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Whether you like it or not, science is a fundamental part of our everyday life. It is one of the 
driving forces in the progress of mankind and should not be taken lightly but in everyday sit-
uations we also casually apply scientific thinking. When we run into a problem, we intuitively 
start to figure out the cause and run through possible solutions. If we fail to resolve the issue, 
we go back to the drawing board and try again. Thus, we all apply some form of rational think-
ing in our everyday lives. At its core, science can be considered as the formalization of this 
instinctive problem solving, with the recording of the observations being a notable difference: 
“Remember kids, the only difference between screwing around and science is writing it down”.1 
However, scientific reality is often very counter-intuitive and scientific questions are generally 
more complicated,2 more fundamental,3 and sometimes occurring on such a small scale that 
they are not visible by eye.

The nanoscale, nanotechnology and top-down versus bottom-up
Table salt is an everyday example of a crystal (sodium chloride, NaCl), its crystalline white 
flakes do not only enhance the flavours in our food but also adhere to the scientific definition 
of a crystal. Crystals consist of periodically arranged atoms over large ranges. Thus, a crystal 
can be reduced to the building block that repeats throughout the structure: the unit cell and 
translation vectors. As the crystals become very small, smaller than 100 nanometer (nano being 
0.000000001 or 10-9 meter) the properties of the crystalline material can be influenced by the 
size of the crystal. For comparison, a strand of DNA is 2.5 nm wide, a human red blood cell 
has an average diameter of 7500 nm (0.0000075 or 7.5 × 10-6 meter) and a DVD is 1200000 
nm thick (0.0012 or 1.2 × 10-3 meter). An extensive subfield of the nanosciences consists of 
the study and optimization of colloidal self-standing nanocrystals with the aim to use them 
in nanotechnology. Technological application on a small scale, nanotechnology, emerged as 
a concept in culture and science as early as 1956.4-7 But it has taken until the last few decades 
before nanotechnology began to impact our everyday lives. At the moment, nanoparticles are 
used in applications such as sunscreen, band-aids, TV screens and in medical diagnosis. Even 
the 2023 Nobel Prize in Chemistry was awarded to three scientists, Louis Brus, Alexei Ekimov 
and Moungi Bawendi, for “the discovery and development of quantum dots”.8,9

Many of the components used in computers, smart phones and televisions are produced 
with advanced techniques to create smaller and smaller electronics. Often, these small electron-
ics are prepared with a top-down approach. For example, a big silicon crystal is etched and elec-
trically contacted to create tiny transistors. However, nature has used a bottom-up approach 
that, on a cosmological timescale, has resulted in amazing functionalities. We as humans are a 
larger system, built up from individual components in which for example our DNA serves as an 
encrypted chemical code. A code that is reproducibly used by enzymes to build up incredibly 
complex and fully functional structures such as proteins. Applying a bottom-up approach to 
the production of materials would be a tuneable and versatile addition for the engineering of 
suitable small electronics.

In this thesis, we discuss the synthesis and characterization of colloidal nanocrystals, which 
are nanocrystals dispersed in a solution. All nanocrystals studied here consist of semiconduc-
tors, e.g. materials that have the Fermi-level positioned in a band gap between the valence 
and conduction band and hence, can be switched on and off electronically. In addition their 
opto-electronic properties are influenced by their size. The nanocrystals discussed in this thesis 
consist of lead- or cadmium- chalcogenide units (PbX, CdX, X=Se, S). These nanocrystals are 
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interesting for many novel applications, ranging from IR photodetectors to solar cells. Here, we 
studied the nanocrystals as self-standing objects but also used a bottom-up approach to form 
larger hierarchical 2-dimensional superstructures from nanocrystals. With a solvent evaporation 
method, the nanocrystals were allowed to self-assemble at a liquid interface driven by certain 
interactions between the nanocrystals. Then, the nanocrystals begin to align their crystal struc-
tures and eventually grow together to form one crystal i.e. a crystal of nanocrystals in which 
the atomic planes are aligned with each other. We should remark here that our control of the 
process and the reproducibility does not (yet) come close to the achievements in nature. 

In addition, we studied the intriguing formation of very thin but extended PbS nanosheets. 
The surprisingly rectangular nanosheets were shown to have a deformed orthorhombic PbS 
crystal structure with the incorporation of some defects. By studying the reaction intermediates 
at lower temperatures we observed the evolution of pseudo-crystalline templates toward ma-
ture, crystalline PbS nanosheets. With these observations we were able to propose a reaction 
mechanism. In addition, we monitored the chemical transformation of the PbS nanosheets into 
CdS nanosheets of the same dimensions by Cd-for-Pb cation exchange. We observed that, in 
the early stages of the exchange, the nanosheets show large in-sheet voids that repair sponta-
neously upon further exchange and annealing, resulting in ultrathin, planar, and crystalline CdS 
nanosheets. 

Scope of the thesis
In chapter 2, I briefly present the background necessary to understand the concepts and ter-
minology used in the rest of the thesis. Specifically, I discuss the implicit presence and usage 
of nanocrystals in history and then go into how we understand nanocrystals currently. First, I 
discuss the inorganic core of the nanocrystals and the influence of dimensionality on the lumi-
nescent properties. Then, I briefly discuss the post-synthetic process of cation exchange with 
which the crystalline core of the nanocrystals can be tailored further. From there, I give some 
insight into our understanding of the surface chemistry of nanocrystals in general and specifi-
cally the organic ligand layer which stabilizes the nanocrystals in dispersion. I briefly discuss a 
classification method with which the binding of ligands to the surface, and surface tailoring via 
ligand exchange can be understood. I go on to discuss the interactions between ligand-stabilized 
nanocrystals in an organic apolar dispersion, specifically looking at the interactions between 
nanocrystals which play a role during self-assembly. Finally, I present a short introduction on 
oriented attachment at a liquid interface to introduce chapter 3. 

In chapter 3, I discuss the literature on oriented attachment up until 2020, based on our 
review paper published on the subject. I discuss the different types of stabilization for nanocrys-
tals in dispersion, followed by the general history of oriented attachment. Specifically, I focus 
on oriented attachment in the PbX (X = S, Se, Te) and CdX family (X = S, Se, Te). Finally, 
there is a discussion on the current state of the in situ study of oriented attachment with X-ray 
scattering methods and the additional insight to be gained from molecular dynamics simula-
tions to model the nanocrystal assembly and orientation at an interface.

In chapter 4, I present a study of the formation of honeycomb superlattices fashioned from 
PbSe nanocrystals by self-assembly and oriented attachment. Initially, I discuss how to avoid 
perturbation of the superlattice prior to characterisation by drying the structure in vacuum as 
soon as possible. Then, I studied the influence of the reactivity of the liquid substrate on the 
formation process and the final stages of alignment and attachment of the PbSe nanocrystals. 
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The self-assembly pathway was then further investigated by varying the repulsion potentials 
between the nanocrystals in coarse-grained molecular dynamics simulations.

In chapter 5, I discuss our study of the synthesis and growth mechanism for 2D PbS 
nanosheets. With atomically resolved TEM techniques we elucidate the structure of the 
nanosheets and study the crystallinity of the nanosheets during the growth (synthesis). The ex 
situ analysis allowed us to propose a reaction mechanism for the growth of these nanosheets. 
Finally, we apply this knowledge to improve the crystallinity of the synthesized PbS sheets.

In chapter 6, I show a post-synthetic Cd-for-Pb cation exchange starting with PbS 
nanosheets, in order to obtain CdS nanosheets. With ex situ TEM analysis we studied the cat-
ion exchange in time: Early on, the nanosheets show significant damage; but over time the dam-
age is repaired and the completely exchanged CdS nanosheets even show (trap) luminescence.
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Here, we provide some of the foundational knowledge to comprehend the concepts and ter-
minology used in the rest of this thesis. Initially we discuss the nature of light and how it gives 
colour to objects in our everyday life. Then we delve into the presence and empirical craftsman-
ship allowing the utilization of nanotechnology throughout history, before we continue to our 
contemporary scientific understanding of nanocrystals (NCs). First, we explore the crystalline 
inorganic core of NCs, emphasizing the impact their size and shape have on specifically their 
luminescent properties. Then, we discuss the post-synthetic process of cation exchange, by 
which the NC core can be tailored further towards NCs with shapes and compositions not 
accessible via direct synthesis. 

Subsequently, we focus on the broader understanding of the NCs surface chemistry, spe-
cifically the surface pacifying organic ligand layer. This ligand layer can stabilize the NCs in 
dispersion and generally determines the interaction of the NCs with the environment and other 
NCs. We briefly discuss a classification method which categorizes ligands by the number of 
electrons they contribute to the bond formed with the surface atom and how this knowledge 
can be applied when tailoring the ligand shell with ligand exchange. We also discuss the inter-
actions between ligand-stabilized NCs, specifically during self-assembly of these NCs. Finally, 
we introduce oriented attachment, a method with which larger (thin) superstructures or super-
lattices can be formed from directly connected NCs.

2.1. What is light?
The electromagnetic spectrum organizes photons, particles of light, based on their energy or 
wavelength i.e. energy that travels as particles or waves and spreads out as it goes.1 In Figure 
2.1 we show the electromagnetic spectrum schematically. Visible light, i.e. the part that the 
human eye is sensitive to, only covers a small part of this spectrum. While we see this light as 
white, it is actually a combination of colours and wavelengths between 380 nm (violet) and 660 
nm (red). Once the light is diffracted or refracted, for example through a prism, by raindrops 
or on the back of a DVD, we can distinguish the separate colours of the rainbow present in the 
white light. 

400 nm

3.1 eV 2.48 eV 2.07 eV 1.77 eV

IRUV

500 nm 600 nm 700 nm

infrared radio wavesultravioletX-raysGamma

10-10 10-9

1 nm1 Å 100 nm 1 mm 1 cm

10-8 10-7 10-5 10-4 10-3 10-2 10-1 1

1 m

10-11

Figure 2.1 Schematic overview of the electromagnetic spectrum which ranges from waves on a meter scale 
to waves on angstrom scale. A human’s eyes are only sensitive to the visible light between 380 (high energy) 
and 760 nm (low energy). 
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The colour of an object comes from the spectral parts of visible light that it absorbs and 
reflects. For example, an object is perceived as black when it absorbs photons from the en-
tire visible spectrum, but when it reflects photons across the entire spectrum it is perceived as 
white. Varying mixes of absorbed and reflected light then give rise to any colour in between. 
Whether or not a material will absorb a photon is determined by the energy difference between 
the ground state of the material and the excited states, commonly referred to as the bandgap 
energy. Photons with an energy lower than the bandgap are either reflected or transmitted, 
while those with an energy equal to or higher than the band gap are absorbed. Just below the 
visible light, at a lower energy (on the right of Figure 2.1), lies the infrared region (IR), while 
at a slightly higher energy we have the ultraviolet region (UV). Human eyes are less (or not at 
all) sensitive in these areas, but many animals are still able to see one or the other (goldfish are in 
fact sensitive to both)2 and we commonly still refer to these areas as light. For many applications, 
such as medical imaging, sterilisation and night-vision suitable UV/IR sensitive materials are 
required. In this field, semiconductor nanomaterials have become a rapidly growing class of 
candidates, especially due to their small size, low production cost and tunability.

2.2 The inadvertent historical presence of nanocrystals
In our daily lives, the properties of materials are independent from the size of the object. A sheet 
of paper for example, does not change colour if it is cut into smaller pieces. But, when materials 
become small enough, their properties can become size-dependent and be very different from 
their macroscopic (bulk) counterparts. These so-called nanomaterials have at least one dimen-
sion smaller than 100 nanometer. One nanometer is 0.000000001 or 10-9 meter, for comparison 
a human red blood cell has an average diameter of 7500 nm (0.0000075 or 7.5 × 10-6 meter) 
and a DVD is 600.000 nm thick (0.0006 or 6 × 10-4 meter). While the concept of technology 
on a small scale first emerged in science fiction literature,3,4 its scientific origin is associated with 
two speeches. The first a speech by Richard Feynman in 1959 (There is plenty of room at the 
bottom),5 and the second a speech by Norio Taniguchi 15 years later (On the basic concept of 
nanotechnology).6 These lectures galvanized a scientific focus on the nanoscale and then during 
the 1990s, funding by various scientific institutions further encouraged the connection between 
nanotechnology and future applications.7-9 Over the last 30 years, research into nanomaterials 
has drastically increased, and nanocrystals are currently exploited in a growing number of com-
mercial applications. For example, nanomaterials are used in television screens, sunscreen and 
protective coatings.10 Still, the association between “nano” and the future remains strong in the 
public mind. Nanotechnology is predicted to further shape our future, expected to play a pivotal 
role in the generation of devices in electronics, medicine, photonics, textiles and catalysis or 
more.11

Despite the futuristic connotations of nanomaterials, they have a long history of being used 
and adapted precisely because of their tunability, but without the basic physical-chemical un-
derstanding of the system. The study of historical objects has shown that nanoparticles were 
used, and their production (empirically) mastered long ago. As early as the Bronze age (approx-
imately 3300 to 1200 Before the Common Era, BCE), silica melts were enriched with metallic 
colorants (such as Cu, Co, Fe, Mo and Ag) to make coloured glass. In highly reducing atmos-
pheres the metal oxides were reduced to nanocrystals (NCs) which coloured the glass. The As-
syrians developed a recipe for the incorporation of gold in glass (a ruby red colour) in 700 BC,12 
but the technique was mastered by the Romans. A beautiful example is the dichroic Lycurgus 
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cup (4th century Common Era, CE) which looks green in reflection, but red in transmission. 
These techniques continued to evolve and by the 12th century the observable properties and 
colours were so well-controlled that large glass-stained windows could adorn cathedrals. 

So far, we discussed historic examples of metallic NCs, but one of the earliest examples of 
semiconductor NCs is of lead sulphide galena as hair-dye (PbS). In Greco-Roman times (8th 
century BCE to 5th century CE) lead oxide in an alkaline environment could react with the 
sulphur-based amino acids of keratin in hair. The formed PbS NCs blacken the hair but keep 
it soft and pliable. As early as 2000 BCE and occasionally throughout history, it was suggested 
that lead can be toxic, but its many symptoms were not yet well defined and its toxicity may 
have played a role in the decline of several civilisations including the Roman empire.13 The 
important properties of lead, like it’s softness, malleability, ductility, resistance to corrosion and 
abundance made it a material used extensively. The many applications have ranged from an ar-
tificial taste enhancer in wine, to make-up for lightening the skin, a drying agent in paint and off 
course in plumbing. We now understand that lead is highly toxic, but it took until the 20th cen-
tury before legislation restricting its use was enacted.14 However, the many applications and its 
non-biodegradable nature means that the lead will never fully disappear from our environment. 

For centuries, NCs were used and manipulated without the scientific understanding of the 
basic physical-chemical properties of the system. It was not until the 19th century that chemist 
and physicist Michael Faraday suggested that the colour of Au colloids was linked to the size 
of the dispersed objects (read NCs). In 1857 he was etching thin gold microscopy samples and 
accidentally prepared a red coloured gold dispersion (a dispersion that is still stable over a 150 
years later). When shining a beam of light through the dispersion, he observed a well-defined 
cone. It led him to the conclusion that “finely-divided gold” could be the origin of the red col-
our. When adding salt, the colour of the dispersion turned blue and although he was unable to 
explain why, he suggested that “a mere variation in the size of its particles gave rise to a variety 
of colours”. 

It took until 1898 (31 years after Faraday’s death) before the colloidal nature of gold in red 
coloured glass was proven with the slit ultramicroscope.15 The development of advanced optical 
microscopy and spectroscopy techniques proved to be very important to the modern nanoma-
terials field. Eventually the slit ultramicroscope earned Zsigmondy the 1925 Nobel Prize in 
chemistry and its development led directly to two more Nobel prizes.16 For the development of 
these advanced techniques, the preparation of high-quality transparent and coloured glass was 
essential. The optical properties of so-called “schott-glasses” containing CdS and CdSe were 
studied extensively.17 In particular, scientists were tuning the absorption and emission edge by 
varying the preparation temperature of the glasses.18,19 Quickly, these studies were expanded 
and NCs of very different compositions, in varying matrices or as colloids were characterized, 
showing similar optical properties.11

These studies formed the basis for the work of Alexey Ekimov (a Russian) and Louis Brus 
(an American). Separated by the Iron Curtain, they independently and intentionally synthe-
sized and studied semiconductor nanocrystals.20 They both correctly attributed the observed 
size-dependent properties to the quantum confinement effect. Ekimov studied copper chloride 
NCs in glass. When heating the glass, the NCs grew bigger and the optical absorption shifted 
to longer wavelengths and lower energy.21,22 At the same time, Brus worked on CdS NCs dis-
persed in water. Over time, the absorption spectra of these dispersions shifted to lower energy 
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something which he suspected was a size effect.23 It was not until 1984 that Brus learned of 
Ekimov’s publications and despite some early contact, collaborations between Ekimov and 
Alexander Efros started in earnest after the fall of the Iron Curtain. Together, they connected 
the empirical evidence on size effects with scientific understanding of the underlying process. 
They ascribed the size-dependent optical properties of semiconductor NCs to confinement of 
the exciton in a NC smaller than the exciton Bohr radius, the “quantum size effect”.24,25

The aqueous dispersions of NCs suffered from polydispersity, i.e, the nanocrystals varied 
in size and shape and the light-emission upon photo-excitation was poor. It inhibited both 
their characterization and potential for applications. Then, in 1993 Mounghi Bawendi, David 
Norris and Chris Murray published a new method for NC synthesis. This so-called hot-injec-
tion synthesis, primarily developed by Murray and Bawendi, starts with the quick injection of 
organometallic precursors in a high-temperature solvent. The injection abruptly supersaturates 
the solvent with precursors, which initiates nucleation. These nuclei then continue to grow 
slowly as functional organic ligands bind to the surface atoms. The ligands provide colloidal 
stability and passivate uncoordinated orbitals, thereby improving the optical properties. The 
synthesis method formed macroscopic quantities of well passivated NCs with a good size dis-
persion controlled by the temperature of the reaction. This adaptable, reproducible and precise 
benchtop synthesis further inspired the rapidly growing nanoscience field. Over the next 30 
years, the basic principle of the synthesis was extended to a plethora of other semiconductors 
and NC shapes.26-29

These three scientists, Louis Brus, Alexei Ekimov and Moungi Bawendi, were recently 
awarded the Nobel Prize in Chemistry for “the discovery and development of quantum dots”. 
However, if the Nobel Prize was not limited to three (living) winners, the list of laureates could 
have been much longer.

2.3 Nanomaterials and their properties 
A crystal is a solid material that has long-range order, or more precisely, it is build up from pe-
riodically arranged atoms, ions or molecules. There are many geometric structures possible, but 
the entire structure of a crystal can always be described by the unit cell, an identical unit which 
is repeated throughout the crystal.30 Energy is required to cut a crystal, as it cost energy to break 
the bonds between the atoms in the crystal lattice and to form new surfaces. The surfaces of 
crystals in the ≤ 100 nm size are known as crystal facets, small-area specific crystal surfaces. 
Depending on the direction in which the unit cell is cut, a variety of facets can form. The type 
of facet that is exposed has a big impact on the overall chemical and physical properties of these 
crystals. By the adsorption of molecules onto the surface, the relative stability of the facet can 
be altered significantly.31

Nanocrystals, particularly colloidal nanocrystals, consist of an inorganic crystalline core 
with surface facets that are covered by an (organic) layer of ligands (Figure 2.2a). As a chemist, 
we apply the principles of inorganic chemistry to design the core of a NC: those of organome-
tallic and coordination chemistry to address the NC surface−ligand interaction,32 and those 
of physical and organic chemistry to understand the ligand−solvent interaction.33 As such, we 
should keep in mind that colloidal NCs are hybrid particles, of which the overall properties are 
determined by the mutual interaction of the inorganic core with the ligands. The interesting 
optoelectronic properties predominantly originate from the size and shape of the inorganic core. 
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The (soft) ligand layer around the core dictates the interaction of the nanocrystals with the 
environment. When the ligands have a favourable interaction with the surrounding solvent they 
maximize their interaction by sticking out from the surface like a hedgehog. However, if the 
ligand-solvent interaction is unfavourable the ligands stick to each other and destabilize the 
nanocrystal dispersion (Figure 2.2a). We will discuss the properties of the ligand layer in more 
detail in section 2.3.3.

a

c

b conduction band

band gap

band gap

2 nm 6 nm

valence band

Figure 2.2 (a) Schematic representation of colloidal NCs when dispersed in a favourable and unfavourable 
solvent. (b) Schematic representation of the band structure of a bulk semiconductor material. (c) Schematic 
representation of the quantum confinement effects: the bandgap of the semiconductor material increases 
with decreasing size, and discrete energy levels arise at the band-edges. Note that the energy difference 
between the band-edge levels also increases with decreasing size.
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2.3.1 The crystalline inorganic core 
The colloidal NCs studied here all consist of binary II–VI semiconductors (e.g., CdS, PbSe, 
PbS). In bulk, these materials, like all solids, consist of a large number of closely packed atoms 
(more than ~107 atoms). When atoms bind together the wavefunctions of the valence electrons 
overlap and the atomic energy levels split into bonding and non-bonding molecular energy lev-
els. In macroscopic solids the large number of atoms obscures the energy levels of the individual 
atoms. Instead, two energy bands with a quasi-continuous density of states are formed. The 
valence band (VB) is the highest energy band still occupied by electrons, while the conduc-
tion band (CB) is the highest empty band (Figure 2.2b). These two bands are separated by a  
material-dependent gap, the band gap (Eg) an area with no available energy states.34 The pres-
ence of electrons in the CB determines whether a material can conduct electricity. When there 
are no electrons in the CB, the electrical conductance is very low, making the material an 
insulator, but as soon as there are electrons in the CB the material can conduct. In between 
these two extremes are the semiconductors, their band gap is small enough for electrons to 
be promoted from the VB to the CB by external energy input. As such, insulators can also 
be transformed into semiconductors by addition of impurity dopant atoms, these introduce 
energy states in the band gap from which electrons can be thermally excited into the CB.35 For 
example, thermal energy (heat), or light (photons) with an energy at least equal to the band gap 
can excite these electrons to the CB (Figure 2.2b). An excited electron (e-), leaves a hole (h+) 
behind in the VB, and together they form an electron-hole pair, an ‘exciton’. When the electron 
and hole recombine, it can result in the emission of a photon with the precise energy of the band 
gap but non-radiative pathways are possible as well.

As semiconductors become smaller than ~100 nm (consisting of less than ~107 atoms), their 
physical and chemical properties become size-dependent. Two fundamental nanoscale effects 
are the cause of this, the first being the increase in the number of atoms at the surface relative to 
the internal atoms. Atoms at the surface have fewer neighbouring atoms than the inner particles 
and thus they have unsaturated chemical bonds (“dangling orbitals”). The second effect is spa-
tial confinement, as the NCs become smaller than ~100 nm, the number of atoms in the particle 
decreases (to 106 or even fewer atoms). Thus, less atomic orbitals are available to form the band 
structure while the nanocrystals approach the exciton Bohr radius (a0). This material depend-
ent length scale describes the spatial expansion of the excitons in the solid and ranges from ~2 
to 50 nm. In bulk material the excitons have a natural size decided by the kinetic energy of the 
carriers and their attraction, but in NCs they become confined. Thus, the band gap increases 
while the continuous spectrum of electronic states becomes discrete.36 In addition, confinement 
is also influenced by the shape of the nanocrystal, a sphere induces quantum confinement in 3 
dimensions. However, in a rod the excitons are confined in only two dimensions. Nanosheets 
or nanoplatelets allow confinement to even be brought down to atomic level control, one atom 
layer less and the confinement increases significantly.

The size-dependence of the NC band-gap allows the direct tuning with high quality control 
of the optical properties of the semiconductor NCs through a wide range of wavelengths.37 
However, the spectral region in which the NCs can be tuned is largely influenced by the exci-
ton Bohr radius of the material. For example, NCs made from cadmium selenide (CdSe) have 
been studied extensively, partially due to their beautiful emitting colours. The bulk band gap 
of CdSe is 1.74 eV (712 nm), and all light with a higher energy than the band gap is absorbed 
while the red light is reflected. Thus, the colour of bulk CdSe is red. The exciton Bohr radius 
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is only 6 nm,36 meaning that CdSe NCs of ~12 nm begin to show quantum confinement. To 
excite the electrons from the VB to the CB, photons with higher energy than the band gap are 
necessary, shifting the absorption onset to higher energy (lower wavelength). After excitation, 
the excited electron can emit a photon, with the precise energy of the band gap, to return to 
the VB ground state (Figure 2.2b). We schematically show the size-dependence of the band 
gap for CdSe NCs from 2 to 6 nm in Figure 2.2c. There, the colour of the NCs represents the 
colour upon emission, i.e., the luminescence colour. However, when observing a dilution of 
CdSe NCs in daylight (Figure 2.3a), the colour is less clear than under UV-excitation where 
we do we observe the beautiful colours of the emitted photons (Figure 2.3b).  

By contrast, lead selenide (PbSe), has a much smaller bulk bandgap of 0.27 eV (4592 nm) 
and an exciton Bohr radius of 46 nm.38 Thus, the absorption spectrum of all PbSe NCs lies 
outside of the visible range, all visible light is absorbed and the dispersion appears black.(Figure 
2.3b) However, the principle is the same and the optical properties of PbSe can be tuned in the 
IR in a similar fashion as for CdSe.

a

2 nm 4 nm

2 nm 4 nm 5.5 nm

5.5 nm

b
PbSePbSeCdSeCdSe

CdSeCdSe PbSePbSe

Figure 2.3 (a) Pictures of CdSe and PbSe NC dispersions in daylight and under excitation with a UV-lamp  
(b). While CdSe shows a nice variety of colours, the band gap of PbSe NCs lies in the near-infrared resulting 
in a black dispersion under both conditions. Figure prepared with input from Relinde Moes and Elleke van 
Harten.
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2.3.2 Cation exchange in colloidal nanocrystals
After synthesis, the crystalline core of the colloidal NCs can be further customised with 
post-synthetic treatments, one of which is a cation exchange reactions. All colloidal NCs stud-
ied here consist of large anions (S2-, Se2-) and smaller cations (Pb2+, Cd2+). In Figure 2.4 on 
the left we show a schematic depiction of a PbSe NC synthesized by wet-chemical synthesis. 
In a cation exchange reaction, the cations of the parent NCs are substituted by a new cation. 
Thus, NCs with an AX composition (A being the cation, X being the anion) can be (partially) 
exchanged into BX NCs. During these reactions the anion sublattice is not significantly altered 
or distorted. It can function as a structural framework while the exchange occurs, even when 
degree and rate of cation exchange is high.39 We note here that anion exchange is also possible, 
but due to the larger size and lower diffusivity of these ions that exchange is more challenging 
in a controlled manner.40-44

In a cation exchange reaction, the parent NCs can be either completely exchanged (BX),45,46 
partially exchanged (A1-yByX) or can form heterostructures (AX/BX) with atomically sharp 
interfaces and band gap offsets.47-49 Remarkably, the size, shape and crystal structure of the 
“parent” NCs is preserved in these reactions due to the stable anion framework. Consequently, 
cation exchange reactions were developed into a powerful post-synthetic tool with which to 
obtain colloidal quantum materials that are unattainable or challenging to achieve by direct 
synthesis. The anion network is not significantly altered or distorted, allowing it to function 
as a structural framework whilst the exchange occurs, even in cases where the degree of cation 
exchange is high and the process rapid.

heterogeneous moving front

homogeneous distribution

parent NCs cation exchanged NCs

original cation
new cation
anion

original cation
anion

Figure 2.4 Schematic depiction of the parent NCs as synthesized (left), including ligand layer and inorganic 
crystalline core consisting of cations (blue) and anions (orange). The number of defects or missing ions in 
the image, is just to point out that any crystal will contain defects. On the right the schematic depiction of 
cation exchange in the parent NCs. The upper scheme displays a homogeneous distribution while the lower 
scheme shows a heterogeneous moving front. Figure adapted from Maarten Bransen.
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In bulk crystals, long-range solid-state ion diffusion is required; then for cation exchange 
high temperatures and pressures are necessary (above 600 °C).43 In contrast the short distances 
and abundance of facet/solvent interfaces of NCs makes ion diffusion (solid-state-ion diffusion) 
significantly easier. As such, relatively low temperatures and short reaction times (minutes to 
hours) are enough to achieve cation exchange. Some exchange reactions can even happen at 
room temperature and with stoichiometric amounts of the replacing cation (e.g. Cd2+ for Ag+ 
exchange in CdS NCs), but others still require higher temperatures and large excesses of the 
replacing cation (e.g. Pb2+ for Cd2+).37 

Understanding cation exchange requires consideration of the chemical equilibrium (ther-
modynamics) and all factors that determine the rates of cation exchange (kinetics). In the cat-
ion exchange procedure, the new cation precursor is added to a dispersion of parent NCs and 
the overall free energy of the reaction will determine if the exchange will proceed. This free 
energy of the reaction depends for example on the nature of the incoming and outgoing cations, 
their relative stabilities in the NCs and in solution and the overall stability of the NCs before 
and after exchange. Then, a chain of inherently linked elementary kinetic and thermodynamic 
steps have to proceed collectively for the exchange to occur.37,39,43,50,51 The rate at which the 
new cations diffuse into the parent NCs and displace the parent cations also depends on many 
factors: for example whether the cation can diffuse through interstitial sites, if vacancies are 
present (even on the surface)52 and if the NCs contain defects such as dislocations, stacking 
faults, and possible grain boundaries.51,53,54

As the cations are exchanged in a NC, the area between the old and the new crystal struc-
ture, the reaction zone, is where significant structural distortions occur, where vacancies and 
sometimes defects form. If a NC is significantly larger than the reaction zone, only a portion of 
the NC at a time will experience invasive structural distortions, but a smaller NC will be com-
pletely distorted.43 By studying cation exchange in anisotropic NCs, such as rectangular nano-
sheets, the reaction front can be followed with respect to the crystal structure.55,56 The study 
of Cd-for-Pb exchange in anisotropic PbSe NCs by Casavola et al., allowed her to propose a 
plausible mechanism by which the cation exchange occurs. It was stated that the solid diffusion 
of Cd, Pb atoms within the nanostructure takes place through vacancy-assisted migration in the 
cation sublattice. It presumes that a vacancy is present at the surface, which then diffuses to the 
AX/BX interface. This diffusion means that B ions jump into the vacancy while also leaving a 
vacancy behind, an A ion can jump into the new vacancy and leave the AX core. Cascading 
vacancy-assisted jumps can allow the A ion to reach the surface, after which it is exchanged for 
a B ion and continues on into the solvent, usually assisted by a coordinating ligand.45

There are two ways in which the new cations can spread through the parent NCs. For 
instance, the new cations could spread homogeneously (a uniform distribution, Figure 2.4 
right top); a type of exchange which has for instance been observed for impurity doping with 
magnetic cations.57-59 Or, a BX phase could replace the AX phase and form heterointerfaces 
(Figure 2.4 right bottom).45,56,60 Usually, these interfaces form when the reactivity of the facets 
varies over the structure,61,62 or when the AX and BX lattice structures are different, e.g. rock 
salt PbSe versus zinc blende CdSe in Pb for Cd exchange.51,63-65 In chapter 6, we monitor the 
Cd-for-Pb exchange of PbS NSs. The 2D nature of these sheets allowed us to follow the cation 
exchange in a specific orientation by ex situ techniques. 
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2.3.3 The organic ligand shell
Having discussed the inorganic crystalline core of the NCs, we now continue to the (organic) 
outer layer or “shell” of colloidal NCs (Figure 2.5a). Both parts can be changed separately, but 
their mutual interaction dictates the overall properties of the NC.37 The ligand shell electroni-
cally passivates the unsaturated atoms on the surface facets of the NCs and determines the mo-
lecular interaction of the NCs with the surrounding medium. The organic surfactant molecules 
(i.e. ligands) are amphiphilic. They have a polar head group and a non-polar hydrocarbon tail. 
Ligands can form coordinating bonds between the metal ions at the surface of the NC and the 
unshared electrons of the electron donating atoms (such as N, O, S, P) in the polar head group. 
In this manner, the polar head passivates the surface and the apolar hydrocarbon tail interacts 
with the solvent surrounding the colloidal NCs. These tails have a favourable interaction with 
an apolar solvent and will extend fully to increase their contact area. Thus, they provide the 
NCs with colloidal stability by forming a mohawk/bristle and forming aggregates.66,67 Howev-
er, with a polar solvent the tails interact unfavourably and preferentially attract other ligands 
from adjacent NCs destabilizing the colloidal NC dispersion (Figure 2.2a).

During the synthesis of colloidal NCs the ligands play an important role. Bulk crystals crys-
tallize predominantly in the thermodynamically stable phase. In the case of nanocrystals, the 
surface stabilizing ligands can lower the surface energy of specific facets. Colloidal NCs are 
synthesized with a (metastable) crystal structure and overall shape influenced by the ligands. 
When a strong bond forms between the ligands and a facet, the growth rate on that facet will 
decrease, while weaker bonds can result in unstable growth. For example, the rock salt PbSe 
NCs shape is directly influenced by ligands. For the uncapped facets of this cubic crystal struc-
ture the (calculated) surface energy varies greatly. The nonpolar (100) facets have a low surface 
energy of 0.184 J m-2, while the surface energy of the (110) and (111) facets are respectively 73 
and 78% higher (Table 2.1).68 A PbSe NC without ligands would have a cubic shape consisting 
of only {100} facets (Figure 2.5b) to minimize the overall surface energy. 

(100)(100)

(111)(111)
(110)(110)

(111)
(110)
(100) 6

8
8

Calculated 
surface energy

Surface energy 
increase

Facet Number 
of facets on a NC

0.184 J m-2

0.318 J m-2

0.328 J m-2

-
73%
83%

nonpolar
nonpolar

reconstructed

Pb / Se
Pb / Se

Pb

Type Atoms

Table 2.1 Overview of the calculated surface energies of a rock salt PbSe NC,68 with a schematic depiction 
of such a PbSe NC below.
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In practice, the higher energy {110} and {111} facets are stabilized by ligands, resulting in NCs 
shaped like a truncated cube-octahedral (Figure 2.5c). After synthesis, large surface recon-
structions can occur and the ligand density can vary, effectively varying the facet-size. When 
the NCs have a high ligand density, the high surface energy facets are stabilized, while a lower 
ligand density results in the prominence of the low energy {100} facets (Figure 2.5d and e).69 
In general, it is good to keep in mind that for a PbSe NC with a diameter of about 6.5 ± 0.3 
nm and an average of 505 oleate ligands per NC, the lower and upper limit for the coverage per 
facet becomes 3.7-5.0 nm-2 for {111}, 2.0-4.3 nm-2 for {110}, and 0-1.0 nm-2 for {100}.70 Thus, 
we can consider the {100} facets to be “reactive” as they both have a lower ligand density and 
form weaker ligand bonds.

A bond between a ligand and a surface atom can sound like something very definite, but 
NMR analysis has shown that the surfactant molecules bind to- and dissociate from the sur-
face reversibly, on a bond-strength dependent timescale.71,72 Weaker ligands, such as amines, 
interact with the surface at faster rates (≥ 0.05 ms-1), while ligands that form stronger bonds 
stay longer on the surface (s-1 range).37 Thus, over time the number of ligands bound to the NC 
surface fluctuates significantly. Consequently, NCs cannot be defined as systems with a single 
chemical formula, instead we should consider them as dynamic structures with batch-to-batch 
variations, an inconstant ligand shell and compositions and shapes that are ligand concentra-
tion-dependent. Working with colloidal NCs in a controlled manner can thus be a challenge, 
especially over long periods of time.

ba

c

atoms modelHAADF-STEM

modelatomsHAADF-STEMhigh

low

e

d

Figure 2.5 (a) A schematic and more detailed image of a colloidal NC, with amphiphilic organic molecules 
which bind to the crystal facets of the NC. Image adapted from Maarten Bransen. (b) Schematic model of a 
rock salt PbSe NC with minimized surface energy, a cube of only {100} facets. In the presence of ligands (c), 
the higher energy {110} and {111} facets are stabilized forming a truncated cube-octahedral. In (d) and (e) 
we show an HAADF-STEM study of PbSe NCs with an atom counting technique for a low and high-ligand 
density NC, reproduced from a paper by Peters et al.69 The intensities of the columns in the HAADF-STEM 
image are integrated and the numbers of lead atoms in that row are counted and color-coded in the middle 
image, blue is only 1 atom but red is 16 or 19 atoms. The right panel shows the proposed model for the 
fitted data of multiple NCs characterized in this way. Notice the increased size of the {111} facets for the 
oleate-saturated NCs.



Theoretical Background

17

2.3.4 Ligand classification
In semiconductor NCs the surface can consist of both the metal cations and the non-metal 
anions. Both ions can form bonds with ligands, but the number of options for anions (e.g., S, Se, 
Te, P) is quite limited (typically alkyl phosphines such as trioctylphosphine are used). There are 
many more options for ligand head groups that bind to the metal cations (e.g., Cd, Pb, Zn), such 
as organic alkylamines (R-NH2), fatty acids (R-COOH), or alkylthiols (R-SH) and even fully 
inorganic molecules or ions such as S2− or OH− were shown to  work as surfactants.37

The Covalent Bonds Classification (CBC) method is a way to categorize ligands by the 
three possible bond modes defined and depicted schematically in Figure 2.6. Classification is 
done based on the number of electrons the neutral ligand contributes to the bond that is formed 
with the valence shell of the surface metal cation (M).73 A ligand can contribute either two 
(L-type), one (X-type) or zero (Z-type) electrons to the ligand-metal-bond (Figure 2.6). In a 
chemical sense, the L-type ligands (2-electron donors) are actually Lewis bases and Z-type lig-
ands (0-electron donors) are Lewis acids. These ligands form dative bonds with L-type donors 
or Z-type acceptors. X-type ligands (1-electron donors) are radicals, which can form a normal 
covalent bond with other X-type ligands.74 Electrostatic and covalent contributions determine 
the strength of Lewis acid and base interactions. Smaller and/or more charged metal ions (i.e. 
hard Lewis bases) will form stronger bonds with donors capable of strong electrostatic interac-
tions (i.e. hard Lewis bases). Conversely, larger and/or less charged metal ions (i.e. soft Lewis 
acids) will favour larger and more polarisable ligands (i.e. soft Lewis bases).

X-type

1 electron donor
terminates lattice

L-type

2 electron donor
Lewis bases

Z-type

0 electron donor
Lewis acids

X-type

1 electron donor
bound ion pair

M          L

M XM X

M          ZMX2

X-X

L

X
+[HB]

M = Cd, Pb etc.
E = S, Se etc.
X = O2CR, Cl, SR etc.
L = PR3, NH2R etc.
MX2 = Pb(O2CR)2, CdCl2, Pb(SCN)2 etc.
[HB]+ = [HPBu3]+, [H4N]+ etc.

Figure 2.6 Nanocrystal ligand binding motifs as defined by the Covalent Bond Classification method.73 A 
ligand can contribute either two (L-type), one (X-type) or zero (Z-type) electrons to the ligand-metal-bond. 
The X-type ligands can either terminate the crystal lattice or bind as an ion pair. In a chemical sense, the 
L-type ligands (2-electron donors) are actually Lewis bases, Z-type ligands (0-electron donors) are Lewis 
acids and X-type ligands are radicals. Schematic picture adapted from reference 32.
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Post-synthetically, the original ligand shell can be exchanged but the bond strength of the 
native ligands largely determines the success of these treatments. The stoichiometry of semicon-
ductor NCs and the composition of their facets greatly influences the NC ligand shell. Often, 
the synthesized NCs have cation rich facets,75 which are passivated by anionic X-type ligands 
such as oleates.71,76 However, we should note again that it is not the ligand that is classified with 
CBC but the binding mode. Thus, oleic acid/oleate could also bind in an LX or a L2 mode,77 or 
NCs could even be rethought as a stoichiometric inorganic core which is stabilized by adsorbed 
lead oleate Z-type ligands. Unfortunately, solution NMR does not provide the necessary level 
of detail to distinguish these types of binding. Ligands weakly bonded with the surface atoms 
are easily replaced by stronger ligands (e.g. amines by thiols). When replacing ligands with a 
comparable binding strength (i.e. the same functional head group) or a weaker ligand (e.g. fatty 
acids by amines) a large excess of the new ligand is needed.37 Keeping the CBC characterization 
in mind, X-type, L-type and Z-type ligands can all be exchanged by different ligands of the 
same type (Figure 2.7 top). Although the Z-type displacement can be promoted by an L-type 
ligand binding to the surface (Figure 2.7 bottom). 

Figure 2.7 Ligand exchanges of L-, Z- and X-type with the same type of ligand (top). For Z-type also 
L-type promoted exchange is possible where the Z-type ligand is displaced and binds to an L-type to form a 
complex, as the other L-type ligand binds to the surface. X-type ligands such as oleates on PbSe NCs, need 
protonation before being displaced. For example, a simple alcohol could provide the proton necessary for 
the oleic acid to leave the surface of the NCs. There is however discussion as to whether the alkoxide then 
binds to the surface as an L-type ligand. Adapted from reference 71.
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When NC dispersions were mixed with aprotic solvents (such as acetonitrile) no ligands 
were displaced, but when mixed with short-chain alcohols such as methanol roughly ~10% 
of the native X-type ligands was released as oleic acid.78 It indicates the necessity for a proton 
transfer when displacing X-type ligands such as oleates on PbSe NCs. The short-chain alcohols 
can protonate the carboxylates (add a proton to a molecule or ion to form a conjugate acid) 
with their hydroxide group (Figure 2.7 bottom). There is however a difference in opinion as to 
whether an alkoxide then binds to the surface as an L-type ligand,75,76,78 or  not.70,71

2.3.5 Self-assembly and oriented attachment
The development of modern electronics in the middle of the 20th century has changed the 
course of human society. In these devices, semiconductor crystals, typically silicon, are used 
to build high-performance electronic circuits, solar cells, and light detectors. Typically, these 
structures are fabricated with the top-down approach: you start with a bigger structure from 
which you slowly remove pieces until you end up with the size and shape that you want, like 
cutting a statue out of marble. However, for the development of flexible or curved electronic 
devices, this production process can be challenging. An interesting and necessary advancement 
has been the development of bottom-up fabrication processes. Then, the device components are 
(self)assembled from (nanoscale) components, like a prefab building or a Lego set. For instance, 
colloidal semiconductor NCs can be (self-)assembled into thin-films and incorporated in de-
vices. Fabricating device components with a bottom-up approach expands the possibilities for 
making high-performance and flexible devices with low-temperature, large area, solution-based 
methods. At the same time, the individual building blocks, the NCs, can be tuned individually 
by their size and shape, or by forming heterostructures with cation exchange. The fabrication 
method introduces the tools and freedom to tune the electronic materials with properties not 
available in traditional bulk semiconductors,80 but it is still bound to the same physical-chemical 
challenges. 

