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Abstract 

Heavy-metal-free ZnS nanocrystals (NCs) are “green” low-toxic materials compared to Cd-

based and Pb-based NCs. They exhibit a large direct band gap of approximately 3.7−3.8 eV and 

a small exciton Bohr radius of 2.5 nm, which attracts numerous research interests with 

applications in photocatalysis, light-emitting diodes, and energy conversion. It is well-known 

that the physical and chemical properties of semiconductor NCs strongly depend on their shape. 

Thus, synthetic control over the shape of the NCs is significant. Many efforts have been made to 

synthesize colloidal ZnS NCs with different shapes including quantum dots (QDs), nanorods 

(NRs), and nanowires (NWs). However, reports on the synthesis of two-dimensional (2D) ZnS 

NCs are scarce. The main reason is that growing ZnS NCs laterally is challenging because ZnS 

has a non-layered structure. The thermodynamically preferential nanostructure of ZnS is zero-

dimensional (0D). This deficiency promotes us to explore the synthesis of colloidal 2D ZnS NCs. 

In the literature, it is noted that many syntheses of 2D semiconductor NCs such as CdSe, 

CuS, and PbS were based on amine solvents. The principle is assembly of “small magic clusters” 

into 2D structures with assist of lamellar soft templates. This method is suitable for layered and 

non-layered materials. In the first part of the thesis, the soft-template-based method was 

extended to prepare 2D ZnS NCs. After optimization of experimental parameters (such as the 

volume ratio of amine solvents, amount of precursors, temperature, and reaction time), colloidal 

quasi-2D ZnS nanoplatelets (NPLs) were synthesized. The resulting ZnS NPLs show a set of 

distinct absorption transitions at room temperature, which is rarely observed in 0D and one-

dimensional (1D) ZnS NCs. It is proved that the observed features in the absorption spectrum 

coincide well with the genuine quasi-2D nature of ZnS NPLs deduced from ab initio calculations. 

Additionally, the shape/phase control in ZnS NCs was realized by tuning the amount of sulfur, 

which endows the NCs with tunable optoelectronic properties. 

The as-synthesized ZnS NPLs exhibit not only evident excitonic features, but also 

superiority as matrix for transition-metal ions due to their flat structure and extremely uniform 

thickness. Introducing impurity ions into NCs can generate new properties and improve the 

original ones. In the second part of the thesis, Mn2+ ions were incorporated into the ZnS NPLs 

through an adapted synthesis protocol of ZnS NPLs. It was found that the shape and crystal 

structure of the doped NPLs remain unaltered compared to the undoped ones. Mn2+-doped ZnS 
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(ZnS:Mn) NPLs exhibit dual emission in the UV and visible range. By changing the Mn2+ 

concentration, the intensity ratio of the dual emission can be easily tuned. The energy-transfer 

between the host and dopants was explored in detail, which reveals the photophysical processes 

in ZnS:Mn NPLs. Additionally, it is found that the surface of the NPLs is a critical and limiting 

factor for the effective energy conversion. The photoluminescence quantum yield (PLQY) of 

ZnS:Mn NPLs can be improved by passivating the surface of the NPLs with an appropriate zinc-

containing solution. 

Although ligand passivation can minimize the surface trap states, the synthesized ZnS:Mn 

NPLs still show a relatively low PLQY compared to the reported Mn2+-doped dots and rods. 

Besides, it is discovered that many Mn2+ ions accumulate on the surface of NPLs due to the 

“self-purification” effect, resulting in reduced optical properties of ZnS:Mn NPLs (e.g. low 

PLQY, inhomogeneous PL decay, and shortened PL lifetime). To address these issues, the 

preparation of type-I ZnSe:Mn/ZnS core/shell NPLs was taken into account. The ZnS shell can 

not only passivate the surface trap states to improve the PLQY, but also ensure that Mn2+ ions 

stay away from the surface. First, ZnSe:Mn core NPLs were synthesized using the same strategy 

as ZnS:Mn NPLs since both materials have similar structural characteristics. Considering the low 

thermal stability of NPLs, a low temperature method, called colloidal atomic layer deposition (c-

ALD), was used to grow ZnS shells on the ZnSe cores. The formation of the ZnS shells was 

evidenced by a combination of transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) measurements. It is found that the decay lifetime of Mn2+ emission 

significantly increases from 27 μs to 200 μs and the decay behavior becomes more mono-

exponential upon deposition of the ZnS shell, which indicates a homogeneous distribution of 

Mn2+ ions. 

In summary, a simple and effective synthesis protocol was developed to grow non-layered 

materials (ZnS and ZnSe) laterally. The obtained quasi-2D NPLs exhibit shape-dependent optical 

properties, which differs from the 0D and 1D NCs. Subsequently, such Zn chalcogenide NPLs 

were doped with Mn2+ ions to achieve tunable dual emission. To improve the optical properties 

of ZnSe:Mn NPLs, ZnS shells were successfully coated on the NPLs via the c-ALD method. The 

above work opens a path for the synthesis and optical performance tunability of quasi-2D 

semiconductor NPLs. 
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Zusammenfassung 

Schwermetallfreie ZnS Nanokristalle sind im Vergleich zu Cd- und Pb-basierten 

Nanokristallen “grüne” Materialien mit geringer Toxizität. Sie weisen eine große direkte 

Bandlücke von etwa 3,7–3,8 eV und einen kleinen Exziton-Bohr-Radius von 2,5 nm auf, 

wodurch zahlreiche Forschungfragen mit Anwendungen in der Photokatalyse, Leuchtdioden und 

