
couple working as hole relay shuttle.”"?

The overwhelming majority of proof-of-concept studies for
the aforementioned applications has been reported with the use
of Cd- and Pb-based NCs. There is no doubt that these will not
be a viable solution for real-life applications in the longer term,
due to their (eco-)toxicity. In Europe, derogations from the
RoHS directive, which severely limits the use of materials
containing these elements in electronic equipment, are
currently coming to term. Furthermore, specific regulations
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applying to materials of nanometric dimensions regardless of
their composition are currently under debate. However, a
recent EC statement indicates that this aspect may not be an
obstacle, which could be interpreted in a way that the chemical
risk prevails over the “nano-risk”.”'* As outlined in section 2,
risk is a function of hazard and exposure, and the development
of safer-by-design NCs is therefore one way to minimize risks.
A number of alternative materials have come up in recent years,
which are intrinsically less toxic than Cd- or Pb-based QDs.
Pnictides and the group IV elemental semiconductors play an
important role in this context. III-V compounds and in
particular InP-based NCs reach optical properties close to those
of well-established types of QDs. Still the emission line width
(>40 nm fwhm) and PL QY (generally <80%) require further
improvements. Additionally, toxicity concerns and the com-
parably low Earth abundance of indium™ are issues related to
this material. Materials like Zn3P, could be potential substitutes
provided that their optical properties can be improved.*’

When moving from binary to ternary or multinary
compound semiconductors the choice of materials showing
narrow direct band gaps without containing toxic heavy metals
is significantly enlarged. The most studied by far luminescent
material here is CulnS, eventually containing Zn.”"* Nonethe-
less, in addition to the above-mentioned issues related to
indium, to date no solutions have been found for diminishing
the large emission line width of at least 90—100 nm (fwhm) in
NCs of this and related (e.g., AgInS,, CulnSe,) materials. The
detailed luminescence mechanism is under current debate,”">
however, all descriptions agree on the involvement of intra
band gap states. Their distribution in NC ensembles tend to
broaden the emission line width, independent from the size
distribution of the sample. One possible pathway to circumvent
these particle-to-particle variations is the synthesis of precisely
controlled crystalline phases occurring in the ternary phase
diagram of these compounds. To do so, Yarema and co-workers
proposed synthesis methods relying on the use of metal alkyl-
or silylamides as precursors.’® In contrast to the case of binary
semiconductors, ternary pnictides have not yet been developed
as NCs. This class of materials, M(E Vp, like ZnSiP,,
ZnGeP, or ZnSnP,,”'® has recently gained interest as absorber
materials for solar cell applications, as ZnSnP, for example
presents a direct band gap ranging from 0.75 to 1.7 eV
depending on the crystalline order parameter.”"”

Finally, NCs of the group IV elemental semiconductors Si
and Ge have seen impressive improvement of the control of
their size and size distribution in the past decade. At the same
time “soft-chemical” preparation methods have been elabo-
rated, which no longer rely on extreme reaction conditions in
terms of temperature and pressure. Furthermore, easy-to-
manipulate and low cost precursors have been applied. On the
other hand, their indirect band gap and complex emission
mechanisms make it up until now difficult to achieve efficient
and narrow fluorescence at precisely controlled wavelengths.
Additionally, only a few reports clearly state the obtained
absolute fluorescence QYs.

Among the group IV elements, NCs of carbon, Carbon
nanodots/C-dots, have been prepared from an intriguingly
large variety of naturally occurring starting compounds. Some
of these syntheses can be considered as an ultimate green-
chemistry approach toward nontoxic types of NCs (cf. Figure
66). There is a growing interest in the application of C-dots
since their discovery in 2006, but the understanding of their
optical properties is not yet accomplished. In particular, their

Figure 66. Scheme presenting the large-scale synthesis of fluorescent
carbon nanodots by treating 100 kg of food waste in 500 L of 10%
ethanol with ultrasound at 40 kHz for 45 min, followed by
centrifugation and filtering. Reproduced with permission from ref
718. Copyright 2014 American Chemical Society.

emission shows a strong dependency on the excitation
wavelength. Subjects of current research are the control of
their emission color, reduction of emission line width,
optimization of the PL QY, improvement of the surface
passivation and stabilization of the optical properties.

As highlighted, identifying chemical synthesis routes for NCs
of alternative nontoxic and Earth-abundant materials remains a
challenging task. However, the improved understanding of
reaction pathways, as well as some fortunate accidental findings
have enabled several breakthroughs. Xia et al. stated in 2008:”"”
“At the current stage of development, it is not an exaggeration
to say that the chemical synthesis of metal NCs (as well as for
other solid materials) remains an art rather than a science”.
Today this statement has been invalidated partially. Many
efforts are currently undertaken for improving the under-
standing of NCs’ nucleation and growth mechanisms and for
correlating the precursor-to-monomer conversion rates with the
reaction outcome. Although the small dimensions and short
time scales characteristic for these processes hamper real-time
in situ studies, progress is being made thanks to instrumental
developments of dedicated equipment. As an example the
development of appropriate liquid cell sample holders now
enables the direct observation of NC nucleation and growth in
an electron microscope.'”” These studies are completed by ex
situ measurements on reaction intermediates and products as
well as by simulations of the reaction kinetics.'” Taken
together these efforts aim at the rational design of synthesis
methods giving precise control of size, shape and composition.
In this context, the understanding of the precursor conversion
to monomers has been improved over the last years, both
experimentally and theoretically.*>>”*° This knowledge allowed
the fine-tuning of metal chalcogenide synthesis methods and
gave access to monodisperse samples of desired size and
quantitative reaction yield. One way to realize this goal consists
of the preparation of precursor libraries of smoothly tunable
reactivity and hence conversion rates. This has been illustrated
at the example of metal sulfide NCs, prepared by using a series
of differently substituted thiourea ligands.'”® Similar efforts
have been undertaken with pnictogen precursors in the
synthesis of 11—V NCs.””' However, the tunability of the
precursors was lower and the influence of the precursor-to-
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monomer conversion rate on the size and size distribution was
less pronounced than in the case of the metal chalcogenide
NCs. Insights into the actual structure of the monomers formed
would be of great help for further optimization of the synthetic
pathways. The broader utilization of existing knowledge in the
fields of coordination chemistry and cluster chemistry
constitutes another avenue for the rational design of synthesis
methods of NCs. A large number of main-group bridged
transition metal clusters could be isolated in the form of single-
crystals.””> They represent therefore perfectly monodisperse
systems with dimensions in between those of molecular
precursors and NCs. Their molecular structures, identified by
single-crystal X-ray diffraction, give important information
about the binding modes of ligands on the surface and on
the existence of coordination patterns differing from bulk
materials. Efforts in this direction have recently been made by
crystallizing and analyzing an 1.3 nm Iny,P,o(O,CCH,Ph)s,
cluster.”** Concluding, in view of the progress in this field in
the past two decades, it can be expected that the creativity of
chemists will face the challenges to bring the quality of
alternative nontoxic and Earth-abundant NCs to the same level
as it has been achieved for their Cd- and Pb-containing
counterparts.
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