Until now, we have discussed NCs in dispersion i.e. stabilized in a solvent by their ligand 
shell. However, when incorporating NCs in electronic and opto-electronic devices these dis-
persions are processed into thin-films. For this, a NC dispersion can be dropcasted, spin-coated 
or printed onto a support; when the solvent evaporates, the NCs form a thin-film aggregate 
(Figure 2.8). The structure of these aggregates is dependent upon the size and shape uniformity 
of the individual NCs, on the solvent of the colloidal NC dispersion and on the rate at which 
the solvent evaporates. When the solvent evaporates quickly, and the NCs all differ in size and 
shape, they tend to form thin-films that are poorly ordered and glassy solids. On the other hand, 
the slow evaporation of a NC dispersion with a small size and shape distribution can result in 
thin-films with long-range order; superlattices.80,81 The resulting superstructures can be seen as 
a framework of hard spheres forming a face-centered-cubic structure (fcc). In contrast, when 
dispersed in a less ideal solvent the ligands become less extended and some NC attraction 
begins to influence the self-assembly. Then, the interactions become more soft-sphere-like, 
and the resulting structures are body-centered tetragonal (bct) or even body-centered cubic 
(bcc).82,83 

Whether these thin-films are amorphous/glassy or ordered, they can be incorporated in 
devices. However, as the NCs in dispersion (building blocks for the aggregates) consist of both 
the NC core and ligand layer, the organic ligands are part of the thin-films. When conducting 
electricity, the ligands in the thin-films form a barrier for the charge carriers. In these thin-films, 
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the NCs have only weak quantum mechanical coupling and maintain their own localized band 
structure.84 The conducting electrons can only move through the thin-film by hopping from one 
NC to the next, either by quantum mechanical tunnelling or classic over the barrier “jumping”. 
Generally, these thin-films have carrier mobilities substantially below 1 cm2/(V s).85-87 It limits 
the implementation of these NC thin-films in applications such as solar cells, photodetectors 
and field effect transistors. 

By exchanging the native long organic ligands with shorter ligands or compact inorganic 
compounds, the NCs can get closer which reduces the potential barrier between the NCs (Fig-
ure 2.8). Then, the localized electronic states of the individual NCs can begin to overlap and 
couple with neighbouring NCs, forming new band structures which depend on the geometric 
arrangement of the NCs. This ligand tailoring can improve the carrier mobilities substantially, 
up to 1−20 cm2/(V s).88-92 In principle, eliminating the separation between the NCs could im-
prove the mobility even further. Then the building blocks of the thin-film only consist of the 
inorganic NC cores, without the insulating ligand layer hindering carrier movement. 

The oriented attachment process is an intriguing non-classical crystal growth mechanism, 
which has been observed in natural biological conditions and is assumed to be important for 
biomineral formation.93-95 There, charge-stabilized crystals in a polar liquid slowly become 
destabilized, allowing the attractions between crystal facets of neighbouring crystals to become 
dominant in the system. Thus, the dispersed crystals begin to orient these facets towards each 
other and move closer. When the crystal facets connect directly via covalent bonds, they form 
a larger crystal for which the overall surface energy is reduced in the spontaneous thermody-
namic process. Elimination of two high-energy facets will result in the largest energy reduction.

In a lab environment, oriented attachment has been used to couple self-assembled ordered 
superstructures of NCs and form 2 and 3 dimensional superlattices with atomic alignment. In 
addition to an ordered structure of NCs, the formed superlattices also contain a periodic struc-
ture of nanopores (Figure 2.8). In practice, self-assembly and oriented attachment of lead-chal-
cogenide NCs (PbSe, PbS and PbTe), has been the system predominantly studied.82,83,96-107 
These cube-octahedral NCs with a rock salt crystal structure have six chemically identical 
stoichiometric {100} crystal facets, eight nonstoichiometric {110} and eight nonstoichiometric 
{111} facets. Typically, the NC dispersion is dropcasted on top of an immiscible liquid such 
as ethylene glycol. As the solvent slowly evaporates, the NCs self-assemble into a structure 
on top of the liquid substrate. After self-assembly took place, oriented attachment can be ini-
tiated by increasing the facet-facet attraction, for example by ligand exchange with a smaller                   
surface-active species or by desorption of the ligands from a specific facet. In the case of PbSe 
NCs, the low surface-energy {100} facets bind ligands weakly and in lower numbers than the 
other facets, meaning these facets will lose their absorbed ligands fastest.68,70 Once the stoichio-
metric {100} facets are bare, they can form irreversible epitaxial bonds with neighbouring NCs. 
Ideally, a crystalline neck is formed between the NCs,108,109 meaning that coupling of the NCs 
is only limited by the width of the neck formed between the NCs in the superlattice.110,111 

When fully controlled, oriented attachment can result in single crystals with a second peri-
odicity on the nanoscale that cannot be achieved in any other way! Specific geometries, such 
as square (also with a square periodicity of voids) and honeycomb (hexagonal periodicity of 
voids) can be achieved during NC assembly followed by oriented attachment. The electronic 
band structure of square and honeycomb superlattices was different from the simple 2D sheets 
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or quantum wells prepared by oriented attachment.112,113 Specifically, honeycomb superlattices 
combine a conventional semiconductor band gap, but the electron conduction bands (hole va-
lence bands) show Dirac-type bands, like those of graphene!114,115 Controlling oriented attach-
ment has been an enormous challenge, and only a few research groups (and PhD candidates) 
have had the courage and perseverance for a research direction in this field. Basically, the larger 
bodies of literature on oriented attachment of lead chalcogenides can roughly be counted on 
two hands, amongst others the research groups of Daniel Vanmaekelbergh, Matt Law, Tobias 
Hanrath, Zeger Hens, Paul Alivisatos and William Tisdale have significantly contributed to 
our understanding of the self-assembly and oriented attachment of PbX superlattices in 2 and 
3 dimensions.82,83,96-103,108,111,116,117 In chapter 3, I present a short overview of the field up until 
2020. In general, separation of the self-assembly, alignment and attachment steps was shown to 
be advantageous for the formation of long-range ordered superlattices. Then, in chapter 4 we 
discuss our results in understanding the oriented attachment of a monolayer of NCs dropcasted 
onto a liquid interface. There, we elucidate the drastic influence of the solvent-mediated repul-
sion during self-assembly on the geometry and quality of the formed 2D superlattices. If facet 
attractions occur too early, small domains with square and linear attachments break the long-
range order in an irreversible way. But at a high solvent vapor pressure during self-assembly, a 
relatively open hexagonal double layer can stabilize as solvent molecules remain in between the 
ligands allowing the NCs to act more like “hard spheres”. When ligands are removed during 
this organization, NCs will align under the influence of attractive (100)/(100) attractions and 
finally attach irreversibly to form a honeycomb superstructure. 

self-assembly

ligand exchange

oriented attachment

Figure 2.8 Overview of how colloidal NC dispersions can organize into ordered NC superstructures. When 
self-assembled and ligand exchanged the building blocks consist of the inorganic core and ligand layers 
whereas oriented attachment forms epitaxial connections between the NCs.
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Intuitively, chemists see crystals grow atom-by-atom or molecule-by-molecule, very much like 
a mason builds a wall, brick by brick. It is much more difficult to grasp that small crystals 
can meet each other in a liquid or at an interface, start to align their crystal lattices and then 
grow together to form one single crystal. In analogy, that looks more like prefab building. Yet, 
this is what happens on many occasions and can, with reason, be considered as an alternative 
mechanism of crystal growth. Oriented attachment is the process in which crystalline colloidal 
particles align their atomic lattices and grow together into a single crystal. Hence, two aligned 
crystals become one larger crystal by epitaxy of two specific facets, one of each crystal. If we 
simply consider the system of two crystals, the unifying attachment reduces the surface energy 
and results in an overall lower (free) energy of the system. Oriented attachment often occurs 
with massive numbers of crystals dispersed in a liquid phase, a sol or crystal suspension. In that 
case, oriented attachment lowers the total free energy of the crystal suspension, predominantly 
by removal of the nanocrystal/liquid interface area. Accordingly, we should start by consid-
ering colloidal suspensions with crystals as the dispersed phase, i.e., “sols”, and discuss the 
reasons for their thermodynamic (meta)stability and how this stability can be lowered such that 
oriented attachment can occur as a spontaneous thermodynamic process. Oriented attachment 
is a process observed both for charge-stabilized crystals in polar solvents and for ligand capped 
nanocrystal suspensions in nonpolar solvents. In this last system different facets can develop a 
very different reactivity for oriented attachment. Due to this facet selectivity, crystalline struc-
tures with very specific geometries can be grown in one, two, or three dimensions; controlled 
oriented attachment suddenly becomes a tool for material scientists to grow architectures that 
cannot be reached by any other means. We will review the work performed with PbSe and 
CdSe nanocrystals. The entire process, i.e., the assembly of nanocrystals, atomic alignment, 
and unification by attachment, is a very complex and intriguing process. Researchers have suc-
ceeded in monitoring these different steps with in situ wave scattering methods and real-space 
(S)TEM studies. At the same time coarse-grained molecular dynamics simulations have been 
used to further study the forces involved in self-assembly and attachment at an interface. We 
will briefly come back to some of these results in the last sections of this review.

3.1 Suspensions with (nano-)crystals as dispersed phase
We discuss systems in which crystalline solid particles are dispersed in a continuous liquid 
medium, hence the specific case of a “sol”. The colloidal particles have dimensions between 
1 and 1000 nm, thus from a few unit cells to several thousands in one direction. Such sols 
can remain stable as a two-phase system for years: their (meta)stable state corresponds to a 
(local) minimum in the free energy. To understand the microscopic origin of colloidal stability, 
we have to distinguish crystal suspensions in water or other polar solvents from suspensions in 
organic apolar media, such as, e.g., hexane or toluene.

3.1.1 Charge-stabilized suspensions
Suspensions of inorganic crystals in water are stabilized against agglomeration by a double layer 
of charges: positive or negative ions at the surface of the crystals and an equal amount of counter 
charge present in the diffuse part of the double layer.1 The width of this charge double layer 
is dependent on the concentration of ions in the medium, allowing for a subtle engineering of 
repulsion and attraction between the particles.2 Oriented attachment between inorganic crys-
tals in water is observed in natural biological conditions and is assumed to be important for 
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biomineral formation. Commonly, crystal growth by oriented attachment is coined nonclassi-
cal crystal growth,3,4 to distinguish it from the classical atom-by-atom (molecule-by-molecule) 
growth of crystals. In oriented attachment, attractions between specific facets are dominant and 
when facets connect, the crystal surface energy is reduced. Oriented attachment thus lowers 
the enthalpy of the system in a thermodynamic spontaneous process. A further review of at-
tachment in polar solvents can be found in supporting information S3.1.

3.1.2 Sterically stabilized nanocrystals dispersed in an organic phase
In the rise of colloidal nanoscience that started around 1985, a second type of sol became 
very prominent, namely, that in which crystals with dimensions in the 1−20 nm range (thus 
nanocrystals, NCs) are dispersed in nonpolar organic solvents.5 The nanocrystals are sterically 
stabilized against aggregation by organic ligand molecules bound with a chemical functionality 
to the nanocrystal surface and have an alkyl chain immersed in the liquid. The interaction 
between the ligands of two adjacent nanocrystals is very similar to the interaction between the 
ligands and the solvent molecules. As a consequence, the ligand−ligand attraction is screened 
by the “ideal” solvent; the only attractive interaction is then the van der Waals type attraction 
between the nanocrystal cores on a distance defined by the two ligand layers.6,7 For sufficiently 
small nanocrystals, the attractions constitute an energy in the order of the thermal energy, weak 
enough to keep such suspensions stable. To initiate colloidal crystallization, the system has to 
be destabilized. This is possible by making the solvent less “ideal”, for example by adding a 
polar nonsolvent.6,8 To initiate oriented attachment, the attraction between specific facets has 
to be increased, e.g., by replacing the ligands bound to a specific type of facet with a smaller 
surface-active species or by desorption of the ligands from a specific facet due to the presence 
of a second liquid phase with a high affinity for the ligands. The binding strength of the ligands 
on the facets, and the ligand density depends on the atomic structure of the facet in question.9-11 
Running ahead on what comes, we provide here the example of truncated cubic PbSe crystals; 
oleate ligands are only weakly bound to the 6 (100) facets, while the (110) and polar (111) 
facets are firmly covered with these ligands. In 2005 it was found that oriented attachment by 
(100) facet-to-facet connection can result in highly anisotropic PbSe rods, with their long axis 
being ⟨100⟩.12 But with other ligands (or amines) the reactivity of the facets can be changed 
and oriented attachment could be achieved involving exclusively the (110) or (111) facets.12,13 
The exclusiveness of only one facet type being active in oriented attachment is remarkable, and 
more pronounced for organic sols, then for aqueous suspensions.

3.2 A brief history of oriented attachment in non-polar organic solvents
In the early 1990s, wet chemical methods using precursors and ligands soluble in organic sol-
vents were developed to prepare nanocrystals of semiconductor compounds.14,15 Exemplary for 
this development is the publication in 1993 by Murray, Norris, and Bawendi on CdSe nano-
crystals of 1−10 nm in diameter;5 see Figure 3.1a. In this work the nanocrystals were capped 
with organic ligands which bind to the surface Cd atoms and dispersed in an organic solvent. 
Due to the favorable interactions between the solvent and the alkyl chains, such dispersions 
are sterically stabilized. Upon optical excitation, an (e, h) exciton eigenstate was formed that 
recombined radiatively. Both the absorption and luminescence spectra showed that the exciton 
was strongly confined in the nanocrystal. Hence, by changing the size of the nanocrystals the 
emission color could be tuned over a wide energy range. Further research resulted in devel-
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opment of nanocrystals of other II−VI, III−V, and IV−VI compounds synthesized with similar 
methods.16 Nanocrystals of the IV−VI compounds, especially the PbX family (X = S, Se, Te), 
were extensively investigated as their band gap spans the near IR and can, again, be tuned 
by the degree of exciton confinement. Over three decades these interesting properties have 
led to an explosion of fundamental and applied research, and to innovative opto-electronical 
applications.17-21

3.2.1 Oriented attachment as a new tool in nanomaterials science
The synthesis of semiconductor nanocrystals with hot-injection techniques has had a tremen-
dous effect on fundamental nanocrystal science and its applications. The surface passivation 
by organic and inorganic ligands resulted in electronic passivation, such that electronic and 
excitonic eigenstates instead of surface trapped states become fully visible in spectroscopy. This 
opened the gate to fundamental studies of the electron energy levels and exciton dynamics of 
semiconductor nanocrystals with a plethora of optical spectroscopic techniques and electron 
tunnelling spectroscopy.22,23 Electrons, holes, and electron−hole pairs have a wave nature, and 
when they are confined in nanocrystals, they experience a quantum confinement effect that 
increases their kinetic energy. Hence, the single-electron energy levels and exciton energies in 
nanocrystals are strongly size dependent. This, and the strongly radiative emission, boosted the 
scientific interest in semiconductor nanocrystals. It has resulted in largescale applications using 
well-defined CdSe and InP nanocrystals as spectral converters in displays and TV screens.21

a b c d

Figure 3.1 From single building blocks to superlattices prepared via oriented attachment. High-resolution 
TEM image of a single CdSe quantum dot (a) which can be self-assembled into a superlattice in which the 
nanocrystals are ordered although not connected (b). Panel a reproduced with permission from reference 
5. Copyright 1993 American Chemical Society. Panel b reproduced with permission from reference 25. 
Copyright 1995 AAAS. In the case of PbSe nanocrystals, further modification of the reaction conditions 
results in the formation of nanocrystals attached via the (100) facets, resulting in either honeycomb (c) or 
square superlattices (d). Scale bar represents 50 nm and insets show SAED patterns, indicating the high 
crystallinity of the formed structures. Panels c and d reproduced with permission from reference 40. Copy-
right 2013 American Chemical Society.
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3.2.2 Driving forces and facet specificity in oriented attachment
Nanocrystals prepared by hot-injection methods in organic solvents can have a well-defined 
crystal structure and shape and are terminated by facets with a specific surface chemistry and 
energy. As a consequence, the binding energy and density of the ligand molecules on specific 
facets differs considerably. Hence, oriented attachment of organic-capped crystals is facet-spe-
cific in a more pronounced way than for charge-stabilized nanocrystals. At the same time the 
shape of the nanocrystals is influenced by the capping density of the facets. For instance, a 
well-capped PbSe nanocrystal has the shape of truncated octahedron, but if the ligand density 
is lowered by washing, the shape changes toward that of a truncated cube.24 Therefore, PbSe 
nanocrystals with a simple rock salt structure provide the best example to illustrate the pro-
nounced facet specificity in oriented attachment.

3.2.3 Colloidal crystallization, formation of superlattices
Suspensions of semiconductor nanocrystals in good organic solvents are well-stabilized against 
aggregation and can thus be prepared in highly concentrated suspensions. In these suspensions 
the ligand−ligand interactions are screened by the solvent molecules, and the semiconductor 
core−core attractions are small.6,7 Only for larger crystals, rods, and metallic crystals, the at-
tractions between the nanocrystals start to increase to a few times the thermal energy at room 
temperature. The colloidal crystallization of these nanocrystals from suspensions became a 
matter of interest around 1995.25 Since nanocrystal suspensions are stable, the suspension can 
be destabilized in a subtle way; in other words, colloidal crystal engineering with the formation 
of well-ordered superlattices is possible. An example of this can be seen in Figure 3.1b. From 
a nanoscience materials perspective, truly new material platforms emerged, since nanocrystal 
assembly is the only way to bring nanoscale building blocks in close contact in an ordered 
structure.26,27 The superstructures formed by increased concentration in the suspension can be 
seen as a hard-sphere framework forming a face-centered cubic structure (fcc). In contrast, 
by adding a more polar but miscible component, the solvent medium becomes less ideal and 
colloidal crystallization driven by the nanocrystal attractions (ligands and cores) occurs. At a 
lower ligand density the interactions become more soft-sphere-like, and the resulting struc-
tures are body-centered tetragonal (bct) or even body-centered cubic (bcc).28,29 However, the 
organic ligands still present tend to form a tunnelling barrier for the charge carriers, resulting in 
weak electronic coupling and carrier mobilities substantially below 1 cm2/(V s).30-32 Coupling 
between the nanocrystals could be improved by exchanging the long organic ligands for shorter 
ones,33,34 or by exchanging for ligands that specifically couple the nanocrystals, or exchanging 
for ligands that change the band alignment between different quantum dots from type-I to 
type-II.35,36 With this advanced engineering, reasonable carrier mobilities of 0.1−20 cm2/(V s) 
have been reached in NC solids.33,37-39

A considerable increase in carrier mobility could, in principle, be achieved by oriented 
attachment, which ideally results in a crystalline neck between the nanocrystals in a self-as-
sembled structure. The coupling is then only limited by the width of the neck. Below, we will 
discuss the formation of 2D superlattices consisting of a monolayer of nanocrystals that are 
epitaxially connected. In the case of PbSe (and PbS, PbTe) atomically coherent superlattices 
could be prepared,40-45 that have a square geometry (thus also with a square periodicity of voids) 
and a honeycomb geometry (hexagonal periodicity of voids); see Figure 3.1c and d. It was 
shown that the electronic band structure of square and honeycomb superlattices was different 
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from the simple 2D sheets or quantum wells prepared by oriented attachment.13 Honeycomb 
semiconductors show a conventional band gap, but the electron conduction bands (hole va-
lence bands) show Dirac-type bands, similar to those of graphene!46,47 This brings the exciting 
opportunity to combine typical semiconductor properties with electron and hole excitations 
that are “massless” as in graphene. So far, experimental evidence for these compelling predic-
tions has not been found, as the electronic mobilities are relatively low (1−10 cm2/(V s)), being 
limited by imperfect necks and geometrical disorder.48-50 However, the big message here is that 
the electronic band structure of 2D crystals can be engineered by the lateral nanogeometry of 
the system.51 Specific geometries can be achieved by NC assembly followed by oriented at-
tachment. The big challenge in this very promising field is to grow 2D structures using identical 
nanocrystal building blocks, resulting in 2D superstructures without geometrical disorder and 
with uniform necks.52,53

a b c

d e

Figure 3.2 Oriented attachment of lead chalcogenide nanocrystals resulting in a variety of nanostructured 
materials. Depending on the reaction conditions, oriented attachment of PbSe nanocrystals lead to 1D sin-
gle-crystal wires (a) which are either straight (left) or zigzag (middle and right). Panel a reproduced with 
permission from reference 12. Copyright 2005 American Chemical Society. Alternatively, 2D sheets can 
be prepared by selective attachment of (110) facets. In an early stage, small holes are visible in the crystal 
structure (b), whereas at a later stage single crystalline particles are obtained (c), confirmed with SAED 
(inset). Panels b and c reproduced with permission from reference 13. Copyright 2010 AAAS. Oriented 
attachment of pre-synthesized PbS nanocrystals can result in either square or honeycomb superlattices by 
attaching at (100) facets; corresponding high-resolution HAADF-STEM images are shown in (d) and (e). 
Panels d and e respectively reproduced with permission from reference 24 and 64. Copyright 2017 and 2016 
American Chemical Society.
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3.3 Oriented attachment in PbX nanocrystals
3.3.1 Formation of highly anisotropic 1D and 2D crystals in the rock salt family
In a one-pot synthesis of PbSe nanocrystals using limited amounts of oleate ligands, PbSe na-
norods and long nanowires (up to 30 μm in length and 4−20 nm in diameter) can be formed 
along the ⟨100⟩ direction;12,54,55 see also Figure 3.2a. It is hypothesized that nanocubes are 
formed first, which act as intermediates that attach via their (100) facets. Since there are six 
(100) facets in the three orthogonal directions, one expects the formation of 3D superlattic-
es. Nevertheless, strong anisotropic one-dimensional (1D) structures are observed, built from 
centrosymmetric rock salt nanocrystals.12 An explanation on the basis of NC dipoles has been 
proposed, but independent information on the existence of an electric dipole in PbSe NCs is 
lacking.56 In the case of rock salt PbSe, usually the low-energy (100) facets are active in orient-
ed attachment, as they are most easily liberated from the oleate ligand molecules.57,58 However, 
when amines are applied in the one-pot synthesis, used to exchange the oleate capping on ex-
isting nanocrystals or when a cosolvent is added, novel 1D rods, wires, and sheets are observed 
that can only be understood by exclusive (110)/(110), or even (111)/(111), facet-to-facet at-
tachment.12 Hence, in some cases specific ligand capping can alter the relative reactivity of the 
facets for oriented attachment. Later on, a one-step method was developed for the preparation 
2D PbS sheets;13 see Figure 3.2b and c. Here, the nucleation and growth of PbS nanocrystals 
are followed by oriented attachment at (110) facets in two directions due to the addition of a 
chlorine-containing cosolvent. The resulting well-defined PbS quantum wells have a thickness 
of about 4 nm and showed photoconductivity.

3.3.2 Formation of 2D atomically coherent superlattices with a square or honeycomb geometry 
The formation of atomically coherent superlattices with a square and a honeycomb geometry 
by NC assembly and oriented attachment came to us as a big surprise. In 2012 we were per-
forming experiments on the self-assembly of PbSe NCs in the framework of understanding 
the interactions between the nanocrystals. PbSe NC suspensions were dropcasted on ethylene 
glycol (EG), which we considered at the time as an inert liquid substrate. With additional oleate 
present, simple monolayers (bilayers) with hexagonal ordering of NCs were formed. However, 
if the nanocrystals were well-washed, we observed different geometries (Figure 3.2d and e): 
we found monolayers in which the NCs were organized in square arrays, also showing a square 
array of voids due to the truncation of the cubic shape of the NCs. Alternatively, we observed 
2D systems, with a hexagonal array of voids, which means that the semiconductor material 
structure must have the honeycomb geometry. Often domains with square and honeycomb 
geometry were found together. Most interestingly, we found that, in both cases, the PbSe NCs 
were attached via the (100) facets, with four connections in the case of the square superlattice, 
and three connections in the case of the honeycomb lattice. Clearly, the ligand density of the 
(100) facets reduced due to the washing step, but very probably also due to the EG liquid inter-
face. While the (100)/(100) connection is simple to understand for the square geometry, for the 
honeycomb geometry we realized that the (100) connections also imply that the nanocrystals 
are aligned with the (111) axis upward and that the honeycomb is buckled, unlike graphene, 
but very similar to silicene and germanene.41,44

The formation of PbSe superlattices with a honeycomb geometry is surely the most intrigu-
ing process of oriented attachment so far. It is also the most difficult to reproduce in many re-
spects. It was found that very slow evaporation of the suspension solvent (usually toluene) over 
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15 hours (h) and lowering of the (100) facets reactivity, e.g., by adding 1,4-butanol to the liquid 
substrate, can result in well-ordered and large domains.44 The system can be so well-ordered that 
point defects and line defects in the structure become visible as in classic crystallography. An 
example of this is presented in Figure 3.2d. The formation of square and honeycomb structures 
is a complex process, with several consecutive phases. It is clear that the nanocrystals should be 
able to align in a reversible way, thus before irreversible epitaxial connections are formed. The 
question of which forces drive the alignment of the nanocrystals, before they attach and form 
an atomically coherent structure, is an interesting one. The orientation of nanocrystals at the 
air/toluene interface has been put forward;59-63 as well as the chemical attraction between bare 
(100) facets. The evolution of the entire process has been monitored in situ with synchrotron 
radiation and ex situ electron microscopy, which will be discussed in section 3.5. As this in-
terfacial assembly and oriented attachment opened the gate to truly novel material classes (see 
above), our initial experiments were extended by beautiful efforts of several other groups. 

In an effort by a group in Ghent, the formation of the epitaxial connection was triggered 
by addition of amines or Na2S to the liquid substrate. This resulted in the formation of square 
lattices in a short time, with lattice domain sizes of about 100 nm (15−20 nanocrystal unit cells); 
see Figure 3.2e. These chemical triggers were chosen on the basis of the idea that interdot con-
nections can only form between (100) facets which face each other and have a stoichiometric 
surface; then S2− adds sulfur to a (100) surface with Pb excess, while amines pull excess lead ions 
away. After addition of these chemical triggers, it takes only 5 min for the epitaxially connected 
superlattice to form domains of ∼100 nm in size. With the amine trigger the basicity can be 
tuned, resulting in a gentler ligand displacement with a weaker base, which appears to increase 
the domain size of the superlattice.64 

The formation of 2D square and honeycomb superlattices, and straight and zigzag 1D struc-
tures as well, is not limited to PbSe NCs; formation of these structures also occurs with PbS and 
PbTe nanocrystals.45 The studies so far are very limited, but it is justified to say that PbTe NCs 
are the most reactive PbX system. Therefore, the attachment is challenging to control, and it is 
difficult to obtain ordered structures with a reasonable domain size.

3.4 Oriented attachment in CdXs nanocrystals 
The family of CdX nanocrystals (X = S, Se, Te), with CdSe here as the dominant example, 
have a relatively rigid lattice due to covalent bonding. This means that the nanocrystals are 
not so easily reshaped as those from the PbX family and thus show less propensity for oriented 
attachment. Still, there is strong evidence that oriented attachment (or a process like this) oc-
curs during the preparation of wires and sheets; there are multiple reports on the attachment of 
mature NCs or small magic-size clusters, which we will discuss below. Compared to the rock 
salt PbX family, oriented attachment of CdX nanocrystals is more difficult to study as both 
wurtzite (hexagonal and polar along the c-axis) and zinc blende (cubic and isotropic) NCs with 
very different chemistry and polarity of the facets can play a role.

3.4.1 Growth of CdX nanowires: a case of oriented attachment?
Tang et al. revealed that wurtzite CdTe nanowires could be grown via the attachment of smaller 
zinc blende nanocrystals.65 Epitaxial connections were achieved by controlled removal of li-
gands from the nanocrystals’ surface. Aliquots taken at short reaction times showed pearl neck-
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lace aggregates which evolve to wires with aspect ratios up to 500. The final CdTe nanowires 
have the same diameter as the original nanocrystal building blocks which supports oriented 
attachment as the growth method. Dipole−dipole interactions between the nanocrystals were 
invoked as the driving force for the attachment process. The observation of nanowire photo-
luminescence confirmed the single crystalline nature of the wires and a reasonable electronic 
passivation of the surface.

3.4.2 Nanocrystals formed by “attachment” of magic-size clusters
We have put attachment between quotation marks: magic-size clusters (MSCs) have a well-de-
fined structure, but without genuine periodicity and crystal facets. Hence, if magic-size clus-
ters unify, and a nanocrystal is eventually formed, atomic reconfigurations must have occurred 
which go beyond the formation of necks. By reacting cadmium oleate and selenourea with 
amines at relatively low temperature, CdSe nanowires can be prepared out of magic-sized clus-
ters.66 In the first stage, these clusters are formed, which attach and yield prewire aggregates 
(also called “pearl necklaces”). Subsequent annealing converts these structures into single crys-
talline wurtzite wires. Later work by Liu et al. showed the preparation of zinc blende CdSe 
wires via attachment of CdSe magic-size clusters (Figure 3.3a).67 

a b

c d e

Figure 3.3 Oriented attachment of cadmium chalcogenide nanocrystals. The formation of pearl necklaces, 
composed of small nanocrystals, is clearly visible due to the different thicknesses in a single wire and is 
strong proof for oriented attachment of smaller nanocrystals (a). In several cases, magic-sized clusters have 
been observed as intermediates during the formation of these wires (b). In here, characteristic absorption 
features at 417 and 447 nm appear and disappear during the preparation. Panels a and b reproduced with 
permission from reference 67. Copyright 2015 American Scientific Publishers. In situ TEM shows the ab-
sence (c) or presence (d) of defects between two CdS nanocrystals. High-resolution imaging (e) enables the 
study of local defects. Panels c-e reproduced with permission from reference 69. Copyright 2019 American 
Chemical Society.
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Absorption spectroscopy of aliquots showed the formation and disappearance of a magic-sized 
cluster composed of (CdSe)33 and (CdSe)45, absorbing at 417 nm, which consequently unifies 
into larger magic-size clusters absorbing at 447 nm; see Figure 3.3b. More importantly, during 
further evolution of the reaction, the signatures of the magic-size clusters disappear, and ab-
sorption of a broad band emerges around 580 nm, signaling the formation of CdSe nanowires. 
Due to the emergence of an electrical dipole of increasing magnitude along the [111] direction, 
the attachment of new MSCs is accelerated.

3.4.3 Formation of 2D sheets and quantum wells by oriented attachment
Oriented attachment of CdTe nanocrystals capped with aminothiol resulted in monolayers of 
attached NC building blocks with lateral extension up to several micrometers.68 The experimen-
tal results, combined with molecular simulations, indicated that in addition to dipole−dipole 
interactions, small positive charges, and hydrophobic interactions between the nanocrystals are 
required driving forces for the self-assembly process.

3.4.4 Investigating the attachment of single nanocrystals 
Ondry et al. studied the attachment of two wurtzite CdSe nanocrystals and the removal of 
defected connections in the presence of an electron beam during in situ transmission electron 
microscopy.69 Upon treating the sample with Na2Se, the ligands were removed and the nano-
crystals attached via their (1100) or (1120) side facets; see Figure 3.3c. It was found that the 
formation of epitaxial connections between the crystals comes with crystal dislocations due 
to the presence of half-finished planes at a facet; an example of this is shown in Figure 3.3d 
and e. In some cases, annealing induced by the electron beam allowed removal of the crystal 
dislocation; its gradual shift toward the surface and “escape” could be followed in situ.

3.5 In situ monitoring of oriented attachment with scattering methods 
Transmission electron microscopy (TEM) has given great insight into the structure and order 
of superlattices, but it is limited to the in situ study of attachment on a very small scale,69,70 

or the study of an already formed superlattice on the larger scale. The only way to study the 
attachment process with TEM is by samples taken during formation that are immediately dried 
to be studied later.44,71 Alternatively, the fast temporal resolution (200 ms) of synchrotron-based 
specialized X-ray scattering techniques is a strong tool for the study of large-scale superlattice 
formation. As superlattices are formed on a liquid interface, a grazing incidence (GI) geometry 
setup is used; see Figure 3.4a. Instead of transmission scattering, the collimated X-ray beam 
is bent down toward the liquid surface to scatter the superlattice. The technique is especially 
interesting as superlattices are crystalline on both the nanocrystal and the atomic length scales. 
At wide scattering angles (GIWAXS), the signal consists of the atomic form factor (scattering 
strength of the atoms) and the structure factor (positions of the atoms in the unit cell). At small 
scattering angles (GISAXS), the signal consists of the form factor from the nanocrystal size and 
shape and the structure factor from the position of the nanocrystals. Combining these tech-
niques with a chamber allows these experiments to be performed in an inert atmosphere where 
the solvent−vapor pressure can be regulated, allowing for in situ study of the formation under 
different conditions.28,72,73

Interest has shifted to the study of the different steps observed in the attachment of a mono-
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layer of nanocrystals. Using synchrotron-based in situ GISAXS, the initial spread of a PbSe NC 
dispersion (6 nm particles) on the liquid EG substrate was studied. With remote control, 1 μL of 
a concentrated dispersion was drop-cast ∼1.5 cm from the beam, allowing the droplet spreading 
to be captured (taking ∼30 s). Weak Bragg peaks are observed in the GISAXS immediately 
after dropcasting, suggesting a “precursor film” spreading quickly ahead of the bulk droplet, a 
phenomenon known in classical wetting theory as a “molecular” film bridging the interfacial 
energy discontinuity at the contact line.74 Within the first 2−5 s the bulk droplet follows, and 
as the solvent evaporates the nanocrystal concentration in the film gradually increases. A phase 
transition to a dense liquid, and then a network of solvated but correlated quantum dots, is 
observed. When at last (after ∼26 s) all of the solvent has evaporated, strong scattering rods 
are observed, resulting in an fcc-like superstructure. However, the simultaneous GIWAXS 
measurements show only rings, indicating no preferential orientation of the NCs at these time 
scales.75 However, more recent experiments showed that in the presence of additional oleate 
ligands crystallographic alignment is observed. After 2 h of evaporation, medium and large NCs 
(5.5−9 nm) showed orientation with the [100] axis perpendicular to the liquid/air interface; see 
Figure 3.4b.76

a

b

c

Figure 3.4 Schematic setup used for in situ grazing incidence X-ray scattering experiments (a). The solvent 
from a NC dispersion evaporated in a liquid cell, placed in a chamber (not depicted). The assembly and 
attachment are studied by simultaneously monitoring atomic ordering on the wide-angle detector (WAXS) 
and nanoscale ordering on the small-angle detector (SAXS). Schematic representation of the orientation 
of nanoparticles at the ethylene glycol−air interface based on in situ scattering experiments (b). Small NCs 
are randomly oriented, while larger particles (5.5−9 nm) have a more cubic shape, with larger (100) facets 
of which one aligns favorably perpendicular to the interface. Panel b reproduced with permission from 
reference 76. (c) TEM images from samples taken during in situ experiments. They show a pseudohexagonal 
phase (top left), an initial square phase (top right) before complete attachment, and the final square phase 
(bottom); the scale bars correspond to 50 nm. The inset shows ED patterns which transform from arcs to 
distinct spots. Panels a and c reproduced with permission from reference 43. Copyright 2016 Nature.
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In attachment experiments on longer time scales (evaporation of 1 h), the formation mech-
anism of 2D PbSe superlattices with square geometry was observed. In these experiments 
GISAXS/GIWAXS was combined with ex situ TEM and electron diffraction to elucidate the 
phase transfers. After drop-casting 350 μL of a dilute dispersion of ∼5.7 nm PbSe NCs, Bragg 
peaks are observed at the EG interface after 16 min, indicating the presence of a hexagonal 
monolayer. Hard-sphere interaction still dominates the particle interaction at this point. How-
ever, in another 15 min, it transforms via a pseudohexagonal phase (bond angles deviating from 
60°) to a phase with square ordering (bond angles of 90°); see Figure 3.4c. These phase transi-
tions are interpreted as increasing NC attractions, as ligands gradually strip from the lower ener-
gy (100) facets and square ordering of the structure is driven to maximize facet overlap. During 
this transformation, the orientational freedom of the NCs also decreases gradually (bands in 
the GIWAXS), until the NCs attach via necks (spots in the GIWAXS). The resulting square 
superlattice has a NC−NC distance of 7.6 nm, which is 34% larger than the original PbSe NC 
core diameter, and an average atomic coherence length of 13.2 nm, again indicating attachment 
of the quantum dots to on average a lower limit of two to three NC diameters.43

3.6 Molecular dynamics simulations of nanocrystal assembly and atomic alignment at an interface
Despite efforts to develop a predictive theoretical framework for modelling crystallization by 
oriented attachment,77 the observation of remarkable 2D superstructures with a square or sili-
cene-type honeycomb geometry on the length scale of the nanocrystals (roughly 10 nm) show-
ing epitaxial connections between the nanocrystals raises many intriguing questions. To date, 
these questions are still not fully resolved. Intuitively, the formation of 2D structures points to 
nanocrystals that absorb at an interface; the results of in situ synchrotron experiments described 
above suggests that this could be the liquid/air interface. On the other hand, it could also be 
that nanocrystals form a thin film within a thin layer of organic solvent at the end of the solvent 
evaporation process. By intuition again, the formation of large NC systems (sometimes thou-
sands of unit cells) with nanoscale order and alignment suggests that the process of irreversible 
oriented attachment (crystal necking) is relatively slow and that ordered and aligned phases of 
many NCs form. The big question that rises is then, what types of forces are responsible for the 
alignment of the cubic PbSe nanocrystals? 

Realistic course-grained molecular dynamic simulations (MD simulations) have been car-
ried out in our group in order to resolve these questions and, more generally, to get an answer 
to whether large phases of aligned nanocrystals can form spontaneously without epitaxial 
connections. In coarse-grained models, atomic-scale details are sacrificed, but features such as 
size, shape, and softness of the NCs- which can be modelled on a larger scale than the atomic 
one- are retained, allowing simulations in the order of 10000 NCs.78 Soligno and Vanmaekel-
bergh,61,62 calculated the free energy change of nanocrystal absorption at the toluene/air inter-
face. It was found that the free energy change of adsorption is many times the thermal energy, 
indicating that a 2D layer of nanocrystals can form at an interface. For PbSe nanocrystals with 
a truncated cubic shape it was observed that the adsorption geometry with a vertical (100) or 
(111) axis is favored with respect to other orientations. Hence, oriented nanocrystal adsorption 
may, in principle, result in a partial alignment of the crystals at the interface, although there is a 
remaining rotational degree of freedom in the plane of the interface. Realistic MD simulations 
were carried out, accounting for attractive and repulsive interactions between the nanocrys-
tals, entropic effects, and forces due to capillary deformations of the solvent/liquid interface. It 
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was convincingly shown that both square superlattices and silicene honeycomb lattices could 
arise from NCs adsorbed at the toluene/air interface. Recently, these simulations have been 
extended to phases consisting of as much as 104 nanocrystals, with a further relaxation of the 
boundary conditions by allowing no preferential absorption at an interface at time t = 0. A still 
of the MD simulations is shown in Figure 3.5. Again, honeycomb lattices and linear structures 
were observed after a certain simulation time. Moreover, the natures of the disorder in these 
phases, consisting of small superlattice domains, linear NC structures, linear zigzag structures, 
and very remarkable vacancies, were all present in the simulations, very similar to how they 
were observed in a large number of TEM analyses of samples from experiments. Although MD 
simulations can successfully reproduce the experimentally observed superlattices and the dis-
order that arises in them, the question of which forces are key for the nanocrystal alignment 
(interfacial adsorption, entropic ordering of hard cubes, or (100)/(100) facet/facet attractions) 
is not fully answered yet. The enigma of the beautiful honeycomb silicene superlattices with 
ordering over hundreds of unit cells, which has been observed on several occasions, is not yet 
fully resolved.

3.7 Summary and outlook
Oriented attachment, the unification of two separate crystals to form one single crystal, was 
once not much more than a curiosum, based on a number of observations in biological mineral 
formation and geology. However, it became known as “non-classical” crystal growth and got a 
complementary place next to the atom-by-atom, row-by-row, or plane-by-plane crystal growth 
that has been observed and modelled in classic crystallography. The new age of nanocrystal 
synthesis in nonpolar organic solvents, starting at the beginning of the 1990s, provided a new 
and compelling chapter to oriented attachment. These nanocrystals have simpler shapes and 
well-defined crystal facets, and the chemical bonding strength of ligands is facet-specific. This 
results in reactive facets of one sort, and compelling atomically coherent “unified” crystals in 
one and two dimensions. In two dimensions, nanostructured single crystals emerge that have 
not only atomic order but also a second periodic geometry on the nanoscale; for instance, a 2D 

a b c

Figure 3.5 Molecular dynamics simulation of the self-assembly and oriented attachment of nanocrystals 
with a truncated cubic shape, presented by a still taken after 0.15 μs of simulation. (a) Overview of a simu-
lation with 10000 nanocrystals, showing crystalline domains of the honeycomb phase together with amor-
phous (disordered) parts; (b) detailed picture showing zigzag linear structures that were not able to organize 
into the honeycomb lattice; (c) detail with a crystalline-like vacancy defect in the honeycomb structure.
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sheet with a square array of nanovoids or a honeycomb structure, with a geometry similar to 
that in silicene. It is clear that once scientists are able to master the nanocrystals’ shapes, ligand 
chemistry of the different facets, self-assembly into ordered reversible superstructures, and, fi-
nally, the atomic motion by which crystalline necks are formed and a single crystal emerges, 
nanocrystal assembly and oriented attachment will become a strong engineering tool for crys-
talline materials with concomitant atomic and nano-periodic order, of large interest in catalysis, 
in optoelectronics and for materials in the quantum age.
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S3 Supporting Information

Key references 
Boneschanscher, M. P.; Evers, W. H.; Geuchies, J. J.; Altantzis, T.; Goris, B.; Rabouw, F. T.; van Rossum, S. A.; van 
der Zant, H. S.; Siebbeles, L. D.; Van Tendeloo, G.; Swart, I.; Hilhorst, J.; Petukhov, A. V.; Bals, S.; Vanmaekelbergh, 
D., Long-Range Orientation and Atomic Attachment of Nanocrystals in 2D Honeycomb Superlattices. Science 2014, 
344, 1377-1380.1 

Two-dimensional honeycomb superlattices are prepared by oriented attachment of PbSe nano-
crystals. Direct imaging and wave scattering methods reveal that the superlattices are atomical-
ly coherent and have a buckled octahedral symmetry.