Energieumwandlung in Betracht kommem. Es ist bekannt, dass die physikalischen und 

chemischen Eigenschaften von Halbleiter-Nanokristallen stark von ihrer Form abhängen. Somit 

ist die synthetische Kontrolle über die Form der Nanokristalle signifikant. Es wurden viele 

Anstrengungen unternommen, um kolloidale ZnS-Nanokristalle mit unterschiedlichen Formen, 

z.B. Quantenpunkte, Nanostäbchen und Nanodrähte, zu synthetisieren. Berichte über die 

Synthese zweidimensionaler (2D) ZnS-Nanokristalle sind jedoch rar. Der Hauptgrund ist, dass 

ZnS keine geschichtete Kristallstruktur besitzt und bevorzugt nulldimensional (0D) statt 

zweidimensional wächst. Es stellt also eine gewisse Herausforderung dar, kolloidale 

zweidimensionale ZnS-Nanokristalle herzustellen. 

In der Literatur sind viele Synthesen von 2D-Halbleiternanokristallen wie CdSe, CuS und 

PbS bekannt, die auf dem Einsatz von amin-basierten Lösungsmitteln beruhen. Das Prinzip ist 

der Zusammenbau von “kleinen magischen Clustern” zu 2D-Strukturen mit Hilfe lamellarer 

Schablonen, engl. soft templates. Dieses Verfahren ist für geschichtete und nicht-geschichtete 

Materialien geeignet. Im ersten Teil der Arbeit wurde die soft-template-basierte Methode zur 

Herstellung von zweidimensionalen ZnS-Nanokristallen erweitert. Nach Optimierung 

experimenteller Parameter (Volumenverhältnis der Amin-Lösungsmittel, Menge der Vorläufer, 

Temperatur und Reaktionszeit) wurden kolloidale Quasi-2D ZnS-Nanoplättchen synthetisiert. 

Diese Strukturen zeigen bei Raumtemperatur eine Reihe ausgeprägter Absorptionsübergänge, die 

in 0D- und eindimensionalen (1D) ZnS-Nanokristallen selten beobachtet werden. Es wurde 

bewiesen, dass die beobachteten Merkmale im Absorptionsspektrum gut mit der echten Quasi-

2D-Natur von ZnS-Nanoplättchen übereinstimmen, die aus ab-initio-Rechnungen abgeleitet 

wurde. Darüber hinaus wurde die Form-/Phasensteuerung in ZnS-Nanokristallen durch 

Einstellen der Schwefelmenge realisiert, die den Nanokristallen einstellbare optoelektronische 

Eigenschaften verleiht. 
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Die so synthetisierten ZnS-Nanoplättchen zeigen nicht nur offensichtliche exzitonische 

Eigenschaften, sondern aufgrund ihrer flachen Struktur und extrem gleichmäßigen Dicke auch 

eine perfekte Matrix für Übergangsmetallionen. Das Einbringen von Fremdionen in 

Nanokristalle kann neue Eigenschaften erzeugen und die ursprünglichen verbessern. Im zweiten 

Teil der Arbeit wurden Mn2+-Ionen durch ein angepasstes Syntheseprotokoll von ZnS-

Nanoplättchen in die ZnS-Nanoplättchen eingebaut. Es wurde festgestellt, dass Form und 

Kristallstruktur der dotierten Nanoplättchen im Vergleich zu den undotierten unverändert bleiben. 

Mn2+-dotierte ZnS (ZnS:Mn)-Nanoplättchen zeigen eine duale Emission im UV- und sichtbaren 

Bereich. Durch Ändern der Mn2+-Konzentration kann das Intensitätsverhältnis der dualen 

Emission leicht abgestimmt werden. Der Energietransfer zwischen dem dotierten Material und 

dem Dotierstoff wurde im Detail untersucht, wodurch die photophysikalischen Prozesse in 

ZnS:Mn-Nanoplättchen aufgedeckt werden konnten. Außerdem zeigte sich, dass die Oberfläche 

der Nanoplättchen ein kritischer und limitierender Faktor für die effektive Energieumwandlung 

ist. Die Photolumineszenz-quantenausbeute von ZnS:Mn-NPLs kann verbessert werden, indem 

die Oberfläche der Nanoplättchen mit einer geeigneten zinkhaltigen Lösung passiviert wird. 

Obwohl die Passivierung durch die Liganden die Oberflächen-Fallenzustände, engl. trap 

states, minimieren kann, zeigen die synthetisierten ZnS:Mn-Nanoplättchen immer noch eine 

relativ niedrige Photolumineszenz-quantenausbeute im Vergleich zu den literaturbekannten 

Mn2+-dotierten Nanopunkten und Nanostäbchen. Außerdem wurde entdeckt, dass sich viele 

Mn2+-Ionen aufgrund des “Selbstreinigungseffekts” auf der Oberfläche von Nanoplättchen 

ansammeln, was zu verschlechterten optischen Eigenschaften von ZnS:Mn-Nanoplättchen führt 

(z.B. geringe Photolumineszenz-quantenausbeute, inhomogener Photolumineszenz-zerfall und 

verkürzte Photolumineszenz-lebensdauer). Um diese Probleme anzugehen, wurde die 

Herstellung von typ-I-artigen ZnSe:Mn/ZnS Kern/Schale Nanoplättchen in Betracht gezogen. 