Geuchies, J. J.; van Overbeek, C.; Evers, W. H.; Goris, B.; de Backer, A.; Gantapara, A. P.; Rabouw, F. T.; Hilhorst, 
J.; Peters, J. L.; Konovalov, O.; Petukhov, A. V.; Dijkstra, M.; Siebbeles, L. D. A.; van Aert, S.; Bals, S.; Vanmaekel-
bergh, D., In Situ Study of the Formation Mechanism of Two-Dimensional Superlattices from PbSe Nanocrystals. 
Nature Materials 2016, 15, 1248-1254.2 

The formation mechanism of PbSe square superlattices was revealed by combining wave scat-
tering techniques with electron microscopy and Monte Carlo simulations. We observe different 
intermediate stages and final attachment of the nanocrystals at the (100) planes.

Peters, J. L.; Altantzis, T.; Lobato, I.; Jazi, M. A.; van Overbeek, C.; Bals, S.; Vanmaekelbergh, D.; Sinai, S. B., 
Mono- and Multilayer Silicene-Type Honeycomb Lattices by Oriented Attachment of PbSe Nanocrystals: Synthesis, 
Structural Characterization, and Analysis of the Disorder. Chemistry of Materials 2018, 30, 4831-4837.3

Large-scale uniform mono- and multilayer silicine-type honeycomb PbSe superlattices are pre-
pared by oriented attachment. Different classes of disorder in the lattices are explained in terms 
of position and atomic alignment of the nanocrystals.

S3.1 Oriented attachment as an alternative crystal growth process in aqueous solvents
Oriented attachment of charge-stabilized crystals in aqueous solvents is of interest in the re-
search on biominerals, geology, materials science, and of course for crystallography itself. A 
selection of reports from this millennium are presented in supporting information Table S3.1 
and Table S3.2. Commonly, crystal growth by oriented attachment is coined non classical 
crystal growth,1 to distinguish it from the classical atom-by-atom (molecule-by molecule) 
growth of crystals. Oriented attachment between crystals is observed in natural biological con-
ditions and is assumed to be important for biomineral formation.4-7 Oriented attachment of 
hydroxyapatite (Ca5(PO4)3(OH)) and calcium carbonate (CaCO3) crystals has been studied 
to understand bone formation and bio-skeletons. Analytical studies of oriented attachment are 
partially impeded by the existence of a plethora of crystal polymorphs for these compounds. 
For relatively stable crystals consisting of for example TiO2, SnO2, magnetite, hematite, and 
ZnO, the crystal formation by oriented attachment is enhanced by so called “hydrothermal 
coarsening”, which means high temperatures and pressures applied in an autoclave.8-12 Crystals 
of Fe-oxide compounds (magnetite, hematite) are of interest from a geological perspective and 
magnetism as well. 

The common scientific questions are related to the driving force for oriented attachment, 
the type of crystallographic facets involved, the precise mechanism on an atomic scale, the 
origin of defects in crystals such as twinning planes, edge- and screw dislocations.4 In a minority 
of cases the crystals formed by oriented attachment under hydrothermal aging are considered as 
building blocks of technological interest, for instance in opto-electronics (solar cells).13,14
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S3.1.1 Driving forces and facet specificity 
Sols in water are stable due to the electrical double layer around the crystals; with one type of 
charges on the crystal surface counteracted by a diffuse layer of counter charge. Regarding the 
facet specificity, one can imagine that the density of two charges on the crystals can depend on 
the chemical surface termination of specific facets. For a number of crystals, the surface energy 
or crystal/liquid interfacial energy per unit area is understood to a certain extent; in reports one 
finds the notions of higher – and lower -energy surfaces.13,15-17 The energy lowered by crystal at-
tachment will be strongest if two high-energy facets are eliminated by connection. Often, strong 
adsorption of H2O to specific facets can be a factor that decides which facets are involved in the 
epitaxial connection between crystals during hydrothermal coarsening. Frequently oriented at-
tachment between charge-stabilized crystals has been observed when the temperature is raised 
above room temperature, described in the literature as hydrothermal treatment;5,12,15,16,18-20 this 
means that Brownian motion of the dispersed crystals becomes so vivid that the protecting 
charge double layer breaks up in a collision, and facets face each other on a short distance. The 
increase of oriented attachment by raising the temperature is thus mostly a kinetic effect. 

One of the best studied cases is oriented attachment of anatase TiO2 nanocrystals. Penn et 
al.12 reported oriented attachment via the high energy (001) and (112) facets. Adachi et al.10 

showed that these facets can be blocked by certain ligands, and that oriented attachment then 
occurs via lower energy facets. During hydrothermal coarsening it is often found that nano-
crystals attach to form rods, mostly with the polar facets involved. In a second stage these rods 
adhere along their long direction and finally attach to form sheets or 3D materials, either fully 
closed or with pores present. The hierarchical construction of porous materials for opto-elec-
tronic applications and energy storage is an interesting engineering pathway, provided that the 
building blocks as well as the facet selectivity in the attachment can be precisely controlled.

S3.1.2 The study of crystal defects and annealing of crystal defects
Crystal defects originating from imperfect oriented attachment have been studied by ex situ 
high resolution transmission electron microscopy (HR-TEM). An early study of TiO2 showed 
that twinning planes in a crystal, and edge and screw dislocations can be caused by imperfect 
oriented attachment.15,21 The presence crystal defects constituted the first strong indication 
that oriented attachment is a prominent mechanism of crystal growth, abundant in natural and 
laboratory conditions. Twinning can occur when identical crystallographic facets face each 
other and attach, sharing the same crystal lattice points between them. An edge dislocation 
results from an atomic plane that ends halfway between the two planes that connect; a screw 
dislocation is more intricate to understand. Later on, the annealing of defects has been mon-
itored in time under two types of conditions: (i) in the vacuum and beam conditions of an 
electron microscope,22 (ii) with special samples containing ultra-thin films of nanocrystals and 
the liquid medium.23-25
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Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

TiO2 21 Anatase nanocrystals, 
- multi-facetted 
- 5 nm 
- active facets: high energy 
facets (112), (001) 

Water, hydrothermal 
coarsening 

Larger crystals formed from 
two or more nanocrystals 

Understanding the 
formation of edge- and 
screw dislocations formed 
by imperfect oriented 
attachment 

Fundamental 
knowledge 

TiO2 15 Preformed nanocrystals 
- anatase, brookite 
- multi-facetted 
- 5 nm 
- active (112) and (001) 
facets  
 

Water, hydrothermal 
coarsening 

Larger crystals with epitaxial 
connections and twinned 
interfaces 

Understanding twinning 
and polytypism in crystal 
growth 

Fundamental 
knowledge 

TiO2 13 - preformed anatase 
nanocrystals 
- few nm in size 
- high energy (001) facet 
covered with surfactants, 
(101) active 
 

Polar solvent Anatase nanowires along the 
<101> direction by (101) 
facet attachment, di�erent 
from Penn et al. 
 

Understanding the type of 
facets used in oriented 
attachment 

Assemblies of 
attached TiO2 
rods as high-
surface area 
material for 
dye-sensitized 
solar cells 

TiO2 10 Ti(IV)Oxides → �bers → 
branched rutile meso-
crystals via oriented 
attachment 

Acidic water - rutile �bers with c-axis as 
long axis 
- more complex and larger 
crystals with attachment via 
the lateral (110) facets 

Hierarchical assembly and 
oriented attachment on 
di�erent stages of the 
hydrothermal coarsening 

-- 

TiO2 26 TiO2 nanocrystals,  
anatase, charge-stabilized in 
water 
Atomistic simulations of 
attachment 

Water and salts Larger crystals with 
attachment via (112) facets, 
and (001) and (100) facets: 
single crystals and twinned 
crystals  

Understanding facet-
selectivity in OA of anatase 
NCs, charge-stabilized: 
attractive interactions 
between double layers, water 
molecules on facets can 
prevent OA  

-- 

TiO2 27 Synthesis in autoclave 
starting from Ti-
isopropoxide, trimethyl 
ammonium hydroxide 
resulting in TiO2 
nanocrystals, anatase, (001) 
high energy facets 

Autoclave, water, 230 ºC - anatase nanorods along 
<001>, attachment via high-
energy (001) facets 
- further ripening to 
ellipsoids  

-- Anode 
material for 
quantum dot-
sensitized cells 

TiO2 28 TiCl4 and H2O Atomic layer deposition on a 
graphene crystal, 300 ºC 

Anatase rods and V-shaped 
structures in alignment with 
underlying graphene crystal 

Understanding non-typical 
ALD growth: formation of 
small �at NCs that move 
along the surface, 
coalescence, restructuring 
and rod crystallization 

-- 

TiO2 29 Ti(IV) complex and water Water, hydrothermal. 
Coarsening 

- primary 6 nm elongated 
NCs with <001> as long 
direction 
- spindle-like large 
structures (500 nm) with 
pores formed by oriented 
attachment of primary NCs 
along (001) direction and 
sides ways 

Understanding hierarchical 
growth 

Anode 
material for 
Na-ion battery  

       

Table S3.1 Overview of reports on oriented attachment of charge-stabilized crystals in water or polar        
solvents.
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Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

SnO2 32 - NCs in water 
- 5 nm 
 

Basic water, coarsening for 
several days 

- Nanocrystals attach to 
wires <112> direction 
- Wires attach via their sizes 
to sheets and 3D crystals 
 

- Understanding of 
hierarchical steps in crystal 
formation via oriented 
attachment on several stages 

-- 

SnO2 17 
 

- SnCl2 in water at very high 
pressure → elongated 
monodisperse 
dodecahedrons 200 nm, 
- active (100), (110) facets in 
OA, (111) facets protected 
by NMe3 
 

Water, autoclave, 220 ºC, 
very high pressure 

3D very well-ordered 
structures, with attachment 
mostly via (100) facets 

- Understanding crystal 
growth under high pressure 
- Understanding assembly of 
large monodisperse crystals 
into ordered superstructures 
under high pressure 

-- 

       
CaCO3 33 CaCl2, NH4Cl, CO2 in water -- Ca2+ ions → amorphous 

CaCO3 → vaterite (100) 
terminated sheets (>100nm) 
stabilized with NH4

+ → 
stacks → 3-D calcite by OA  

Biomineralization via 
intermediate steps in which 
OA is important 

-- 

CaCO3 6 Ca(OH)2 + CO2 → 30-50 nm 
truncated nanocubes, with 
(104) facets 

Water, room temperature Linear structures and multi-
branched 2D and 3D 
aggregates by OA of the 
nanocubes 

Understanding interaction 
between charged facets 
(Ca2+, CO3

2- terminated) in 
biomineralization 

-- 

CaCO3 34 Rod-like structures formed 
from NCs (see above) 

Water Lateral attachment of rods 
forming bundles 

Attachment directed by 
surface charge 

-- 

Ca5(PO4)3(
OH), 
hydroxyapa
tite 

5 Amorphous particles and 
nanocrystals 

Water, hydrothermal aging - Wurtzite nanorods along 
polar c-axis, 5 nm in 
diameter, 20-100 nm in 
length 
- Assemblies of oriented 
nanorods 

Understanding bone 
formation with biomimetic 
experiments 

-- 

       

- spindle-like large 
structures (500 nm) with 
pores formed by oriented 
attachment of primary NCs 
along (001) direction and 
sides ways 

       
SnO2 16 Preformed SnO2 

nanocrystals: 
- nearly spherical, 1-2 nm, 
multi-facetted 
- charge stabilized 
- (100) facets lowest in 
energy  

Water, coagulation at 
isoelectric point,  

Disordered rods of a few 
attached nanocrystals 

Understanding the e�ect of 
Brownian motion vs. 
nanocrystal alignment by 
facet/facet interactions 

-- 

SnO2 30 SnCl2 in water/ethanol 
mixture 
Endured aging at 120 °C 

Water/ethanol Disordered sheets, rutile, 
non-stoichiometric 

Understanding sheet 
formation in one pot-
synthesis, small NCs as 
intermediates  

Li battery 

SnO2 31 Sn(citrate)2 and 
manganese(citrate)2, heating 
up to 500 °C results in NCs, 
truncated octahedrons 

Nanocrystals formed in 
polar solvent; oriented 
attachment performed 
under dry conditions at 700 
°C  

2D/3D disordered 
agglomerates, Mn2+ ions at 
facets impede or slow down 
oriented attachment 

HR TEM study of facet/facet 
connections in NC clusters 
with strong misalignment 
 

-- 

 

Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

TiO2 21 Anatase nanocrystals, 
- multi-facetted 
- 5 nm 
- active facets: high energy 
facets (112), (001) 

Water, hydrothermal 
coarsening 

Larger crystals formed from 
two or more nanocrystals 

Understanding the 
formation of edge- and 
screw dislocations formed 
by imperfect oriented 
attachment 

Fundamental 
knowledge 

TiO2 15 Preformed nanocrystals 
- anatase, brookite 
- multi-facetted 
- 5 nm 
- active (112) and (001) 
facets  
 

Water, hydrothermal 
coarsening 

Larger crystals with epitaxial 
connections and twinned 
interfaces 

Understanding twinning 
and polytypism in crystal 
growth 

Fundamental 
knowledge 

TiO2 13 - preformed anatase 
nanocrystals 
- few nm in size 
- high energy (001) facet 
covered with surfactants, 
(101) active 
 

Polar solvent Anatase nanowires along the 
<101> direction by (101) 
facet attachment, di�erent 
from Penn et al. 
 

Understanding the type of 
facets used in oriented 
attachment 

Assemblies of 
attached TiO2 
rods as high-
surface area 
material for 
dye-sensitized 
solar cells 

TiO2 10 Ti(IV)Oxides → �bers → 
branched rutile meso-
crystals via oriented 
attachment 

Acidic water - rutile �bers with c-axis as 
long axis 
- more complex and larger 
crystals with attachment via 
the lateral (110) facets 

Hierarchical assembly and 
oriented attachment on 
di�erent stages of the 
hydrothermal coarsening 

-- 

TiO2 26 TiO2 nanocrystals,  
anatase, charge-stabilized in 
water 
Atomistic simulations of 
attachment 

Water and salts Larger crystals with 
attachment via (112) facets, 
and (001) and (100) facets: 
single crystals and twinned 
crystals  

Understanding facet-
selectivity in OA of anatase 
NCs, charge-stabilized: 
attractive interactions 
between double layers, water 
molecules on facets can 
prevent OA  

-- 

TiO2 27 Synthesis in autoclave 
starting from Ti-
isopropoxide, trimethyl 
ammonium hydroxide 
resulting in TiO2 
nanocrystals, anatase, (001) 
high energy facets 

Autoclave, water, 230 ºC - anatase nanorods along 
<001>, attachment via high-
energy (001) facets 
- further ripening to 
ellipsoids  

-- Anode 
material for 
quantum dot-
sensitized cells 

TiO2 28 TiCl4 and H2O Atomic layer deposition on a 
graphene crystal, 300 ºC 

Anatase rods and V-shaped 
structures in alignment with 
underlying graphene crystal 

Understanding non-typical 
ALD growth: formation of 
small �at NCs that move 
along the surface, 
coalescence, restructuring 
and rod crystallization 

-- 

TiO2 29 Ti(IV) complex and water Water, hydrothermal. 
Coarsening 

- primary 6 nm elongated 
NCs with <001> as long 
direction 
- spindle-like large 

Understanding hierarchical 
growth 

Anode 
material for 
Na-ion battery  

Table S3.1 Overview of reports on oriented attachment of charge-stabilized crystals in water or polar         
solvents (continued).
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Table S3.1 Overview of reports on oriented attachment of charge-stabilized crystals in water or polar         
solvents (continued).

Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

TiO2 21 Anatase nanocrystals, 
- multi-facetted 
- 5 nm 
- active facets: high energy 
facets (112), (001) 

Water, hydrothermal 
coarsening 

Larger crystals formed from 
two or more nanocrystals 

Understanding the 
formation of edge- and 
screw dislocations formed 
by imperfect oriented 
attachment 

Fundamental 
knowledge 

TiO2 15 Preformed nanocrystals 
- anatase, brookite 
- multi-facetted 
- 5 nm 
- active (112) and (001) 
facets  
 

Water, hydrothermal 
coarsening 

Larger crystals with epitaxial 
connections and twinned 
interfaces 

Understanding twinning 
and polytypism in crystal 
growth 

Fundamental 
knowledge 

TiO2 13 - preformed anatase 
nanocrystals 
- few nm in size 
- high energy (001) facet 
covered with surfactants, 
(101) active 
 

Polar solvent Anatase nanowires along the 
<101> direction by (101) 
facet attachment, di�erent 
from Penn et al. 
 

Understanding the type of 
facets used in oriented 
attachment 

Assemblies of 
attached TiO2 
rods as high-
surface area 
material for 
dye-sensitized 
solar cells 

TiO2 10 Ti(IV)Oxides → �bers → 
branched rutile meso-
crystals via oriented 
attachment 

Acidic water - rutile �bers with c-axis as 
long axis 
- more complex and larger 
crystals with attachment via 
the lateral (110) facets 

Hierarchical assembly and 
oriented attachment on 
di�erent stages of the 
hydrothermal coarsening 

-- 

TiO2 26 TiO2 nanocrystals,  
anatase, charge-stabilized in 
water 
Atomistic simulations of 
attachment 

Water and salts Larger crystals with 
attachment via (112) facets, 
and (001) and (100) facets: 
single crystals and twinned 
crystals  

Understanding facet-
selectivity in OA of anatase 
NCs, charge-stabilized: 
attractive interactions 
between double layers, water 
molecules on facets can 
prevent OA  

-- 

TiO2 27 Synthesis in autoclave 
starting from Ti-
isopropoxide, trimethyl 
ammonium hydroxide 
resulting in TiO2 
nanocrystals, anatase, (001) 
high energy facets 

Autoclave, water, 230 ºC - anatase nanorods along 
<001>, attachment via high-
energy (001) facets 
- further ripening to 
ellipsoids  

-- Anode 
material for 
quantum dot-
sensitized cells 

TiO2 28 TiCl4 and H2O Atomic layer deposition on a 
graphene crystal, 300 ºC 

Anatase rods and V-shaped 
structures in alignment with 
underlying graphene crystal 

Understanding non-typical 
ALD growth: formation of 
small �at NCs that move 
along the surface, 
coalescence, restructuring 
and rod crystallization 

-- 

TiO2 29 Ti(IV) complex and water Water, hydrothermal. 
Coarsening 

- primary 6 nm elongated 
NCs with <001> as long 
direction 
- spindle-like large 
structures (500 nm) with 
pores formed by oriented 

Understanding hierarchical 
growth 

Anode 
material for 
Na-ion battery  

Compound 
 
 
 

Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

ZnO 12 One pot synthesis based on 
hydrolysis of Zn(OH)2 
under hydrothermal 
conditions, ZnO NCs as 
intermediate phase 

Water, sodium dodecyl 
sulfonate as ligand, 
presumable adsorbed at the 
lateral facets of the wires 
 

ZnO nanowires along 
<0001> wurtzite axis, 20-80 
µm, 50-200 nm diameter 

Role of sodium dodecyl 
sulfonate ligands adsorbing 
at the lateral (100) facets, 
promoting stronger 
anisotropy 

Opto-
electronic 
devices, 
sensitive UV 
photodetector 

ZnO 41 Measurement of (0001) 
facet-to-facet forces by AFM 

Water -- Understanding facet-to-
facet forces as a function of 
distance (intervening water 
layers) and relative in-plane 
angle 

-- 

       

Ca5(PO4)3(
OH), 
hydroxyapa
tite 

5 Amorphous particles and 
nanocrystals 

Water, hydrothermal aging - Wurtzite nanorods along 
polar c-axis, 5 nm in 
diameter, 20-100 nm in 
length 
- Assemblies of oriented 
nanorods 

Understanding bone 
formation with biomimetic 
experiments 

-- 

       
Fe3O4 
(magnetite) 

35 Preformed 5 nm Fe3O4 
nanocrystals 

Polar solvent Large porous spheres 100 
nm in diameter formed by 
OA of 5 nm crystals 

Understanding oriented 
attachment 

-- 

Fe2O3 
(hematite) 

36 100 nm hematite 
nanocrystals, with facets 

Water, hydrothermal - 1D chains and extended 
hexagonal monolayers and 
�lms by OA of 100 nm 
hematite NCs 
- OA via (110) planes, while 
(001) facets have lowest 
surface energy 
 

- Understanding oriented 
attachment of large crystals 
in water 
- Interplay of facet-speci�c 
interactions and magnetic 
dipoles 

Formation of 
magnetic 
materials 

Fe2O3  
(e- and a-
phase) 

37 Fe(NO3)2 in 
water/(NH4)2HPO4,  

Hydrothermal reaction at 
200 ºC in autoclave 

- Primary nanocrystals: e-
Fe2O3 10-15 nm in size 
- Formation of nano�akes 
and ellipsoid-shaped 
structures, 200-500 nm in 
size with a-crystal structure, 
formed by OA 

- Formation of e-Fe2O3 
nanocrystals with bene�cial 
magnetic properties 
- Slow decay of this phase to 
large aggregates of Fe2O3 
with smaller coercivity 

-- 

FeO(OH) 
goethite 

38 Fe(OH)2 in water + O2 Water - Nanorods by isotropic 
crystal growth 
- OA of rods via lateral (110) 
facets to larger crystalline 
rods (30 nm in width, 200 
nm in length)  

- Understanding the 
formation of Goethite rods 
via a hierarchical process 

-- 

       
ZnO 39 Ligand-free NCs, 5 nm in 

size 
Polar solvent aging of the 
NCs in MeOH/chloroform 

Monodisperse nano-porous 
ellipsoids, about 200 nm in 
length, 100 nm in width, 8 
nm pores 

Proof that mesoscopic 3D 
systems can be formed by 
OA in polar solvents 

Photocatalysis
, 
photodegradat
ion of organic 
waste 

ZnO 40 One-pot synthesis, based on 
Zn(acetate)2 in ethanol, NCs 
are intermediates in rod 
formation 

Water/Ethanol 
Enduring hydrothermal 
coarsening in autoclave 

ZnO nanocrystals 1-3 nm 
diameter, ZnO nanorods 
with <0001> wurtzite long 
axis, 15 nm in diameter, 100 
nm in length 

Oriented attachment on 
diverse hierarchical 
moments in the coarsening, 
during formation of 7 nm 
crystals, which then form 
(15,100 nm) wurtzite rods 
Axial oriented attachment of 
small nanocrystals vs. lateral 
attachment  

-- 
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Table S3.1 Overview of reports on oriented attachment of charge-stabilized crystals in water or polar         
solvents (continued).

intermediate phase  anisotropy photodetector 
ZnO 41 Measurement of (0001) 

facet-to-facet forces by AFM 
Water -- Understanding facet-to-

facet forces as a function of 
distance (intervening water 
layers) and relative in-plane 
angle 

-- 

       
BaTiO3 42 - Multi-facetted BaTiO3 NCs 

in water 
- Cubic NCs in organic 
solvent, oleic acid capped 
 

- Water, hydrothermal 
- Organic solvents 

Systems with a few 
nanocrystals attached, with 
alignment of the 
nanocrystals 

Model study based on results 
of two other reports, 
competition between van 
der Waals facet/facet 
interactions, and assembly 
directed by the NC dipole 
moment around the c-axis 

-- 

       
MnS 43 Manganocene (Mn-C) and 

elemental sulfur 
Dry mixture, autoclave, 500-
800 °C 

Porous mesoscopic 
carbon/MnS architectures 
by oriented attachment of 
MnS 200-400 nm crystals in 
the carbon support 

-- Anode 
material for Li 
batteries 

MnO2 44 Structures with 
interconnected MnO6 
octahedra forming linear 
pores  

Monitoring oriented 
attachment of the building 
blocks in a liquid cell 

- primary building blocks 
attach 
- �nally, a nanowire with 
several pore-channels is 
formed 

Peculiar crystal structures 
with molecular-like binding 
mechanisms  

-- 

Mn2O3, 
MnO2 

45 Interconnected MnO6 
octaeders form hexagonal 
nano�akes along a <100> 
direction 

Water Nano�akes attach in 
imperfect way to form 
multi-domain nano�ower 
structures 

Understanding edge-to-
edge oriented attachment of 
nano�akes promoted by 
hydrogen bonds 

-- 

       
CoO 46 CoCO3 forms CoO 

nanorods in solvothermal 
conditions 

Water - Rods attach side-by-side to 
plates 
- Plates attach to form book-
like structures 
 

Understanding hierarchical 
OA using several facet types 

Energy storage 
in super-
capacitors 

       
Au 47 Au NCs dispersed Water, laser-light in the near 

IR 
Hierarchical oriented 
attachment:  
- NCs attach to form rods, - 
rods attach in length and 
laterally, 
- longer rods attach to form 
micron sized wires 

Understanding hierarchical 
OA, driven by heating and 
plasmon resonances 

-- 

Au 48 Citrate-stabilized Au 
nanocrystals, 2 nm in size, 
multi-facetted 

Water, liquid cell NC dimers attached via 
(111) facets 

In-situ study of rotational 
motion of nanocrystals, and 
�nally epitaxial connection 

-- 

       
PbSe 49 Pb(CH3COO)2 and Na2SeO3 

Chemical bath deposition of 
a GaAs wafer 

Water at pH = 13 Small cubic PbSe 
nanocrystals formed in 
solution, attach via 
(100)/(100) interactions to 
columns 

Preparing electronic grade 
and quantized thin PbSe 
�lms 

-- 

PbTiO3 
perovskite 
�bers 

20 Pb(NO3)2 and Ti(OH)4 Water, hydrothermal 
conditions 

PbTiO3 nanorods that 
evolve into ribbons with 
diameters of 250 nm via 
lateral OA, using (110) 
planes 

Formation of high-quality 
crystalline ribbons, 
photoluminescence in 
visible region 

-- 

 

Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Solvent, ligands (?), and 
experimental conditions 

Type of crystals formed by 
oriented attachment 

Scienti�c interest Application 

TiO2 21 Anatase nanocrystals, 
- multi-facetted 
- 5 nm 
- active facets: high energy 
facets (112), (001) 

Water, hydrothermal 
coarsening 

Larger crystals formed from 
two or more nanocrystals 

Understanding the 
formation of edge- and 
screw dislocations formed 
by imperfect oriented 
attachment 

Fundamental 
knowledge 

TiO2 15 Preformed nanocrystals 
- anatase, brookite 
- multi-facetted 
- 5 nm 
- active (112) and (001) 
facets  
 

Water, hydrothermal 
coarsening 

Larger crystals with epitaxial 
connections and twinned 
interfaces 

Understanding twinning 
and polytypism in crystal 
growth 

Fundamental 
knowledge 

TiO2 13 - preformed anatase 
nanocrystals 
- few nm in size 
- high energy (001) facet 
covered with surfactants, 
(101) active 
 

Polar solvent Anatase nanowires along the 
<101> direction by (101) 
facet attachment, di�erent 
from Penn et al. 
 

Understanding the type of 
facets used in oriented 
attachment 

Assemblies of 
attached TiO2 
rods as high-
surface area 
material for 
dye-sensitized 
solar cells 

TiO2 10 Ti(IV)Oxides → �bers → 
branched rutile meso-
crystals via oriented 
attachment 

Acidic water - rutile �bers with c-axis as 
long axis 
- more complex and larger 
crystals with attachment via 
the lateral (110) facets 

Hierarchical assembly and 
oriented attachment on 
di�erent stages of the 
hydrothermal coarsening 

-- 

TiO2 26 TiO2 nanocrystals,  
anatase, charge-stabilized in 
water 
Atomistic simulations of 
attachment 

Water and salts Larger crystals with 
attachment via (112) facets, 
and (001) and (100) facets: 
single crystals and twinned 
crystals  

Understanding facet-
selectivity in OA of anatase 
NCs, charge-stabilized: 
attractive interactions 
between double layers, water 
molecules on facets can 
prevent OA  

-- 

TiO2 27 Synthesis in autoclave 
starting from Ti-
isopropoxide, trimethyl 
ammonium hydroxide 
resulting in TiO2 
nanocrystals, anatase, (001) 
high energy facets 

Autoclave, water, 230 ºC - anatase nanorods along 
<001>, attachment via high-
energy (001) facets 
- further ripening to 
ellipsoids  

-- Anode 
material for 
quantum dot-
sensitized cells 

TiO2 28 TiCl4 and H2O Atomic layer deposition on a 
graphene crystal, 300 ºC 

Anatase rods and V-shaped 
structures in alignment with 
underlying graphene crystal 

Understanding non-typical 
ALD growth: formation of 
small �at NCs that move 
along the surface, 
coalescence, restructuring 
and rod crystallization 

-- 

TiO2 29 Ti(IV) complex and water Water, hydrothermal. 
Coarsening 

- primary 6 nm elongated 
NCs with <001> as long 
direction 
- spindle-like large 
structures (500 nm) with 
pores formed by oriented 
attachment of primary NCs 
along (001) direction and 
sides ways 

Understanding hierarchical 
growth 

Anode 
material for 
Na-ion battery  
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Table S3.2 Overview of reports on oriented attachment in organic non-polar solvents.

Compound Reference Building blocks 
- crystal structure 
- shape 
- size 
- active facet 
 

Suspension, 
ligand, method 

Crystal formed by 
oriented attachment 

Scientific interest Application 

PbSe 50 Nanocrystals 
- rock salt 
- truncated cube  
- octahedron 
- few nm 
- (100) or (110) or 
(111) depending on 
ligands 

Organic, 
ligand-stabilized 
nanocrystals 
 

- Direct synthesis of 
straight nanowires along 
<100>, 4-20 nm 
diameter, micrometer 
length 
- Nanorods by oriented 
attachment of 
nanocrystals with use of: 
(100) facets (oleates),  
(110) facets (amines) 
(111) facets 
(hexadecylamine)  
  

Study of active facet 
selectivity depending 
on the ligand 
stabilization, strong 
anisotropy with 
centrosymmetric crystal 
structure 

Opto-
electronic 
materials 

PbSe 51 - One-pot synthesis 
with Pb- and Se-
precursors 
- 5 nm PbSe nanocube 
intermediates 

Organic - PbSe nanowires 
formed by O`A 
attachment of 5 nm 
nanocrystal 
intermediates aligned 
along a <100> direction 
- Liquid crystals of 
aligned nanorods 

- study of anisotropic 
crystal growth with 
centrosymmetric rock 
salt crystal structure 

Opto-
electronics 

PbS 52 - One-pot synthesis, 
PbS nanocrystals as 
intermediates, dense 
packing of oleates on 
(100) planes 

Organic, Cl-
containing co-
solvent 

- Extended (µm) 2D 
sheets, 5 nm in 
thickness, OA 
attachment of 
nanocrystals, 
presumably along the 
(110) direction 

- formation of 2D opto-
electronic materials by 
wet chemistry 

Opto-
electronics 

       
Mn3O4 53 - Autoclave synthesis 

in water of 20-30 nm 
truncated cuboids 
- 6 (100) facets 
- oleic acid capped 

Hexane and 
toluene, solvent 
evaporation, NC 
assembly at 
liquid/air interface, 
heating  

- Linear rods <100> 
direction, with epitaxial 
connection via the (100) 
facets 
- Square monolayers 
with attachment at 4 
(100) facets 

- Understanding 
assembly of capped 
nanocubes at organic 
liquid/air interface, OA 
upon removal of oleic 
acid 

-- 

       
ZnS 54  Nanocrystals 

- zinc blende  
- multi-faceted 
- 5 nm 

Organic solvents, 
oleic acid, 
hexadecylamine 

- Direct synthesis of 
nanorods of 5nm 
diameter, 20 nm length 
- Oriented attachment of 
nanocrystals to rods 

Facet-selective oriented 
attachment 

Opto-
electronic 
materials 

       
CdSe 55 Direct one-pot 

synthesis, nanocrystals 
as intermediates 

Organic, 
alkylamine ligands 
of different lengths 

- Direct synthesis of 
CdSe nanorods 1.5 – 
6nm in diameter, via 
intermediate phases of 
pearl-necklace or string-
of-pearls agglomerates 

Understanding 
nanowire growth, via 
intermediate 
agglomeration, and OA 

Opto-
electronic 
materials 

       
Au 56 Chloroauric acid and 

oleylamine (reductor) 
in a toluene medium  
 

Organic solvents - Ionic precursors → Au 
nanocrystals 2 nm in size 
→ Au nanowires with of 
2 nm in diameter up to 
µm, growth along the 
<111> axis 
- Arrays of nanowires 

- Understanding 
anisotropic growth by 
OA of cubic fcc 
nanocrystals 
- Formation of twin 
defects, and atomic 
reconfigurations, 
smoothening the 
nanowires 

-- 
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Semiconductor superstructures made from assembled and epitaxially connected colloidal 
nanocrystals (NCs) hold promise for crystalline solids with atomic and nanoscale periodicity, 
whereby the band structure can be tuned by the geometry. The formation of especially the 
honeycomb superstructure on a liquid substrate is far from understood and suffers from weak 
replicability. Here, we introduce 1,4-butanediol as an unreactive substrate component, which 
is mixed with reactive ethylene glycol to tune for optimal reactivity. It shows us that the hon-
eycomb superlattice has a NC precursor state before oriented attachment occurs, in the form 
of a self-assembled hexagonal bilayer. We propose that the difference between the formation 
of the square or honeycomb superstructure occurs during the self-assembly phase. To form a 
honeycomb superstructure, it is crucial to stabilize the hexagonal bilayer in the presence of 
solvent-mediated repulsion. In contrast, a square superstructure benefits from the contraction 
of a hexagonal monolayer due to the absence of a solvent. A second experiment shows the very 
last stage of the process, where the increasing alignment of NCs is quantified using selected-area 
electron diffraction (SAED). The combination of transmission electron microscopy (TEM), 
SAED, and tomography used in these experiments shows that the (100)/(100) facet-to-facet 
attraction is the main driving force for NC alignment and attachment. These findings are val-
idated by coarse-grained molecular dynamic simulations, where we show that an optimal NC 
repulsion is crucial to create the honeycomb superstructure.
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4.1 Introduction
For the fabrication of inorganic crystals that feature atomic and nanoscale periodicity, top-
down lithographic approaches have been used.1 However, due to high costs and wavelength 
limitations, this method reaches its limits at a period of roughly 20 nm.2 A cheaper method, 
while achieving even smaller features (down to 6.5 nm), would be the well-controlled oriented 
attachment of monodisperse nanocrystals.3 In the classical crystal growth model, monomers are 
attached one-by-one to the growing crystal. By utilizing differences in chemical composition 
and reactivity of facets, it is often possible to manipulate the direction of this growth. In oriented 
attachment, this principle of distinctive facet reactivity also holds but now for the facet-specific 
attachment of nanocrystals to form a periodic solid. Such superstructures have been obtained 
with a variety of nanocrystals and under different conditions. Advanced structures and control 
of the process have only been obtained in apolar solvents by attachment via stoichiometric 
facets.4-8

Lead chalcogenide nanocrystals (NCs) covered by deprotonated fatty acids lead this re-
search field.3,5,6 These NCs have six chemically identical stoichiometric {100} crystal facets 
and eight nonstoichiometric {111} facets. It has been shown that the {100} facets can epitaxi-
ally attach to a (100) facet of a neighboring NC, if ligands are removed. Attachment does not 
happen for the inactive {111} facets, where ligands are bound much stronger and therefore not 
easily removed.9 The epitaxial connection ensures strong electronic coupling between NCs,10,11 
and may even result in a specific electronic band structure depending on the geometry of the 
superstructure.9-11 Of special interest is the two-dimensional (2D) silicene-type honeycomb 
superstructure, which could combine typical semiconductor properties, with Dirac cones in 
the valence and conduction band.10,11 Unfortunately, a full understanding and control of the 
honeycomb superstructure formation from PbSe NCs has not yet been achieved. A growing 
number of studies demonstrate the importance of the NC organization preceding oriented at-
tachment.12-15 A study by Geuchies et al. (using grazing incidence small- and wide-angle X-ray 
scattering, GISAXS/GIWAXS) showed that a hexagonal assembly of PbSe NCs contracted 
in-plane and transformed gradually to a square assembly, prior to NC attachment with (100)/
(100) interactions as the driving force.16 This structural contraction from the hexagonal NC 
assembly to a square assembly is necessary to reach the correct bonding geometry and to bring 
the opposing (100)/(100) facets close enough. This transition is presumably due to the soft 
character of the ligand shell and the removal of residual solvent.17-20 After that, the ligands strip 
from the surface, NCs align, and stoichiometric {100} facets become free, which makes a reduc-
tion of the surface energy possible by an epitaxial connection (attachment) between opposing 
{100} facets.21-23 To form structures with other nanogeometries, i.e., honeycomb structures, the 
continued presence of the residual solvent in the ligand shell or additional unbound ligands was 
found to be essential.23,27,28 

In this work, we use transmission electron microscopy (TEM), selected-area electron dif-
fraction (SAED) and molecular dynamic simulations to study the honeycomb superstructure 
formation by casting a PbSe NC dispersion on ethylene glycol and controlling solvent evapora-
tion. Samples, taken during the process, were immediately placed under vacuum to preserve the 
sampled superstructure, enabling an ex situ, real-time study of self-assembly and attachment. 
The first experiment utilizes 1,4-butanediol, mixed in varying ratios with the ethylene glycol 
liquid substrate, to slow down the ligand stripping and therefore the attachment of NCs. It 
provides a powerful method to balance and study the attraction between the {100} facets. NCs 
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which are too reactive attach quickly and form uncontrolled structures. In contrast, without li-
gand stripping, NCs do not align and stay in the precursor state of hexagonal mono- or bilayers. 
The second experiment studies the last stage; NCs are then organized in a hexagonal bilayer 
and are initially only slightly oriented with a preferred orientation of the ⟨111⟩ axis upwards. 
Over time, NC−NC alignment becomes more and more pronounced, until attachment occurs. 
To complement the experiments, we use coarse-grained molecular dynamic simulations. With 
these modelling results, we substantiate the hypothesis that solvent inclusion in the NC ligand 
shell allows the formation of the hexagonal bilayer precursor phase and provides the stability 
and NC density necessary to form honeycomb superstructures. Without these space-filling mol-
ecules, the NC precursor phase is not stable enough, resulting in disordered or square structures.

4.2 Results
4.2.1 In situ sampling of nanocrystal structures, avoiding perturbative drying effects
The typical synthesis for two-dimensional PbSe honeycomb superstructures is as follows: a 
PbSe quantum dot dispersion is dropcasted on an ethylene glycol (EG) liquid substrate, after 
which the toluene solvent evaporates under atmospheric nitrogen pressure,3 or under nearly sol-
vent-saturated conditions.24 After toluene evaporation, NCs were shown to float on top of the 
EG.25 The EG plays a crucial role in the experiment, as it gradually removes ligands from the 
NC surface and makes {100} NC facets available for attachment.3,6,26 The mechanism behind 
oleate removal by EG is not yet fully understood; however, in literature, two mechanisms have 
been suggested. When oleate ligands are considered to be X-type,27-29 a proton transfer could 
induce displacement and exchange of the oleate ligand.30 Previously, short-chain alcohols were 
suggested to enable this proton transfer to ligands.28 More recent work has shown that amines 
injected in the EG liquid can induce epitaxial fusion in assembled PbSe NCs.22,31 The amines 
(or other L-type ligands) induce ligand displacement as a metal carboxylate complex (Z-type 
displacement of lead oleate) from the NC surface, allowing attachment between bare {100} fac-
ets.32 Although these publications have given tentative hints at a mechanism for ligand removal 
during superstructure formation, a complete understanding has not yet been achieved (sup-
porting information S4.2).38 As soon as enough ligands have been stripped or exchanged, the 
facets become reactive and attachment can occur. Often, this results in a superstructure which 
is a mixture of different geometries instead of an ordered superstructure. We hypothesized that 
slowing the removal of ligands with an effectively less reactive liquid substrate would give us a 
method to improve control over the superstructure formation, even when using highly reactive 
NCs with a low ligand density. We narrowed the search by concentrating on a compound 
with similar properties as EG; it should be a liquid with two hydroxide groups to keep it barely 
mixable with apolar NCs solvents. 

In Figure 4.1, TEM images show the results of casting the dispersion on 100% 1,4-butane-
diol (BD), which has two hydroxide groups and the proper melting point. As can be observed 
in the upper left of Figure 4.1a and the upper left of Figure 4.1b, monolayers are (pseudo-)
hexagonally ordered, and NCs show no attachment, indicating that {100} facets have a signifi-
cantly lower reactivity. We concluded that BD is not able to remove ligands from PbSe NCs 
on similar time scales as EG, making it a good candidate to vary the liquid substrate reactivity. 
Nevertheless, as shown in Figure S4.1, at higher temperatures, BD can induce removal of suf-
ficient ligands to induce attachment. 
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It is important to note distinct differences in the double layers of these samples. In Figure 
4.1a, the hexagonal bilayer is preserved with random orientation of NCs, as seen in the SAED 
inset, which shows full diffraction rings. The double layer in Figure 4.1b shows a structural 
change with a preferred orientation of NCs. This difference is attributed to the TEM sample 
treatment immediately after sampling of the superstructure. Prompt placement of the TEM 
sample under vacuum, in the small antechamber of the glovebox, “freezes” the structure and 
retains randomly rotated NCs (Figure 4.1a). Thus, the NC system that is absorbed at the inter-
face or NCs which are present in a thin layer of toluene can be collected and preserved. Waiting 
too long before applying the vacuum allows evaporation of the residual solvent present in the 
ligand shell. Then, the NC shape becomes a more prominent factor, which induces structural 
changes in the superstructure and the preferred orientation of NCs. In three-dimensional struc-
tures (3D), a similar effect is observed in several NC systems, where it is described as the Bain 
deformation.20,33-41 In all experiments presented below, the TEM samples were placed under 
vacuum immediately after sampling, “freezing” the superstructures as they have formed on the 
liquid substrate. The next step is to synthesize PbSe superstructures on the mixtures of BD and 
EG, to tune the superstructure attachment.

4.2.2 Tuning the NC reactivity, utilizing the liquid substrate
The conditions for these experiments are similar to previously described; slow solvent evapora-
tion occurs under a nearly saturated toluene gas phase above the glycol/NC dispersion system 
(Figure S4.5).24 For this experiment, we used 7 nm PbSe NCs with a relatively low ligand 
density of 2.2 oleate/nm2, as determined by FTIR and NMR (supporting information S4.3). 
In Figure 4.2, we increased the ratio of BD to EG going from a 0:1 (a) to a 3.33:1 ratio (f). 

25 nm25 nm 25 nm25 nm

aa bb

Figure 4.1 Two examples of self-assembled mono- and bilayer PbSe NCs formed over a 15 h experiment 
on 100% BD, in which we waited (a) 5 seconds and (b) 10 minutes between sampling and applying vacuum 
to “freeze” the sample. The small amount of toluene remaining on the sample does not result in strong 
turbulence during evaporation. However, when waiting before vacuum application, the organization of 
NCs changed from a hexagonal mono- or bilayer with random orientation (a) to a denser quasi-hexagonal 
mono- or bilayer with a preferred orientation of NCs with a (100) facet upwards (b).
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Without the addition of BD, attachment of NCs is observed, resulting in disordered nonperi-
odic structures (Figure 4.2a). With an increasing ratio of BD:EG, the degree of nanoscale peri-
odicity increases, forming larger periodic superstructures with a honeycomb geometry (Figure 
4.2b−d). The optimal liquid substrate mixture has a BD:EG ratio of 1:1.17, yielding long-range 
honeycomb superstructures with areas up to 10 μm2 (Figure 4.2d). This long-range order is also 
illustrated by Fourier transforms (Figure S4.6). At the same time, the SAED image inset shows 
six sharp peaks on the 220 ring, indicative of NCs oriented with their ⟨111⟩ axis perpendicular 
to the substrate and no rotational freedom within the plane. With this orientation, three of 
the {100} facets face the {100} facets of neighboring NCs, forming a honeycomb structure.6 
A further increase of the BD:EG ratio results in unattached NCs ordered in mixed phases of 
hexagonal mono- and bilayers (Figure 4.2e and 2f). It is important to note that while these 
hexagonal bilayers look exactly like attached honeycomb superstructures in TEM images (see 
supporting information S4.4, Figure S4.7 for a detailed comparison), the SAED image inset 
still shows rings, i.e., random orientation, confirming that NCs are not attached. 

10 μm 5 μm 1 μm
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Figure 4.2 Honeycomb formation with an increasing concentration of 1,4-butanediol. The amount of 
1,4-butanediol to ethylene glycol is, respectively, in (a) 0:6.5, (b) 1:5.5, (c) 2:4.5, (d) 3:3.5, (e) 4:2.5, and (f) 
5:1.5 mL. The quantity and quality of the honeycomb structure improve with an increasing amount of BD, 
until no attachment is observed in (e) and (f). The insets in (d) and (e) are the SAED patterns of the bilayer 
area, showing strongly aligned and attached NCs in (d) and NCs with random orientations in (e). The right 
part of (d−f) shows a lower magnification TEM image, where the large domains of a linearly attached (see 
Figure S4.10a), honeycomb and self-assembled structures are visible.
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These results demonstrate the tremendous improvement in quantity and quality of the 
honeycomb structure with an increase in the relative amount of BD in the liquid substrate. 
The addition of the less reactive BD to EG provides a direct method to tune the formation of 
superstructures for NCs with different ligand densities. The results presented in Figure 4.2 
confirm that ligand removal from the NC surface by EG is crucial to induce attachment of 
{100} facets, which is driven by surface energy reduction. They also suggest that the hexagonal 
bilayer is a precursor phase to the honeycomb superstructure, something additionally inferred 
from the similarities of the nanoscale and microscale organization of NCs between Figure 4.2d, 
2e and 2f.

4.2.1 Final stage of alignment and attachment, facet-to-facet interactions
Below, we show a second experiment that monitors the formation of PbSe NC honeycomb 
superlattices in real time, confirming the key role of (100)/(100) facet-to-facet interactions in 
aligning NCs. Ideally, this study involves GISAXS/GIWAXS, as utilized in previous stud-
ies.16,31,35,42 However, the formation of honeycomb structures requires ultraslow evaporation of 
the toluene solvent over 15 hours (h) in a nearly closed system under an inert atmosphere. 
In principle, in situ X-ray measurements over such a long period are possible. Nevertheless, 
they demand long occupation of the synchrotron measurement station, while self-assembling 
structures might be prone to beam damage and residual oxidation, making in situ GISAXS/
GIWAXS very demanding. We have chosen for an ex situ, real-time study of superlattice for-
mation by monitoring the sample at gradually longer times of toluene evaporation using TEM, 
tomography, and SAED. To avoid ex situ drying effects and preserve the in situ state of the 
structure (see above), the samples were immediately placed under vacuum. Figure 4.3 shows 
the representative TEM images of samples obtained after 3, 9, and 15 h of slow toluene evap-
oration at 20 °C for 6.1 nm PbSe NCs with a medium ligand density of 3.7 oleate/nm2, as de-
termined by FTIR and NMR (supporting information S4.3, additional results are presented 
in Figure S4.8 and S4.9). We dropcasted the equivalent of approximately 1.5 monolayers of 
PbSe NCs on the liquid substrate surface. After 1−3 h (Figure 4.3a left, S4.8), only some of 
the NCs are present at the interface, while the rest is still suspended. The SAED diffractogram 
inset shows two rings corresponding to 200 and 220 diffraction rings with uniform intensity, an 
indication that NCs near an interface still have a random orientation.

The samples acquired at 6−12 h (Figure 4.3a middle and S4.8) show an increased density 
of NCs resulting in mono- and bilayers with a hexagonal geometry. The number of NCs on 
the TEM grid suggests that all NCs originally present in the dispersion are now at, or close to 
the interface. The SAED diffractogram inset top right shows that NCs in the monolayer are 
not aligned and thus still have random orientations. This is in line with GISAXS/GIWAXS 
patterns obtained previously for experiments with more rapid toluene evaporation.16 However, 
bilayers show SAED patterns (top left), with a lower intensity on the 200 ring, a relatively 
strong intensity on the 220 ring, and the occurrence of six broad spots. These spots originate 
from an interference pattern of diffraction on the three sets of {110} crystal planes, showing that 
the ⟨111⟩ axis of NCs is oriented vertically to the interface, while NCs have limited rotational 
freedom. Thus, these bilayers should not be considered as consisting of “hard” spheres with 
a random orientation; the gradual alignment is due to NC rotations that try to maximize the 
attractions between the {100} facets of NC neighbors in the hexagonal bilayer.
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The samples acquired after 15, and even 24 h (Figure 4.3a right, S4.8, and S4.9), show 
large bilayer domains. The SAED inset now shows almost no intensity on the 200 ring, while 
the 220 ring has six intense and small-angled spots, indicative of improved ⟨111⟩ orientation 
and alignment in the bilayer superstructure. This means that {100} facets must have a 45° orien-
tation with respect to the plane, and it is very hard to discern from these TEM pictures whether 
attachment has already taken place (see below).

Besides large bilayer domains, monolayer domains are observed as well. In the monolayer 
(Figure 4.3a right, left corner inset), NCs are clearly attached in a linear geometry and oriented 
with {100} facets upwards (Figure S4.10a). These linear structures imply a symmetry breaking, 
as bonding sites are available in two orthogonal directions; the origin of this symmetry breaking 
is not well understood. The SAED and a Fourier transform of linear structures in Figure S4.10 
show that although NCs are linearly attached, they are still organized in a disordered hexagonal 
symmetry. This indicates that unattached NCs in the hexagonal monolayer attach via opposing 
(100) facets that are vertically oriented in these linear structures while retaining some of their 
original position. Attachment of NCs in this area is an indication that NCs in the bilayer are 
attached as well.
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Figure 4.3 Real-time, ex situ study of the formation of a honeycomb superlattice. (a) TEM images of sam-
ples obtained by horizontal contact of TEM grids with the toluene−air interface, after 3, 9, and 15 h of exper-
iment time. The sample at 9 h shows PbSe NC hexagonal mono- and bilayers. The upper-left inset shows the 
SAED of a bilayer: the spots indicate limited random orientation. The upper-right inset is a diffractogram of 
the hexagonal monolayer, indicating random NC orientations. After 15 h, all NCs in the bilayer are oriented 
with the ⟨111⟩ axis perpendicular to the plane of the superlattice. The lower-left TEM inset of the hexagonal 
monolayer at 15 h shows that linear structures have been formed as well. (b) TEM image of the superstruc-
ture formed after 3 h of experiment time and an additional 1 h after the removal of the cap (resulting in a low 
solvent vapor pressure). (c) Width of the six spots on the 220 ring after 9 h and the background scattering 
intensity on the azimuthal trace are analyzed using Gaussian fits (red). The values are presented in Table 4.1 
and discussed in the text.
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4.3.4 Formation of square versus honeycomb superstructures
As was previously shown in Figure 4.1, the presence of residual solvent in the ligand corona 
already plays a huge role in the geometry observed in the sample. A similar phenomenon was 
observed during the formation of the superstructures in Figure 4.3. When the cap of the setup 
is removed at different times during the experiment, the solvent vapor pressure drops and if 
superstructure formation is allowed to continue for another hour, different structures than those 
under near solvent saturation are formed. If the cap is removed during the first 3 h, only some of 
the NCs are present at the interface while the rest is still suspended (Figure 4.3a left). As shown 
in Figure 4.3b, an experiment continued at low solvent pressure for 1 h forms a superstruc-
ture with a square geometry, for which the detailed formation mechanism has been described 
before.16 However, if the cap was removed in a much later stage of the process, after 6−12 
h, the self-assembled hexagonal double layer evolved into an attached honeycomb structure. 
It suggests that the difference in the formation of square or honeycomb structures occurs during 
self-assembly, prior to NC alignment and attachment. The solvent makes up approximately 
40% of the space in a self-assembled hexagonal layer, compared to ∼20 and ∼40% for the NC 
core and ligands, respectively, as shown by a simple calculation in supporting information 
S4.5. It is therefore no surprise that the NC organization in a self-assembled superlattice can 
change by solvent removal. This effect was previously described in literature for several NC 
systems.19,33,35,43-45

For the honeycomb formation, it is beneficial to have an ordered, unattached, “hard” sphere 
like hexagonal bilayer as a precursor phase, before (100)/(100) interactions between NCs pull 
them together. Losing solvent molecules from the ligand shell before this precursor phase causes 
too much contraction, resulting in square-like superstructures.19,33,35,43-45 We therefore hypothe-
size that the removal of the solvent early in the hexagonal (bi)layer precursor phase, changes the 
NC self-assembly from barely interactive NCs at long NC−NC distances to an assembly with 
attractive interactions resulting in a denser structure with shorter NC− NC distances. This indi-
cates that the number of solvent molecules incorporated in the structure is critical for the stage 
at which (100)/(100) interactions come into play; if this occurs in an early stage, square-type 
monolayers are favored, while assembly under a nearly solvent-saturated atmosphere favors 
large bilayer domains that eventually evolve in buckled honeycomb structures.

4.3.5 SAED analysis of NC alignment during honeycomb formation
A way to study the NC alignment in this experiment is to analyze the 200 and 220 diffraction 
rings in SAED patterns. The total intensity of the rings, as compared to a powder diffraction 
pattern of bulk PbSe gives information on the percentage of NCs with a random orientation 
that are still present in the selected area. Table 4.1 lists the percentage of NCs in a random 
orientation observed in the experiments of Figure 4.3, which gradually decreases from 32 to 
3% (supporting information S4.6). At the same time, an interference pattern of six peaks 
begins to emerge on the 220 ring. In Figure 4.3c, this 220 ring is represented as an azimuthal 
trace (blue), and the six peaks are fitted with Gaussians (red). This provides quantitative values 
for the FWHM of the peaks during the entire 24 h after the dispersion was dropcasted on the 
liquid substrate. Additionally, the decreasing background intensity of the ring shows the in-
creasing percentage of NCs aligned to neighboring NCs. To validate this analysis, the measured 
superlattice values are compared to the instrumentational broadening and background values, 
measured with a molybdenum single crystal.
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Over the 6−15 h period, the 220 peak widths gradually decrease from 6.1 to 2.7°, while the 
overall percentage of oriented and aligned NCs increases from 64 to 96%, due to the increas-
ing order in bilayers, i.e., a smaller and smaller number of PbSe NCs have a random rotation. 
However, for all of the SAED values, after 15 h, no further improvement of the alignment is 
observed, suggesting that irreversible necking between the (100)/(100) facets has occurred. 
The decreasing trend of randomly oriented NCs (Table 4.1, column 2) corresponds to the in-
creasing percentage of NCs aligned to neighboring NCs (Table 4.1, column 3) and the decrease 
in average peak width (Table 4.1, column 4). This suggests that the alignment in the last stages 
of the process is caused by NC reorientations, which maximize the (100)/(100) attractions 
between NC neighbors. Other sources of NC alignment, for example, caused by NC−interface 
interactions are therefore less likely.

Time 
[h] 

NCs with random 
orientation [%] 

NCs aligned to 
neighboring NCs [%] 

Average 220 
peak width [°] 

6 32 64 6.1 
9 13 86 5.0 
12 12 86 4.5 
15 4 96 2.7 

24 3 92 2.7 

 Table 4.1 Overview of the average peak width and the percentage of background scattering. The data is 
extracted from SAED patterns at different stages after NC deposition, for further discussion see supporting 
information S4.6.
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Figure 4.4 Electron tomography of a PbSe NC bilayer (a, b) and honeycomb superstructure (c, d) obtained 
after 9 and 15 h, respectively. (a) TEM image after 9 h viewed in the ⟨111⟩ direction, while panel (b) shows a 
TEM image of the same sample with a 45° tilted TEM grid. Similar for (c, d), except that the sample is taken 
after 15 h. Note that the top view of the nontilted samples (a, c) looks similar. When tilted, the images show 
the simple cubic structure in which NCs are not attached in (b), while crystalline necks have formed in (d).
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After 15 h, linear attachment observed in the hexagonal monolayer region suggests that 
NCs in the bilayer are also attached, but the conclusive proof is still missing. This is complicated 
by the fact that attachment occurs in ⟨100⟩ directions,6 which have a 45° angle compared to 
the substrate plane. Therefore, shading from PbSe NCs prevents direct observation of bonds in 
this structure. By rotating the TEM samples over a 45° angle, the connections become visible 
and NC attachment can be confirmed. In Figure 4.4, the TEM samples taken at 9 and 15 h 
are shown at a 0° and 45° tilt. At a 45° rotation, the simple cubic bonding pattern,24,46 of the 
silicene-type honeycomb structure becomes clearly visible.

The sample taken at 9 h shows that all of the PbSe NCs are aligned and face each other 
via {100} facets, but except for a few positions, crystalline necks between nanocrystals are not 
present. This suggests that the NC alignment is driven by attractive interactions between these 
facets, resulting in an average peak width of 5.0° at the 220 ring. In contrast, the sample acquired 
after 15 h shows that nearly each NC in the structure has necks to its nearest neighbors (with a 
maximum of three in a silicene-type honeycomb structure). Therefore, this sample represents 
an attached honeycomb superlattice, with the smallest peak width of 2.7°.

The combination of all experiments shown above points to three distinct steps in the 
formation of honeycomb superlattices: (1) the formation of a well-ordered hexagonal bilayer, 
from unconnected “hard sphere like” NCs with the solvent incorporated in the ligand shell, as 
a “precursor” phase, (2) increasing alignment of NCs driven by (100)/(100) interactions, and 
(3) NC attachment by the formation of necks between nanocrystals, resulting in the final super-
structure. To achieve long-range order, separation of these steps is crucial; this means that the 
precursor phase should result in large well-ordered domains, which should be retained until NC 
alignment due to (100)/(100) attraction occurs.

4.3.6 Modelling superstructure formation for NCs with different repulsion potentials
As indicated by earlier theoretical predictions,47 NCs fully covered by ligands are thought to 
have rotational freedom at the solvent−air interface, while NCs having ligands chemisorbed 
only on their {110} and {111} facets, but not on their {100} facets, are expected to have a pre-
ferred orientation (with a (111) facet up) at the solvent−air interface. Therefore, it was previ-
ously thought that the interface-induced orientation of NCs could play a role in the formation 
of the buckled honeycomb structure.47-49 In previous models, the self-assembly pathway was 
based on an early NC orientation at the solvent−air interface to move to the correct position to 
form square or honeycomb superlattices. However, the ex situ, real-time study of superlattice 
formation presented above shows the importance of a well-ordered hexagonal bilayer before 
the introduction of the (100)/(100) interaction for the alignment of NCs (Figure 4.2e, 4.2f, 
and 4.3a).

To further investigate the self-assembly pathway, we present results from coarse-grained 
molecular dynamics simulations of up to 104 NCs. In these simulations, each NC is modelled as 
a polybead structure with a rhombicuboctahedron shape of roughly 6 nm (supporting infor-
mation S4.7, Figure S4.11), where each bead in the structure represents a few atoms. Such a 
simplified coarse-grained model requires a lower computational cost for the simulations than a 
fully atomistic model, allowing the study of larger-scale systems. The dynamics of NCs are sim-
ulated using the position-Verlet algorithm,50 while the distance between beads belonging to the 
same NC is kept fixed by constrained forces.51 Bead−bead pair potentials are used to reproduce 
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−dU2D(zc)/(dzc)

the NC−NC short-range facet-specific interactions, while the solvent is treated implicitly by 
modelling the NC Brownian motion. Further details on this model are reported in supporting 
information S4.7 and a recent publication.48 In the simulations presented here, up to 104 NCs 
are initially randomly dispersed in a cubic box of side L aligned with a Cartesian coordinate 
system x, y, z and with periodic boundary conditions. The external force       
is applied to each NC center of mass, with zc the z coordinate of the NC center of mass, to model 
the effect of the evaporating solvent, which compresses the NCs in a 2D plane. The external 
potential U2D is defined 

Basically, NCs only feel an external force if their center of mass is not within a planar film 
of 4 nm thickness, then their center of mass is pushed toward this film forcing NCs to form a 
self-assembled mono- or bilayer. The parameter uz is 10−19 J, in line with predicted solvent−air 
adsorption potentials of NCs.48 During the first 0.1 μs of simulation, the beads of different NCs 
interact with each other only by a soft repulsive pair potential, mimicking the effect of ligand 
molecules chemisorbed on the NC surface

where r is the bead−bead center-of-mass distance, εR is the magnitude of the repulsive potential, 
and σR is the ligand length. After 0.1 μs, the attractive pair potentials between beads belonging 
to NCs’ {100} facets are (gradually) turned on, mimicking ligands detaching from {100} facets 
(thus allowing the facet−facet interaction). This second simulation phase, in which NCs attract 
each other by {100} facets, is continued for at least 0.05 μs. A complete overview of the param-
eters used in the simulations is reported in supporting information S4.7.

y

x

y

x

y

x

 a b c

Figure 4.5 Top view of the quasi-2D structure formed in a molecular dynamics simulation with different 
parameters. In panels (a−c), NCs are randomly dispersed in a 3D box with dimensions L = 70 nm at the 
beginning and L = 32 nm at the end of the simulation, but before {100} facet attraction is turned on. In panel 
(a) with a εR = 8×10-21 J repulsion, a free rotational hexagonal structure is formed. In panels (b, c) with a εR = 
0.2×10-21 J repulsion, a square structure with predominantly {100} facets up is formed both in the monolayer 
(with 35 NCs) and double layer (with 70 NCs) simulation.

U2D(zc) =

{
uz(zc)2, if zc < 0
uz(zc − 4)2, if zc > 4 nm

(4.1)

UR(r) =

{
εR[(σR/r)6]− 1, if r ≤ σr
0, otherwise

(4.2)
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Initially we performed small scale simulations, with 35 and 70 NCs, for only the first phase 
– i.e. before turning on the attractions between the {100} facets. The NCs are placed in a box 
shrinking linearly from L = 70 nm (at the beginning) to L = 32 nm (at the end of the simulation), 
to simulate the evaporating solvent. This reduction is slow enough to allow equilibration of the 
NCs. The resulting top view (the z direction is orthogonal to the paper plane) of these simula-
tions is shown in Figure 4.5. 

When the NCs are allowed to self-assemble with a strong repulsive potential (of εR = 8 × 
10-21 J, Figure 4.5a), emulating NCs with a full ligand shell and solvent inclusion, a hexag-
onal monolayer is formed by randomly oriented NCs. However, in simulations with a lower 
repulsive potential (of εR = 0.2 × 10-21 J, the particle shape becomes more dominant during the 
self-assembly. Then, square geometries are formed with the particles predominantly oriented 
with their {100} facets up, both in the monolayer and the bilayer (Figure 4.5b and Figure 
4.5c). It is an indication that with high repulsive potential, both in simulation and under ex-
perimental conditions with high solvent vapor pressure (Figure 4.1a, Figure 4.2e and 2f), the 
particles can self-assemble like barely interactive (hard) spheres and form hexagonal geometries 
with free orientation.

In larger simulations with 280 NCs, the entire attachment process was studied in two phases. 
During the first simulation phase (Figure 4.6a), the soft repulsive pair potential again emulates 
a full ligand corona with solvent inclusion, allowing NCs to self-assemble as barely interacting 
spheres. Then, during the second phase, the facet−facet interaction is gradually turned on (Fig-
ure 4.6b). Both the top view and side view are displayed at the end of each simulation phase. 
As NCs only interact via a soft repulsive pair potential during the first phase, they self-assemble 
into a hexagonal double layer, with some particle orientation of (100) and (111) facet up. 

 b  c a

Figure 4.6 Top view of the quasi-2D structure formed in large-scale molecular dynamic simulations. In 
panels (a, b), the top and side views of a simulation with 280 NCs are shown with only repulsive potential 
(a) and with {100} facet−facet attraction turned on (b). In panel (a), a hexagonal double layer is formed with 
areas of (100) facet up (yellow facet) and (111) facet up (red). This hexagonal double layer then evolves to a 
silicene-type honeycomb superstructure (b). In panel (c), a zoomed-in portion of Figure S4.12 is shown, a 
simulation with 104 randomly dispersed NCs in a 3D box of sides L = 620 nm compressed in a thin planar 
film. NC−NC attraction by {100} facets (yellow) is switched on after 0.1 μs forming domains of silicene-type 
honeycomb superstructures. The red circles indicate defect areas in all simulations, which are shown in 
detail in Figure S4.13.
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During the second simulation phase, the overall thickness of the double layer decreases, as 
the facet−facet interaction allows a closer approach of NCs. At the same time, the previously 
formed hexagonal bilayer clearly evolves into a silicene-type honeycomb structure. The honey-
comb structure is formed both in the areas initially showing PbSe NCs with ⟨111⟩ orientation 
and ⟨100⟩ orientation. An indication that the formation of the ordered precursor phase, a dou-
ble hexagonal layer without aligned NCs, is more important than the individual NC orientation 
in the initial stages of the self-assembly. The increasing alignment of nanocrystals agrees with 
our experimental observations (Table 4.1). In addition, the defects observed in the self-assem-
bly phase and after attachment are very similar (red circles in Figure 4.6) to what we already 
observed. These defects are discussed further in Figure S4.13.

In simulations performed at an even larger scale with 104 NCs, the final structure is obtained 
with L = 620 nm and the complete simulation is shown in Figure S4.12 (Figure 4.6c shows a 
part of Figure S4.12). The formation of silicene-type honeycomb superstructures, by turning 
on attractions between NC {100} facets, is observed only in areas where a hexagonal bilayer 
precursor phase was preformed.

The results obtained in simulations suggest that a coarse-grained model can reproduce the 
NC self-assembly and the defects in the structure. The results corroborate the hypothesis that 
for honeycomb formation, a large steric repulsion is needed during the self-assembly of NCs to 
form hexagonal double layers. In experiments, this was achieved using nearly solvent-saturated 
conditions, which swell the ligand corona.33,34,43,45,52 Previous works on the self-assembly of NCs 
show that this causes a larger NC−NC separation and more repulsion.33,34,43,52-54 The results of 
time-monitoring reported here, supported by large-scale simulations with compressive and slow 
solvent evaporation, show that honeycomb formation is driven by the formation of hexagonal 
bilayers in a confined quasi-2D space. NCs not (yet) aligned with the ⟨111⟩ axis upwards, in the 
hexagonal bilayer, are able to reorient, allowing for maximal attraction between opposing (100) 
facets and eventually neck formation.

4.4 Conclusion
We show that the formation of PbSe honeycomb superstructures proceeds via the following 
sequence: NC self-assembly, alignment, and oriented attachment. Both the experimental and 
model results show that to achieve high-quality long-range superstructures, it is important that 
these steps are separated. Therefore, it is crucial that (100)/(100) attractive interactions do not 
dominate during the self-assembly phase. If facet attractions occur in a too early stage, small 
domains with square and linear attachments break long-range order in an irreversible way. 
Experimentally, long-range self-assembly was achieved by the addition of less reactive 1,4-bu-
tanediol to the reactive ethylene glycol liquid substrate, which helps to control the facet reac-
tivity. In addition to the quality, the type of two-dimensional superstructure will be determined 
by the self-assembly process. At a high solvent vapor pressure, the relatively open hexagonal 
double layer will be stabilized during the self-assembly, as solvent molecules included in the 
NC ligand shell allow NCs to act more like “hard spheres.” When ligands are removed during 
this organization, NCs will align under the influence of attractive (100)/(100) attractions and 
finally attach irreversibly to form a honeycomb superstructure.



Chapter 4 

68

References

[1]  Franchina Vergel, N. A.; Post, L. C.; Sciacca, D.; Berthe, M.; Vaurette, F.; Lambert, Y.; Yarekha, D.; Troadec, D.; 
Coinon, C.; Fleury, G.; et al. Engineering a Robust Flat Band in III−V Semiconductor Heterostructures. Nano 
Lett. 2021, 21 (1), 680-685. DOI: 10.1021/acs.nanolett.0c04268.

[2]  Post, L. C.; Xu, T.; Franchina Vergel, N. A.; Tadjine, A.; Lambert, Y.; Vaurette, F.; Yarekha, D.; Desplanque, L.; 
Stievenard, D.; Wallart, X.; et al. Triangular Nanoperforation and Band Engineering of InGaAs Quantum Wells: 
a Lithographic Route Toward Dirac Cones in III-V Semiconductors. Nanotechnology 2019, 30 (15), 155301. DOI: 
10.1088/1361-6528/aafd3f.

[3]  Evers, W. H.; Goris, B.; Bals, S.; Casavola, M.; de Graaf, J.; van Roij, R.; Dijkstra, M.; Vanmaekelbergh, D. Low-
Dimensional Semiconductor Superlattices Formed by Geometric Control over Nanocrystal Attachment. Nano 
Lett. 2013, 13 (6), 2317-2323. DOI: 10.1021/nl303322k.

[4]  Yao, K. X.; Yin, X. M.; Wang, T. H.; Zeng, H. C. Synthesis, Self-Assembly, Disassembly, and Reassembly of Two 
Types of Cu2O Nanocrystals Unifaceted With {001} or {110} Planes. J. Am. Chem. Soc. 2010, 132 (17), 6131-6144. 
DOI: 10.1021/ja100151f.

[5]  Baumgardner, W. J.; Whitham, K.; Hanrath, T. Confined-but-Connected Quantum Solids via Controlled Ligand 
Displacement. Nano Lett. 2013, 13 (7), 3225-3231. DOI: 10.1021/nl401298s.

[6]  Boneschanscher, M. P.; Evers, W. H.; Geuchies, J. J.; Altantzis, T.; Goris, B.; Rabouw, F. T.; van Rossum, S. A.; 
van der Zant, H. S.; Siebbeles, L. D.; Van Tendeloo, G.; et al. Long-Range Orientation and Atomic Attachment 
of Nanocrystals in 2D Honeycomb Superlattices. Science 2014, 344 (6190), 1377-1380. DOI: 10.1126/
science.1252642.

[7]  Nakagawa, Y.; Kageyama, H.; Oaki, Y.; Imai, H. Formation of Monocrystalline 1D and 2D Architectures via 
Epitaxial Attachment: Bottom-Up Routes Through Surfactant-Mediated Arrays of Oriented Nanocrystals. 
Langmuir 2015, 31 (22), 6197-6201. DOI: 10.1021/acs.langmuir.5b00502.

[8]  Salzmann, B. B. V.; van der Sluijs, M. M.; Soligno, G.; Vanmaekelbergh, D. Oriented Attachment: From Natural 
Crystal Growth to a Materials Engineering Tool. Acc. Chem. Res. 2021, 54 (4), 787-797. DOI: 10.1021/acs.
accounts.0c00739.

[9]  Kalesaki, E.; Evers, W. H.; Allan, G.; Vanmaekelbergh, D.; Delerue, C. Electronic Structure of Atomically 
Coherent Square Semiconductor Superlattices with Dimensionality Below Two. Phys. Rev. B 2013, 88 (11), 
115431. DOI: 10.1103/PhysRevB.88.115431.

[10]  Kalesaki, E.; Delerue, C.; Morais Smith, C.; Beugeling, W.; Allan, G.; Vanmaekelbergh, D. Dirac Cones, 
Topological Edge States, and Nontrivial Flat Bands in Two-Dimensional Semiconductors with a Honeycomb 
Nanogeometry. Phys. Rev. X 2014, 4 (1), 011010. DOI: 10.1103/PhysRevX.4.011010.

[11]  Delerue, C.; Vanmaekelbergh, D. Electronic Band Structure of Zinc Blende CdSe and Rock Salt PbSe 
Semiconductors with Silicene-Type Honeycomb Geometry. 2D Mater. 2015, 2 (3). DOI: 10.1088/2053-
1583/2/3/034008.

[12]  Yang, H. G.; Zeng, H. C. Self-Construction of Hollow SnO2 Octahedra Based on Two-Dimensional Aggregation 
of Nanocrystallites. Angew. Chem. Int. Ed. 2004, 43 (44), 5930-5933. DOI: 10.1002/anie.200461129.

[13]  Liu, B.; Zeng, H. C. Mesoscale Organization of CuO Nanoribbons: Formation of "Dandelions". J. Am. Chem. Soc. 
2004, 126 (26), 8124-8125. DOI: 10.1021/ja048195o.

[14]  Colfen, H.; Antonietti, M. Mesocrystals: Inorganic Superstructures Made by Highly Parallel Crystallization and 
Controlled Alignment. Angew. Chem. Int. Ed. 2005, 44 (35), 5576-5591. DOI: 10.1002/anie.200500496.

[15]  Imai, H. Mesostructured Crystals: Growth Processes and Features. Prog. Cryst. Growth Charact. Mater. 2016, 62 
(2), 212-226. DOI: 10.1016/j.pcrysgrow.2016.04.011.

[16]  Geuchies, J. J.; van Overbeek, C.; Evers, W. H.; Goris, B.; de Backer, A.; Gantapara, A. P.; Rabouw, F. T.; Hilhorst, 
J.; Peters, J. L.; Konovalov, O.; et al. In Situ Study of the Formation Mechanism of Two-Dimensional Superlattices 
from PbSe Nanocrystals. Nat. Mater. 2016, 15 (12), 1248-1254. DOI: 10.1038/nmat4746.

[17]  Radha, B.; Senesi, A. J.; O'Brien, M. N.; Wang, M. X.; Auyeung, E.; Lee, B.; Mirkin, C. A. Reconstitutable 
Nanoparticle Superlattices. Nano Lett. 2014, 14 (4), 2162-2167. DOI: 10.1021/nl500473t.

[18]  Wei, J.; Schaeffer, N.; Pileni, M.-P. Solvent-Mediated Crystallization of Nanocrystal 3D Assemblies of Silver 
Nanocrystals: Unexpected Superlattice Ripening. Chem. Mater. 2015, 28 (1), 293-302. DOI: 10.1021/acs.
chemmater.5b04120.

[19]  Fan, Z.; Grunwald, M. Orientational Order in Self-Assembled Nanocrystal Superlattices. J. Am. Chem. Soc. 
2019, 141 (5), 1980-1988. DOI: 10.1021/jacs.8b10752.

[20]  Winslow, S. W.; Swan, J. W.; Tisdale, W. A. The Importance of Unbound Ligand in Nanocrystal Superlattice 
Formation. J. Am. Chem. Soc. 2020, 142 (21), 9675-9685. DOI: 10.1021/jacs.0c01809.

[21]  Li, D.; Nielsen, M. H.; Lee, J. R.; Frandsen, C.; Banfield, J. F.; De Yoreo, J. J. Direction-Specific Interactions Control 
Crystal Growth by Oriented Attachment. Science 2012, 336 (6084), 1014-1018. DOI: 10.1126/science.1219643.



From PbSe Nanocrystals to Honeycomb Superlattices

69

[22]  Walravens, W.; De Roo, J.; Drijvers, E.; Ten Brinck, S.; Solano, E.; Dendooven, J.; Detavernier, C.; Infante, I.; 
Hens, Z. Chemically Triggered Formation of Two-Dimensional Epitaxial Quantum Dot Superlattices. ACS 
Nano 2016, 10 (7), 6861-6870. DOI: 10.1021/acsnano.6b02562.

[23]  van Overbeek, C.; Peters, J. L.; van Rossum, S. A. P.; Smits, M.; van Huis, M. A.; Vanmaekelbergh, D. Interfacial 
Self-Assembly and Oriented Attachment in the Family of PbX (X = S, Se, Te) Nanocrystals. J. Phys. Chem. C 
2018, 122 (23), 12464-12473. DOI: 10.1021/acs.jpcc.8b01876.

[24]  Peters, J. L.; Altantzis, T.; Lobato, I.; Jazi, M. A.; van Overbeek, C.; Bals, S.; Vanmaekelbergh, D.; Sinai, S. B. 
Mono- and Multilayer Silicene-Type Honeycomb Lattices by Oriented Attachment of PbSe Nanocrystals: 
Synthesis, Structural Characterization, and Analysis of the Disorder. Chem. Mater. 2018, 30 (14), 4831-4837. 
DOI: 10.1021/acs.chemmater.8b02178.

[25]  Geuchies, J. J.; Soligno, G.; Geraffy, E.; Hendrikx, C. P.; van Overbeek, C. V.; Montanarella, F.; Slot, M. R.; 
Konovalov, O. V.; Petukhov, A. V.; Vanmaekelbergh, D. Unravelling Three-Dimensional Adsorption Geometries 
of PbSe Nanocrystal Monolayers at a Liquid-Air Interface. Commun. Chem. 2020, 3 (1). DOI: 10.1038/s42004-
020-0275-4.

[26]  Peters, J. L.; van den Bos, K. H. W.; Van Aert, S.; Goris, B.; Bals, S.; Vanmaekelbergh, D. Ligand-Induced 
Shape Transformation of PbSe Nanocrystals. Chem. Mater. 2017, 29 (9), 4122-4128. DOI: 10.1021/acs.
chemmater.7b01103.

[27]  Moreels, I.; Lambert, K.; De Muynck, D.; Vanhaecke, F.; Poelman, D.; Martins, J. C.; Allan, G.; Hens, Z. 
Composition and Size-Dependent Extinction Coefficient of Colloidal PbSe Quantum Dots. Chem. Mater. 2007, 
19 (25), 6101-6106. DOI: 10.1021/cm071410q.

[28] Hassinen, A.; Moreels, I.; De Nolf, K.; Smet, P. F.; Martins, J. C.; Hens, Z. Short-Chain Alcohols Strip X-Type 
Ligands and Quench the Luminescence of PbSe and CdSe Quantum Dots, Acetonitrile Does Not. J. Am. Chem. 
Soc. 2012, 134 (51), 20705-20712. DOI: 10.1021/ja308861d.

[29]  Owen, J. S. The Coordination Chemistry of Nanocrystal Surfaces. Science 2015, 347 (6222), 615-616. DOI: 
10.1126/science.1259924.

[30]  Fritzinger, B.; Capek, R. K.; Lambert, K.; Martins, J. C.; Hens, Z. Utilizing Self-Exchange to Address the Binding 
of Carboxylic Acid Ligands to CdSe Quantum Dots. J. Am. Chem. Soc. 2010, 132 (29), 10195-10201. DOI: 10.1021/
ja104351q.

[31]  Abelson, A.; Qian, C.; Salk, T.; Luan, Z.; Fu, K.; Zheng, J. G.; Wardini, J. L.; Law, M. Collective Topo-Epitaxy in 
the Self-Assembly of a 3D Quantum Dot Superlattice. Nat. Mater. 2020, 19 (1), 49-55. DOI: 10.1038/s41563-019-
0485-2.

[32]  Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S. Ligand Exchange and the Stoichiometry of Metal 
Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-Carboxylate Displacement and Binding. 
J. Am. Chem. Soc. 2013, 135 (49), 18536-18548. DOI: 10.1021/ja4086758.

[33]  Bian, K.; Choi, J. J.; Kaushik, A.; Clancy, P.; Smilgies, D. M.; Hanrath, T. Shape-Anisotropy Driven Symmetry 
Transformations in Nanocrystal Superlattice Polymorphs. ACS Nano 2011, 5 (4), 2815-2823. DOI: 10.1021/
nn103303q.

[34]  Missoni, L. L.; Tagliazucchi, M. The Phase Behavior of Nanoparticle Superlattices in the Presence of a Solvent. 
ACS Nano 2020, 14 (5), 5649-5658. DOI: 10.1021/acsnano.0c00076.

[35]  Weidman, M. C.; Smilgies, D. M.; Tisdale, W. A. Kinetics of the Self-Assembly of Nanocrystal Superlattices 
Measured by Real-Time In Situ X-Ray Scattering. Nat. Mater. 2016, 15 (7), 775-781. DOI: 10.1038/nmat4600.

[36]  Bain, E. C.; Dunkirk, N. The Nature of Martensite. Trans. AIME 1924, 70 (1), 25-47.
[37]  Lee, B.; Littrell, K.; Sha, Y.; Shevchenko, E. V. Revealing the Effects of the Non-solvent on the Ligand Shell 

of Nanoparticles and Their Crystallization. J. Am. Chem. Soc. 2019, 141 (42), 16651-16662. DOI: 10.1021/
jacs.9b06010.

[38]  Maiti, S.; Andre, A.; Maiti, S.; Hodas, M.; Jankowski, M.; Scheele, M.; Schreiber, F. Revealing Structure and 
Crystallographic Orientation of Soft Epitaxial Assembly of Nanocrystals by Grazing Incidence X-ray Scattering. 
J. Phys. Chem. Lett. 2019, 6324-6330. DOI: 10.1021/acs.jpclett.9b02373.

[39] Quan, Z.; Wu, D.; Zhu, J.; Evers, W. H.; Boncella, J. M.; Siebbeles, L. D.; Wang, Z.; Navrotsky, A.; Xu, H. Energy 
Landscape of Self-Assembled Superlattices of PbSe Nanocrystals. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (25), 
9054-9057. DOI: 10.1073/pnas.1408835111.

[40]  Wang, Z.; Schliehe, C.; Bian, K.; Dale, D.; Bassett, W. A.; Hanrath, T.; Klinke, C.; Weller, H. Correlating 
Superlattice Polymorphs to Internanoparticle Distance, Packing Density, and Surface Lattice in Assemblies of 
PbS Nanoparticles. Nano Lett. 2013, 13 (3), 1303-1311. DOI: 10.1021/nl400084k.

[41]  Zaluzhnyy, I. A.; Kurta, R. P.; Andre, A.; Gorobtsov, O. Y.; Rose, M.; Skopintsev, P.; Besedin, I.; Zozulya, A. 
V.; Sprung, M.; Schreiber, F.; et al. Quantifying Angular Correlations between the Atomic Lattice and the 
Superlattice of Nanocrystals Assembled with Directional Linking. Nano Lett. 2017, 17 (6), 3511-3517. DOI: 
10.1021/acs.nanolett.7b00584.



Chapter 4 

70

[42]  Choi, J. J.; Bealing, C. R.; Bian, K.; Hughes, K. J.; Zhang, W.; Smilgies, D. M.; Hennig, R. G.; Engstrom, J. R.; 
Hanrath, T. Controlling Nanocrystal Superlattice Symmetry and Shape-Anisotropic Interactions Through 
Variable Ligand Surface Coverage. J. Am. Chem. Soc. 2011, 133 (9), 3131-3138. DOI: 10.1021/ja110454b.

[43]  Wan, Y.; Goubet, N.; Albouy, P. A.; Schaeffer, N.; Pileni, M. P. Hierarchy in Au Nanocrystal Ordering in a 
Supracrystal: II. Control of Interparticle Distances. Langmuir 2013, 29 (44), 13576-13581. DOI: 10.1021/
la403583q.

[44]  Quan, Z.; Xu, H.; Wang, C.; Wen, X.; Wang, Y.; Zhu, J.; Li, R.; Sheehan, C. J.; Wang, Z.; Smilgies, D. M.; et al. 
Solvent-Mediated Self-Assembly of Nanocube Superlattices. J. Am. Chem. Soc. 2014, 136 (4), 1352-1359. DOI: 
10.1021/ja408250q.

[45]  Kaushik, A. P.; Clancy, P. Solvent-Driven Symmetry of Self-Assembled Nanocrystal Superlattices - A 
Computational Study. J. Comput. Chem. 2013, 34 (7), 523-532. DOI: 10.1002/jcc.23152.

[46]  Tadjine, A.; Delerue, C. Colloidal Nanocrystals as LEGO(R) Bricks for Building Electronic Band Structure 
Models. Phys. Chem. Chem. Phys. 2018, 20 (12), 8177-8184. DOI: 10.1039/c7cp08400e.

[47]  Soligno, G.; Vanmaekelbergh, D. Phase Diagrams of Honeycomb and Square Nanocrystal Superlattices from 
the Nanocrystal's Surface Chemistry at the Dispersion-Air Interface. J. Chem. Phys. 2019, 151 (23), 234702. DOI: 
10.1063/1.5128122.

[48]  Soligno, G.; Vanmaekelbergh, D. Understanding the Formation of PbSe Honeycomb Superstructures by 
Dynamics Simulations. Phys. Rev. X 2019, 9 (2), 021015. DOI: 10.1103/PhysRevX.9.021015.

[49]  Gupta, U.; Escobedo, F. A. Implicit Solvent Model for the Interfacial Configuration of Colloidal Nanoparticles 
and Application to the Self-Assembly of Truncated Cubes. J. Chem. Theory Comput. 2020, 16 (9), 5866-5875. 
DOI: 10.1021/acs.jctc.0c00283.

[50]  Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications; Elsevier, 2002. DOI: 
10.1016/b978-0-12-267351-1.X5000-7.

[51]  Ciccotti, G.; Ryckaert, J. P. Molecular-Dynamics Simulation of Rigid Molecules. Comput. Phys. Rep. 1986, 4 (6), 
345-392. DOI: 10.1016/0167-7977(86)90022-5.

[52]  Zhang, J.; Luo, Z.; Martens, B.; Quan, Z.; Kumbhar, A.; Porter, N.; Wang, Y.; Smilgies, D. M.; Fang, J. Reversible 
Kirkwood-Alder Transition Observed in Pt3Cu2 Nanoctahedron Assemblies under Controlled Solvent 
Annealing/Drying Conditions. J. Am. Chem. Soc. 2012, 134 (34), 14043-14049. DOI: 10.1021/ja304108n.

[53]  Pool, R.; Schapotschnikow, P.; Vlugt, T. J. H. Solvent Effects in the Adsorption of Alkyl Thiols on Gold Structures:  
A Molecular Simulation Study. J. Phys. Chem. C 2007, 111 (28), 10201-10212. DOI: 10.1021/jp071491d.

[54]  Goubet, N.; Richardi, J.; Albouy, P.-A.; Pileni, M.-P. Which Forces Control Supracrystal Nucleation in Organic 
Media? Adv. Funct. Mater. 2011, 21 (14), 2693-2704. DOI: 10.1002/adfm.201100382.