Die ZnS-Schale kann nicht nur die Oberflächen-Fallenzustände passivieren, um die 

Photolumineszenz-quantenausbeute zu verbessern, sondern auch dafür sorgen, dass Mn2+-Ionen 

weit von der Oberfläche entfernt bleiben. Zuerst wurden ZnSe:Mn-Nanoplättchen mit der 

gleichen Strategie wie ZnS:Mn-Nanoplättchen synthetisiert, da beide Materialien ähnliche 

strukturelle Eigenschaften aufweisen. In Anbetracht der geringen thermischen Stabilität von 

Nanoplättchen wurde eine Niedertemperaturmethode, die sogenannte kolloidale 

Atomlagenabscheidung, verwendet, um ZnS-Schalen auf den ZnSe-Kernen zu wachsen. Die 
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Bildung der ZnS-Schalen wurde durch eine Kombination von 

Transmissionselektronenmikroskopie und Rasterkraftmikroskopie nachgewiesen. Es zeigt sich, 

dass die Zerfallslebensdauer der Mn2+-Emission von 27 μs auf 200 μs signifikant ansteigt und 

das Zerfallsverhalten bei Abscheidung der ZnS-Schale einen stärkeren monoexponentiellen 

Anteil zeigt, was eine homogene Verteilung der Mn2+-Ionen anzeigt. 

Zusammenfassend wurde ein einfaches und effektives Syntheseprotokoll entwickelt, um 

nicht-geschichtete Materialien (ZnS und ZnSe) lateral wachsen zu lassen. Die erhaltenen Quasi-

2D Nanoplättchen weisen formabhängige optische Eigenschaften auf, die sich von den 0D und 

1D Nanokristallen unterscheiden. Anschließend wurden solche Zinkchalkogenid-Nanoplättchen 

mit Mn2+-Ionen dotiert, um eine einstellbare duale Emission zu erreichen. Um die optischen 

Eigenschaften von ZnSe:Mn-Nanoplättchen zu verbessern, wurden die Nanoplättchen 

erfolgreich mit ZnS-Schalen über das kolloidale Atomlagenabscheidungsverfahren beschichtet. 

Die Arbeit eröffnet einen Weg für die Synthese und die Nutzung der optischen 

Leistungsfähigkeit von quasi-2D Halbleiter-Nanoplättchen. 
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1.1 Properties of Semiconductor Nanocrystals 

Semiconductors with properties between those of conductors and insulators have 

witnessed a rapid development in practical applications. One of the appealing 

characteristics of semiconductors is that upon excitation they can generate an electron-

hole pair (called exciton). The subsequent relaxation of excitons has the ability to emit 

photons. For a given bulk semiconductor, it usually emits light with fixed wavelengths 

since the energy bands consisting of continuous energy levels (see Figure 1-1) are 

independent of the bulk size and shape. When the size shrinks to approach the exciton 

Bohr radius, the previously fixed properties of semiconductors become size-dependent.  

 

Figure 1-1. Schematic illustration of the quantum-confinement effect. For a bulk semiconductor, 

the electron energy levels in the valence band and conduction band are continuous. For 

semiconductor NCs, the levels are discrete with energies that are defined by the radius of the 

NCs. For a single molecule, the electron is confined in space, which allows only discrete 

electron energy levels. Adapted from Akkerman2. 
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With such a small size, the wave functions of electrons and holes are spatially confined, 

leading to a quantization of the energy levels (see Figure 1-1). With decreasing size, the 

energy (band gap) required to create electron-hole pairs increases, which is known as the 

“quantum confinement effect”.1 

A representative illustrative example for the quantum-confinement effect is the 

tunability of the absorption and emission wavelength for nanocrystals (NCs) with 

different sizes. Quantum dots (QDs) are described as artificial atoms, and their size can 

be well controlled in the synthesis, thereby displaying size-dependent spectral features. 

As shown in Figure 1-2, the full visible emission spectrum can be achieved by changing 

the size of CdSe QDs.3-4 Due to the high toxicity, however, Cd-based NCs are restricted 

in the practical applications, especially in areas related to food safety. Recently, nontoxic 

(or less toxic) and earth-abundant materials such as zinc-containing NCs5 have attracted 

extensive research interest with potentials in optoelectronic and energy conversion 

applications. 

 

Figure 1-2. Emission colors from blue to red for CdSe QD dispersions excited by a near-

ultraviolet lamp. Reproduced with permission.3 

Apart from the size, the shape of NCs significantly influences their spectral features 

via selective quantum confinement in certain directions.6 Figure 1-3 schematically shows 

the variation of density of states (DOS) for charge carriers as a function of energy in 

semiconductors with different shapes. In a three-dimensional (3D) macroscopic crystal, 

there is no restriction to the migration of charge carriers and the DOS based on an 

energy-dependent square root function is quasi-continuous. In a two-dimensional (2D) 

NC, the charge carriers experience a restriction along the thickness direction, resulting in 
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a step-like DOS. For a one-dimensional (1D) NC, a sawtooth-like DOS occurs where the 

charge carriers are restricted in two spatial directions. In the case of a zero-dimensional 

(0D) NC, the charge carriers are restricted in all three spatial directions, leading to a 

discrete DOS. 

 

Figure 1-3. Schematic illustration of the DOS for charge carriers in 3D, 2D, 1D, and 0D 

semiconductors, respectively. The reduction in dimensionality changes the restriction of the 

charge carriers, leading to a change in the DOS. 3D (no restriction): quasi-continuous DOS; 2D 

(restriction in thickness): step-like DOS; 1D (restriction in diameter): sawtooth-like DOS; 0D 

(complete restriction): DOS with δ-function. 
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1.2 Synthesis of Semiconductor Nanocrystals 

1.2.1 Wet-Chemical Synthesis 

In the past decades, numerous synthetic methods have been developed for the 

fabrication of semiconductor nanomaterials. Generally, the synthetic routes can be 

classified as top-down and bottom-up approaches. In the top-down approach, a large 

piece of material is broken into desired nanomaterials. So far many top-down approaches 

such as ion-intercalation and exfoliation,7 the “Scotch-tape method”,8 and sonication9 

have been developed. In the bottom-up approach, atoms or molecules are integrated to 

form nanostructures. This can achieve precise control over the thickness, shape, and 

crystal structure of the products. On the other hand, the bottom-up approach presents 

some advantages of being relatively low cost, modular, and scalable, and therefore it is 

widely applied in the synthesis of organic and inorganic namomaterials. 

Wet-chemical methods (e.g. heating-up10 and hot-injection4), as an important part of 

the bottom-up approaches, have achieved great success in control over the sizes, shapes, 

and compositions of nanomaterials by tuning thermodynamic and kinetic parameters. In a 

typical wet-chemical synthesis, the three key factors precursors, ligands, and solvents 

have to be considered with respect to the formation and growth of nanostructures. The 

role of precursors is to provide atoms for the growth of nanostructures. The sizes and 

shapes of the products highly depend on the precursor reactivity. Ligands are mainly used 

for colloidal stability as well as control over the morphologies of the products. As the 

medium for the reaction, solvents are responsible for the dissolution of the precursors and 

ligands and the dispersion of the final products. In some cases, solvents can also act as 

co-ligands.11 

1.2.2 Classical Theory of Nucleation and Growth 

The formation of nanostructures in wet-chemical synthesis can be generally described 

as follows: First, precursors are converted into monomers and form nuclei during the 

nucleation step. The obtained nuclei then further grow to form larger crystals in different 

manners (e.g. continuous deposition of monomers on the existing nuclei, attachment of 

nuclei, and Ostwald ripening). The spontaneous formation of nuclei is a typical 
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homogeneous nucleation process, which can be well explained by the Gibbs free energy 

model. The basic idea is that a thermodynamic system tends to minimize its total Gibbs 

free energy. For a spherical cluster, the total Gibbs free energy (ΔG) can be expressed as 

Δ𝐺 =  4π𝑟 𝛾 + π𝑟 Δ𝐺  ,               (1-1) 

where r is the radius of a sphere, γ is the surface energy per unit area, and ΔGν is the 

difference in Gibbs free energy per unit volume. ΔGν is defined as 

Δ𝐺  =  
( )

,                              (1-2) 

with the Boltzmann’s constant kB, the temperature T, the supersaturation of the solution S, 

and the molar volume ν. Eq. (1-1) indicates that the total Gibbs free energy consists of 

two terms. The positive term (4πr2γ) expresses the energy of an unfavorable bonding 

between monomers and nuclei, which leads to an increase in the surface energy. 

 

Figure 1-4. The evolution of the Gibbs free energy of a cluster as a function of radius (black 

curve). The changes of the surface free energy (red curve) and volume free energy (blue curve) 

versus radius are also shown. Adapted from Polte12. 
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The negative term (4 3⁄ π𝑟 Δ𝐺 ) expresses a decrease of the Gibbs volume free energy 

after the bonding of monomers. Thus, this is a favorable event. Due to the competition 

between the increase of the surface energy and the decrease of the volume energy, it is 

possible to find a critical point where ΔG reaches a maximum energy value ΔGc (named 

activation energy). The corresponding radius is called the critical radius rc, which can be 

easily determined to be −2𝛾 Δ𝐺⁄  by solving eq. (1-1) for dΔ𝐺 d𝑟⁄ = 0. Figure 1-4 shows 

the evolution of the Gibbs free energy of a cluster as a function of the radius. For clusters 

smaller than rc, growth is unfavorable due to the dominance of the positive surface 

energy, pushing the particles toward dissolution. For clusters with a radius larger than rc, 

growth is favored because the negative term is dominant. 

According to the classical growth model,13 the growth of a NC consists of two processes. In 

the first process, monomers are transported from the solution to the surface of the nuclei by 

diffusion. In the second process, the monomers on the surface are incorporated into the crystal 

lattice of the nuclei by reaction. These two processes are presented in Figure 1-5. 

 

Figure 1-5. Left: Schematic illustration of the diffusion layer structure near the surface of a NC. 

The NC (orange) is surrounded by a diffusion layer (gray) in solution; Right: Plot of the 

monomer concentration as a function of distance x. Adapted from Hyeon et al.15. 

To describe the growth processes, Fick’s first law of diffusion was applied: 

𝐽 = 4𝜋𝑥 𝐷  ,                      (1-3) 
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where J is the total flux of monomers passing through a spherical plane with a radius of x, D is 

the diffusion coefficient, and C is the concentration of monomers at the distance x. It is assumed 

that a spherical NC with a radius of r is surrounded by a diffusion layer with a thickness of δ in a 

homogeneous bulk solution. The concentrations of monomers are Cb in the bulk solution and Ci 

at the solid/liquid interface, respectively. Within the diffusion layer, the concentration of 

monomers increases gradually in the direction away from the surface of the NCs. In this case, eq. 