From PbSe Nanocrystals to Honeycomb Superlattices

71

S4 Supporting Information

S4.1  Experimental methods and characterization

Chemicals 
Benzene (99.8%, anhydrous), n-butanol (99.8%, anhydrous), 1-chloropentane (99%), cyclohexyl iso-
cyanide (98%), diphenylphosphine (98%), hexane (mixture of isomers, ≥99%, anhydrous), isopropanol 
(99.5%, anhydrous), lead acetate trihydrate (≥99.99%), methanol (99.8%, anhydrous), 1-octadecene 
(90%), octane ( ≥99%, anhydrous), oleic acid (90%), pyrrolidine (≥99%), selenium powder (99.99%, 
−100 mesh), tetrachloroethylene (≥99%, anhydrous), toluene (99.8%, anhydrous), triethylamine (≥99%), 
trifluoroacetic acid (99%), trifluoroacetic anhydride (≥99%), trimethylbenzene (98%) and trioctyl-
phosphine (90%) were purchased from Sigma-Aldrich and used without further purification. Lead (II) 
oxide (99.999+%) was purchased from Strem Chemicals. 1,4-Butanediol (BD, 99%, ReagentPlus®), 
diethylene glycol (DEG, 99%), diphenyl ether (≥99%), ethylene glycol (EG, 99.8%, anhydrous) and 
hexadecane (≥99%) were purchased from Sigma-Aldrich and degassed under vacuum for ~14 hours at 60 
°C prior use. For superlattice formation, distillation of the EG did not result in a significant difference in 
the quality of the formed superlattice (Figure S4.1).

PbSe synthesis
The PbSe NCs were synthesized with two different procedures. The first method was devel-
oped by J. Steckel et al.1 In brief, 4.77 g Pb(C2H3O2)2 · 3H2O, 10.35 g oleic acid (Pb:oleic acid 
ratio of 1:2.91), and 39.75 g 1-octadecene were mixed and degassed at 120 °C under vacuum for 
5 hours to remove water and acetate. The selenium precursor was prepared by dissolving 3.52 
g selenium powder in 0.41 g diphenylphosphine and 46.59 g trioctylphosphine. The selenium 
precursor was injected into a heated solution of the lead precursor (180 °C) under vigorous stir-
ring. After 70 seconds, the reaction was quenched via injection of 30 mL of a methanol/butanol 
mixture (1:2). The mixture was centrifuged, and the black residue was dispersed in toluene 
(10 mL). Methanol was added (8 mL) to precipitate the suspension, which was subsequently 
centrifuged. The black residue was dispersed in toluene and the cycle was repeated for two 
more times. The second method was developed by Campos et al.,2 with a lead oleate precursor 
prepared via the method of Hendricks et al.3 In short, lead(II) oxide (10.00 g, 44.8 mmol) and 
acetonitrile (~20 mL) are added to a 100 mL round bottom flask. The suspension was stirred 
while being cooled in an ice bath, after which trifluoroacetic acid (0.7 mL, 8.96 mmol, 0.2 
equivalent) and trifluoroacetic anhydride (6.2 mL, 44.8 mmol, 1 equivalent) were added. After 
ten minutes, the yellow lead oxide dissolved, resulting in a clear and colorless solution that 
was allowed to warm to room temperature. Oleic acid (25.44 g, 90.05 mmol, 2.01 equivalent), 
isopropanol (~180 mL), and triethylamine (10.25 g, 101.25 mmol, 2.26 equivalent) were added 
in to 500 mL Erlenmeyer flask. The lead trifluoroacetate solution was slowly added to the 
oleic acid solution while stirring, resulting in the formation of a white precipitate. The mixture 
was heated to reflux, to dissolve the precipitate after which a clear and colorless solution was 
obtained. The heat was turned off and the flask was allowed to slowly cool to room temperature, 
followed by further cooling in a −20 °C freezer for >2 hours. The resulting white powder was 
isolated by suction filtration using a glass fritted funnel and the filtrate was thoroughly washed 
with methanol (3 x 300 mL). Large pieces were crushed to get a white powder, which was 
subsequently dried under vacuum for >6 hours to get a fluffy white powder.
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Selenium precursor
The selenium precursor (N-cyclohexylpyrrolidine-1-carboselenoamide) was prepared by 
mixing selenium (0.71 g, 9.0 mmol), pyrrolidine (0.64 g, 9.0 mmol), cyclohexyl isocyanide 
(0.983 g, 9.0 mmol) and 10 mL toluene. This mixture was heated to ~100 °C until the solu-
tion turned clear. Additional pyrrolidine and/or cyclohexyl isocyanide was added if not all 
selenium reacted. The mixture was allowed to cool to room temperature where the selenourea 
precipitated. The liquid was decanted, and the obtained white solid was placed under vacuum 
for 24 hours. Subsequently, the solid was redissolved in 10 mL toluene at 100 °C and allowed 
to cool down. The precipitate was filtered and the solid placed under vacuum for another 24 
hours. The synthesis of the NCs was performed in a Schlenk line where 1.6 g (2.08 mmol, 1.2 
equivalent) Pb(oleate)2 was dissolved in 140 mL hexadecane in a 250 mL three neck flask. 
0.45 g (1.7 mmol, 1 equivalent) N-cyclohexylpyrrolidine-1-carboselenoamide was dissolved 
in 8 mL diphenyl ether. Both precursors were heated to 100 °C to yield a clear colorless solu-
tion. The selenourea was quickly injected into the Pb(oleate)2 solution which turned brown in 
approximately 8 seconds. After 110 minutes, the reaction was cooled down with an ice bath 
and brought inside the glovebox. 90 mL of n-butanol and 60 mL of methanol was added to 
precipitate the NCs. The mixture was centrifuged, and the black residue was dispersed in 10 
mL toluene. This solution was washed three more times with methanol. The ligand density was 
determined via a previously published method.4 We used NMR spectroscopy to determine if 
no free ligands were present and FTIR with a Pb(oleate)2 calibration curve to determine the 
number of ligands per NC (supporting information S4.2).

Superstructure formation
All experiments were performed based on the experimental procedure as previously reported.5 
A small Petri dish (ɵ 27 mm) was filled with 6.5 mL ethylene glycol (or a mixture of EG and 
BD), creating a flat surface. This Petri dish was placed in another bigger Petri dish containing 
2 mL toluene. Subsequently, 350 μL of a diluted NCs solution (7.7 × 10-8 M) in toluene was 
drop-casted on top of the 6.5 mL EG (or a mixture), resulting in a height of ~0.061 cm and 
both Petri dishes were covered with a bigger beaker (400 mL). The honeycomb structure was 
formed on top of the liquid substrate during 15 hours of slow toluene evaporation, and could 
then be transferred to any substrate. The whole experiment is performed in a glove box con-
taining <0.1 ppm O2, free of amines and other volatile gasses. The superstructure formation was 
successful for NCs with sizes between 5 and 7 nm. To minimize distortion every sample in the 
time series (Figure 4.3), was prepared independently.

FTIR measurements were performed with a Bruker Vertex 70. A special airtight liquid cell 
was used, purchased from International Crystal Laboratories, with a path length of 0.5 mm and 
two KBr crystals at the back and front side to make it transparent for IR light. Spectra were 
recorded from 400 cm-1 - 7500 cm-1, with a KBr beam splitter, a DLaTGS D301 detector, and 
a mid IR source. For all the measurements, tetrachloroethylene (TCE) was used as solvent. A 
calibration curve with Pb(oleate)2 was used to determine the concentration ligands on the NCs. 
The NC concentration was determined by integration of the exciton peak.6 

Proton nuclear magnetic resonance (1H-NMR) measurements were performed using an 
Agilent MRF400 equipped with a OneNMR probe and Optima Tune system. Spectra were 
recorded according to the following parameters: 400 MHz, CDCl3 25 °C. PbSe NCs were 
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measured to determine if there where free ligands or other pollution present. Measurements of 
PbSe were performed using a longer relaxation delay (30 seconds) to allow complete relaxation. 
For NC-Pb(oleate)2 Δ = 5.54 (m, 4H, HC=CH), 2.37 (t, 4H, 3JHH = 7.3 Hz, CH2), 2.15 (m, 
8H, CH2), 1.77 (p, 4H, 3JHH = 7.8 Hz, CH2), 1.5-1.2 (m, 42H, CH2), 0.93 (t, 6H, 3JHH = 
6.7 Hz, CH3).

TEM and SAED measurements were performed at a Philips Tecnai operating at 200 kV. In 
bright-field TEM the contrast in the images scales relatively to the highest contrast in the im-
age, therefore without additional measures quantitative comparison between different samples 
is not possible. To ensure the reproducibility of the measurement of the SAED peak width, the 
sample needs to be perpendicular to the electron beam while it is made sure that the diffraction 
peaks do not oversaturate the detector (see example in the main text and supporting informa-
tion S4.5).

S4.2 Liquid Substrates and their chemical properties

Figure S4.1 Two TEM images of superlattices formed on 100% EG with 6.1 nm PbSe NCs (3.7 oleate/nm2) 
are shown in (a) and (b), both showing oriented attachment. No distinct differences were observed between 
the superlattices formed on degassed (a) and on degassed and distilled EG (b), excluding the influence of 
impurities on superlattice formation. Two TEM images of self-assemblies formed on 100% BD with 5.5 nm 
PbSe NCs (2.99 oleate/nm2) are shown in (c) and (d). After toluene evaporation under atmospheric nitrogen 
pressure for 45 minutes at 27 °C, hexagonally ordered self-assemblies were formed (c). Epitaxial (linear) 
attachment is only observed at higher temperatures (20 minutes at 35 °C followed by 20 minutes at 85 °C). 
Showing that at higher temperatures BD can become reactive.

50 nm50 nm 50 nm50 nm

aa bb

50 nm50 nm 50 nm50 nm

cc dd
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bbaa

Figure S4.2 TEM images depicting superlattices formed with 5.2 nm PbSe NCs (3.3 oleate/nm2) on a 
mixture of liquid substrates, containing EG and diethylene glycol (DEG) in an amount of (a): 5.5 mL EG and 
1 mL DEG and (b) 6.4 mL EG and 0.1 mL DEG. The agglomerates formed in (a) and disordered superlattice 
formed in (b) show that DEG is more reactive than EG. Even addition of only 0.1 mL to the liquid substrate 
induces attachment on a faster timescale, resulting in the disordered structures.
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ethylene glycol 
(EG) 

C2H6O2 

 
EG 14.22* 

14.5214  
14.77**   
15.1⁑ 15 

14.83*** 16.1 
at 25°C 

5.7±0.5**** ~0.43 

1,4-butanediol 
(BD) 

C4H10O2 

 
> EG 14.5* 13  

15.014 
15.1**15 

14.73±0.1** 
15.67*** 

84.9 
at 20°C 

9.4±0.5**** ~0.74 

diethylene glycol 
(DEG) 
 

C4H10O3 

 
< EG - 14.03±0.1** 

15.42*** 
35.7 
at 20°C 

10.1±0.5***

* 
~0.87 

*Chemical book 
⁑ PubChem 
** Internet Bond-energy Databank - iBonD 
*** ChemAxon 
****Chemspider: ACD/Labs 

Table S4.1 Chemical properties of ethylene glycol, 1,4-butanediol and diethylene glycol.



From PbSe Nanocrystals to Honeycomb Superlattices

75

Table S4.1 lists the chemical properties of the three liquid substrates used in experiments in 
this manuscript. From self-assembly and attachment experiments we have concluded that in 
terms of ligand removal from NC surfaces, 1,4-butandiol (BD) is less reactive than ethylene 
glycol (EG), while diethylene glycol (DEG) is much more reactive than EG. The aliphatic diols 
used as liquid substrates for superlattice formation, all contain two hydroxide groups, which 
we suspect to play a role in the ligand removal from the {100} facets of PbSe NCs. However, 
the chemical mechanism behind this process is not yet fully understood, here we would like to 
tentatively discuss some possibilities.  

Previous research has shown that the oleate ligands capping the PbSe NCs are X-type car-
boxylates,1-3 which require protonation to induce ligand desorption.4 When NC dispersions 
S4 were mixed with short-chain alcohols such as methanol (weak acids with a pKa of 15-18), 
protonation was possible resulting in the release of oleic acid (as observed with NMR). After 
protonating the carboxylates with their hydroxide group these alcohols then bind as alkoxides 
to the NC surface, effectively completing a ligand exchange. Efficacy of the ligand exchange 
was shown to depend on the acidity constants: a stronger acid (lower pKa) displaces the ligands 
more effectively than a weaker acid (higher pKa).7

More recent work has shown that amines injected in the EG liquid can induce epitaxial 
fusion in assembled PbSe NCs.8,9 It was shown that for PbSe NCs self-assembled on EG, the 
injection of a 1,2-ethylene diamine solution in the liquid substrate can induce ligand displace-
ment. The amines (as L-type ligands) can induce metal carboxylate complex displacement 
from the NC surface (Z-type displacement of lead oleate as observed with NMR and FTIR), 
allowing attachment between bare {100} facets.10,11 A paper by Anderson et al. suggests that 
the polar EG wicks into the film as the oleates are replaced by ethylene glycoxide.8 The ex-
periments presented in this manuscript make no use of amines, but earlier work showed that 
primary alcohols (such as methanol) are able to induce the same Z-type ligand displacement, 
albeit less efficiently than amines.10 The efficiency of this displacement was shown to depend 
significantly on the polarizability and steric profile of the incoming ligand, being more efficient 
with a polarizable and smaller ligand which can cooperatively bind to the NC surface.  

The aliphatic diols used as liquid substrates for superlattice formation (EG, BD and DEG), 
all contain two hydroxide groups. We therefore suspect that these diols induce ligand desorp-
tion via a similar mechanism as primary alcohols i.e. by L-type promoted Z-type displacement 
or by protonation of the X-type oleates. Experimentally the presence of alkoxides in a film 
formed on EG  was  shown,8 indicating that the polar liquid substrate can interpenetrate the 
superstructure, but as this occurred in the presence of an amine, the presence of the ethylene 
S5  glycoxide does not allow differentiation between these mechanisms. Further experimental 
studies are needed to understand which of these chemical mechanisms causes the liquid sub-
strate to displace ligands. To attempt and elucidate the different reactivity in superlattice for-
mation for these liquid substrates, we have listed the chemical properties which were indicated 
as playing a role in these two mechanisms.

The acid ionization constants are expected to indicate reactivity based on the protonation 
of the X-type oleates. Column 2 shows the pKa value in relation to EG we would expect based 
upon our superlattice experiments. However, the experimentally determined pKa values re-
ported in literature shown in column 3, show substantial variation, presumably because the 
determination of pKa for weak organic acids is challenging.12 The expected decrease in acidity 
from EG to BD (a trend shown for the short-chain alcohols) is not clearly observed. In experi-
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ments performed by Woolley et al., the high acidity of BD was explained by a possible favorable 
bond angle for intramolecular hydrogen bonding in the singly ionized acid anion of BD.13 These 
effective intra-molecular hydrogen bonds could also contribute to the high viscosity of BD (col-
umn 6). When pKa values are calculated, especially using the same software, the acidity trend 
becomes more clear (column 5). Then, BD indeed shows a weaker acidity than EG, indicating 
a lower reactivity. Please notice that the DEG value is not lower than the calculated EG value. 
In addition, these calculated values deviate considerably from the experimental values. For 
L-type promoted Z-type displacement, the polarizability and the steric profile of the incoming 
ligand was shown to have a significant impact on the reactivity. However, the polarizability of 
each molecule (column 7), as well as the length of the molecule does not follow the reactivity 
trend (column 8).  

Despite the potential mechanisms discussed above, the relation between the chemical 
properties of the liquid substrate and effective ligand displacement (experimentally observed as  
oriented attachment) is not clear. A single chemical property cannot explain our experimental 
observations. Likely there is a combination of factors in play which is not yet understood. A 
detailed chemical analytic study on the chemical mechanism of ligand stripping of pure EG, 
pure BD and mixtures of EG and BD is therefore highly desired.
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S4.3 Ligand density as determined by 1H-NMR and FTIR
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Figure S4.3 1H-NMR spectra of PbSe NCs of 7 nm dispersed in d-chloroform (a) and 6.1 nm dispersed in 
d-benzene (b). The peak positions and characterization are listed in the Table S4.2 below. The vinyl peak of 
the ligands, shown in the insets at 5.75 and 5.3 ppm respectively, is broadened, indicating that only ligands 
bound to the surface of the NCs are present while no additional hydrocarbons are observed. 

Chemical shi� (ppm) Corresponds to Group 
0.9 (b) / 1.0 (a) OA -CH3 
1.3 (b)/ 1.55 (a) OA -CH2- 

2.0 (b) OA -CH2, O=COH—CH2 
2.4 (a) OA O=COH—CH2 
4.1 (b) Ferrocene - 

5.3 (b) / 5.75 (a) OA -HC=CH- 
7.16 (a) / 7.3 (b) C6D6 / CDCl3 solvent 

 

Table S4.2 Table listing the resonances observed in Figure S4.3 and attributed to the protons present in the 
reaction mixture. Note that thiocyanate does not contain any protons and therefore cannot be characterized 
with 1H-NMR.

NC size 
(nm) 

NC concentration 
(µM) 

Oleate concentration 
(mM) 

Oleate/NC 
ratio 

Surface area sphere 
(nm2) 

Oleate molecules per nm2 

7.07 23.3 8.01 343.6 158.26 2.17 
6.12 4.42 1.91 432 118.38 3.65 

 

Table S4.3 Table providing an overview of the ligand densities calculated based on the FTIR spectra shown 
in Figure S4.4.



Chapter 4 

78

2000 3000 4000 5000 6000
Wavenumber (cm-1)

a

b

a

b

c

A
bs

or
ba

nc
e 

(a
.u

.)
A

bs
or

ba
nc

e 
(a

.u
.)

Energy (eV)

Concentration (mM)

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0 2 4 6 8 10 12

7 nm PbSe NCs
6.1 nm PbSe NCs

Figure S4.4 FTIR spectrum of well-washed oleate-capped PbSe NCs dispersed in tetrachloroethylene. 
(a) FTIR spectrum of PbSe NCs (7 nm and 6.1 nm in size) dispersed in tetrachloroethylene showing three 
regions of interest: a) region of C-O vibrations b) a peak due to the CH2 asymmetric stretching vibrations of 
oleate molecules (bound to the surface or free in solution), and c) the absorption peak due to the band-edge 
exciton in the PbSe NCs which is directly dependent on the size of the NCs. From the integration of region 
c, the concentration of NCs in the solution can be determined while the integration of peak b shows the total 
concentration of oleate in the dispersion when compared to the calibration curve shown in panel (b). The 
calibration is the integrated absorbance peak b versus the Pb(oleate)2 concentration in a solution containing 
only Pb(oleate)2 (R2 = 0.999).
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Figure S4.5 A schematic illustration of the experimental setup to make PbSe superstructures under a near-
ly saturated solvent pressure. It starts with a Petri dish filled with the immiscible liquid substrate, EG or BD 
in this case. This Petri dish is placed inside a larger Petri dish containing 2 mL of toluene. A NCs dispersion 
is drop-casted onto the liquid substrate and a cap is placed on top to slow the evaporation. Meanwhile, the 
NCs will self-assemble and ligands are removed from the NC surface. At the end of the process, the NC 
facets will align (100)/(100) and attach.

Figure S4.6 A TEM image of a long-range honeycomb structure prepared following the same procedure 
as Figure 4.2d (a BD:EG ratio of 1:1.17). The Fourier transform in the upper right corner, confirms that the 
periodicity holds for the entire picture.

250 nm250 nm
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S4.4 Comparison of hexagonal bilayers and silicene honeycomb structure: the diffusion 
of nanocrystals compared to the liquid/air interface recession during drying

At lower magnification in TEM there is a huge similarity between the geometry of domains of 
the attached honeycomb structures and the geometry of the unattached hexagonal mono- and 
bilayer domains (5 μm scale in Figure 4.2d-f),5 these smooth edged patterns are due to the 
slow evaporation of the solvent under an almost saturated toluene atmosphere.16,17 Under these 
circumstances the gas-liquid interface retreats much slower than the diffusion rate of the NCs 
(see below), giving the hydrophobic NCs time to gather in places with residual solvent and to 
self-assemble in hexagonal mono- and bilayers.15-16 The smooth edges are due to minimization 
of their energy,17 with no irregularities like the formation of coffee rings,18 or a NC “skin” on 
top of the toluene.19 Hence, the slow evaporation is beneficial for long range self-assembly of 
the NCs, while also beneficial for long range structural integrity of the superstructure, as it S13  
separates two phases; 1), the self-assembly into hexagonal layers and 2), attachment of the NCs. 
At higher magnification, these hexagonal bilayers still look very similar to attached honeycomb 
superstructures as is shown in Figure S4.7. However, the absence of attachment in these hex-
agonal structures (Figure S4.7a) is clearly recognizable in three ways. First, as a quick check, 
if the hexagonal monolayer shows unattached dots it is an indication that the bilayer is also 
unattached. The silicene honeycomb structure always shows attachment in the monolayer as 
well, in either a linear or square structure (Figure 4.1d-f, Figure S4.7b). Second, the SAED in 
the upper right inset of Figure 4.2e shows rings, similar to a hexagonal bilayer of “hard” spheres 
as observed in Figure 4.1a. Therefore, the rotational freedom of the unattached NCs has been 
preserved. Third, by tilting the TEM sample by 45 degrees, as done in Figure 4.4, any necks 
present between the particles will be observed.

aa TopviewTopview SideviewSideview bb TopviewTopview SideviewSideview

Figure S4.7 Similarity of hexagonal bilayer (a) and silicene honeycomb structure (b), if viewed along the 
perpendicular direction. The insets show an illustration of the position of the NCs in both cases. This scheme 
shows that the structures are indistinguishable viewed perpendicular to the plane, but can be distinguished 
clearly by a side view. Also note that the crystal structure, when you consider the NCs are atomic entities, is 
face centered cubic or hexagonal close packed in (a) and simple cubic in (b).  
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D = kT
6πηr

t ≈ x2

2D

The diffusion coefficient can be calculated with the Stokes-Einstein equation           

with k, the Boltzmann constant, T absolute temperature, 𝜂 the dynamic viscosity and r the hy-
drodynamic radius of the particles. Since the ligand shell is covalently bound to a NC, we took a 

value of 5 nm for r, the value of the viscosity is 5.6 × 10-4 Pa·s. The diffusion coefficient becomes 

7.7 × 10-11 m2s-1 and the diffusion time can be approximated by         .

The height of the 350 μL NC dispersion drop-casted on an EG filled glass petri-dish (ɵ 27 
mm) is ~0.061 cm. The NCs need on average ~40 minutes to diffuse that distance. In these 
experiments it takes at least 3 hours to evaporate the solvent, which means that the NC can 
diffuse to the interface before they are captured by the downwards moving evaporation front.

220
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100 nm100 nm 100 nm100 nm 200 nm200 nm

Figure S4.8 Representative TEM images and SAED patterns of self-assembled PbSe NCs at different stages 
of the NC assembly process. The samples were obtained by horizontal contact of the TEM grid with the 
toluene/ethylene glycol surface, at different times after drop-casting of the dispersion on the EG liquid sub-
strate and start of the solvent evaporation process. The TEM images taken after 6-12 hours show the border 
between NC monolayers and bilayers. The analysis of the SAED patterns is discussed in the main text.



Chapter 4 

82

100 nm100 nm

Figure S4.9 A TEM image of the silicene-type honeycomb lattice and the corresponding SAED pattern 24 
hours after deposition of the NC dispersion.

100 nm100 nm 100 nm100 nm

aa bb

Figure S4.10 (a) A TEM image and the corresponding SAED pattern of the monolayer region, 15 hours 
after deposition of the NCs. The NCs show linear attachment and the SAED shows a preferred orientation 
of 100 facets upwards (the 200 ring has areas of higher intensity compared to randomly oriented NCs see for 
example Figure S4.7). The broad spots on the 200 ring show that more (100) facets are preferentially point-
ing in 6 directions. Meaning that most linear structures are oriented in the same direction. (b) A TEM image 
and the corresponding Fourier transform of the monolayer region, 24 hours after deposition. The Fourier 
transform of the image contains six vague spots, which tells us that the NCs are imperfectly organized in 
a hexagonal packing. These two observations suggest that the linear structures are rapidly formed from a 
self-assembled hexagonal monolayer, as the original hexagonal positioning of the monolayer is somewhat 
maintained in this attached structure.
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2
√
2(3 + 1.6)3 = 2202.5

S4.5 Calculation of volume of nanocrystal core, ligand and solvent within a face centered 
cubic lattice

We calculated the volume fraction of all molecules in FCC crystal (or hexagonal bilayer), with 6 
nm NCs (assuming a spherical shape), a ligand density of 2.5 oleates/nm2 (377 oleates/NC) and 
a NC separation of 2 times the ligand length (1.6 nm). The unit cell of an FCC lattice contains 
4 NCs and has a packing density of ~74% when using hard spheres.

The total volume of the unit cell would be nm3. The volume  
occupied by the inorganic cores, ligands, solvent within the ligand corona and other solvent 
molecules is respectively 21%, 36%, 17% and 26%. Hence, solvent fills most of the space in an 
FCC lattice of NCs.

Part Volume (nm3) Volume within FCC lattice (nm3) Percentage (%) 
NC core 113 452 21 
Ligands 
(377 oleate/NC) 

197 788 36 

Solvent within ligand shell 98 391 17 
Solvent in between spheres - 793 26 

 

Table S4.4 Calculation of volume of NC core, ligand and solvent in an FCC lattice.
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S4.6 SAED analysis on nanocrystal alignment during honeycomb formation

In Table S4.5 the results of the SAED analysis for each diffractogram are shown. With Cryst-
box ringGUI software the diffractograms were integrated to determine the intensity on both the 
200 and 220 diffraction ring.18 The software automatically scales the ring with the highest in-
tensity to 1, which in every SAED pattern here was the 220 ring. The 200 ring intensity shows a 
decrease over time from 0.9 to 0.08, ten times as low as the 220 ring intensity, an indication that 
more NCs are oriented with the <111> axis up. Comparing the 200 intensities to a bulk PbSe 
powder XRD pattern which shows random orientation, the percentage of NCs with random 
orientation can be calculated (column 3). 

In Figure 4.3c (main text), the 220 ring was represented as an azimuthal trace, and the 6 
peaks are fitted with Gaussians, providing quantitative values for the background intensity of 
the ring in between these peaks (column 4), and the FWHM of the peaks (column 6). Initially 
the background scattering is high, indicating <111> oriented NCs in the z-direction, but which 
still have a random rotation in the x-y plane. As more NCs align facet-to-facet, the background 
scattering in between the peaks decreases to 20%, or 8% when taking instrumentational 
broadening as determined by a molybdenum single crystal (Mo) into account. To calculate 
the percentage of NCs aligned to neighboring NCs, we determine the corrected background 
scattering by removing the Mo determined instrumentational background from the determined 
backgrounds 220 scattering. This value is then subtracted from 100% alignment to give an 
indication of the percentage of NCs aligned to neighboring NCs (column 5). It shows that an 
increasing percentage of NCs, up to 96%, is aligned to neighboring NCs. At the same time the 
average peak width decreases to 2.7°. 

Time [h] 220 ring intensity vs 
200 ring intensity 

NCs with random 
orientation [%] 

Background scattering 220 
ring [%] 

NCs aligned to neighboring 
NCs [%] 

Average 220 
peak width [°] 

Powder  1 : 2.80 100 - 0 - 

6 1 : 0.9 32 48 64 6.1 

9 1 : 0.35 13 26 86 5.0 

12 1 : 0.32 12 26 86 4.5 

15 1 : 0.11 4 18 96 2.7 

24 1 : 0.08 3 20 92 2.7 

Mo - - 12 - 0.39 

Table S4.5 Overview of the average peak width and the percentage of background scattering. The data is 
extracted from the SAED patterns at different stages after NC deposition.
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a ≡ (σR − σ)/2

S4.7 Parameters used in the coarse-grained molecular dynamics simulations

The simulations are carried out using the coarse-grained molecular dynamics model introduced 
in a recent publication by Soligno et al.19 Each NC is modelled as a polybead structure with 
rhombicuboctahedron shape of roughly 6 nm size, see Figure S4.11. Each bead of the polybead 
structures represents a few atoms. Such a coarse-grained model requires a lower computational 
cost for the simulations than a fully-atomistic model, allowing the study of larger-scale systems. 
Here we report an overview of the model parameters used for the simulations presented in this 
work and additional simulation results.  

Note that, in this work, the NCs do not experience the external potentials                        
used previously,21 to impose NC adsorption to the solvent-air interface.21 Instead, the NCs 
experience the external potential U2D which represents the effect of the evaporating solvent 
compressing the NCs in a planar film (without preferred orientation of the NCs), see text in the 
main paper.   

NC-NC Interactions 
During the first phase of the simulation (i.e. from 0 until 0.1 μs), each bead of a NC interacts 
with each bead of the other NCs by the bead-bead pair potential

where r is the bead-bead center-of-mass distance, εR = 8 × 10-21 J and σR = 4 nm. During the 
subsequent phase of the simulation (i.e. after 0.1 μs), to mimic ligands detaching from the NCs 
{100} facets (thus allowing NCs to attract each other by these facets), the pair potential UR 
is deactivated for bead-bead pairs between blue, light-blue, and/or black beads, see Figure 
S4.11, while for bead-bead pairs between orange and/or red beads  is active using εR = 4 × 10-21 
J and σR = 4 nm. For the other bead-bead pairs, i.e. involving only one orange or red bead, UR is 
active using εR = 4 × 10-21 J and σR = 1.95 nm. Note that the parameters εR and σR of UR, for each 
bead-bead pair, are not changed abruptly after 0.1 μs of simulation, but they are linearly tuned, 
for a transition phase of 0.1 μs. This smooth transition of the bead-bead pair potentials allows 
for a more realistic representation of the ligand detachment from the NC {100} facets (which, 
in the experiments, reasonably does not occur all at once). In the results of Figure S4.12, the 
parameter is defined as                        

The Lennard-Jones pair potential

is activated between all bead-bead pairs, using σ = 1.6 nm for all bead-bead pairs, and ε = 4 × 
10-21 J for bead-bead pairs between light-blue beads, ε = 10-21 J for bead-bead pairs not involving 
light-blue beads, and ε = 2.5 × 10-21 J otherwise.

Uz, Uφ and Uψ

UR(r) =

{
εR[(σR/r)6]− 1, if r ≤ σr
0, otherwise

(S4.1)

ULJ(r) =

{
4ε[(σ/r)12]− (σ/r)6], if r ≤ σ
0, otherwise

(S4.2)
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Nanocrystal Brownian Motion
The Brownian motion of the NCs is modelled as described in a recent publication by Soligno 
et al.19 The two parameters λ and rB regulating the translational and rotational diffusion of the 
NCs are λ = 3 × 10-11 kg/s and rB= 3.3 nm for the first phase of the simulation (i.e. from 0 till 0.1 
μs). They represent the expected NC diffusion in solvent (toluene). For the subsequent phase 
of simulation (i.e. after 0.1 μs) they are λ = 1.5 × 10-9 kg/s and rB= 3.6 nm. They then mimic the 
fully evaporated solvent where the NCs are expected to be in a more viscous environment (with 
viscosity similar to that of oleic acid). 

2 nm2 nm

Figure S4.11 Beads, here plotted as spheres with diameter 1 nm, reproducing the surface of a NC in our 
coarse-grained molecular dynamics model (see reference 19 for details). On the right, we show the corre-
sponding representation of the faceted NC.
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Figure S4.12 Top view of the quasi-2D structure formed in a molecular dynamics simulation of 104 NCs, 
initially randomly dispersed in a 3D box of side L = 620 nm, upon compression in a thin planar film. NC-NC 
attraction by {100} facets (yellow) is switched on after 0.1 μs. Figure 4.6c shows only a zoomed portion of 
this simulation. See the text in the main paper and supporting information S4.4 for details on the simulation 
model.
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Figure S4.13 Overview of different defects in the silicene honeycomb structure observed both in simula-
tions and experimentally formed samples. Note that linear areas (as observed in Figure 4.2, Figure 4.3 and 
Figure S4.10a) are not observed in simulations, as drying-effects presumably causing density differences 
(mono- and bilayer areas) were not taken into account. (a) Top view of the 2D structure formed after the 
first phase of simulation (left) and second phase of simulation (right). The triangle indicates the preservation 
of long range order in the silicene honeycomb superstructures, despite containing patches with both the 
{111} and {100} facets up. (b) As indicated by a triangle in the left image, the organization of the NCs is as a 
hexagonally packed bilayer, while the bottom is shifted half a unit cell as indicated with blue lines. As shown 
in the middle image this results in an inversion of the silicene honeycomb superstructure during phase 
two of the simulations, connected by a {110} up zigzag pattern. The hexagons show how the structure is 
essentially inverted, or rotated 180˚. This result is similar to the experimentally observed periodicity shift in 
the right image.5 (c) One NC is missing in the packing, which results in a vacancy in the silicene honeycomb 
superstructure, as observed in experimental results as well.5 (d) This simulation shows an extra row of NCs, 
causing a strained 7-ring. This ring is fully surrounded by one silicene honeycomb domain, which is another 
example of the flexibility of silicene honeycomb superstructures, since it smoothly fits in the extra row, as 
previously observed in experimental results as well.5
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The Increasing Crystallinity in the Self-Templated Growth of 
Ultrathin PbS Nanosheets

Based on: 
Maaike M. van der Sluijs, Bastiaan B.V. Salzmann, Daniel Arenas Esteban, Chen Li, Daen Jannis, Laura 
C. Brafine, Tim D. Laning, Joost W. C. Reinders, Natalie S. A. Hijmans, Jesper R. Moes, Johan Verbeeck, 
Sara Bals and Daniel Vanmaekelbergh, Chemistry  of Materials 2023, 35 (7), 2988-2998.

Colloidal 2D semiconductor nanocrystals, the analogue of solid-state quantum wells, have at-
tracted strong interest in material science and physics. Molar quantities of suspended quantum 
objects with spectrally pure absorption and emission can be synthesized. For the visible region, 
CdSe nanoplatelets with atomically precise thickness and tailorable emission have been (al-
most) perfected. For the near-infrared region, PbS nanosheets (NSs) hold strong promise, but 
the photoluminescence quantum yield is low and many questions on the crystallinity, atomic 
structure, intriguing rectangular shape, and formation mechanism remain to be answered. Here, 
we report on a detailed investigation of the PbS NSs prepared with a lead thiocyanate single 
source precursor. Atomically resolved HAADF-STEM imaging reveals the presence of defects 
and small cubic domains in the deformed orthorhombic PbS crystal lattice. Moreover, vari-
ations in thickness are observed in the NSs, but only in steps of 2 PbS monolayers. To study 
the reaction mechanism, a synthesis at a lower temperature allowed for the study of reaction 
intermediates. Specifically, we studied the evolution of pseudo-crystalline templates toward 
mature, crystalline PbS NSs. We propose a self-induced templating mechanism based on an 
oleylamine-lead-thiocyanate (OLAM-Pb-SCN) complex with two Pb-SCN units as a build-
ing block; the interactions between the long-chain ligands regulate the crystal structure and 
possibly the lateral dimensions.
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5.1 Introduction
Two-dimensional (2D) semiconducting nanocrystals (NCs) have opto-electronic properties 
differing from their zero- and one-dimensional counterparts. The two long lateral dimensions 
result in a dispersion relation between the kinetic electron energy and momentum while quan-
tum confinement dominates in the thin vertical direction. Hence, these systems share character-
istics with epitaxial quantum wells. Moreover, in some systems, such as CdX (X = Se, S or Te) 
nanoplatelets, the thickness is atomically defined and these show well-defined spectral features 
without inhomogeneous broadening.1,2 Colloidal synthesis can thus result in molar quantities 
of solution-processable quantum objects with spectrally pure and tunable optical transitions, 
which is of large interest in material science and physics.3-5 

Synthesis procedures have been developed for a broad range of 2D NCs, varying from 
CdSe1,6 and ZnSe7 to In2S3,8 and PbSe,9-11 mainly with optical transitions in the visible spectral 
region. Expansion of this field toward 2D systems with efficient near-infrared emission would 
be beneficial for technological applications such as tissue imaging and telecommunication de-
vices.12,13 Recently, progress has been made in the preparation of 2D lead sulfide nanosheets 
(PbS NSs).14-20 Intriguingly the PbS nanocrystals, naturally occurring with an isotropic cubic 
structure, emerge as rectangular sheets with a thickness of a few PbS units and lateral sizes 
in the 100 nm range. In contrast to CdSe nanoplatelets, control over the overall crystallinity, 
atomic structure, and electronic passivation of the top and bottom surface has not yet been 
achieved.21-23 In contrast to truncated PbS cubes, which crystallize as cubic rock salt (a = b 
= c),24-26 these PbS sheets show a deformed orthorhombic crystal structure (a ≠ b ≠ c),17,19 a 
quasi-tetragonal unit cell with bonding angles slightly different from 90°.27 Here, this specific 
crystal structure will be indicated as “deformed orthorhombic”. The common cubic crystal 
structure of lead chalcogenides can show a similar transition to conventional orthorhombic at 
elevated pressures.28,29 The specific origin of the deviation from the cubic crystal structure to 
deformed orthorhombic is unknown, but it has been proposed that the strain exerted on the 
crystal structure by ligands at the surface induces a phase transformation.17,19,30 Recent density 
functional theory (DFT) calculations of the bulk band structure for these crystal structures 
show an indirect bandgap for the conventional orthorhombic crystal structure at 0.5 eV, where-
as direct bandgaps are observed for cubic and deformed orthorhombic PbS (0.74 eV).27 Thus, a 
small deformation in the crystal structure has a strong influence on the optical properties, such 
as the absorption and emission spectrum. Therefore, a thorough understanding of the PbS NSs 
crystal structure is required to understand the optical properties (or lack thereof). 
Over the past few years, several synthesis methods have been reported for the preparation of 
PbS NSs. Early works have shown that oriented attachment and templated formation yield 
PbS NSs in which the 2D nanostructures are formed by the connection of small NCs.14,31 More 
recent synthesis routes have utilized single-source precursors, including lead xanthate and lead 
thiocyanate (Pb(SCN)2).17,19  These precursors are advantageous for upscaling,32 as a metal salt 
decomposes in an organic solvent at elevated temperatures (>150 °C), providing both the lead 
and sulfur atoms for the synthesis while ligands stabilize the generated NCs in situ. 

In this work, we apply atomically resolved high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) and characterize the crystal structure and defects 
of the sheets in detail. The intriguingly rectangular sheets have low polydispersity both in shape 
and lateral dimensions, despite their extended size in the 100 nm range. High-resolution imaging 
reveals the presence of point defects as well as cubic and conventional orthorhombic domains 
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within the principal deformed orthorhombic crystal lattice. Moreover, we show that the sheets 
grow with a thickness that varies by 2 PbS units. By lowering the temperature of the synthesis, 
the slower reaction enables us to study the formation and evolution in the crystallinity of the 
intermediary reaction products by ex situ characterization. Initially, we observe rectangular 
pseudo-crystalline PbS templates, with a close to amorphous framework that gradually evolves 
into the deformed orthorhombic structure. We propose a mechanism for the formation of the 
PbS NSs in which an oleylamine-lead-thiocyanate (OLAM-Pb-SCN) complex, with edges 
that encompass 2 PbS units, is a key building block for NS formation. The surface stress exerted 
by the organized oleylamine capping layer is taken as responsible for the remarkable crystal 
structure (deformed orthorhombic) of the PbS sheets. Further analysis of the sheets grown at 
longer reaction times was performed with 4D STEM, a technique that scans the sample with 
a STEM probe in a rasterized manner and records the diffraction pattern (2D in reciprocal 
space) at each position on the sample (2D in real space). The dataset results in a map showing 
the major changes in the diffraction patterns throughout the image. Here, this analysis clearly 
shows a reduction in crystalline misorientations and thus an evolution toward greater crystalline 
homogeneity of the deformed orthorhombic PbS sheets.

5.2 Results
5.2.1 Atomically resolved HAADF-STEM imaging
PbS nanosheets (NSs) were synthesized by the decomposition of lead thiocyanate (Pb(SCN)2) 
with oleylamine (OLAM) and oleic acid (OA), in octadecene (ODE). A procedure previous-
ly published by Akkerman et al.,19 which results in PbS NSs with well-defined geometrical 
features (Figure S5.1a and Figure 5.1a), observed both in bright-field transmission electron 
microscopy (BF-TEM) and high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM). The sheets have a rectangular shape, straight edges, and sharp 90° 
corners with lateral dimensions of 142 ± 34 by 25 ± 3 nm (Figure S5.1b). Moreover, differences 
in contrast at lower magnification are observed within and between the NSs (Figure 5.1a, b 
and Figure S5.1c) most likely as a result of the remaining diffraction contrast or thickness 
differences (i.e., the number of Pb atoms in projection). With atomic resolution, the crystal 
structure can be studied directly (Figure 5.1c, Figure S5.2), also showing contrast differences 
within a single sheet.

aa (c)(c)bb cc

2 nm2 nm5 nm5 nm
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Figure 5.1 Electron microscopy images of PbS NSs prepared at 165 °C. Low-resolution HAADF-STEM 
images show the rectangular NSs with sharp 90° corners (a). High-resolution HAADF-STEM images show 
the serrated edges of the NSs (b) and a deformed orthorhombic PbS structure with dumbbell atom columns 
in the [100] direction (c). The inset shows the corresponding Fourier transform.
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For bulk PbS and PbS nanomaterials, the isotropic cubic PbS crystal structure is common 
(Figure 5.2a).27 However, both bulk and nanomaterials have been shown to deform from cubic 
to anisotropic conventional orthorhombic PbS under external high pressure conditions.28,29,33,34 
Previously, the crystal structure of the PbS NSs was assigned by fitting the powder X-ray 
diffraction (XRD) patterns. It was determined to be a “layered (SnS like) orthorhombic phase” 
with a quasi-tetragonal unit cell (a = 11.90 Å, b = 4.22 Å, c = 4.20 Å),19 which shows dumb-
bell-shaped atom columns in the [100] direction (Figure 5.2b). This is a less pronounced de-
formation than the conventional orthorhombic PbS structure (a = 11.28 Å, b = 4.02 Å, c = 4.29 
Å),27 but with bond angles deviating from 90°. Here, we refer to the crystal structure of the NSs 
as “deformed orthorhombic”, as even the slight shift between the monolayers (MLs) of the 
unit cell induces the characteristic atomic configuration. In the face-down orientation of the 
NSs (Figure 5.1c and 2b), the [100] direction is in zone axis, clearly displaying the dumbbell 
atom columns. Meanwhile, the long edge of the NSs is along the [010] axis of the deformed 
orthorhombic structure, whereas the [001] axis forms the short edge (Figure 5.2c, d and 5.3a).

To image the atomic structure of the sheets along the planar direction and study their thick-
ness, an antisolvent (MeOH/ BuOH in a 1:2 ratio) was added to the dispersion before further 
sample preparation, inducing face-to-face stacking of the NSs.35 With the HAADF-STEM 
viewing direction parallel to the sheet surface, the [001] direction is in the zone axis (Figure 
5.2c) and the atomic columns in the edge-up orientation can be clearly observed (Figure 5.3a). 
Previously, the PbS NSs were reported to be 1.2 ± 0.3 nm thick, corresponding to 1 deformed 
orthorhombic unit cell of 4 MLs.19 Here, we observe NSs with a thickness of 4 MLs (1.2 ± 0.1 
nm) but also a second equally significant population of 6 ML NSs (Figure 5.3b). These have a 
thickness of 1.8 ± 0.1 nm, similar to the conventional orthorhombic NSs previously reported by 
Khan et al..17 Direct observation of these two populations suggests that the contrast differences 
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Figure 5.2 Schematic depictions of the cubic (a = b = c) and deformed orthorhombic PbS crystal lattices 
(a ≠ b ≠ c). The lead and sulfur atoms are represented respectively by the gray and yellow spheres. In panels 
(a) and (b), the face-down direction ([100] in zone axis) of both crystal structures is shown. In panels (c) 
and (d), the edge-up orientation on the long ([001] in panel (c)) and short edge ([010] in panel (d)) of the 
deformed orthorhombic NSs is shown for 4 MLs, one deformed orthorhombic unit cell. The gray octahedra 
clearly show that deformation occurs only in the [010] direction (d). See Figure S5.3 for a comparison with 
the cubic unit cell that consists of only 2 MLs as well as a table comparing the unit cells of the various crystal 
structures.
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between the NSs along the face-down orientation (Figure 5.1a), can be attributed to the 2 MLs 
(0.6 nm) difference in thickness. Addition of the antisolvent decreases the NS-to-NS distance 
(0.8 ± 0.3 nm instead of 3.6 ± 0.3 nm,19 or 4.4 nm,36). At some points, the NSs even merge or 
grow together, indicating a lack of surface passivation (see the blue arrow in Figure 5.3a and 
supporting information S5.2 for an NMR and FTIR analysis of the surface passivation of the 
sheets). 

The stepwise increase in thickness of the sheets is reminiscent of the atomic control in the 
thickness of zinc blende CdSe nanoplatelets. There, the top and bottom facets are terminated 
by Cd ligands, resulting in effective passivation and non-stoichiometry in the platelets.37,38 The 
opto-electronic properties are determined by the thickness of the NCs as the lateral dimensions 
are significantly larger than the exciton Bohr radius of 5.6 nm.1,39 This resulted in a stepwise 
atomic control of both the absorption and emission transitions.6,38 As the PbS NSs show a 
stepwise increase with half a unit cell (2 MLs), termination of the top and bottom facets is 
conventional, without an additional layer of lead. However, with an exciton Bohr radius of 23.5 
nm for PbS,40 we expect a strong 2D confinement and qualitatively a similar relation between 
the thickness and the optical properties of PbS NSs (albeit with steps of 2 MLs) as observed for 
CdSe nanoplatelets.

The absorption spectrum of a PbS NSs dispersion with 4 and 6 MLs sheets in a 1:1 ratio 
lacks clear features due to scattering (Figure S5.7). Only the previously reported onset (usually 
∼1.6 eV) is observed.19 By second-derivative analysis,41 the spectrum resolves to a single tran-
sition at 1.77 eV. Very similar to what the previously published absorption spectrum resolves to 
which is a single transition at 1.81 eV.19 Thus, we attribute the 1.77 eV transition to the 4 MLs 
sheets. As the reaction time increases (see below), the transition shifts to 1.64 eV (Figure S5.7), 
which we attribute to the contribution of the NSs with 6 MLs to the absorption spectrum.

Figure 5.3 In the edge-up orientation ([001] in zone axis), the thickness of the PbS NSs can be studied with 
atomic precision, taking into account that some of the sheets are tilted. (a) A high-resolution HAADF-STEM 
image shows there are both sheets with a thickness of 4 and 6 MLs of PbS. No sheets with an intermediate 
thickness (3, 5, or 7 MLs) were observed. Some of the NSs merge together (blue arrow), indicating a lack of 
surface passivation (further discussed in supporting information S5.2). (b) The corresponding histogram 
indicates the 1:1 ratio of NSs with an average thickness of 1.2 (4 MLs) and 1.8 nm (6 MLs).
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Having confirmed the presence of two thickness populations in the ensemble of PbS NSs, 
we studied the [100] direction of the NSs with atomic resolution. Within the deformed orthor-
hombic NSs, the high-contrast area (blue circle) in Figure 5.4a can be assigned to a lead-rich 
cluster (∼5 nm) attached to the top or bottom facet of the NS. Occasionally, these clusters 
were observed free standing in the sample as well (Figure S5.8). The low contrast regions (red 
circle) could be attributed to a collection of lead deficiencies in the crystal structure, possibly 
due to incomplete growth of the NS or a defect in the crystal structure, which could either be a 
different crystal structure or an amorphous area. Within the atom columns, similar low and high 
contrast is observed as well, as indicated in Figure 5.4b. The blue arrows indicate the presence 
of some point-like irregularities in the structure.

In addition to the defects, the NSs also show several domains that are coherently incorporat-
ed in the deformed orthorhombic lattice but have a different crystal structure (indicated by the 
dashed green squares in Figure 5.4). The characterization of these small domains (1 to 4 unit 
cells) is not trivial. Figure 5.5 clearly shows two small domains with a different structure than 
the deformed orthorhombic structure. In real space, a common feature among these domains is 
their lower contrast with respect to the dominant crystal structure, mainly due to the absence of 
the characteristic dumbbell atom columns (Figure 5.5a). The corresponding Fourier transform 
patterns can be indexed according to the conventional orthorhombic (90° angles with 4.0 Å 
lattice spacing along the [010] zone axis) or the cubic crystal structure (with 3.0 Å lattice 
spacing along the [100] zone axis, Figure 5.5b). We hypothesize that these defects in the NSs 
contribute to the reported lack of photoluminescent properties.19,27 
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Figure 5.4 Atomically resolved HAADF-STEM images of PbS NSs, with the various irregularities in the 
sheets indicated by the red, blue, and green dashed outlines. (a) PbS sheet with an additional lead-rich 
region (blue dashed circle) and areas with a lower contrast, potentially due to a lead deficiency (red dashed 
circles). (b) At higher magnification, point defects (red and blue circles) and some irregularities within the 
structure (blue arrows) are observed. In both panels (a) and (b), a coherently incorporated small domain 
with a lower contrast is observed (green dashed square).
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5.2.2 Evolution of the Crystallinity of Nanosheets in Time
The deformed orthorhombic crystal structure of the PbS NSs has various crystal defects seam-
lessly incorporated, while sheets of both 4 and 6 MLs thick were observed in a 1:1 ratio. To 
understand both the origin of the deformed orthorhombic structure and the stepwise thickness 
increase by 2 MLs of the NSs, we studied the reaction in more detail. For colloidal 2D nano-
crystals, the often suggested reaction mechanism is soft templated growth; the long organic 
ligands that are present are supposed to form close-packed lamellar mesophases, which could 
guide 2D growth.5,31,42-46

Relatively few studies have unambiguously shown the in situ presence of such soft tem-
plates during the growth of 2D nanostructures.31,47 An exception is PbS NSs synthesized with 
lead acetate, octylamine, and oleic acid, where the existence of a lamellar mesophase before 
nanocrystal formation was shown with low-angle XRD measurements in combination with 
TEM images.31 Another exception is the synthesis of Cu2−xS NSs, where templates observed 
in TEM images were tentatively described as Cu-thiolate frameworks, that maintain their 2D 
structural integrity at high temperatures when stabilized by halides.47 During the reaction, these 
templates gradually disappear due to Cu-catalyzed thermolysis of the carbon/sulfur bond, re-
sulting in the formation of the NSs. For the PbS NSs studied here, it was previously proposed 
that a lead-oleate-thiocyanate complex forms at 110 °C, which decomposes quickly at higher 
temperatures yielding the PbS NSs. Even with no direct proof for the presence of templates, 
a similarity was drawn to the templated formation of Cu2−xS NSs.19,47 Here, the standard PbS 
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Figure 5.5 Three areas within the deformed orthorhombic PbS NS are indicated by the white dashed boxes 
(a), which are characterized in panel (b). The corresponding Fourier transform of domain 1 has a lattice 
spacing of 2.9 Å and is indexed according to the deformed orthorhombic crystal structure. Domains 2 and 3 
are coherently incorporated in the principal structure, but their low-diffraction contrast and corresponding 
Fourier transform are different. Domain 2 is indexed as a conventional orthorhombic crystal structure with 
a lattice spacing of 4.0 Å along the [010] zone axis. Domain 3 is indexed as a cubic crystal structure with a 
spacing of 3.0 Å along the [100] axis.
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NS synthesis is very fast, effectively occurring while the mixture heats up to 165 °C. However, 
with a lower temperature (145 °C), the reaction occurs slower. This allowed us to take aliquots 
and isolate intermediary reaction products to study them ex situ and gain insight into the mech-
anism.

Upon reaching 145 °C, the reaction mixture is still transparent but after 1 minute (min) 
and 30 seconds (s), the color changes to light brown and the first aliquot was taken. Despite 
the color change, no NCs were isolated (Figure S5.9a), but all subsequent aliquots showed 
rectangular NSs with 90° corners (Figure S5.9). Initially, these NSs have an average size of 
161 by 18 nm (Figure 5.6a, Figure S5.9b and S5.10a), slightly longer and thinner than the 
standard synthesis at 165 °C (142 by 25 nm). In time (6.5 min), the NSs grow to 293 by 38 nm 
with some serrated edges (Figure 5.6c, Figure S5.9d and S5.10b). 

At higher magnification (Figure 5.6b), the earliest isolated PbS NSs are markedly different 
than the standard synthesis products at 165 °C. Instead of a crystalline structure, the sheets have 
an amorphous and disordered framework interspersed with crystalline areas. These domains 
exhibit a wide range of sizes but average 25 ± 17 nm2 (Figure S5.11), and whereas some have 
the deformed orthorhombic structure with the characteristic dumbbells, they primarily have 
one of the previously discussed defect structures. 
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Figure 5.6 HAADF-STEM images of aliquots taken 2.5 and 6.5 min after the reaction mixture reaches 145 
°C, see Figure S5.9 for the other aliquots. (a) Rectangular NSs with a lateral size of 160 ± 27 by 18 ± 3 nm 
are already present. The image with atomic resolution in panel (b) shows that the sheets are pseudo-crystal-
line, roughly 23% of the sheet is crystalline (on average the domain size is 25 ± 17 nm2, Figure S5.11). The 
Fourier transform of the sheet shows clear diffraction maxima but has some broadening in the long lateral 
direction. (c) After an additional 4 min, the NSs grow to an average size of 293 ± 79 by 38 ± 8 nm, while the 
crystallinity was estimated to be approximately 67% of the area with limited residual amorphous strips, as 
determined through direct visualization of the image (d).
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Surprisingly, the Fourier transform of the  sheet shows diffraction maxima, with only some 
broadening in the long lateral direction (inset Figure 5.6b). Thus, despite the amorphous frame-
work between them, the domains have a common orientation within the sheet. The individual 
deformed orthorhombic areas are oriented with the [010] axis in the long lateral direction of the 
NS (equivalent to the [011-] direction for cubic PbS), just like the NSs from the standard syn-
thesis. Even when the NSs are broken, i.e., not well defined and less rectangular, the domains 
are oriented (see Fourier transform inset in Figure S5.12). When stacked, both 4 and 6 MLs are 
observed in a 2:1 ratio, although these sheets are more crystalline than expected from Figure 
5.6b (see Figures S5.13−S5.15 for a further discussion). When the NSs are kept at 145 °C for 
an additional 4 min, their overall crystallinity increases, and only thin amorphous strips remain 
(Figure 5.6d). In absorption measurements, the optical transition gradually shifts from 1.77 eV 
early in the reaction (2.5 min) to 1.64 eV (Figure S5.16a), indicating that also the fraction of 6 
ML NSs increases over time.

5.2.3 Proposed mechanism for the growth of the PbS nanosheets 
The surprisingly rectangular NSs early in the reaction, with little crystallinity but a uniform 
orientation of the crystalline domains with [010] in the long lateral dimension, are an indication 
for a (soft) templating mechanism. Intensity profiles along the short lateral direction of this 
“pseudo-crystalline” NS show no significant intensity difference between the amorphous and 
crystalline areas (Figure S5.17), suggesting a uniform thickness throughout the sheet, albeit 
with ordered and disordered parts. The alignment of the isolated crystalline areas and the over-
all increase in crystallinity of the NSs as the reaction progresses means that the initial disordered 
amorphous areas are arranged along the main crystallographic axes, without atomic order in the 
unit cells. As such, a templating mechanism as previously proposed, where the template only 
guides the synthesis before it disappears, does not fit with our observations.47 While the long 
chain primary amine and oleate ligands are the usual suspects for templates, the single source 
precursor Pb(SCN)2 contains the thiocyanate ion (SCN−), an ambidentate ligand. Hence, the 
pseudo-crystalline template, which crystallizes and forms the sheet, can only form with the 
involvement of the single source precursor.52 Here, we propose a self-induced template that 
imposes a 2D constraint during the reaction but is also part of the eventually formed NSs. 

As it is ambidentate, the thiocyanate ion can form coordinating bonds with a metal ion (M) 
via sulfur (S) or nitrogen (N) via their unshared electrons. N-bonding is favored when a bor-
derline or hard acid is present whereas a soft acid will induce S-bonding, resulting in M-NCS 
or M-SCN complexes, respectively. In the case of a borderline acid (such as Cd2+ and Pb2+), 
both complexes can be formed and the electronic and steric factors of other ligands bound to 
the metal center become very influential.48-50 Here, OA and OLAM are present during the 
decomposition of Pb(SCN)2 and as both ligands can coordinate with lead, the electron density 
on the lead atom can vary. In a complex with OA (an X-type electron donating/accepting 
ligand),51,52 the electron density on the lead ion is lower, resulting in an OA-Pb-NCS complex. 
However, in a complex with OLAM (an L-type electron donating ligand),53 the lead ion will 
have an increased electron density, and an OLAM-Pb-SCN complex can form.50



Chapter 5 

100

Previously, the presence of excess ligands during the reaction was shown to result in 
polydisperse NSs or cubic nanocubes.19 However, with an equivalent amount of only OA, no 
discernible nanocrystals are formed (Figure S5.18a), while with only OLAM 2D structures and 
some cubes form (Figure S5.18b). This indicates the importance of an amine in this reaction. 
Additional experiments with a shorter acid and amine ligand (nonanoic acid and octylamine, 
Figure S5.19) showed that the variation in the width of the NSs increases significantly with 
octylamine. Instead of the usual 25−35 nm width (also achieved with nonanoic acid Figure 
S5.19c), the resulting NSs had an average of 130 nm with standard deviation of 60 nm (Figure 
S5.19d). Thus, a shorter amine ligand allows more freedom in the formation of the sheets, 
whereas shorter acidic ligands still result in NSs with a similar constraint in width. 

Hence, we propose that an OLAM-Pb-SCN complex is the precursor to the central building 
block for a self-induced template resulting in PbS NSs. An amine group bound to the lead ion 
will induce S site bonding of the thiocyanate, already placing the lead and sulfur in proximity 
(Figure 5.7a). In this complex, the angle between the lead/sulfur (Pb/S) bond and the carbon/
sulfur (C/S) double bond is expected to be around 90°, previously shown to be the case for both 
cadmium-SCN and zinc-SCN complexes.50 The angled complex allows ample space for coor-
dination with another complex, resulting in a building block with 2 Pb−S units (Figure 5.7b), 
in line with the 2 ML stepwise increase in the NSs thickness (Figure 5.3). As no NSs consisting 
of 2 MLs were observed in the experiments, we consider these building blocks too unstable to 
form NSs with an ionic lattice. However, as they interact with other building blocks, a system 
with 4 Pb−S units begins to form. Depending on the bond strength of the ligands, and the C/S 
double bond, cross-correlation begins, eventually forming the basis for the ionic lattice of the 
NSs (Figure 5.7c). The pseudo-crystalline NSs in Figure 5.6b can be described by this part of 
the mechanism. Favorable ligand−ligand interaction occurs as the building blocks are roughly 
organized with an [011-] orientation of the lead atoms, corresponding to an [010] orientation of 
the deformed orthorhombic structure. However, the building blocks are not yet fully crystal-
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Figure 5.7 Schematic formation of PbS NS via a self-induced templating mechanism. Starting with an 
OLAM-Pb-SCN complex with a 90° angle between the Pb/S and C/S bonds (a). By cross-coordination, two 
OLAM-Pb-SCN complexes can form a square, the central building block of the self-templating mechanism 
(b). Two-dimensional formation of the pseudo-crystalline structure as observed in the edge-up orientation 
of the PbS NS (c). Growth of the NSs along the lateral directions via cubes (four cross-coordinated OLAM-
Pb-SCN complexes) with diagonal alignment of the favorable ligand−ligand interaction resulting in the 
[011-] orientation of the lead atoms (d).
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lized, i.e., the C/S double bond has not yet broken and the PbS lattice not yet formed in the 
entire template. In this mixed system, containing both pseudo-crystalline and crystalline parts, 
the strain induced by the strong ligand−ligand interaction can still be distributed throughout 
the entire system. It does not yet affect the smaller predominantly cubic crystalline areas. Upon 
continued thermal annealing, the bonds in the building blocks break and the ionic lattice forms 
(Figure 5.7d). The favorable diagonal long-range organization of the ligands increases, result-
ing in an increased surface tension that can no longer be accommodated in the ultrathin PbS 
sheets, thus inducing the cubic to deformed orthorhombic transition of the crystalline domains.

The mechanism described above is a self-induced templating mechanism in which the basic 
building blocks already favorably interact with each other, helped along by their templating 
long-chain organic ligands. Upon further annealing, the bonds in the building block break re-
sulting in the formation of the ionic PbS lattice.

5.2.4 Improving the crystallinity of the nanosheets
With the crystalline structure of the NSs and its defects characterized, the thickness of the NSs 
studied and our understanding of the mechanism increased, we set out to improve the NSs. As 
previously discussed, the sheets have not yet shown any photoluminescence, not even after 
chloride surface treatments,19 presumably due to the intrinsic defects in the sheets synthesized 
by the standard synthesis, a fast decomposition reaction that is quenched when reaching 165 
°C. By prolonging the reaction at 165 °C for 5, or even 10 min, we effectively annealed the NSs 
to improve their crystallinity.

2 nm2 nm 2 nm2 nm
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Figure 5.8 When annealing the NSs at 165 °C for an additional 5 or 10 min, the uniformity of the deformed 
orthorhombic crystal structure increases (a−c). With intensity threshold analysis applied to the low-contrast 
defect areas in the NSs (indicated by a green outline), a quantitative estimation on the improvement can be 
made. The defect areas decrease from 10.8% to 3.8% and then 0.2% (c−e).
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Figure 5.8b shows an HAADF-STEM image of a PbS NS annealed for 5 min at 165 °C, 
still clearly with the dumbbells of the [100] direction of the deformed orthorhombic crystal 
structure and some low-contrast areas. Based upon their Fourier transform, these areas are char-
acterized as different crystal structures such as cubic and conventional orthorhombic (Figure 
S5.20). Although the crystal structure becomes more uniform after an additional 5 min (Figure 
5.8c), there are still some defects present (Figure S5.20b). At the same time, the previously ob-
served 1:1 ratio of 4 and 6 MLs thick NSs (Figure 5.3b) shifts firmly to 6 MLs (Figure S5.21). 
In adsorption spectra of the dispersion, the scattering increases while the transition becomes 
more pronounced. The second-derivative analysis shows a transition at 1.64 eV, indicating that 
the NSs predominantly have a thickness of 6 MLs (Figure S5.22a). When the absorptance of a 
PbS NSs film was measured (Figure S5.22b), the absorptance increased from ~10% to ~40%, 
indicating an increase in the overall concentration of fully crystalline NSs. 

Considering that the dumbbell atom columns of the deformed orthorhombic structure give 
the NSs higher intensity at low magnification with respect to the defect areas, we can apply 
intensity threshold image analysis. This allows for the tentative estimation of the defect per-
centage in the sheets. Synthesized by the standard procedure, they show up to 10.8% defect 
areas in a 25 by 35 nm area, as indicated by the green outlines in Figure 5.8d. As the NSs are 
annealed at 165 °C for 5 or 10 min, the defect percentage decreases to 3.8 and 0.2%, respec-
tively (Figure 5.8e and f).

While an indication that the areas with a lower diffraction contrast are quite common, a 
technique such as 4D STEM can be of tremendous help in visualizing homogeneity of the crys-
tal orientations in the sheets. With a STEM electron probe, the sample is scanned in a rasterized 
manner and at each position a diffraction pattern is acquired. The result has been interpreted as 
an HAADF-STEM image (2D in real space) where the pixel size is determined by the probe 
size and where the diffraction pattern of each pixel is known (2D in reciprocal space, Figure 
S5.23). 4D STEM was utilized to map changes in the reciprocal space of the sheets, effectively 
displaying the enhancement in crystal orientation as synthesis time increases.

 When characterizing each pixel in the HAADF-STEM image based upon the intensity of 
the {011} family planes in the diffraction pattern (at a lattice spacing of 0.29 nm), the changes in 
orientation of the crystal structure can be tracked. Figure 5.9 displays the color maps generated 
by assigning red or green to the intensities of diffraction maxima on perpendicular distances. 
When the structure is imaged along the zone axis (Figure 5.9a, middle image) the map appears 
dark yellow, as the red and green spots contribute equally to the overall intensity. If the struc-
ture is tilted along a certain direction, one of the intensities will decrease, resulting in a red or 
green color (Figure 5.9a, left and right). The corresponding maps in Figure 5.9b−d show the 
folded areas in the NSs. The NSs immediately quenched upon reaching 165 °C (Figure 5.9b) 
show some voids in the maps, some of which are also observed in the HAADF-STEM image. 
Otherwise, they correspond either to a possible dealignment with the main crystal structure or 
the presence of the small domains discussed above with different crystal structures. Initially, 
the thinner NSs have large folds where the structure is tilted in one direction, right next to 
areas tilted in the other direction, i.e., green right next to red areas (Figure 5.9b). However, as 
the NSs are effectively annealed for longer times, the folds become less prominent; hence, as 
the NSs become thicker (6 MLs), they also become more rigid (Figure 5.9c and d) and their 
crystal structure improves.
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5.3 Conclusions
In summary, atomically resolved HAADF-STEM imaging was used to characterize the de-
formed orthorhombic PbS NSs, both during their formation and as final products. The 2D 
ultrathin sheets allowed for observation of contrast differences within and between the sheets. 
When stacked, two populations of 4 and 6 MLs were observed in a 1:1 ratio (1.2 and 1.8 nm). 
In absorption spectra, strong light scattering obscures the optical transactions, but analysis with 
the second-derivative elucidates an optical transition at 1.77 eV for 4 MLs and 1.64 eV for 6 
MLs thick NSs. This is far above the gap of PbS bulk and quantum dots with a cubic crystal 
structure. With atomic resolution, the subtly incorporated low-contrast crystal defects stand 
out; by Fourier analysis, these specific areas could be characterized as cubic or conventional 
orthorhombic areas.

Figure 5.9 With 4D STEM the changes in orientation of crystal structure can be tracked in the PbS NSs. 
(a) The deformed orthorhombic crystal structure is schematically depicted as it tilts in the short (left) and 
long (right) lateral direction of the sheet. With the [100] direction in zone axis, the diffraction pattern shows 
4 spots with a lattice spacing of 0.29 nm contributing equally (middle image inset, yellow color). As the 
structure tilts, the contribution of the diffraction maxima changes and each pixel in the 4D STEM image 
was characterized based on the contribution of the diffraction maxima, green for a tilt in the short lateral 
direction and red for the long lateral direction. The HAADF-STEM image, and its reconstructed 4D STEM 
map are shown for 0 min (b), 5 min (c), and 10 min (d) at 165 °C. In panel (b) NSs immediately quenched 
upon reaching 165 °C have some voids in the HAADF-STEM image, while the maps also show large regions 
with different parallel orientations in the NSs. A significant improvement in the tilt toward zone axis can 
be observed in panel (b) and even more in panel (c) where large homogeneous areas of dark yellow can be 
observed.
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By studying the intermediary products of the reaction at a lower temperature (145 °C), we 
gained insight into the reaction mechanism. Initially, a pseudo-crystalline rectangular template 
is formed, consisting of amorphous and crystalline areas, which are uniformly oriented with the 
[010] axis in the long lateral dimension. We propose that these PbS NSs form via a self-induced 
templating mechanism, in which the single source precursor Pb(SCN)2 plays a key part. We 
suspect that an OLAM-Pb-SCN complex initiates the 2D formation of the self-induced tem-
plate. Favorable ligand−ligand interaction of the complexes induces the [010] orientation, even 
before the formation of an ionic lattice in these pseudo-crystalline templates. The surface strain 
induced by the long OLAM ligands on the ionic lattice induces the deformed orthorhombic 
crystal structure when the crystallinity in the sheet increases. Only some additional thermal 
annealing is needed to form a deformed orthorhombic PbS lattice from the pseudo-crystalline 
template. 

A further reduction of the number of intrinsic crystal defects, edge imperfections, and lead-
rich clusters will be required to eliminate the non-radiative recombination channels in the NSs. 
To improve the crystallinity of the sheets, continued reaction at high temperature (5 or 10 min 
at 165 °C) proved to be quite effective. The number of crystal defects in the sheets decreases 
significantly, resulting in almost perfect deformed orthorhombic PbS NSs predominantly with 
a 6 MLs thickness. The 4D STEM technique effectively demonstrates a reduction in both 
occurrence and severity of crystal misorientations in the sheets over the course of annealing and 
therefore an increased crystallinity over synthesis time. Obtaining PbS sheets with a respectable 
opto-electronic performance will be a challenge since the radiative life-times in the near-infra-
red are relatively large compared to the visible region. However, it will be worth the effort as 
the deformed orthorhombic crystal structure, the related uncommon electronic band structure, 
and the two-dimensionality offer a pathway to novel 2D semiconductors with a bandgap in the 
interesting energy region just below the visible.
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S5 Supporting Information

S5.1 Experimental methods and characterization
Chemicals
Acetonitrile (ACN, anhydrous, 99.8%), 1-butanol (BuOH, anhydrous, 99.8%), lead(II) thiocyanate 
(Pb(SCN)2, 99.5%), methanol (MeOH, anhydrous, 99.8%), nonanoic acid (≥97%), 1-octadecene (ODE, 
technical grade 90%), octylamine (99%), oleic acid (OA, technical grade 90%) and oleylamine (OLAM, 
technical grade 70%) were bought from Sigma-Aldrich. Toluene (anhydrous, 99.8%) was purchased from 
Alfa Aesar, while ethanol (EtOH, anhydrous, ≥99.8%) was purchased from VWR international. 

Synthesis of PbS nanosheets
The PbS nanosheets were prepared following a reported synthesis procedure by Akkerman et 
al.1 In a typical synthesis, 32.3 mg (0.1 mmol) Pb(SCN)2 was added to a 25 mL three-neck 
flask with 223.8 mg (0.250 mL) OA, 101.6 mg (0.125 mL) OLAM and 7.9 g (10 mL) ODE. 
The flask was capped with a Vigreux, but the reaction was allowed to proceed in air (oxygen 
is required for the decomposition of Pb(SCN)2). To dissolve the Pb(SCN)2 the reaction flask 
was heated to 110 °C for 30 minutes, after which the temperature was quickly raised to 165 °C 
(at a rate of ~15 °C per minute). Between 155 °C and 165 °C the reaction mixture turns from 
transparent to light and then dark brown, as the temperature reaches 165 °C reaction mixture 
in the flask was quickly cooled with a water bath (~2 °C per second). The reaction product 
was washed by centrifugation at 2750 revolutions per minute (RPM, 840 RCF), redispersed in 
5 mL toluene and stored in a nitrogen-filled glovebox. A possible additional washing step was 
performed with acetonitrile (5 mL) or MeOH/BuOH (3 mL, 1.5 mL) as an antisolvent, again 
centrifuging at 2750 RPM and redispersing in 5 mL toluene. To slow the PbS NSs formation 
down and study the reaction mechanism the synthesis was also performed at 145 °C for up to 
10 minutes after the color change to light brown. Via aliquots, the intermediary products were 
studied ex situ with HAADF-STEM and ultraviolet-visible spectroscopy (UV/Vis).

Characterization
Transmission electron microscopy (TEM) samples were prepared by dropcasting a dilute dis-
persion of NCs on carbon-coated copper TEM grids. To image the atomic structure of the 
sheets along the planar directions and study their thickness, an antisolvent (MeOH/BuOH in a 
1:2 ratio) was added to the dispersion before further sample preparation, inducing face-to-face 
stacking of the NSs. To diminish hydrocarbon contamination during imaging, the prepared 
TEM grid was treated with EtOH and activated carbon for 5 minutes, following a recently pub-
lished procedure.2 Bright-field TEM (BF-TEM) images were acquired with a Thermo Fisher 
T20, a Thermo Fisher Talos L120C, or with a Fei Talos F200X operating at respectively 200, 
120 and 200 keV. Low-resolution HAADF-STEM images were acquired with a Fei Talos 
F200X operating at 200 keV. Atomically-resolved high-resolution HAADF-STEM imaging as 
well as 4D STEM data collection, was performed on an aberration-corrected Thermo Fisher 
Titan G2 60-300 microscope, operating at 200 and 300 keV. The 4D STEM measurements 
were performed at 300 keV in microprobe mode with a convergence semi-angle of 1 mrad, 
resulting in a diffraction limited probe size of 0.9 nm. With this probe the sample is scanned 
in a rasterized manner and a diffraction pattern is acquired at each position. The peak finding 
routine and virtual detector algorithms from the open-source software Pixstem are used for the 
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analysis of these 4D STEM datasets.3 The datasets consist of the prove position (2D position 
in real space) where the pixel size is determined by the probe size, and the diffraction pattern 
of each pixel has been acquired (2D in reciprocal space). The final result is a map showing the 
mayor changes in the diffraction patterns i.e. the folds in the sheets. 

UV/Vis absorption spectra were measured on a PerkinElmer 950 UV/Vis/NIR spectropho-
tometer with quartz cuvettes. Fourier transform infrared (FTIR) spectra were measured with a 
Bruker Vertex 70 and an air-tight liquid cell purchased from International Crystal Laboratories, 
with two KBr windows and a path length of 0.5 mm. Spectra were recorded from 400 cm-1 to 
7000 cm-1 with a KBr beam splitter, a DTLaTGS D301 detector and a mid-infrared source. 
FTIR spectra of PbS NS films were measured with the same apparatus and a quartz slide in 
an air-tight sample holder. Spectra were recorded from 3300 cm-1 to 15500 cm-1 with a quartz 
beam splitter, an Si-Diode detector and a near-infrared source.

Proton nuclear magnetic resonance (1H-NMR) measurements were performed using an 
Agilent MRF400 equipped with a OneNMR probe and Optima Tune system. Spectra were 
recorded according to the following parameters: 400 MHz, CDCl3 25 °C. In short, 0.6 or 0.9 
mL of the synthesized PbS NSs was dried and redispersed in 0.6 mL CDCl3, to which 10 μL 
(0.05 M) of a ferrocene stock solution was added as an internal standard. The samples were 
then measured with a longer relaxation delay (25 s) to allow complete relaxation.4,5

Atomic force microscopy samples (AFM) were prepared by dropcasting the dispersion on 
a cleaved mica substrate. The measurements were performed with a JPK Nanowizard 2, op-
erating in intermittent-contact mode in ambient atmosphere using a Bruker OTESPA-R3 tip.
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Figure S5.1 Overview images of a standard synthesis of PbS NSs prepared at 165 °C imaged with BF-TEM 
(a) and HAADF-STEM (c). The NSs in the TEM images were measured with ImageJ and the histogram 
shows the lateral dimensions (with average 142 ± 34 by 25 ± 3 nm). The low-resolution HAADF-STEM 
image of a standard synthesis of PbS NSs (c), shows contrast differences between the NSs. 
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10 nm10 nm

Figure S5.2 High-resolution BF-TEM image showing the atomic columns along the [100] direction in a 
face-down oriented PbS NS with the corresponding Fourier transform. While the atom columns are visible, 
additional contrast from the formvar/carbon background makes in-depth characterization of the crystal 
structure difficult. Therefore, atomically resolved HAADF-STEM is preferred over BF-TEM, see also Figure 
5.1c.
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Figure S5.3 Schematic depiction of cubic PbS, as it would show on the side of the NSs if they had a cubic 
structure (a and b). The grey and yellow symbols represent the Pb and S atoms respectively. As the cubic 
crystal structure is isotropic, no differences are observed between the long edge (a) and the short edge (b) 
of the NSs. In panel (c) the unit cell dimensions of the various crystal structures discussed here are shown. 
Including the bulk bandgap type as calculate by DFT using the unit cells in the table. Showing that the small 
increase in lattice anisotropy from deformed orthorhombic to conventional orthorhombic is enough to 
switch the calculated bulk band gap from direct to indirect.6 
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S5.2 NMR and FTIR study of additional purification steps 
After addition of an antisolvent to induce stacking of the NSs, the NS-to-NS distance decreases 
(which is 0.8 ± 0.3 instead of 3.6 ± 0.3 nm,1 or 4.4 nm,7). At some points the NSs even merge or 
grow together, indicating a lack of surface passivation (see the blue arrow in Figure 5.3a). To 
gain some understanding of the residual precursors in the dispersion of the sheets and to study 
the surface passivation, we used 1H-NMR measurements. NSs purified by centrifugation and 
redispersion in fresh toluene (the purification steps previously reported),1 show the presence 
of the organic ligands and ODE (Figure S5.4). The characteristic broadening of the 5.3 ppm 
peak for surface bound OA and/or OLAM is not observed.4,8,9 Additional purification by the 
addition of a protic or aprotic antisolvent removes most of the residual organic ligands and ODE 
(Figure S5.5). After these purification procedures, the thiocyanate is still observed at ~2040 
cm-1 with FTIR (see inset Figure S5.6). We therefore suspect that the residual organic ligands 
are removed in the stacked NSs, resulting in the decrease of NS-to-NS distance (Figure 5.3a).
In Table S5.1, a complete overview of every resonance and their characterization is given. 
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Figure S5.4 NMR spectra of PbS NSs and references. (a) NMR spectrum of PbS NSs, see Table S5.1 for a 
full reference of each peak. (b) Selection of the NMR spectrum in (a) with reference spectra of OA and ODE. 
The sharp resonances at 5.8 ppm and 4.9 ppm are attributed to ODE, the 5.3 ppm resonance is attributed 
to the presence of OA/OLAM, although the characteristic broadening surface bound ligands, previously 
observed both in 3D and 2D materials is not observed here.4,8,9 
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The concentration ODE and OA/OLAM were determined by the addition of a known con-
centration of ferrocene (10 µL, 0.05 M).4,5 The concentrations ODE and OA/OLAM were 
determined using the internal standard with the following equations: 

Chemical shi� (ppm) Corresponds to Group 
0.9 OA, ODE, OLAM - CH3 
1.3 OA, ODE, OLAM -CH2 
2.0 OA, ODE, OLAM -CH2, -NH2 
2.3 OA O=C—CH3 
2.7 OLAM -CH2-NH2 
4.1 Ferrocene - 
4.9 ODE =CH2 
5.3 OA, OLAM -HC=CH- 
5.8 ODE -CH=CH2 
7.3 CDCl3 - 
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Figure S5.5 NMR spectra of PbS NSs centrifuged and redispersed (blue) and washed with two different 
antisolvents (orange, green). Ferrocene was added as an internal standard and used to calculate the concen-
tration of ODE and OA/OLAM in the sample.

[ODE] = (
I4.9
Ifer

)× (
10
2
)× [ferrocene] (S5.1)

[OA/OLAM] = (
I5.3
Ifer

)× (
10
2
)× [ferrocene] (S5.2)

Table S5.1 Table listing the resonances observed in Figure S5.4a and attributed to the protons present in the 
reaction mixture. Note that thiocyanate does not contain any protons and therefore cannot be characterized 
with 1H-NMR.
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Table S5.2 A table listing the integrals of the NMR spectra shown in Figure S5.5. Values used to calculate 
the concentration of the corresponding molecules present in each sample. After additional washing steps 
with an antisolvent, the concentration has significantly decreased.

Sample Integral 4.1 ppm 
(ferrocene) 

Integral 4.9 ppm 
(ODE) 

Integral 5.3 ppm 
(OA/OLAM) 

Concentration 
ODE [µM] 

Concentration 
OA/OLAM [µM] 

PbS single 
washed 

1 11.81 0.58 45* 2.2* 

PbS Me/Bu 1 0.23 0.01 0.58 0.025 

PbS ACN 1 0.13 0.03 0.33 0.075 

*Scaled by a factor of 1.5 for comparison with other samples, as only 0.6 mL sample was measured instead of 0.9 mL. 
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Figure S5.6 FTIR spectra of PbS NSs centrifuged and redispersed (blue) and washed with two different 
antisolvents (orange, green). Showing the presence of thiocyanate group even after further purification.
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Figure S5.7 Absorption spectra and corresponding second-derivative analysis of a standard synthesis 
(standard 165 °C, orange), a synthesis with a heating rate of 9 °C per minute (slower 165 °C, green) and 
previous results of Akkerman et al. (suspension in Figure 5.4a digitized,2 dashed blue). The standard sam-
ple contains a 1:1 ratio of both 4 and 6 MLs thick PbS NSs, the second-derivative analysis shows a single 
maximum at 1.77 eV. A maximum of 1.81 eV is observed for the literature absorption spectrum with only 
a 4 MLs population. Despite the presence of two populations, the absorption features are dominated by the 
optical transition of the 4 MLs NSs. In the slower synthesis the second-derivative shows a single maximum 
at 1.64 eV, presumably due to a majority of 6 MLs NSs. The grey dashed lines are a guide to the eye at 1.64 
eV and 1.77 eV.

2 nm2 nm

Figure S5.8 High-resolution HAADF-STEM image of free standing clusters roughly 2 nm in size. Their 
lack of a well-defined crystal structure is similar to previous literature on CdSe nanocrystals, where nano-
clusters with a decreased size (below 2 nm) were shown to lack crystallinity.8
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S5.3 PbS NSs synthesized at 145 °C 

No precipitate observed

a 1.5 mina 1.5 min b 2.5 minb 2.5 min c 3.5 minc 3.5 min d 6.5 mind 6.5 min

e 9 mine 9 min g Productg Product h Producth Product

100 nm100 nm100 nm100 nm 100 nm100 nm

100 nm100 nm100 nm100 nm100 nm100 nm 500 nm500 nm

f 11.5 minf 11.5 min

Figure S5.9 HAADF-STEM images of the aliquots taken at 145 °C. Time zero is defined as the moment 
that the reaction mixture reached 145 °C, the first aliquot was taken the moment that the characteristic 
color changes from transparent to light brown and did not yield any precipitate (a). All other intermediary 
products were isolated and studied with HAADF-STEM continually showing the presence of PbS NSs at 
increasing sizes (b-h).
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Figure S5.10 Lateral dimensions of PbS NSs prepared at 145 °C after 2.5 minutes (a) and 6.5 minutes (b) 
of reaction. Show an overall increase from 161 ± 27 by 18 ± 3 nm to 293 ± 79 by 38 ± 8 nm. With a large 
increase of the standard deviation, although it should be noted that the number of measured NSs is quite 
low, 20 and 38. 
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Figure S5.11 The crystalline domains in the pseudo-crystalline sheets synthesized at 145 °C for 2.5 minutes 
were measured with ImageJ. The histogram clearly indicates a large range in size, resulting in an average of 
24.6 nm2 but with a standard deviation of 17.4 nm2.
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Figure S5.12 PbS nanosheets prepared at 145 °C for 2.5 minutes of reaction time. (a) Several NSs are 
partially “broken”, having holes in the structure and misaligned edges. (b) The crystalline areas observed in 
“broken” NSs are still aligned with the [010] direction in the long lateral dimension of the NSs. (c) Two or 
more amorphous-like NSs located on top of each other show more crystallinity.
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Figure S5.13 Determination of the thickness of PbS NSs prepared at 145 °C after 2.5 and 11.5 minutes 
(final product) after the sheets were stacked by the addition of an anti-solvent. (a) HAADF-STEM images 
and histograms of the measured NSs. In the earliest aliquot, 4 and 6 MLs NSs are observed in a 2:1 ratio. In 
the final product most of the sheets are 6 MLs thick, but a small number of thicker NSs (8, 10 and even 12 
MLs) are observed in small numbers. (b) Shows the influence the addition of anti-solvent can have on a less 
stable sheet, potentially a pseudo-crystalline NS such as in Figure 5.6b. This provides an indication that all 
the sheets measured in panel (a) are the ones stable enough to stack after anti-solvent addition. Thus, it is 
possible that the results in panel (a) show the more stable sheets in the dispersion i.e. sheets that are more 
crystalline and thus mechanically more stable.
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Figure S5.14 In an attempt to determine the thickness of the NSs in the first aliquot of the 145 °C reaction 
without the addition of an anti-solvent we used atomic force microscopy (AFM). The dispersion was drop-
casted on a cleaved mica and AFM was used to image the sheets. Due to clustering and some contamination 
the sheets are imaged as elongated with round edges (a and b). (c) Histogram of the length and width 
AFM measurements is shown. The width of the sheets corresponds well to TEM measurements, but due 
to clustering of the NSs the length is challenging to measure and the resulting value is quite low. (d) Some 
representative height measurements are shown, both 1.8 nm (green, 6 MLs) and 1.2 nm (red, 4 MLs) are 
observed, although here we observe even some thinner 0.8 nm (blue). This third population is however 
slightly thicker than expected, if these are indeed sheets of 2 MLs we would expect 0.6 nm. See Figure S5.15a 
for the histogram of the measurements.
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Figure S5.15 Histograms of the thickness of the first sample grown at 145°C. The AFM measurements show 
on average thinner sheets than TEM measurements of both the NSs stacked by antisolvent addition (Figure 
S5.13) and stacks naturally occurring in the sample (b). However, the number of sheets measured by AFM 
is too low to draw any definitive conclusions.
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Figure S5.16 Absorption spectra of aliquots from PbS NSs dispersions prepared at 145°C (a) and 160°C (b, 
top); together with corresponding second-derivative analysis (below). The dashed vertical lines are located 
at respectively 1.64 and 1.78 eV. In both experiments a shift from 1.78 eV to 1.64 eV is observed over time, 
indicating an increase in thickness from 4 MLs to 6 MLs.

5 nm5 nm

aa

pro�le 2pro�le 2
pro�le 1pro�le 1

pro�le 3pro�le 3

Position (nm)
0 105 15 20 25

Pro�le 3

Pro�le 1

Pro�le 2

bb

In
te

ns
ity

 (a
.u

.)