(1-3) can be rewritten as: 

 

𝐽 =
(  )

(𝐶 − 𝐶 ),                   (1-4) 

Based on the stable diffusion of monomers (J is independent of x),14 eq. (1-4) can be simplified 

by integrating C(x) from (r + δ) to r: 

𝐽 = 4𝜋𝐷𝑟(𝐶 − 𝐶 ).                          (1-5) 

Similarly, for the surface reaction, eq. (1-4) can be simplified as:  

𝐽 = 4𝜋𝑟 𝑘(𝐶 − 𝐶 ),                         (1-6) 

where the rate of the surface reaction (k) is assumed to be irrelevant to the size of the NCs and Cr 

is the solubility of the NC. Eq. (1-5) and eq. (1-6) indicate that the growth of a NC is controlled 

via three modes: diffusion-controlled growth, surface reaction-controlled growth, and a 

combination of the two modes. According to the growth mode, different equations of the growth 

rate can be obtained, which describes the change in the size of a NC over time.13 For the 

diffusion-controlled growth and surface reaction-controlled growth, the equations of the growth 

rate can be written as:  

= (𝐶 − 𝐶 ),                          (1-7) 

and 

= 𝑘𝑉 (𝐶 − 𝐶 ),                          (1-8) 

respectively. t is the time and Vm is the molar volume of the solution. When the growth belongs 

to the third one, the growth rate can expressed as: 
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=
( )

⁄
.                                (1-9) 

Eq. (1-9) indicates that the growth rate is determined by D and k. If D << kr the reaction is 

diffusion-controlled, while if D >> kr the surface reaction is predominant.  

1.2.3 LaMer and Dinegar Theory 

Unlike homogeneous nucleation, heterogeneous nucleation occurs at structural 

inhomogeneities of the present nuclei (e.g. grain boundaries, impurities, and dislocations), 

where the surface energy needed for nucleation is very low. This results in a decrease in 

the energy barrier, making subsequent nucleation more preferential on the present nuclei. 

Thus, heterogeneous nucleation takes place much easier than homogeneous nucleation. 

Nevertheless, it is worth noting that both types of nucleation might occur simultaneously 

in an actual nanoparticle (NP) synthesis, which leads to a wide size distribution of the 

final products. In the preparation of monodisperse colloids, Victor LaMer et al.16 

introduced the concept of burst nucleation that separates the nucleation and growth into 

two stages. In the burst nucleation theory, the nucleation occurring spontaneously can be 

considered as the homogeneous nucleation and the later growth is a heterogeneous 

process. The separation of the two processes is summarized in Figure 1-6. In Phase I, the 

precursors are converted into monomers. As a consequence, the concentration of the 

monomers continually increases and reaches a critical supersaturation level (CS) where no 

nucleation forms yet.12 The concentration of monomers keeps increasing with time. In 

Phase II, the concentration of monomers exceeds a second level (Cn) at which the 

activation energy (energy barrier) for nucleation is overcome and a rapid nucleation 

(named “burst nucleation”) initiates. Due to the burst nucleation, a huge amount of 

monomers are consumed shortly. As a result, the concentration of monomers drops 

rapidly. In Phase III, the concentration of monomers reduces below Cmin ending the 

nucleation period. The remaining monomer will only participate in the growth of clusters 

via attachment to the previously formed nuclei. 
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Figure 1-6. Evolution of the monomer concentration over time according to the LaMer’s theory 

of burst nucleation. Adapted from LaMer et al.16. 

Once the growth in Phase III stops, the whole system theoretically reaches an 

equilibrium state where the concentration of monomers corresponds to the NC solubility 

(Sr).15, 17 According to the Gibbs–Thomson equation, the value of Sr (equal to the 

equilibrium concentration of monomers in solution) can be approximated as: 

𝑆  =  𝑆 exp ,                    (1-10) 

with the solubility of the bulk material Sb. Eq. (1-10) indicates that the NC solubility is 

size-dependent and decreases with increasing NC radius. In an actual synthesis, the NC 

size distribution is usually polydisperse. Therefore, the concentration of monomers is 

above the solubility of large NCs, but below the solubility of small ones when the 

synthesis reaches an “equilibrium” system. As a consequence, the small NCs are unstable 

in solution and tend to re-dissolve, while the large ones continue to grow (see Figure 1-7), 

which leads to a broadening of the NC size distribution. This phenomenon is called 

“Ostwald ripening” described by Wilhelm Ostwald.18-19 
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Figure 1-7. Schematic illustration of the “Ostwald ripening” process as time proceeds. Due to 

the high solubility (above the concentration of monomers), small NCs re-dissolve, which in turn 

allows large NCs to grow further. Adapted from Voorhees et al.18, 20. 

1.2.4 Other Theories 

The aggregative mechanism, described as a nonclassical nucleation and growth process, is less 

considered compared to the LaMer mechanism and Ostwald ripening, because it does not occur very often 

in actual syntheses.21-22 An aggregative process generally takes place between the classical 

nucleation/growth stage and Ostwald ripening stage, which is shown in Figure 1-8. 

 

Figure 1-8. Schematic illustration of the NC growth including the classical nucleation and growth, 

aggregative nucleation and growth, and Ostwald ripening. Adapted from Buhro et al.24 
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In the first step, small clusters in the diameter range of 1−3 nm are generated via the classical nucleation 

and growth process. The clusters then aggregate and coalesce to form viable NCs that have the capability 

to further grow through aggregation and coalescence of subsequent clusters. This process is called 

aggregative mechanism. The aggregative stage may temporally overlap with the other two stages. It is 

worth noting that second nucleation may be present during the period of the aggregative process.23 

Additionally, NCs formed via the aggregative process exhibit a multiply twinned structure or polycrystal 

structure, which differs from the ones formed via Ostwald ripening.24 

The oriented attachment can be classified as an aggregative mechanism,24 and its growth 

process involves several steps presented in Figure 1-9. First of all, it is required that NCs should 

be free to move so that they can get close to each other. The requirement of free-moving NCs 

explains why the oriented attachment occurs in wet-chemical syntheses. When the NCs meet, 

they rotate to align with its neighbor, which can decrease the grain−grain boundary energy. 

Afterwards, the surfaces of the adjacent NCs merge by sharing the common crystallographic 

orientation. The mergence decreases the total surface energy (the number of unpassivated surface 

bonds is decreased), which is a main driving force for the attachment of NCs. Finally, the 

complete coalescence of NCs yields a new larger crystal. This phenomenon of oriented 

attachment has been experimentally observed in previous studies.25-27 In particular, Yoreo’s 

group directly observed the whole oriented attachment process of iron oxyhydroxide in real time 

using high resolution transmission electron microscopy (HRTEM).28 

 

Figure 1-9. Schematic illustration of the oriented attachment mechanism. After attachment, 

rotation, and recrystallization, small crystals coalesce into larger crystals. Adapted from Zhang 

et al.29. 
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In the Finke-Watzky two-step mechanism, the nucleation and growth processes take place 

simultaneously.30-31 This mechanism was firstly discovered in the preparation of iridium (Ir) NPs, 

which is schematically shown in Figure 1-10. A slow consecutive nucleation of Ir happens via 

the reduction of Ir ions by hydrogen (see Figure 1-10a), followed by an autocatalytic surface 

growth (see Figure 1-10b). The entire process was studied by the reduction of cyclohexene. It 

was found that the Ir nanoclusters act as “living-metal polymers”, which allows synthesizing a 

sequential series of increasing size nanoclusters by design. Here, four sequential series of Ir 

clusters, specifically Ir(0)~150, Ir(0)~300, Ir(0)~560, and Ir(0)~900 were achieved by Finke and co-

workers.30 

 

Figure 1-10. Schematic illustration of the Finke-Watzky two-step mechanism. Adapted from 

Perala et al.32. 

The intraparticle ripening was proposed by Peng and co-workers in studies of CdSe NCs,33-

34 which differs from the normal Ostwald ripening: it involves different crystal facets of a NC 

without interparticle ripening. In general, the intraparticle ripening takes places under specific 

conditions where the energy of monomers within the solution is lower than that of the crystal 

facets of NCs. In this case, there is no deposition of monomers on the surface of the NCs. Due to 

the presence of an energy difference between the crystal facets, the NCs are unstable, and they 
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tend to reshape to form a more stable structure by dissolution of higher energy facets and growth 

of lower energy facets, which is known as an intraparticle ripening process. 

1.2.5 Shape Control: Thermodynamic and Kinetic Consideration 

Thermodynamically, a NC with a fixed volume attempts to minimize its total surface 

free energy instead of total surface area.35 Therefore, the final shape is dominated by the 

crystalline facets with low surface energies. In 1901, Wulff36 developed a construction 

method (called Wulff construction) that allows one to determine the equilibrium shape of 

a NC. According to the Wulff construction theory, for a certain crystal facet (hkl), the 

energy (γhkl) required to create a surface of unit area on it along the direction of the vector 

[hkl] is roughly proportional to the distance of the facet to the crystal center. Hence, 

when the energy of all facets is known, then the equilibrium shape of a crystal can be 

easily plotted in a set of axes. A typical example is shown in Figure 1-11. 

 

Figure 1-11. Schematic illustration of an orthorhombic structure according to the Wulff 

construction. The equilibrium shape (gray region) is comprised in the lines corresponding to the 

low energy facets. Adapted from Barmparis et al.38. 
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The presented crystal has an orthorhombic structure with γ100 = γ110 = 1 2⁄  γ010. In a set of 

XY axes, the (100), (110), and (010) facets can be plotted at a distance a·γhkl (where a is a 

constant) of the origin of the axes. The inner envelop (gray region) enclosed by all 

plotted lines corresponds to the equilibrium shape. Such a prism-like equilibrium shape 

has been observed experimentally for orthorhombic CaCO3.37 

Apart from the thermodynamic factors, the kinetic ones also play an important role in 

shape-control of NCs. As pointed out by the LaMer’s theory (see Figure 1-6), the growth 

of a NC takes place in Phase III where the system is not in a thermodynamic equilibrium 

state. In this case, kinetic effects have to be taken into account. During the growth stage, 

the difference in growth rate on different crystal facets will dominate the shape of a NC. 

With a small difference, the NCs will extend in an isotropic growth mode, thereby 

forming spherical particles. In contrast, the NCs prefer to grow in an anisotropic mode 

when the difference is large and their final shape is therefore rod-like or sheet-like 

(platelet-like). The growth rate difference is hugely influenced by experimental 

parameters such as ligands, reaction temperatures, and monomer concentrations.  