Figure S5.17 To investigate possible thickness differences between the crystalline (rock salt and orthor-
hombic) and pseudo-crystalline areas of a PbS NSs prepared at 145 °C for 2.5 minutes of reaction, intensity 
profiles were taken across the NS. (a) High-resolution HAADF-STEM image showing crystalline domains 
in the pseudo-crystalline structure. (b) Intensity profiles along the corresponding dashed red regions in 
panel (a). The blue shaded areas correspond to crystalline domains along the profile. No clear relation is 
observed between the intensity of a crystalline area versus that of a pseudo-crystalline area, indicating a 
homogeneous thickness in the NSs.
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S5.4 Formation mechanism of the PbS NSs

a Pb(SCN)2 and OAa Pb(SCN)2 and OA b Pb(SCN)2 and OLAMb Pb(SCN)2 and OLAM

200 nm200 nm200 nm200 nm

Figure S5.18 To investigate the role of oleic acid (OA) and oleylamine (OLAM) in the Pb(SCN)2 decom-
position reaction, OLAM and OA were replaced with an equal amount of respectively OA (a) and OLAM 
(b). (a) Replacement of OLAM with OA yields amorphous structures. (b) Replacement of OA with OLAM 
results in PbS cubes and two-dimensional structures, showing that OLAM is essential for the growth of PbS 
NSs. Similar influence of OLAM has been shown in dithiocarbamate single source precursor reactions.10
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Figure S5.19 (a) Replacing OA with an equivalent amount of nonanoic acid results in PbS NSs with lateral 
dimensions of 351 ± 69 by 37 ± 10 nm. (b) Replacing OLAM for an equivalent of octylamine results in PbS 
NSs with lateral dimensions of 482 ± 124 by 130 ± 60 nm.
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S5.5 Thickness and optical properties of annealed NSs
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Figure S5.20 High-resolution HAADF-STEM images and Fourier transform of specific domains (also 
see Figure 5.4). The corresponding Fourier transforms from the various defects in the 5 minute (a) and 10 
minute (b) grown sample were studied. In addition to the deformed orthorhombic crystal structure and 
previously discussed defects in the 5 minute sample, we observed deformed orthorhombic domains with 
different orientation (area 1). In the 10 minute sample, most of the defects have the cubic crystal structure.
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Figure S5.21 Determination of the thickness of PbS NSs with an edge-up orientation, prepared at 165 °C 
for 5 and 10 minutes. (a) High-resolution HAADF-STEM image showing NSs with thicknesses of 6 MLs 
and 8 MLs of PbS. (b) Corresponding histogram, indicating the absence of 1.2 nm sheets, but the presence 
of NSs with a thickness of 1.8 and 2.4 nm. (c) High-resolution HAADF-STEM image showing NSs with 
thicknesses of 6 MLs of PbS. (d) Corresponding histogram, indicating the absence of 1.2 nm sheets, but the 
presence of NSs with a thickness of 1.8 nm. It should be noted that the number of measured NSs for this 
characterization is quite low. 
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Figure S5.22 (a) The absorption spectra of PbS NSs prepared at 165 °C for 0, 5 and 10 minutes show an 
increase in background scattering while the absorption transition becomes more pronounced (1.64 and 1.77 
eV dashed vertical lines). Analysis with the second-derivative shows a transition at 1.64 eV, indicating that 
the NSs predominantly attained a thickness of 6 MLs. Hence, prolonged reaction at 165 °C induces a thick-
ness increase from 4 to 6 MLs, resulting in a more uniform population of NSs with a more homogeneous 
deformed orthorhombic crystal structure. (b) As per recent publications in PbS NSs films an absorptance 
of 4.6% (2πα) per independent layer of PbS NSs is expected.11,12 The films were prepared by dropcasting 50 
μL of the PbS NSs onto a quartz slide. At longer reaction times the absorptance increases from ~10 to 40%, 
which is attributed to an increase in NS concentration. The dashed vertical line is located at 1.68 eV.
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Figure S5.23 Schematic representation of the diffraction patterns of the principal deformed orthorhombic 
crystal structure and all the defects characterized in the NSs. Considering that the dumbbell atom columns 
of the deformed orthorhombic structure give the NSs higher intensity in the HAADF-STEM images with 
respect to the defect areas, we can apply intensity threshold image analysis (Figure 5.8). The diversity of 
the structures identified as defects, as well as their similarity in the diffraction diagrams (see schematic on 
the right) makes the analysis of these domains non-trivial. However, 4D STEM allows us to make a general 
interpretation of the diffraction patterns to gain knowledge in the homogeneity of the crystal orientation 
in the sheets.
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Cation Exchange and Spontaneous Crystal Repair Resulting in 
Ultrathin, Planar CdS Nanosheets

Based on: 
Maaike M. van der Sluijs, Jara F. Vliem, Jur W. de Wit, Jeppe J. Rietveld, Johannes D. Meeldijk, and 
Daniel A. M. Vanmaekelbergh, Chemistry of Materials 2023, 35 (19), 8301-8308.

Cation exchange has become a major post-synthetic tool to obtain nanocrystals with a combi-
nation of stoichiometry, size, and shape that is challenging to achieve by direct wet-chemical 
synthesis. Here, we report on the transformation of highly anisotropic, ultrathin, and planar 
PbS nanosheets into CdS nanosheets of the same dimensions. We monitor the evolution of 
the Cd-for-Pb exchange by ex situ TEM, HAADF-STEM, and EDX. We observe that in the 
early stages of the exchange the sheets show large in-sheet voids that repair spontaneously upon 
further exchange and annealing, resulting in ultrathin, planar, and crystalline CdS nanosheets. 
After cation exchange, the nanosheets show broad sub-band gap luminescence, as often ob-
served in CdS nanocrystals. The photoluminescence excitation spectrum reveals the heavy- 
and light-hole exciton features, with very strong quantum confinement and large electron−hole 
Coulomb energy, typical for 2D ultrathin Cd-chalcogenide nanosheets.
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6.1 Introduction
Extensive research over the last two decades has developed cation exchange into a powerful 
post-synthetic tool to obtain colloidal quantum materials that are unattainable, or challenging 
to achieve by direct synthesis pathways. Colloidal nanocrystals (NCs) enable ion-exchange 
protocols with reasonable temperature and time scales (minutes to hours). The NCs feature 
abundant facet/solvent interfaces, and only nanometer-scale diffusion paths need to be over-
come to accomplish ion replacement. Specifically, cation exchange has been used to convert 
NCs with an AX stoichiometry (A being the cation, X being the anion) into BX NCs. It is a 
process that can be used to completely exchange NCs,1-3 or to form heterostructures (AX/BX) 
with atomically sharp interfaces and band gap offsets.4-6 From a crystallographic viewpoint, 
there are two modes of exchange. In the first mode, the new cations spread homogeneously 
through the crystal replacing the original cation; a type of exchange which has for instance been 
used for impurity doping with magnetic cations.7-9 In the second mode, a BX phase replaces 
the AX phase and heterointerfaces form when the cation exchange is arrested before comple-
tion,1,10,11 when the facet reactivity toward exchange varies over the structure,12,13 or when the 
AX and BX phases have immiscible crystal structures.14-17 To study the exchange in detail, 
NCs with a strong anisotropic shape are beneficial as they offer opportunities for transmission 
electron microscopy (TEM) monitoring of the process in a specific orientation, e.g. crystallo-
graphic domains that proceed in specific directions and atomic reconfigurations during or after 
the exchange process.10,18,19 For instance, in 2D CdSe nanoplatelets, the Pb-for-Cd exchange 
proceeds via PbSe crystal growth, starting from the edges of the nanoplatelets. The interface 
extends further into the interior upon prolonged exchange, retaining the 2D nature of the nano-
platelets while the corners and lateral dimensions lose definition.3,10

Recently, there have been significant advances in the synthesis and study of ultrathin, high-
ly anisotropic PbS nanosheets (NSs) with a deformed orthorhombic crystal structure. Despite 
having a thickness of only a few nanometers and lateral dimensions in the range of 100−200 
nm, the PbS NSs exhibit a rectangular and planar shape, appearing completely flat in TEM 
without visible distortion, or curling.20,21 This makes them compelling candidates to study the 
crystallographic aspects of cation exchange. Moreover, strain within CdS NSs was previously 
shown to strongly perturb the band structure and induce band gap variations up to 20 meV,22 
in addition to influencing the self-assembly of the NSs.23,24 Thus, distortion in NSs can hamper 
potential applications and device design. The cation exchange process might offer pathways to 
ultrathin CdS NSs with extended lateral dimensions and no curling, unlike NSs prepared by 
direct synthesis.25-28 

Here, we report on a study of Cd2+-for-Pb2+ cation exchange in highly anisotropic ultrathin 
PbS nanosheets (NSs). We followed the incorporation of Cd2+ ions into the PbS NSs with 
ex situ TEM and energy dispersive X-ray (EDX) mapping, which shows the homogeneous 
distribution of the Cd2+ over the NSs from the early stages of exchange. It is an indication 
that the Cd2+-for-Pb2+ exchange occurs randomly via the top and bottom facets of the NSs 
with multiple nucleation points of the CdS. In the early stages of the ion exchange, the sheets 
show significant voids. Remarkably, this damage becomes less prominent in the ensemble upon 
extended annealing and exchange. Both intact and damaged CdS NSs are observed in a 1:1.5 
ratio and we discuss the potential self-repair mechanism in detail. The exchanged planar CdS 
NSs have lateral dimensions similar to those of the parent PbS NSs, albeit with a slight increase 
in thickness (0.5−1 nm). 
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While the original narrow band gap PbS NSs show no luminescence,20,21 the exchanged 
NSs begin to show a broad luminescence peak centered around 700 nm when roughly 80% of 
the cations are exchanged. This large redshift with respect to the wide bulk band gap energy 
(2.42 eV)29 indicates that trap-emission is the dominant recombination mechanism. Probing the 
broad emission band with excitation spectroscopy, the heavy-hole and light-hole transitions are 
observed at 3.1 and 3.35 eV, while the onset of free carrier absorption is at 3.8 eV. Comparing 
these results to the experimental results for CdS nanoplatelets,25 the strong confinement energy 
and large electron−hole Coulomb interaction (heavy-hole at 3.1 eV versus free carrier absorp-
tion at 3.8 eV = 0.7 eV) agree with the ultrathin dimensions of 2.2 ± 0.4 nm of the CdS sheets 
and the low dielectric constant of the crystal and the environment.30 

6.2.1 Original PbS nanosheets and CdS nanosheets after cation exchange 
To study the Cd2+-for-Pb2+ cation exchange in 2D materials, we selected PbS NSs as synthe-
sized by Akkerman et al.20,21 as the parent NSs (Figure 6.1a). We then followed a procedure by 
Casavola et al., developed for cation exchange in anisotropic PbSe/CdSe core/shell nanoma-
terials.1 To PbS NSs dispersed in ODE, a cadmium oleate solution (Cd(OA)2) is added before 
heating the vial to temperatures in the range of 100−150 °C with reaction times up to 4 hours 
(see supporting information S6.1). After 120 minutes (min) at 100 °C, the PbS NSs with a 
deformed orthorhombic crystal structure have undergone a complete cation exchange to CdS 
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Figure 6.1 Overview TEM images of the original PbS NSs (a) and CdS NSs after 120 min of cation exchange 
(b); the insets show the corresponding SAED patterns. The sharp corners and lateral dimensions of the 
parent PbS NSs are preserved in the exchange. In panel (c) and (d), the stacked NSs show a slight increase 
in thickness to 2.2 ± 0.4 nm (Figure S6.2). The SAED of the overview (a and b) and the single NSs (e and 
f) indicate a change in crystal structure from deformed orthorhombic PbS to a CdS crystal structure with 
broadened diffraction maxima (see supporting information S6.2 for further discussion).
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NSs. The large lateral dimensions and sharp 90° corners of the PbS NSs (Figure 6.1a and b) are 
generally preserved in this reaction. There is a slight reduction of the average length from 231 to 
205 nm, accompanied by a small decrease in width from 37 to 30 nm (Figure S6.1). Moreover, 
despite the pronounced structural anisotropy, no visible curling or folding of the thin sheets is 
observed (different from directly synthesized CdS and CdSe nanoplatelets).25,26 By examining 
vertical stacks of the NSs in HAADF-STEM mode, we determined the thickness of the respec-
tive PbS and CdS sheets (Figure 6.1c and d). The parent PbS sheets were previously shown to 
be either 1.2 or 1.8 nm thick;21 while the CdS sheets are slightly thicker at 2.2 ± 0.4 nm (Figure 
S6.2a). As indicated by the selected area electron diffraction (SAED) of a single nanosheet 
(inset) in Figure 6.1e and f, the sharp diffraction maxima of the deformed orthorhombic crystal 
structure have broadened and shifted, possibly due to misalignments in the crystal structure. 
However, characterization of the crystal structure in the CdS NSs has been challenging due to 
the limited number of reflections, thin material, and similarity in potential crystal structures (see 
supporting information S6.2 for further discussion).

6.2.2 Evolution of the Cd2+-for-Pb2+ ion exchange process
To monitor the cation exchange over time, experiments were performed at 100 °C for up to 120 
min, sometimes with a prolonged reaction using additional Cd(OA)2 and a higher temperature 
(up to 150 °C, see supporting information S6.1: sample 240 min high T). All intermediate re-
action products were studied ex situ by HAADF-STEM and energy dispersive X-ray spectros-
copy (EDX) to follow the cation exchange progression. With ensemble EDX measurements, 
the Cd fraction of the total cation percentage was determined. On a linear time scale, this frac-
tion initially increases quickly, before saturating around 60 min (Figure 6.2a, Table S6.5 and 
Figure S6.9). The dark green line is a fit of the Cd fractions with the first Langmuir isotherm 
and will be discussed below. Within one min of placing the reaction vial with Cd(OA)2 and the 
parent PbS NSs (46% Pb and 54% S) in a preheated aluminum block (100 °C) the NSs contain 
Cd (a fraction of 0.18, green). Concurrently, the fraction of Pb decreases (with 0.16, red), 
indicating that the exchange begins well before the dispersion reaches the reaction temperature 
of 100 °C (∼3 min to reach 90 °C, Figure S6.4). In supporting information Table S6.6 we 
discuss some additional experiments that show the reaction will even start at room temperature, 
although higher temperatures are necessary for it to proceed. After 10 min, more than half of 
the cations in the sheets are Cd (a fraction of 0.65). Then, the exchange rate decreases, and 
complete replacement is achieved after 120 min (a fraction of 1, 46% Cd) while some residual 
Pb remains (fraction of 0.1, ∼5 ± 2%). During the entire exchange, the S content stays between 
55 and 50% (Figure S6.9).

With STEM-EDX mapping, we studied the distribution of the elements in the NSs (Figure 
6.2b−d, with additional maps and quantification in Figure S6.10). Already after one min both 
Pb and Cd (red and green) are homogeneously distributed (Figure 6.2b). This distribution is 
then maintained throughout the reaction (15 min in Figure 6.2c), and upon complete exchange 
a small fraction of Pb remains. However, the residual Pb is not concentrated around the NSs 
and instead randomly distributed in the maps (both after 120 min at 100 °C, Figure S6.10f, and 
with a prolonged reaction at higher temperature, Figure 6.2d). When quantifying a single sheet 
(indicated by the white box in Figure S6.10), these maps show the same trend as the ensemble 
EDX measurements previously discussed (Figure 6.2a, Table S6.5). 
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The persistent homogeneous distribution of both cations in the sheets indicates that the 
Cd2+-for-Pb2+ cation exchange does not proceed from the edges, as previously observed for 2D 
zinc blende CdSe nanoplatelets. There, a PbSe deposit forms at the edge of the nanoplatelet 
due to the strong passivation of the top and bottom facets with carboxylic acid.27,31 Over time 
these initial deposits extend into the host and the resulting nanoplatelets have a distorted lateral 
shape with an increased polydispersity in thickness.3,10,32 In the cation exchange of PbS NSs 
studied here, the homogeneous distribution of the elements occurs in the zone axis. Pb-for-Cd 
replacements can take place in two different ways: by a genuine CdS/PbS crystal interface 
proceeding across the NSs or alternatively by starting at individual and randomly dispersed 
atomic crystal positions. STEM analysis of vertically stacked sheets could be very helpful, as 
this would enable the study of an alternate zone axis. However, the resolution of the elemental 
maps of NSs in this orientation was too low due to instability in the NSs during exchange, 
hydrocarbon contamination (despite applied cleaning techniques)33 and image drift (Figure 
S6.11).
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Figure 6.2 Cation exchange in the NSs was studied ex situ with ensemble EDX and STEM-EDX measure-
ments. (a) Plot of the respective Pb and Cd fractions (normalized with respect to the percentage of Pb in the 
original PbS NSs) as a function of the reaction time. Initially the parent PbS NSs contain 54% S and 46% Pb. 
After 120 min at 100 °C, a complete Cd2+-for-Pb2+ is achieved with 46% Cd (green) and 4% residual Pb (red). 
The dark green line is a fit to the cadmium fraction with the first Langmuir isotherm (ɵ). In all EDX maps 
(b−d), the Cd is homogeneously distributed in the NSs. In Figure S6.10 additional maps and quantification 
are shown.
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Fortunately, the plot of the ensemble EDX measurements provides some insight. The in-
crease of the cadmium fraction (ɵ) follows the first Langmuir function (dark green line in Figure 
6.2a which is discussed in supporting information S6.3). This points to random exchanges on 
an atomic level, as a linear increase of the Cd fraction would be expected in case of a progressing 
CdS/PbS reaction front. Thus, this suggests that the rate-limiting step in the exchange is the 
random adsorption of the cations to appropriate surface sites, not the ion diffusion into the 
structure. This is reasonable, especially considering the fact that the parent PbS NSs are only 4 
or 6 monolayers thick (1.2 to 1.8 nm) and thus more than 50% (4 MLs) or 33% (6 MLs) of the 
cations are at the surface and accessible.

6.2.3 Self-repair of CdS nanosheets
A detailed study of the intermediary products with HAADF-STEM shows that although the 
CdS NSs retain the rectangular shape of the parent NSs, the process of cation exchange causes 
many voids in the structure. Such “damaged” sheets are particularly abundant in the early stag-
es of the reaction (Figure 6.3a). The voids in the sheets are surrounded by both amorphous and 
crystalline areas (Figure 6.3b), but a corresponding Fourier transform (inset) shows the uniform 
orientation of the crystalline domains with only a slight broadening of the diffraction maxima. 
This retention of orientation is reminiscent of the formation of the parent PbS NSs, where 
early in the synthesis crystallographic domains form with remarkable alignment of orientation 
in rectangular but amorphous or pseudocrystalline self-induced templates.21 In the early stages 
of the cation exchange the number of damaged sheets is high (>80%, n = 18 sheets after 1 and 
2.5 min of reaction, see Figure 6.3a, Figure S6.14). At 10 min more than >95% of the sheets 
are damaged (n = 48). However, as the exchange reaction continues, the quality of the sheets 
improves; the number and size of the voids in the sheets decrease, while the crystalline area 
increases (Figure 6.3c and 3e). At the end of the exchange, 40% of the sheets are intact. Still, 
60% of the NSs are damaged, although the degree of damage per NS varies greatly (Figure 
S6.13).

The decrease of the voids and increase in crystallinity with time reflect a remarkable self-re-
pair of the NSs. Evidently, the ultrathin sheets experience harsh conditions in the exchange 
reaction. While we observe a comparative exchange of cations, a local imbalance in stabilizing 
ligands or cations can cause the fast deterioration of the thin sheets. The subsequent improve-
ment in the quality of the CdS NSs indicates that a repair takes place. The CdS units necessary 
for the repair may originate from the same sheet (a genuine self-repair), resulting in sheets with 
smaller lateral dimensions. Alternatively, the required CdS units may originate from strongly 
damaged NSs that are sacrificed for the repair of others. This is a reasonable assumption since 
the percentage of damaged sheets is high. With this “parasitic repair by Ostwald ripening”, the 
thermodynamically more stable NSs are repaired at the expense of those that are less stable 
and damaged. Of course, these two mechanisms could occur concomitantly, and additional 
research will be necessary to understand the exact process occurring here.

6.2.4 Optical properties of the CdS nanosheets 
In absorption spectra, two-dimensional CdS nanoplatelets obtained by direct wet-chemical 
synthesis have shown heavy-hole (HH) and light-hole (LH) excitonic transitions. The energy 
of these transitions depends strongly on the thickness of the platelets (bulk CdS has a band gap 
of 2.42 eV). In zinc blende CdS nanoplatelets, the absorption features are observed around 3.8 



Cation Exchange and Spontaneous Crystal Repair Resulting in Ultrathin, Planar CdS Nanosheets

131

20 nm20 nm

20 nm20 nm

20 nm20 nm 5 nm5 nm

5 nm5 nm

5 nm5 nm

a 2.5 mina 2.5 min b 2.5 minb 2.5 min

c 10 minc 10 min d 10 mind 10 min

e 120 mine 120 min f 120 minf 120 min

FFTFFT

FFTFFT

FFTFFT

Figure 6.3 Structure and crystallinity of NSs during cation exchange. In (a) and (b) the NSs are 
shown with atomic resolution after 2.5 min of exchange. The sheets have large voids, connected 
by amorphous areas, that are still present after 10 min (c and d). After 120 min the Pb is com-
pletely exchanged, the voids have almost disappeared and the overall crystallinity of the NSs has 
improved (e and f).
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eV (320 nm) when only ∼1.2 nm thick, while they are around 2.8 eV (440 nm) when ∼2 nm 
thick. Typically, the thinnest nanoplatelets have a very weak emission peak from their HH 
exciton-to-ground-state transition while there is no luminescence detected from the thickest 
nanoplatelets (∼2 nm).25 In addition to the band gap emission, some sub-band gap photolu-
minescence is observed, commonly referred to as trap emission. These charge-carrier traps 
are usually attributed to structural imperfections or uncoordinated (surface) atoms and a lot of 
research has focused on the prevention and repair of these imperfections in NCs.34-37 However, 
the direct study of these traps has been challenging on both an ensemble level and for individual 
NCs due to the heterogeneity of traps and the wide range of time scales involved in trap-related 
dynamics.38,39 

In a NS suspension, scattering by the large CdS sheets makes it difficult to extract quan-
titative information from the absorption spectra (Figure 6.4a). However, a clear transition is 
observed around 3.1 eV (400 nm) in all measurements. This is a large blueshift compared to 
the parent PbS NSs which showed a transition between 1.6 and 1.8 eV (indicated by the gray 
box).21 Unlike the parent PbS sheets, the exchanged CdS sheets show a broad sub-band gap lu-
minescence transition when excited at 390 nm (Figure 6.4b). A low background of trap-emis-
sion emerges below 2 eV after 10 min of exchange (over 60% of the cations are Cd), when still 
more than 80% of the NSs are heavily damaged (Figure 6.3c and d). Furthermore, from 30 
min onward there is an increase in trap luminescence with increasing reaction time. In the final 
CdS NSs (after 120−240 min at 100 °C) a broad luminescence feature is observed between 2.4 
and 1.6 eV. Band-gap luminescence would be expected below 2.8 eV but is not observed in 
any measurement, even with an additional 120 min of annealing at 100 °C or a prolonged cation 
exchange at higher temperature. On the other hand, the intensity of the trap-luminescence does 
increase significantly (Figure S6.16).
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Figure 6.4 Absorption, photoluminescence, and photoluminescence excitation spectroscopy measure-
ments were recorded for CdS NSs exchanged for 1 to 240 min at 100 °C. (a) Absorption measurements 
of the NSs when dispersed in hexane. Each sample displays considerable scattering at long wavelengths. 
For clarity, the measurements were normalized at 1.55 eV (800 nm). All CdS NSs have a transition around 
3.1 eV (400 nm, indicated by the dashed line), which is a large shift when compared to the PbS sheets (1.8 
eV, indicated by the gray box). (b) Photoluminescence spectra of all intermediate cation exchange samples 
excited at 390 nm. Initially no luminescence is observed, but after 10 min, a broad subgap emerges below 
2.2 eV which increases over time. (c) The photoluminescence excitation spectra as monitored at 1.9 eV (650 
nm), indicated by the dashed line in (b). The heavy-hole and light-hole exciton peaks are observed at 3.1 
and 3.35 eV, respectively (indicated by the black dashed lines), while free carrier absorption starts at 3.8 eV.
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To gain additional insight into the optical transitions of the CdS sheets we performed pho-
toluminescence excitation spectroscopy for intermediate CdS/PbS structures and the final 
CdS NSs (Figure 6.4c). While monitoring the luminescence at 1.9 eV (650 nm), the spectra 
gradually show the (HH, CB) and (LH, CB) excitonic transitions and the onset of free carrier 
generation, typical for a 2D quantum well.25 The typical heavy-hole and light-hole exciton 
peaks emerge at 3.1 eV and 3.35 eV respectively, and the absorption increases again after 3.8 
eV. These excitonic transitions are at higher energy than those of the directly synthesized CdS 
platelets,25 reflecting very strong confinement in the thickness direction. Moreover, the elec-
tron-hole binding energy is as high as 0.7 eV, due to the thinness of the sheets and low dielectric 
constant. These ultrathin CdS NSs (2.2 ± 0.4 nm) thus show strong quantum confinement and 
a large electron-hole binding energy. Based on the optical measurements we conclude that our 
CdS NSs have strong excitonic and band-to-band absorption, enhanced by a very high exciton 
binding energy. Emission spectroscopy shows that this only results in broad trap-emission with 
a large Stokes shift. To obtain excitonic photoluminescence, both structural improvement after 
cation exchange and improvement of the surface passivation are needed.

In summary, we have obtained colloidal CdS NSs by Cd2+-for-Pb2+ exchange in PbS NSs, 
with the latter having a deformed orthorhombic structure. These CdS NSs have an average 
thickness of 2.2 ± 0.4 nm and lateral dimensions of 205 nm by 30 nm with remarkably straight 
edges. The exchange process was monitored with ex situ analysis of the intermediate reac-
tion products. The Cd2+-for-Pb2+ exchange initially progresses exponentially until saturation is 
achieved, similar to the case for the first Langmuir absorption isotherm. We interpreted this as 
the random adsorption of Cd2+ cations at appropriate surface sites being the rate-limiting step 
in the exchange, not the diffusion of cations into the ultrathin structure. In addition, EDX maps 
showed the continued homogeneous distribution of the Cd2+ ions, already from the earliest stag-
es of the exchange. Thus, the exchange occurs via the large top and bottom facets of the NSs. 

The NSs show significant damage from the early stages of cation exchange; both amorphous 
regions and large voids are observed within the still rectangular sheets. Upon extended cation 
exchange and continued annealing, these voids become less prominent in the ensemble, indi-
cating that self-repair takes place in up to 40% of the NSs. The final CdS NSs remain planar, 
retaining the highly anisotropic shape with lateral dimensions similar to those of the parent PbS 
NSs. 

While the original narrow band gap PbS NSs show no luminescence, the NSs begin to show 
excitonic absorption features typical for ultrathin CdS NSs after 10 min of exchange. They 
begin to show broad, weak luminescence centered at around 700 nm. The large redshift with 
respect to the band gap indicates that trap emission is the dominant radiative recombination 
mechanism. Upon probing the broad emission band with photoluminescence excitation spec-
troscopy, features of the heavy-hole and light-hole transitions are observed at 3.1 and 3.35 eV 
respectively, while the onset of free carrier absorption is at 3.8 eV. In conclusion, this study 
highlights the successful synthesis of colloidal, ultrathin, but planar CdS NSs via cation ex-
change. After which a self-repair mechanism results in more crystalline sheets showing trap 
luminescence.
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S6 Supporting Information

S6.1  Experimental methods and characterization

Chemicals
Acetonitrile (ACN, anhydrous, 99.8%), 1-butanol (BuOH) 99.8%, cadmium acetate dihydrate 
(Cd(Ac)2·3H2O), lead(II) thiocyanate (Pb(SCN)2 99.5%), methanol (MeOH, 99.8%), 1-octadecene 
(ODE, 90%), oleic acid (OA, 90%), oleylamine (OLAM, 99%), selenium powder (Se mesh, 99.99%) 
and tetrachloroethylene (TCE) were purchased from Sigma-Aldrich. Toluene (anhydrous, 99.8%) was 
purchased from Alfa Aesar.

Lead sulfide nanosheet synthesis
Lead sulfide (PbS) nanosheets (NSs) were prepared following a previously reported synthesis 
procedure by Akkerman et al.1 In a typical synthesis, 32.3 mg (0.1 mmol) Pb(SCN)2 was added 
to a 25 mL three-neck flask with 223.8 mg (0.250 mL) OA, 101.6 mg (0.125 mL) OLAM and 
7.9 g (10 mL) ODE. To dissolve the Pb(SCN)2 the flask was capped with a Vigreux, two septa 
and heated in air to 110 °C for 30 minutes (oxygen is necessary for the decomposition). Then, 
the temperature was quickly raised to 165 °C at a rate of ~15 °C per minute. Around 155 °C 
the transparent reaction mixture turns light brown, and when the temperature reaches 165 °C 
the flask is quickly cooled with a water bath. The NSs were washed by centrifugation at 2750 
RPM (840 RCF), the clear supernatant was removed, and the precipitate was redispersed in 5 
mL toluene. As an additional washing step, 5 mL of acetonitrile was added before centrifuging 
again at 2750 RPM. The supernatant was removed and the precipitate was redispersed in in 5 
mL toluene.2 See Figure S6.1 and S6.2 for the characterization of the PbS NSs.

Cation exchange of the lead sulfide nanosheets to cadmium sulfide nanosheets
A 0.35 M solution of Cd(OA)2 was prepared following a procedure by Casavola et al,3 which 
results in an excess of OA remaining in the precursor. From the PbS NSs dispersion, 2 mL was 
dried in vacuum and the sheets were redispersed in 5 mL ODE by sonication. In a N2 filled 
glovebox, an aluminium block with a reference vial containing 7 mL ODE and a thermometer 
was heated to the desired reaction temperature (usually 100 °C). When the temperature of 
the block had stabilized, a stirring bar and 2 mL of a 0.35 M Cd(OA)2 solution was added to 
the prepared PbS NSs. The experiment time starts when the vial is placed in the pre-heated 
block, where the PbS NSs were kept for the duration of the reaction (1, 2.5, 10, 15, 30, 60, 120 
or 240 minutes) and then allowed to cool to room temperature. At longer reaction times, the 
initially dark brown dispersion changes color to light brown or even orange (Figure S6.3). It is 
important to note that it takes about 3 minutes until the dispersion reaches 90 °C, and another 
10 minutes to reach 100 °C (Figure S6.4 shows a temperature trace).

In addition to the standard cation exchange procedure discussed above, more experiments 
were performed with varied reaction parameters. An important additional experiment, con-
sisted of adding 0.25 mL 0.35 M Cd(OA)2 after 2 hours at 100 °C, followed by a temperature 
increase to 130 °C for one hour. Then, another 0.25 mL Cd(OA)2 was added before another 
temperature increase to 150 °C for the final hour. The resulting dispersion has a distinct yellow 
colour (Figure S6.3). When discussed, the results from this cation exchange procedure will be 
referred to as “240 min high temperature” (240 min high T). All through these experiments, it 
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is important to note that occasionally formed by-products of the PbS NSs synthesis are rock 
salt PbS cubes (~16.7 nm) and thicker 2D “bones”. As these side-products undergo the cation 
exchange procedure, they retain the majority of their Pb center while surrounded completely 
exchanged NSs (Figure S6.17).

As the dispersion had cooled to room temperature, the vial was centrifuged at 2750 RPM 
for 10 minutes. The clear supernatant was removed by pipet and the precipitate was redispersed 
in 1 mL toluene. Then, 1 ml methanol and 2 mL butanol were added as an antisolvent and the 
dispersion was again centrifuged at 2750 RPM for 10 minutes. The precipitate was redispersed 
in 1 mL of toluene. This washing step was repeated when needed.

Characterization
TEM samples were prepared by dropcasting a dilute dispersion of NCs on carbon-coated cop-
per formvar TEM grids. To induce stacking of the sheets MeOH/BuOH (1:2) was added to 
the dispersion before dropcasting. An edge-up, stacked orientation of the sheets was achieved 
which allows for imaging in the lateral direction of the PbS sheets. To reduce hydrocarbon 
contamination during imaging, the TEM sample was treated with EtOH and activated carbon 
following a previously published procedure.4 BF-TEM imaging was performed on a Thermo 
Fisher Talos L120C, or on a Fei Talos F200X operating at respectively 120 and 200 keV. 
Low-resolution HAADF-STEM images were acquired on a Fei Talos F200X operating at 200 
keV. Atomically resolved high-resolution HAADF-STEM imaging was performed on a double 
aberration-corrected Thermo Fisher Spectra 300, operating at an accelerating voltage of 300 
keV.

UV/Vis absorption spectra were measured on a PerkinElmer 950 UV/Vis/NIR spectropho-
tometer with quartz cuvettes. The samples for these measurements were prepared by drying the 
NSs in vacuum, after which they were redispersed in 2 mL hexane. Photoluminescence mea-
surements were performed on an Edinburgh Instruments FLS920 spectrometer equipped with 
TMS300 monochromators and a 450 W Xe lamp. To all samples dispersed in 1 mL of toluene, 
we added an additional mL of toluene before transferring the sample to a quartz cuvette. With 
an excitation wavelength of 390 nm, the measurements were performed from 420 to 800 nm in 
steps of 2 nm with a dwell time of 1 second, an excitation slit width of 10 nm and emission slit 
width of 5 nm. A 416 nm longpass filter was placed in the emission path. Photoluminescence 
excitation measurements were performed with the same setup without the filter, by monitoring 
the emission at 650 nm upon excitation from 260 to 500 nm. A step size of 2 nm, dwell time of 
1 second and 10 nm slit width were used. The recorded emission spectra were corrected for the 
spectral responsivity of the detectors and monochromators. 

Proton nuclear magnetic resonance (1H-NMR) measurements were performed using an 
Agilent MRF400 equipped with a OneNMR probe and Optima Tune system. Spectra were 
recorded according to the following parameters: 400 MHz, CDCl3 25 °C. In short, 0.6 mL of 
the CdS NSs dispersion was dried and redispersed in 0.6 mL CDCl3. The samples were then 
measured with a long relaxation delay (25 s) to allow complete relaxation.5,6
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Figure S6.1 The lateral dimensions of the NSs were determined from HAADF-STEM images for the parent 
PbS NSs (a) and after undergoing cation exchange (b and c). The histograms have a bin size of 10 nm. (a) The 
parent PbS NSs have an average length of 231 ± 77 nm and width of 37 ± 8 nm. As these PbS NSs undergo 
cation exchange for 120 minutes at 100 °C (b), or even for a prolonged reaction at higher temperature (c and 
see supporting information S6.1) the average length decreases to 205 ± 57 and 210 ± 64 nm. This decrease is 
predominantly due to a decline in the number of NSs longer than 300 nm. In addition, a slight decrease in 
width is observed as well, although still within the reported NS dimensions.
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Figure S6.2 The thickness of the parent PbS NSs was previously reported to be a 1:1 population of 1.2 and 
1.8 nm (4 or 6 orthorhombic monolayers respectively).2 After cation exchange, both with the 120 minutes 
and the 240 min high temperature procedure, the average thickness has increased towards 2.2 ± 0.4 nm (a) 
and 2.0 ± 0.3 nm (in b). In TEM images it is clearly observed that both thicker and thinner areas are present; 
for characterization we measured the thicker areas of the NSs.
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Figure S6.3 Pictures of the PbS NSs before (a) and after cation exchange (b and c). The initially dark 
brown dispersion turns light brown or orange, or even yellow in case of prolonged reaction times at higher 
temperatures. After purification, these colors are retained (c).
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Figure S6.4 The temperature trace of a vial containing 7 mL ODE upon placement in a preheated (100 °C) 
aluminium block at time 0. It takes about 3 minutes for the solution to reach 90 °C, but another 10 minutes 
to fully reach 100 °C. 
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Chemical shi� (ppm) Corresponds to Group 

0.9 OA, ODE - CH3 

1.3 OA, ODE -CH2 

2.0 OA, ODE -CH2, -NH2 

2.3 OA O=C—CH3 

4.9 ODE =CH2 

5.3 OA -HC=CH- 

5.8 ODE -CH=CH2 

7.3 CDCl3 - 

Table S6.1 List of the resonances observed in Figure S6.5 and attributed to the protons present in the CdS 
dispersion. Note that thiocyanate, the ligand on the parent PbS NSs does not contain any protons and 
therefore cannot be characterized with 1H-NMR.
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Figure S6.5 1H-NMR spectra of exchanged CdS NSs (120 min) after 1 and 2 rounds of purification (Esup-
porting information S6.1). Table S6.1 gives an overview of each peak. ODE is still present in the dispersion 
after 1 washing step (the sharp resonances at 5.8 and 4.9 ppm). The small 5.3 ppm resonance is attributed 
to the presence of OA. The relatively sharp peak does not show broadening due to binding to the surface of 
the NSs, as was previously observed both in 3D and 2D materials.7-9 After the second washing step both the 
OA and ODE features decrease.
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S6.2 Crystal structure of the CdS NSs

Table S6.2 The interplanar distances corresponding to the peak positions in Figure S6.7.

Crystal structure Compound ICSD # a (Å) b (Å) c (Å) 

Deformed orthorhombic PbS 14945 11.9 4.22 4.22 

Orthorhombic CdS 600773 3.471 4.873 3.399 

Rock salt CdS 52825 5.3 5.3 5.3 

Wurzite CdS 154186 4.1365 4.1365 6.7160 

Zinc blende CdS 81925 5.830 5.830 5.830 

 

measurements CdS NSs 120 min

2Θ (degrees)

PbS NSs

605040302010

CdS rocksalt

CdS orthorhombic

CdS zinc blende

references CdS wurzite

PbS deformed orthorhombic

2Θ (degrees)
605040302010

a b

Figure S6.6 (a) For XRD measurements, the PbS NSs (bottom) and CdS NSs (top) dispersions were drop-
casted on a silicon wafer. The parent PbS NSs pattern has broad peaks between 20° and 35°, and the CdS 
NSs pattern has very similar peaks that are further broadened and shifted to slightly higher degrees. (b) 
When comparing the XRD measurements to reference data of the deformed orthorhombic crystal structure 
(ICSD: 14945), the peak position of the PbS NSs fits quite well. However, the relative intensity of the experi-
mental peaks does not match, which could be due to some preferred orientation of the NSs. We compare the 
CdS NSs to potential crystal structure candidates: being zinc blende (ICSD: 81925), orthorhombic (ICSD: 
600773), rock salt (ICSD: 528255) and wurzite (ICSD: 154186), but no pattern fits completely. Although 
wurzite and zinc blende result in better fits than the other structures. Specifically, the reflection at 22° only 
corresponds exclusively to the deformed orthorhombic PbS crystal structure. A possible explanation could 
be residual PbS, but the intensity is high when compared to EDX measurements (Table S6.5 residual Pb of 
only ~5%).
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Due to the 2D ultrathin nature of the NSs studied here, many of the reflections ordinarily ob-
served in XRD and SAED are lacking. As we only observe 2 or 3 rings clearly in SAED it 
has been challenging to assign a crystal structure to the CdS NSs. In Table S6.4 we have 
indicated potential lattice spacings in bold (within 0.07 Å) for each potential crystal structure 
of the CdS NSs (b and c in Figure S6.7). The deformed orthorhombic crystal structure of 
the parent PbS NSs overlaps with the 2.38 and 1.67 lattice spacings but is lacking the 3.35. 
All other candidates have lattice spacings similar to the CdS NSs, although the orthorhombic 
and wurzite structure have the most overlap. We therefore cannot definitively assign a crystal 
structure to the CdS NSs. In view of the fact that the CdS sheets are very thin, and the parent 
PbS sheets have a deformed orthorhombic crystal structure it is not unthinkable that the strain 
of the ligands induces deformation from a conventional structure.

5 nm-15 nm-1

a PbS NSsa PbS NSs

5.995.99

2.982.98
4.214.21

2.792.79

4.224.22
3.023.02
4.184.18

6.016.01
6.596.59

b 120 minb 120 min c 240 min high Tc 240 min high T

5 nm-15 nm-15 nm-15 nm-1

Figure S6.7 The SAED patterns of the single NSs in Figure 6.1 were azimuthally integrated with CrystBox 
software.5 In all diffractograms each ring has been labelled with the peak position, 2π/d in nm-1. The inter-
planar distances corresponding to these values are listed in Table S6.3.

Table S6.3 The interplanar distances corresponding to the peak positions in Figure S6.7.

PbS (Å) CdS 120 min (Å) CdS 240 min high T (Å) 

3.31 3.35 3.59 

2.39 2.38 2.37 

1.66 1.67 - 

1.52 - - 
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Table S6.4 The d-spacings of the potential crystal structures of the NSs observed in Figure 6.1, Figure S6.7. 
We have selected the potential lattice spacings observed in the CdS samples from Table S6.3 within 0.07, to 
compensate for the manual calibration of the Crystbox software.

CdS NSs SAED 

(Å) 

Deformed 

orthorhombic (Å) 

Orthorhombic 

(Å) 

Wurzite 

(Å) 

Zinc blende (Å) Rock salt (Å) 

3.35 3.96 3.40 (001) 3.58 (100) 3.37 (111) 3.06 

2.38 3.44 2.82 3.36 (002) 2.92 2.65 

1.67 2.97 2.79 3.16 2.06 1.87 

- 2.88 2.44 2.45 (012) 1.76 1.6 (311) 

- 2.66 2.43 (101) 2.06 1.68 (222) - 

- 2.43 (410) 2.17 1.98 - - 

- 2.38 (311) 1.74 1.90 - - 

- 2.11 1.72 (121) 1.79 - - 

- 1.65 (611) 1.70 (002) 1.76 - - 

- 1.57 (701) 1.60 1.73 - - 

- - 1.55 1.68 (004) - - 

- - - 1.58 - - 
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S6.3 Compositional analysis with EDX

The compositional analysis of the cation exchange at different stages has been performed by 
Energy dispersive X-ray Spectroscopy (EDX) analysis. EDX spectra were acquired for samples 
deposited on a TEM grid prepared as discussed in supporting information S6.1. Figure S6.8 
shows the representative spectra of PbS NSs and exchanged CdS NSs (240 min high T).

In Table S6.5 we report the quantification of the bulk EDX measurements. Each individual 
measurement has an uncertainty of ± 5%, but in the table we report the average percentage of 
each element and the standard deviation based on measuring at least 3 different areas on the 
TEM grids (except for the 15 minutes sample). In the last column of the table we report the 
percentage of cation exchange (% CE), determined as the percentage of cadmium over the total 
fraction of cations in the sheets at that stage.
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Figure S6.8 Representative bulk EDX measurements of the parent PbS NSs and exchanged CdS NSs on 
copper formvar-carbon TEM grids. To quantify the elements the S-Kα lines, the Pb-Lα lines and Cd-Lα 
lines were used, as these have limited overlap with other elements. In some measurements, a small amount 
of molybdenum was detected, which is possibly due to some parts of the microscope.
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Table S6.5 The average bulk EDX results for all experiments performed at 100 °C.