Ligands can selectively passivate specific facets. As a result, the growth rate on the 

passivated facets is slowed down. Tuning the growth rate difference via the ligand 

passivation is an effective way to control the shape of a NC. A typical example was 

reported by Weller et al.26 in the synthesis of PbS NCs. Without 1,2-dichloroethane as 

ligand, cubic PbS NPs were synthesized. When 1,2-dichloroethane was added, other 

facets were passivated while the (110) facets remained exposed, resulting in a large 

growth rate difference between (110) and other facets. The fast growth on the active (110) 

facets finally forms PbS nanosheets (NSs). Temperature also plays a crucial role in 

adjusting the growth rate difference on different facets. In general, a low temperature will 

increase the slight energy difference between the facets and subsequently enhance the 

corresponding growth rate difference.39 Once the difference is large enough, the crystal 

will grow anisotropically. In addition to ligands and temperature, the growth rate 

difference can be also tuned by changing the monomer concentration. At a low monomer 

concentration, growth is faster on the high energy facets due to the preferential deposition 

of atoms, which results in a large growth rate difference between low and high energy 

facets. When the monomer concentration is high, the reaction will proceed so fast that 
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there is not enough time for atoms to selectively deposit on the high energy facets. In this 

case, the atoms do not favor any facets, and the growth rate difference is small. For 

example, Peng’s group achieved the shape control of CdSe NCs by tuning the monomer 

concentration.40-41 

1.3 Metal Chalcogenide Semiconductor Nanoplatelets  

1.3.1 Advantages of Semiconductor Nanoplatelets 

Quasi-two-dimensional (quasi-2D) semiconductor nanoplatelets (NPLs) with lateral 

dimensions in ranges of tens to hundreds nanometers, but ultrathin thicknesses, typically 

a few monolayers (MLs) thick, have emerged as a novel class of nanomaterials.42-44 This 

special 2D structure endows semiconductor NPLs some unique optoelectronic properties 

including high exciton binding energy, large absorption cross sections, and giant 

oscillator strength, which makes them promising for applications in lasing, catalysis, 

energy conversion and storage, and sensors.45-47 Additionally, the flat NPLs have 

extremely uniform thickness that can be precisely controlled at the atomic scale, which 

leads to narrower spectral line widths in absorption and emission compared to 1D 

nanorods (NRs) and nanowires (NWs).48 The uniformity contains two aspects: external 

uniformity and internal uniformity. In one batch, the synthesized NPLs usually possess 

monodisperse thickness (one population), which is called external uniformity. For one 

single NPL, the height in each area is constant, which leads to atomically flat structures 

(internal uniformity). These presented advantages have prompted researchers to explore 

the synthesis of semiconductor NPLs. 

1.3.2 Synthetic Strategies for Metal Chalcogenide Nanoplatelets 

The syntheses of metal chalcogenide NPLs can be classified into three categories, 

which is summarized in Figure 1-12. In the first approach, metal acetate or halide 

precursors are dissolved in long-chain amine solvents at a relatively low temperature 

(below 150 ℃). At the early stage of the reaction, the metal precursors and amines can 

form metastable lamellar structures via van der Waals attractions, which has been 

confirmed experimentally.44, 49-50 With the addition of anionic precursors, small clusters 
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(called “magic sized clusters”) form and then assemble into 2D platelets within these 

lamellar structures (path 1, see Figure 1-12). In 2006, Heyon’s group first synthesized 

colloidal CdSe nanoribbons with a thickness of 1.4 nm using the template-mediated 

assembly method.51 Shortly afterwards, other 2D metal chalcogenide nanostructures such 

as CdS52and CdTe53 NPLs were synthesized using similar strategies.  

In the second approach, the long-chain metal carboxylate precursors (or a mixture of 

metal acetate and long-chain carboxylic acids) are mixed with anionic precursors. The 

reaction usually takes place at a higher temperature compared to the first approach.54 The 

possible formation mechanism of the NPLs is described as path 2 (see Figure 1-12). The 

growth of NPLs starts with small clusters that can extend laterally through monomer 

addition with continuous reaction of precursors. The formed NPLs can be further 

extended to large sheets by second injection of precursors.55 Apart from the lateral 

dimension control, the thickness of the NPLs also can be tuned. Starting from 4.5 ML 

NPLs as seeds, Moreels’s group synthesized a series of CdSe NPLs with thicknesses 

between 5.5 and 8.5 ML.56 

It is interesting to note that the metal chalcogenide NPLs synthesized from the amine 

solvent (path 1) have a wurtzite (WZ) structure, while the ones obtained from the 

carboxylate (path 2) exhibit a zinc blende (ZB) structure. In 2010, Weller and co-

workers26 synthesized colloidal PbS NPLs with a rock salt crystal structure that is not 

found in path 1 and path 2. The formation of PbS NPLs can be assigned to 2D oriented 

attachment mechanisms. As shown in path 3 (see Figure 1-12), the well-defined 

nanoclusters attach laterally and form small patch-like structures. As the reaction 

proceeds, the unstable patches will coalesce into larger flat NSs via a surface 

reconstruction process. Some small holes can be found occasionally in the nanostructures 

synthesized through path 3. 
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Figure 1-12. Schematic illustration of different growth paths for metal chalcogenide NPLs. Path 

1: Lamellar structures guided assembly of magic sized clusters. Path 2: Lateral extension of 

small clusters with continuous addition of monomers. Path 3: Oriented attachment of small 

clusters. Adapted from Dubertret et al.57. 