Bulk EDX measurements 

100°C 

% Cd % Pb % S % CE 

(% Cd of cations) 

0 min (n=3) 0 46 ± 1.57 54 ± 1.57 0 

1 min (n=3) 8.29 ± 1.13 38.63 ± 2.9 53.1 ± 1.87 17.7 

2.5 min (n=3) 16.12 ± 0.83 31.12 ± 0.15 52.76 ± 0.95 35.1 

10 min (n=6) 29.43 ± 6.07 16.92 ± 8.4 53.65 ± 1.28 63.5 

15 min (n=1) 34.9 13.6 51.5 72 

30 min (n=3) 37 ± 1.35 9.16 ± 0.13 53.8 ± 1.37 80.2 

60 min (n=3) 44.7 ± 0.2 5.43 ± 0.54 49.77 ± 0.47 89.2 

120 min (n=6) 46.1 ± 3.2 4.1 ± 2.53 50.12 ± 0.84 91.8 

- - - - - 

240 min high T (n=3) 42.03 ± 0.49 6.09 ±0.16 51.83 ± 0.4 87.3 

 
Table S6.6 The average bulk EDX results for additional low temperature cation exchange experiments. At 
lower temperatures (room temperature or 50 °C for 120 minutes) the cation exchange proceeds at a slower 
rate and does not result in complete exchange.

Bulk EDX measurements  % Cd % Pb % S % CE 

Room temperature 120 min (n=3) 5.55 ± 0.38 38.23 ± 0.86 56.23 ± 0.55 12.7 

50 °C 120 min (n=3) 7.18 ± 0.14 35.1 ± 0.62 57.7 ± 0.56 17 
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Figure S6.9 The percentages of sulfur, lead and cadmium as reported in Table S6.5 are plotted over time. 
The PbS NSs initially contain 54% sulfur and 46% lead and after 120 minutes at 100 °C a complete Cd2+-for-
Pb2+ is achieved. After 60 minutes of cation exchange a small decrease in sulfur is observed (from ~55% to 
50%).
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Figure S6.10 HAADF-STEM images (left) and their corresponding EDX maps (right). The single NSs 
as indicated by the white boxes are quantified and the elemental contents are reported in the top left of 
each map. These single NSs follow the same trend as the bulk EDX measurements reported in Table S5. 
Note that this technique provides information about single (or a few) NSs, but does not contain ensemble 
information. During the cation exchange, each map (b-g) shows a homogeneous distribution of cadmium 
and lead within the sheets. Late in the exchange (f-g), the remaining lead ions are primarily present in the 
background of the maps. We observe both intact and damaged NSs in the HAADF-STEM images, we will 
discuss this further below. 
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Figure S6.11 HAADF-STEM images of stacked CdS NSs at a 10 nm (a) and a 5 nm scale (b). The corre-
sponding EDX maps were measured until hydrocarbon contamination resulted in image drift. They have a 
low signal, making the stacked sheets difficult to discern, but we tentatively conclude that the residual lead 
is randomly distributed in the maps.
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S6.4 Model for adsorption to a surface

When modelling the kinetic process of reactions, a conventional approach is to simplify the 
calculations to the slowest step, as that rate is the bottleneck for the overall rate.10 This simpli-
fication allows for the description of heterogeneous processes by well-known equations, orig-
inally developed for homogeneous systems. The PbS NSs are very thin, consisting of only 4 
or 6 monolayers (1.2 to 1.8 nm). Thus, the number of readily available surface atoms in a NS 
is more than 50% (4 MLs) or more than 33% (6 MLs). The entire surface of the NSs is read-
ily accessible when they are dispersed in a solvent, meaning that only two or four additional 
monolayers need to be traversed by diffusion. Therefore, we consider the rate-limiting step in 
the cation exchange to be the adsorption of the cadmium ions onto specific surface sites of the 
sheets. Labelling the fraction of sites on the surface available for Cd2+ adsorption as θ(t), the 
random adsorption on these sites can be described by: 

Resulting in: 

At 0% exchange, all the potential sites on the surface are still free (θ = 0), while at 100% ex-
change (46% cadmium in the sheets) every potential site is occupied by a Cd2+ adsorbate (θ = 
1). It is a molecular adsorption process at a limited number of atomic positions. In Figure S6.12 
we plot the fractions of cadmium and lead on a linear time scale, and fit the datapoints with the 
above equation. The exchange follows this trend quite well, with an initial high reaction rate 
that decreases after 15 minutes and saturates around 1 hour.
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Figure S6.12 The fractions of cations as determined with bulk EDX measurements are plotted on a linear 
timescale. As the lead atoms in the PbS NSs are replaced with cadmium, the original fraction of 1 (46%) 
fully reduces to 0.09 (4.1%). The dark green and dark red dashed lines show the fit of the datapoints. The 
cadmium trend was fit with the first Langmuir isotherm: θ(t) = 1 - e-kt and the lead trend with its reverse:  
θ(t) = e-kt + 0.09(with 0.09 being the residual lead in the sample).

dθ
dt

= k(1− θ) (S6.1)

θ(t) = 1− e−kt (S6.2)
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Figure S6.13 The parent PbS NSs were recently shown to display some small scale defects,1 but during the 
cation exchange part of the CdS NSs are noticably damaged. We deem the parent PbS NSs to be intact (a), 
while after 120 minutes of cation exchange ~60% of the remarkably rectangular NSs has large holes (b). 
After additional time at higher temperature (240 min high T), the damaged NSs still comprise ~60% of the 
population (c). (d) A histogram showing the percentages of the intact and damaged sheets.
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Figure S6.14 To study the quality of the NSs throughout the cation exchange we characterized the CdS NSs 
with HAADF-STEM. They are characterized as either intact or damaged i.e. containing large holes within 
the rectangular sheet. Due to clustering the 1 and 2.5 minute samples only a few NSs could be characterized, 
but the majority is damaged (>80%). In the 10 minute sample a larger population could be characterized 
and more than 90% of the NSs are damaged. An additional 110 minutes of cation exchange brings the per-
centage of damaged NSs down to 61% with no significant improvement in the 240 minutes high temperature 
experiment (59%). Thus, the initial PbS NSs quickly deteriorate resulting in damage in the majority of the 
NSs, although later in the cation exchange these holes appear to repair resulting in a lower degree of damage.

Table S6.7 The experimental parameters of the samples characterised in Figure S6.16. 

Experiment Initial Cd(OA)2 100 °C Additional reactant 130 °C 150 °C 

CdS 120 min 2 mL 0.35 M 2 hours - - - 

CdS 240 min high T 2 mL 0.35 M 2 hours 2x 0.25 mL 0.35 M 1 hour 1 hour 

CdS 240 min high T with OA 2 mL 0.35 M 2 hours 2x 0.25 mL OA 1 hour 1 hour 

CdS 4 mL 0.1 M 4 mL 0.1 M 2 hours - 1 hour 1 hour 

CdS 4 mL 0.35 M 4 mL 0.35 M 2 hours - 1 hour 1 hour 

Figure S6.15 The CdS NSs of the additional experiments described in Table S6.7 were characterized with 
HAADF-STEM. Here, we doubled the amount of cadmium precursor added and we varied the concentra-
tion of the precursor. The 4 mL 0.1 M precursor improved the number of intact NSs slightly when compared 
to the 120 min sample (~55%), but 4 mL 0.35 M precursor improved the yield of intact NSs significantly to 
~70%. Further experiments at a higher temperature with additional OA appear to also improve the quality 
of the NSs (~65% intact). Again, we could only characterize a few NSs, and therefore these conclusions can 
only be tentatively drawn.
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Figure S6.16 Photoluminescence emission and excitation measurements of completely exchanged CdS 
NSs. (a) We compare the emission of the CdS sheets after 120 and 240 minute experiments at 100°C and the 
240 min high T experiment. When excited at 390 nm all samples show a broad sub-bandgap photolumines-
cence peak below 2.2 eV. With a prolonged reaction at higher temperature the sub-bandgap luminescence 
increases, potentially due to improved quality of the NSs upon annealing or as a result of the additional 
precursor. (b) The excitation spectra of the CdS NSs as monitored at 1.9 eV (650 nm) show the heavy-hole 
and light-hole exciton peaks at 3.1 eV and 3.35 eV respectively (indicated by the black dashed lines), while 
free carrier absorption sets on at 3.8 eV.
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Figure S6.17 (a) As a by-product of the PbS NSs synthesis, rock salt PbS cubes can form with an average 
size of 16.7 nm. (b) Another by-product of the PbS NSs synthesis which can form are the “bones”. These 
bones tend to form when the initial synthesis is prolonged at 165°C. After these by-products undergo a 
cation exchange procedure, they are surrounded by CdS NSs containing up to 43% cadmium. However, 
the cubes still have a PbS core with a thin shell of CdS (between 3 and 4 nm thick) while the bones show 
homogeneous incorporation in the analyzed zone axis. Quantification of the areas indicated by the white 
boxes in the EDX maps shows that the cubes only contain 12.9% Cd, and the bone only contains 7.4 % Cd.
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Figure S6.18 In the photoluminescence measurements a Raman scattering feature is observed around 446 
nm. For both 10 minutes and 120 minutes of exchange, an inset is shown of the 420 to 480 nm area showing 
that this scattering depends upon the excitation wavelength and is less pronounced at longer reaction times. 
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Figuur 7.1 (a) Schematisch overzicht van een deel van het elektromagnetische spectrum dat loopt van gol-
ven met een grote van meters tot golven van een nanometer groot. De ogen van een mens zijn alleen gevo-
elig voor licht in het zichtbare gedeelte tussen de 380 (hoge energie, violet) en 760 nm (lage energie, rood), 
de regenboog. (b) Schematische tekening van een colloïdaal nanokristal, een hybride systeem dat bestaat 
uit een anorganische kristallijne kern die bedekt is met liganden en daardoor kan worden gestabiliseerd 
in een oplosmiddel. We spreken dan van een dispersie van nanokristallen. (c) Schematische weergave van 
de bandstructuur van een bulk halfgeleider (rechts) en de bandenstructuur van steeds kleiner wordende 
nanokristallen (links). Naarmate de nanokristallen kleiner worden, worden ze steeds meer opgesloten en 
wordt de bandkloof groter terwijl discrete energieniveaus ontstaan aan de randen van de banden.
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Het licht dat we iedere dag zien bestaat uit fotonen, dit zijn lichtdeeltjes met verschillende 
energieën en golflengtes. Van het hele spectrum noemen we slechts het kleine deel van het 
spectrum waar het menselijk oog gevoelig voor is het zichtbare licht. Wij ervaren zichtbaar licht 
als wit, maar in werkelijkheid is het een combinatie van kleuren en golflengten tussen 380 nm 
(violet) en 660 nm (rood). Pas wanneer dit licht wordt gebroken, bijvoorbeeld door een prisma, 
regendruppels of op de achterkant van een DVD, kunnen we deze verschillende kleuren van de 
regenboog ook daadwerkelijk zien. In Figuur 7.1a staat het volledige spectrum  schematisch 
gerangschikt.1

De kleur van de voorwerpen om ons heen wordt bepaald door het deel van het spectrum dat 
door het object wordt gereflecteerd, de overige kleuren worden geabsorbeerd. Als bijvoorbeeld 
alle fotonen van het zichtbare spectrum worden geabsorbeerd zien we een voorwerp als zwart, 
maar wanneer het al die fotonen reflecteert zien we het als wit. De mix van geabsorbeerd en 
gereflecteerd licht resulteert in alle kleuren tussen deze twee uitersten in. Welke fotonen door 
een materiaal worden geabsorbeerd wordt bepaald door het energieverschil tussen de grondtoe-
stand en de geëxciteerde toestand. In het geval van halfgeleiders noemen we dit energieverschil 
ook wel de bandkloof energie (bandgap). Alle fotonen met een lagere energie dan de bandkloof 
wordt gereflecteerd of doorgelaten, terwijl fotonen met een energie gelijk aan of hoger dan de 
bandkloof worden geabsorbeerd. 

Net onder en boven het zichtbare licht liggen het (nabij) infrarood (NIR, lagere energie) 
en het ultraviolet (UV, hogere energie). De ogen van mensen zijn hier minder gevoelig, maar 
dieren kunnen vaak wel in één van deze gebieden zien (goudvissen zijn zelfs gevoelig voor 
beide gebieden2). Ook technologische toepassingen maken gebruik van het UV en NIR, denk 
bijvoorbeeld aan medisch onderzoek, nachtbrillen en het schoonmaken van oppervlakken. Voor 
deze toepassingen is UV/NIR gevoelig materiaal nodig en halfgeleider nanomaterialen zijn hier 
een snel groeiende klasse omdat de optische resonanties goed kunnen worden aangepast. 

Normaal gesproken zijn de eigenschappen van een materiaal onafhankelijk van zijn grootte. 
Door een witte papieren pagina kleiner te knippen verandert deze bijvoorbeeld niet van kleur. 
Echter, wanneer sommige materialen klein genoeg zijn, kleiner dan 100 nanometer, kunnen 
hun eigenschappen grootteafhankelijk worden. Eén nanometer is 0.000000001 of 10-9 meter, 
voor context: een rode bloedcel heeft een gemiddelde grootte van 7500 nm (0.0000075 of 7.5 
× 10-6 meter) en een DVD is 1200000 nm dik (0.0012 of 1.2 × 10-3 meter). Objecten van slechts 
honderden nanometers groot zijn dus veel kleiner dan wat we met het blote oog kunnen zien.

Een kristal dat we vaak in het dagelijks leven tegenkomen is tafelzout. De witte kristallij-
ne vlokken versterken niet alleen de smaak van eten maar volgen ook de wetenschappelijke 
definitie van een kristal: ze zijn opgebouwd uit periodiek geordende atomen, ionen of mole-
culen. Kristallen kunnen verschillende geometrische structuren hebben, maar we kunnen deze 
structuur altijd beschrijven met behulp van een eenheidscel die zich door het hele kristal heen 
herhaalt.3 Het kost energie om een kristal te splijten en daarmee de bindingen tussen atomen in 
het kristalrooster te breken om nieuwe oppervlakken te vormen. Deze oppervlakken noemen 
we facetten en het type facet dat wordt gevormd is afhankelijk van de kristalstructuur en de 
richting waarin de eenheidscel wordt gespleten. De gevormde facetten beïnvloeden de chemi-
sche en fysische eigenschappen van het kristal, maar adsorptie van moleculen op het oppervlak 
kan de relatieve stabiliteit van de facetten drastisch veranderen.4 
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In deze thesis hebben we colloïdale nanokristallen bestudeerd, deze bestaan uit een anor-
ganische kristallijne kern die bedekt is met een geadsorbeerde laag van (organische) liganden 
(Figuur 7.1b). Terwijl de kristallijne kern de optische en elektronische eigenschappen van de 
nanokristallen bepaalt interageren de liganden met het oplosmiddel. Daarmee bepalen de li-
ganden of de nanokristallen in het oplosmiddel blijven bewegen (we noemen dit een dispersie) 
of naar de bodem zakken. De combinatie van de kristallijne kern en de liganden bepaalt de 
overkoepelende eigenschappen van de nanokristallen. Eigenlijk moeten we ze daarom beschou-
wen als een hybride systeem. Specifiek hebben we hier nanokristallen bestudeerd die bestaan 
uit halfgeleider materialen van groep II en IV van het periodiek systeem (CdS, PbSe en PbS). 

Op grote schaal, we noemen dit ook wel in bulk, bestaan deze materialen uit heel veel 
atomen (meer dan ~107). De overlappende golffuncties van de valentie elektronen vormen de 
bindingen tussen deze atomen, deze vormen bindende en anti-bindende energieniveaus. Het 
grote aantal atomen zorgt ervoor dat twee energiebanden ontstaan met een schijnbaar ononder-
broken dichtheid van energieniveaus (Figuur 7.1c rechts). De onderste energieband bevat nog 
steeds elektronen en noemen we de valentieband (VB), terwijl de bovenste lege energieband 
de conductieband (CB) wordt genoemd. In het gebied daartussenin zijn geen energieniveaus 
beschikbaar, we noemen dit de bandkloof (bandgap, Eg).5 Zolang er geen elektronen aanwezig 
zijn in de CB is de elektrische geleiding van een materiaal erg laag, het is dan een isolator. Ech-
ter, wanneer er elektronen in de CB aanwezig zijn kan het materiaal wel geleiden. Halfgeleiders 
zitten tussen deze twee extremen in; de bandkloof van deze materialen is zo klein dat elektronen 
hem kunnen overbruggen door absorptie van energie. In bulk halfgeleiders kunnen bijvoorbeeld 
door middel van warmte of licht elektronen van de VB naar de CB worden geëxciteerd als de 
geabsorbeerde energie in ieder geval gelijk is aan de bandkloof (Figuur 7.1c). Het geëxciteerde 
elektron (e-) laat een gat achter in de VB (h+), samen vormen deze een elektron-gat paar, een 
exciton. Na verloop van tijd zal het elektron terugvallen naar de VB, recombinatie. De geabsor-
beerde energie wordt daarbij weer vrijgegeven door bijvoorbeeld uitzending van een foton met 
een energie (een kleur) die overeenkomt met de bandkloof.

Halfgeleiders die kleiner zijn dan ~100 nm bestaan uit minder dan  ~107 atomen. Op deze 
schaal begint de grootte van de halfgeleider de fysische en chemische eigenschappen te be-
invloeden. Twee fundamentele effecten kunnen hiervoor worden aangewezen, allereerst de 
toename van het aantal atomen aan het oppervlak in verhouding tot het aantal interne atomen. 
Oppervlak atomen zijn omringd met minder naburige atomen dan de interne atomen waardoor 
ze onverzadigde chemische bindingen hebben. Het tweede effect is de afgenomen hoeveelheid 
atomen waardoor er minder orbitalen beschikbaar zijn om de CB en VB te vormen terwijl het 
nanokristal de grootte van de exciton Bohr radius (a0) benadert. Deze materiaal afhankelijke ra-
dius beschrijft het volume van het elektron-gat exciton in het bulk materiaal. In bulk kunnen de 
kinetische energie en aantrekkingskracht van elektron en gat deze radius bepalen, meestal ligt 
deze tussen de 2 en 50 nm. Nanokristallen die ongeveer twee keer zo groot zijn als deze Bohr 
radius beginnen deze excitonen in te perken, ze kunnen zich niet meer volledig uitspreiden. 
Het gevolg is een grotere bandkloof, terwijl er door het lagere aantal atomen minder bindingen 
en energieniveaus worden gevormd en de banden meer discreet worden (Figuur 7.1c, links).6 
Naast de grootte heeft ook de vorm van het nanokristal invloed op de bandenstructuur. In een 
bolvormig nanokristal wordt een exciton van 3 kanten ingesloten (zoals we hebben bestudeerd 
in hoofdstuk 4), maar in een staafvormig nanokristal kunnen de excitons zich in de lengte 
nog steeds vrij bewegen. Twee-dimensionale rechthoekige nanokristallen (zoals we hebben 
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bestudeerd in hoofdstuk 5 en 6) hebben nog slechts 1 richting, de dikte, waarin de excitons 
worden ingesloten.

De directe relatie tussen de grootte van de nanokristallen en de bandkloof zorgt ervoor dat 
de optische eigenschappen van halfgeleider nanokristallen kunnen worden gecontroleerd over 
een groot gebied van energieën (golflengtes).7 De exciton Bohr radius en bandkloof van het ma-
teriaal bepalen echter het gebied waarin deze eigenschappen kunnen worden aangepast. Veel 
wetenschappelijk onderzoek is er bijvoorbeeld gedaan naar nanokristallen bestaande uit cad-
mium en selenium (CdSe). Bulk CdSe heeft een bandkloof van 1.74 eV (712 nm), al het licht 
met een energie hoger dan de bandkloof wordt daardoor geabsorbeerd terwijl rood licht wordt 
gereflecteerd. Bulk CdSe heeft hierdoor een rode kleur. De exciton Bohr radius is slechts 6 
nm,6 en inperking van de excitonen begint dus al bij nanokristallen van ~12 nm. In Figuur 7.1c 
laten we schematisch zien hoe de bandkloof van steeds kleinere CdSe nanokristallen toeneemt. 
Hierdoor verschuift ook de absorptie en emissie van de nanokristallen van rood (lagere energie)  
naar hogere energie (lagere golflengte, blauw). In de praktijk is de kleur van een verdunning van 
CdSe nanokristallen minder duidelijk in daglicht (Figuur 7.2a) maar wanneer verlicht met een 
UV lamp is de kleur van de emissie duidelijk te zien (Figuur 7.2b). Bulk loodselenide (PbSe) 
heeft een veel kleinere bulk bandkloof van 0.27 eV (4592 nm) en een exciton Bohr radius van 
46 nm.8 Hierdoor wordt bij alle PbSe nanokristallen al het zichtbare licht geabsorbeerd en ziet 
een dispersie van PbSe er zwart uit (Figuur 7.2b). Hetzelfde principe gaat echter wel op, ook 
in het NIR kunnen de optische eigenschappen van PbSe nanokristallen worden aangepast maar 
het is met het menselijk oog niet te zien. 
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Figuur 7.2 (a) Foto’s van CdSe en PbSe nanokristallen in dispersie. Zowel bij daglicht (a) als onder excitatie 
met een UV-lamp in het donker (b). De CdSe nanokristallen laten in beide gevallen een mooie variatie in 
kleuren zien. Voor PbSe ligt de bandkloof in het NIR, al het zichtbare licht wordt daardoor geabsorbeerd 
en de dispersie ziet er voor ons in beide gevallen zwart uit. Dit figuur is gemaakt met de input van Relinde 
Moes en Elleke van Harten.
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Na het synthetiseren (het maken) van de nanokristallen is het mogelijk om de kristallijne kern 
verder aan te passen met bijvoorbeeld een kation uitwisselingsreactie. Alle colloïdale nanokris-
tallen die we hier hebben bestudeerd bestaan uit grote anionen (S2-, Se2-) en kleine kationen 
(Pb2+, Cd2+). In een uitwisselingsreactie kunnen de kationen van de originele nanokristallen 
worden vervangen door een nieuw kation (Figuur 7.3). Het geeft ons de mogelijkheid om 
nanokristallen te vormen die niet direct kunnen worden gesynthetiseerd. Voor uitwisselingsre-
acties in bulk zijn (vaak) hoge temperaturen en hoge druk nodig. De kleine afmetingen en het 
overvloed aan oppervlakken dicht bij het oplosmiddel maken nanokristallen echter uitermate 
geschikt voor dit soort reacties. Door een precursor van nieuwe kationen aan de dispersie toe 
te voegen kan bij lage temperaturen een AX nanokristal worden omgezet naar BX. Of er een 
uitwisseling plaatsvindt wordt vervolgens bepaald door de vrije energie van de reactie.  Deze 
energie is afhankelijk van bijvoorbeeld de kationen zelf, hun relatieve stabiliteit in het nanokris-
tal en in de oplossing en de stabiliteit van de nanokristallen. Vervolgens is er een reeks van 
inherent gekoppelde elementaire kinetische en thermodynamische stappen die moeten worden 
doorlopen zodat de kationen kunnen uitwisselen.7,9,10,11,12 Bij de uitwisseling blijven de anio-
nen en hun ordening behouden, deze functioneren zelfs als een raamwerk waardoor tijdens 
de uitwisseling ook vaak de grootte en de vorm van de originele nanokristallen behouden kan 
blijven.9 De originele nanokristallen kunnen volledig worden uitgewisseld (BX),13,14 slechts ge-
deeltelijk worden vervangen (A1-xBxX) of er kunnen heterostructuren worden gevormd met 
atomair scherpe raakvlakken.15-17 In hoofdstuk 6 bestuderen we de post-synthetische kation 
uitwisseling van PbS nanoplaatjes naar CdS nanoplaatjes. Juist door de rechthoekige vorm van 
deze nanokristallen kunnen we de kationuitwisseling bestuderen in specifieke richtingen. De 
rechthoekige vorm van deze nanokristallen geeft ons de mogelijkheid om deze uitwisseling te 
bestuderen in specifieke richtingen. Met samples gemaakt op verschillende momenten tijdens 
de reactie kunnen we deze ex situ bestuderen en daarmee de kationuitwisseling volgen. 

heterogene distributie

homogene distributie

origineel nanokristal kation uitwisseling

origineel kation
nieuw kation
anion

origineel kation
anion

Figuur 7.3 Schmatische afbeelding van een origineel nanokristal zoals gesynthetiseerd (links), bestaande 
uit de ligand lag en de anorganische kristallijne kern bestaande uit kationen (blauw) en anionen (oranje). 
Het aantal defecten en missende ionen in de afbeelding is slechts om aan te geven dat alle kristallen defecten 
bevatten. Rechts laten we schematisch twee manieren zien waarop de kation uitwisseling plaats kan vinden. 
Boven gebeurt dit via een homogene distributie terwijl onder een heterogeen bewegend front zich door het 
nanokristal beweegd. Figuur aangepast van Maarten Bransen.
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Het oppervlak van de anorganische kristallijne kern van de halfgeleider nanokristallen  be-
staat uit metaal kationen (Pb2+, Cd2+) en anionen (S2-, Se2-) met ongebonden elektronen. Door 
bindingen te vormen met (organische) liganden passiveren deze het oppervlak, ze vormen er 
een laag of schil om het nanokristal heen die vervolgens de interactie met het oplosmiddel be-
paalt. Deze liganden zijn amfifilisch, net als zeepmoleculen hebben ze een polaire kop en een 
apolaire koolwaterstof staart (Figuur 7.1b). De polaire kop (bijvoorbeeld N, O, S, P) vormt een 
binding met de ongedeelde elektronen van de ionen op het oppervlak terwijl de apolaire staart 
bij een gunstige interactie het oplosmiddel in steekt waardoor de dispersie wordt gestabiliseerd. 
Zowel anionen als kationen kunnen bindingen vormen met liganden, maar het aantal opties 
voor anionen is beperkt (bijvoorbeeld fosfines). Voor de metalen kationen zijn er veel meer 
geschikte liganden, bijvoorbeeld organische alkylamines, vetzuren, alkylthiols of zelfs anorga-
nische ionen als S2- en OH-.7

Liganden spelen al tijdens de synthese van nanokristallen een belangrijke rol. Bulk kristallen 
vormen (meestal) een thermodynamisch stabiele fase, maar door liganden kan de oppervlak 
energie van (specifieke) facetten verlagen en de groei van deze facetten vertragen. Nanokris-
tallen met metastabiele kristalstructuren en vormen worden hierdoor mogelijk. Bijvoorbeeld 
in het geval van PbSe nanokristallen met een kubische keukenzoutstructuur, in theorie heeft 
een kubus van {100} facetten de laagste oppervlak energie.18 In de praktijk kunnen facetten 
met een hogere oppervlak energie door middel van liganden, bijvoorbeeld oliezuur, worden 
gestabiliseerd. Hierdoor kunnen nanokristallen worden gevormd met een afgevlakte kubus-oc-
taëdrische vorm (Figuur 7.4a).

Een binding tussen een ligand en het oppervlak van een nanokristal klinkt definitief. Ech-
ter, met behulp van NMR is aangetoond dat liganden reversibel binden, ze binden aan het 
oppervlak maar gaan ook weer van het oppervlak af voordat ze opnieuw binden. Hoe lang de 
liganden daadwerkelijk op het oppervlak spenderen is afhankelijk van de bindingssterkte.19,20 
Zwakker gebonden liganden blijven korter aan het oppervlak gebonden (≥ 0.05 milliseconde), 
terwijl sterker gebonden liganden langer op het oppervlak blijven (seconden).7 Het betekent dat 
de liganddichtheid ook na de synthese kan variëren, waarmee ook nog steeds de facetgrootte en 
vorm van de nanokristallen kan veranderen. Voor nanokristallen met veel liganden (een hoge 
liganddichtheid) worden de hoog energetische facetten gestabiliseerd en daardoor groter, ter-
wijl bij een lage liganddichtheid de laag energetische facetten duidelijker aanwezig zijn (Figuur 
7.4b en c).21 Voor het onderzoek besproken in hoofdstuk 3 en 4 is het goed om te onthouden 
dat een PbSe nanokristal met een diameter van ongeveer 6.5 ± 0.3 nm en gemiddeld ~505 
liganden per facet een ligand dichtheid heeft tussen de 3.7-5.0 nm-2 op de {111} facetten, 2.0-
4.3 nm-2 op de {110} facetten, en 0-1.0 nm-2 op de {100} facetten.22 De lagere oppervlak energie 
van {100} facetten met liganden resulteert dus ook in een lagere liganddichtheid en daardoor in 
meer reactieve facetten. Doordat het aantal gebonden liganden op het oppervlak kan blijven va-
riëren kunnen colloïdale nanokristallen dus niet worden gedefinieerd als een specifiek systeem 
met een chemische formule zoals dit voor moleculen wel kan. Nanokristallen moeten we dus 
beschouwen als dynamische structuren met partij-tot-partij variaties, een grillige ligand laag en 
samenstellingen en vormen die afhankelijk zijn van de ligand concentratie. Gecontroleerd wer-
ken met dispersies van colloïdale nanokristallen is hierdoor een uitdaging, zeker over lange tijd.
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Tot nu toe hebben we voornamelijk nanokristallen besproken die in een oplosmiddel zijn ge-
stabiliseerd door middel van hun liganden, een dispersie. Voor het toepassen van de groot-
te-afhankelijke optische en elektronische eigenschappen van de nanokristallen in applicaties 
(bijvoorbeeld in zonnecellen, detectoren en tv-schermen), moeten de nanokristallen kunnen 
worden gebruikt als elektronische componenten. Deze componenten (zoals circuits, transistors, 
displays, diodes etc.) worden momenteel vaak gemaakt van halfgeleider silicium kristallen door 
middel van een “top-down” proces. In zo’n proces begin je met een groter kristal waar je ver-
volgens, stukje bij beetje materiaal weghaalt op de plekken waar je dit niet wilt hebben. Denk 
bijvoorbeeld aan hoe een marmeren beeld wordt uitgebeiteld. Meestal worden de elektronische 
componenten opgebouwd uit 2D materialen, dunne lagen, ook wel “thin films” genoemd. Met 
nanokristallen kunnen we dezelfde dunne lagen opbouwen door een “bottom-up” procedure 
waarbij de losse nanokristallen één geheel gaan vormen. Denk bijvoorbeeld aan een legoset, die 
blokje voor blokje in elkaar wordt gezet om uiteindelijk een kasteel te bouwen. De eigenschap-
pen van deze legoblokjes, de nanokristallen, kunnen worden aangepast door middel van de 
grootte en vorm van de nanokristallen terwijl met behulp van kation uitwisseling heterostruc-
turen kunnen worden gevormd. De eigenschappen van de nanokristallen en daarmee van deze 
“bottom-up” gefabriceerde thin films kunnen dus nauwkeurig worden afgestemd op een manier 
die voor traditionele bulk halfgeleiders niet mogelijk is.23

Om thin films te maken uit nanokristallen kan een dispersie op een onderlaag, een support, 
worden gedruppeld, gespincoat of geprint. In ieder van deze technieken is het oplosmiddel 
de drager om de nanokristallen gelijkmating over de support uit te spreiden. Wanneer ver-
volgens het oplosmiddel verdampt aggregeren en zelf-organiseren de nanokristallen totdat ze 
samen de dunne laag vormen. Hierdoor worden de liganden gebonden aan het oppervlak van 
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Figuur 7.4 (a) Schematische weergave van een PbSe keukenzoutstructuur nanokristal van ongeveer 6 nm 
groot in aanwezigheid van liganden. De liganden stabiliseren ook de facetten met een hogere oppervlak 
energie ({110}, {111}) zodoende krijgen de nanokristallen een afgevlakte kubus-octaedrische vorm. In (b) 
en (c) laten we een ex situ studie van de nanokristallen zien met HAADF-STEM waarbij de atomen in de 
kolommen werden geteld voor een nanokristal met lage en hoge liganddichtheid.21 In het middelste paneel 
is dit weergegeven met kleuren, blauw is slechts 1 atoom, rood 16 of 19 atomen. In het rechter paneel laten 
we het schematische model zien van de data uit verschillende nanokristallen die op deze manier werden 
gekarakteriseerd. Let op de toegenomen grootte van de {111} facetten bij nanokristallen met een hoge li-
ganddichtheid.
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de nanokristallen ook een onderdeel van de gevormde dunne laag. De liganden hebben een 
grote invloed op de interacties tussen de nanokristallen en de uiteindelijke structuur van de 
film. In een goed oplosmiddel strekken de liganden zich volledig uit, waardoor de attractieve 
interacties tussen de kernen volledig worden afgeschermd. De nanokristallen gedragen zich 
hierdoor als harde bollen, die zich in de thin film het meest efficiënt kunnen ordenen als de 
dichtste bolstapeling in een kubisch vlakgecentreerde structuur (fcc). In het geval van een min-
der ideaal oplosmiddel strekken de liganden zich minder uit en worden de interacties tussen de 
kernen niet meer volledig afgeschermd. We spreken dan van een zachte bol interactie, waarbij 
de attractie tussen de kernen de gevormde structuren begint te beïnvloeden. Er worden dan 
eerder kubisch ruimte gecentreerde (bcc) structuren gevormd.24,25 Ook de snelheid waarmee 
het oplosmiddel verdampt en de uniformiteit van de nanokristallen spelen een grote rol voor 
de gevormde structuur. Slecht geordende, polykristallijne en amorfe structuren vormen zich 
wanneer er sprake is van snelle verdamping en polydisperse nanokristallen. In het geval van 
langzame verdamping van een dispersie van uniforme nanokristallen kunnen deze films vormen 
met ordening over lange afstanden; superstructuren.23,26

De liganden op het oppervlak van de nanokristallen worden ook een onderdeel van de thin 
films waar ze de nanokristallen nog steeds gescheiden houden en een barrière zijn voor de gelei-
ding van de elektronen. De nanokristallen kunnen hierdoor slechts zwak kwantum-mechanisch 
koppelen en ze behouden hierdoor hun eigen gelocaliseerde bandenstructuur.27 Elektronen 
kunnen zich alleen door de film verplaatsen door van het ene naar het andere nanokristal te 
“springen”. De snelheid van de geleiding (de mobiliteit) is hierdoor laag, meestal niet hoger dan 
1 cm2/(V s).28-30 Ter vergelijking, in een silicium kristal kan de mobiliteit wel tot 105 cm2/(V 
s) bedragen.31 Door de lange organische liganden uit te wisselen voor kortere liganden of com-
pacte anorganische moleculen kan de mobiliteit worden verhoogd. De isolerende laag wordt 
dan dunner en de nanokristallen kunnen dichter bij elkaar komen. De bandenstructuren van 
naburige nanokristallen beginnen te overlappen en een nieuwe bandenstructuur ontstaat. Hoe 
de nanokristallen zijn geordend beïnvloedt de manier waarop de nieuwe bandenstructuur zich 
vormt. De mobiliteit kan door het uitwisselen van de liganden worden verbeterd tot ongeveer 
20 cm2/(V s).31-36 

Met een kristallijne koppeling van de nanokristallen (een doorlopend kristal zonder ligan-
den) kan de mobiliteit nog meer verbeteren, in elk geval in theorie. De legoblokjes bestaan 
dan alleen nog uit de anorganische kernen direct verbonden met een kristallijne “nek”. Een 
manier om nanokristallen te koppelen met behoud van hun ordening is “oriented attachment”, 
georiënteerde aanhechting.  Het is een intrigerend “niet-klassiek” mechanisme voor kristalgroei 
dat in de natuur bijvoorbeeld plaatsvindt bij de vorming van biomineralen.37-39 Daar worden 
lading-gestabiliseerde kristallen gedestabiliseerd, waardoor de attractie tussen de facetten van 
naburige kristallen toeneemt en deze naar elkaar toe draaien. Van facet naar facet kunnen uit-
eindelijk covalente bindingen worden gevormd. Twee facetten met hoge oppervlak energie 
kunnen zo worden geëlimineerd terwijl de nanokristallen een groter kristal met een lagere op-
pervlak energie vormen.
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Figuur 7.5 De Ikea handleiding voor een zelf-organisatie en oriented attachment experiment. Voor deze ex-
perimenten is het van belang om vrij van zuurstof en andere onzuiverheden te werken, al deze experimenten 
zijn daarom in een glovebox onder stikstof gedaan.  In een petrischaaltje pipetteren we de vloeibare support, 
ethyleen glycol of een mengsel met 1,4-butaandiol, waar we vervolgens de PbSe nanokristal dispersie in 
tolueen bovenop pipetteren (a). Voor de vorming van square superlattices verdampt de tolueen in een uur, 
waarna de gevormde superstructuur op de support blijft drijven (b boven). Voor de vorming van een hon-
eycomb superlattice is een tragere verdamping over 15 uur gunstig, het petrischaaltje wordt dan afgedekt 
met een bekerglas om verdamping te vertragen (b onder). Na het vormen van de superlattice kan deze 
met een scheppende of stampende beweging worden overgebracht op een TEM grid voor verdere ex situ 
karakterisatie (c en d). Bij een succesvol experiment vormen we een square of honeycomb geordende super-
structuur, terwijl gesmolten ongeordende structuren vormen bij te snelle ongecontroleerde attachment, te 
snelle verdamping of verontreiniging (e). Figuur aangepast van Carlo van Overbeek.
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In het laboratorium wordt oriented attachment onderzocht als een methode om zelf-geor-
dende superstructuren van nanokristallen om te zetten in twee en drie dimensionale superstruc-
turen (in twee dimensionale superlattices). Deze superstructuren hebben vervolgens niet alleen 
een periodieke structuur van nanokristallen maar ook van gaten (Figuur 7.5e). Het meeste 
onderzoek naar oriented attachment is gedaan met behulp van lood-gebaseerde nanokristal-
len (PbSe, PbS and PbTe).24,25,40-51 Deze nanokristallen hebben een keukenzoutstructuur en 
een afgevlakte kubus-octaëdrische vorm, hun oppervlak bestaat uit zes chemisch identieke 
stoichiometrische {100} facetten, acht {110} en acht {111} facetten (Figuur 7.4a). In het lab 
wordt een experiment voor de studie van zelf-organisatie en oriented attachment gedaan in 
de zuurstofvrije omgeving van een glovebox. Daar wordt in een petrischaaltje een dispersie 
van nanokristallen op het oppervlak van een niet mengbare vloeistof zoals ethyleen glycol ge-
druppeld (Figuur 7.5a).  Voor 2D superstructuren doen we dit met lage concentraties maar 
voor 3D superstructuren worden dispersies met een hoge concentratie gebruikt. De dispersie 
spreidt zich uit over het oppervlak en blijft bovenop de vloeistof liggen terwijl het oplosmiddel 
(meestal tolueen) verdampt. De nanokristallen worden dan in een steeds dunnere laag dichter 
naar elkaar geduwd (Figuur 7.5b), en ze organiseren zichzelf in een structuur die bovenop de 
ethyleen glycol blijft drijven. Bij een succesvol experiment organiseren de nanokristallen zich-
zelf als harde bollen in een fcc structuur bij langzame verdamping en als zachte bollen bij snelle 
verdamping. Wanneer vervolgens de facet-facet attractie toeneemt kunnen deze naar elkaar toe 
draaien en kunnen tussen naburige kristallijne nekken worden gevormd.

Bij PbSe nanokristallen zijn de liganden slechts zwak gebonden aan de {100} facetten 
terwijl daar ook minder liganden gebonden zijn dan op de hoog energetische facetten. Deze 
laag energetische facetten verliezen daardoor als eerste hun liganden.18,22 Attractie tussen de 
stoichiometrische {100} facetten neemt toe en onomkeerbare epitaxiale verbindingen kunnen 
gevormd worden met de kale {100} facetten van naburige nanokristallen (Figuur 7.5b). Een 
sample kan vervolgens worden genomen van de gevormde superstructuur (Figuur 7.5c), dat 
met behulp van ex situ technieken zoals TEM kan worden gekarakteriseerd (Figuur 7.5d en e). 

In een gecontroleerd proces kan met behulp van oriented attachment een superlattice wor-
den gemaakt waarin niet alleen de nanokristallen geordend zijn maar ook de gaten in de struc-
tuur. De specifieke geometrische ordening van een 2D materiaal, zoals “square” (met ook een 
vierkante periodiciteit van gaten) en “honeycomb” (hexagonale periodiciteit van gaten) wordt 
voornamelijk bepaald tijdens de verdamping van de dispersie. Vervolgens wordt met oriented 
attachment de structuur vastgezet. In het ideale geval wordt er een kristallijne nek gevormd 
tussen de twee kristallen,52,53 waarna de elektronische koppeling tussen de nanokristallen nog 
slechts gelimiteerd is door de breedte van de nek. 

De bandenstructuren van de square en honeycomb superlattices zijn interessant voor poten-
tiele toepassingen. In het bijzonder combineren de honeycomb superlattices de bandkloof van 
een conventionele halfgeleider met een vergelijkbare bandenstructuur als grafeen: Dirac-type 
banden die resulteren in een mobiliteit die hoger kan zijn dan voor silicium.54,55 Het controleren 
van oriented attachment is (nog steeds) een grote uitdaging, slechts enkele onderzoeksgroe-
pen (en PhD studenten) hebben het lef en doorzettingsvermogen gehad om bij te dragen aan 
het onderzoek in dit veld. In de literatuur kunnen we de belangrijkste bijdragen van onder-
zoeksgroepen over oriented attachment van lood-gebaseerde nanokristallen ruwweg op twee 
handen tellen. In hoofdstuk 3 bespreken we het onderzoek naar zelf-organisatie en oriented 
attachment tot 2020.  Onder andere de onderzoeksgroepen van Daniel Vanmaekelbergh, Matt 
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Law, Tobias Hanrath, Zeger Hens, Paul Alivisatos en William Tisdale hebben grote bijdragen 
geleverd aan ons begrip van zelf-organisatie en oriented attachment van PbX superlattices in 
zowel twee als drie dimensies.24,25,40-47,56-58

In hoofdstuk 4 bestuderen we specifiek hoe oriented attachment plaatsvindt in een mo-
nolaag nanokristallen op een vloeistof. Daar laten we zien dat het voor het vormen van grote su-
perstructuren gunstig is om de twee processen, zelf-organisatie en oriented attachment, zoveel 
mogelijk van elkaar te scheiden. Insluiting van oplosmiddel in de ligandlaag bleek belangrijk te 
zijn door middel van langzame verdamping in een afgedekt petrischaaltje. De nanokristallen 
kunnen zich dan tijdens de zelf-organisatie als harde bollen organiseren in een dubbele hexago-
nale laag, voordat oriented attachment de nanokristallen irreversibel aan elkaar koppelt om een 
honeycomb structuur te vormen.
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