1.3.3 Design of Core/Shell Nanoplatelets 

Core/shell NPLs exhibit a higher photoluminescence quantum yield (PLQY), reduced 

PL emission blinking, larger emitting spectral range, and enhanced stability in 

comparison to only-core NPLs, which has attracted the attention of researchers.54 In 

particular, the enhanced properties of core/shell NPLs lead to increasing interest in 

applications in lasers, light-emitting diodes, and biological imaging.58-59 
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The mostly reported core/shell NPLs can be divide into three types namely type-I, 

type-II, and quasi-type-II. In the case of type-I (see Figure 1-13a), the band gap of the 

shell material is larger than that of the core material, so that both electrons and holes are 

confined in the core. The main role of the shell is to passivate the surface defects of the 

core, and thus the PLQY of the core/shell NPLs is improved. For example, the growth of 

a ZnS shell on CdSe NPLs boosts the PLQY by up to 60%.60 Type-II core/shell NPLs 

displays staggered band alignments (see Figire 1-13b): either the valence band edge (BE) 

or the conduction BE of the shell material is located within the band gap of the core 

material. As a result, one of the charge carriers is confined in the core, while the other is 

in the shell. This distinct band alignment makes it possible to shift the optical features 

below the band gap of each material by tuning the shell thickness. In quasi-type-II 

core/shell NPLs (see Figure 1-13c), one of the charge carriers is confined in the core, 

whereas the other is delocalized throughout the whole core and shell. 

 

 

Figure 1-13. Schematic illustration of band alignments of core/shell semiconductor materials. 

The upper and lower edges of the rectangles correspond to the positions of the conduction and 

valence BEs of the core and shell materials, respectively. Adapted from Reiss et al.61. 

Inspired by syntheses of core/shell 0D QDs, high-temperature approaches such as 

heat-up60 and hot-injection62-63 have been employed to obtain core/shell NPLs. In such 

high-temperature approaches, the thermal stability of NPLs has to be taken into account, 

which can hugely affect the quality of the product. The Gibbs–Thomson equation (eq. 1-

10) for spherical particles can be transferred to squared m MLs thick NPLs with a lateral 

size L64 and then the solubility Sm(L) can be approximated as follows: 
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𝑆 (𝐿)  =  𝑆  exp[ (  + )],                    (1-11) 

where h is the height of a ML. Eq. 1-11 indicates that the solubility of a NPL is 

influenced by the thickness and the lateral size. Nevertheless, the thickness is much 

smaller than the lateral size. Hence the solubility of a NPL is dictated mainly by the 

thickness. Thanks to the ultrathin thickness (typically < Bohr radius), the NPLs has much 

lower thermal solubility compared to that of spherical particles, which makes it difficult 

to grow a shell on NPLs using the high-temperature approaches.  

Recently, low-temperature methods have been developed. A typical one is the 

colloidal atomic layer deposition (c-ALD) method that is applied firstly in the preparation 

of CdSe/CdS core/shell NPLs.65  Fabrication of a binary compound shell AB commonly 

consists of four steps: (i) deposition of the A layer; (ii) purge to remove excess unreacted 

A precursors; (iii) deposition of the B layer that reacts with the A layer on the surface; 

and (iv) purge to remove excess unreacted B precursors. One of the advantages of this 

method is that the procedure can be repeated until the desired number of layers is 

obtained. Thus, the shell thickness can be controlled precisely at the atomic scale, which 

still remains challenging in the high-temperature approaches. Additionally, the reaction 

between A and B takes place at room temperature, which avoids the poor thermal 

stability issue. This promising shell growth method has been extended to syntheses of 

other compound core/shell NPLs including CdSe/ZnS,60 CdSe/CdMnS,66 and 

CdSe/CdS/CdZnS67.  

1.3.4 Doping 

Doping, as a powerful strategy to tune the band gap of semiconductor NCs via 

creating electronic energy levels, has attracted much attention in the past decades. With a 

tiny amount of dopants introduced into the NCs, they can exhibit not only new optical, 

electronic, and magnetic phenomena, but also improved photo and thermal stability.68-70 

One of the goals for doped semiconductor NCs is to manipulate the PL performance. 

Generally, the dopant emission is red-shifted with respect to the band gap energy of the 

host. Therefore, the dopant emission is not absorbed by the host material, which 

minimizes the self-absorption issue. According to different types of dopants incorporated 
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into NCs, there are two scenarios for the generation of the dopant emission. The first case 

only involves the dopant d–d states.71-73 Upon excitation of the host, the energy of 

excitons is transferred to the dopant levels, and then electrons and holes recombine 

within the dopant site, followed by emitting light. In this case, the dopant emission is 

independent of the host band gap. In the second case, only one type of charge carriers 

(electron or hole) is transferred to the dopant site and the other is at the host site. The 

recombination of electron-hole involves the host and dopant energy states,74-75 and hence 

the dopant emission highly depends on the band gap of the host.  

Among the doped semiconductor NCs, transition metal ions, typically Mn2+, Cu+, and 

Ag+ ions, are mostly employed as dopants. Mn2+-doped NCs emit a typical orange light 

originating from the 4T1−6A1 d–d transitions of Mn2+ states,76-77 which belongs to the first 

scenario mentioned above. Although the Mn2+-related dopant emission is theoretically 

fixed, by changing the Mn2+ location, the type of ligands, and the Mn2+ concentration, the 

emission could also be tuned. In contrast, the dopant emission of Cu+- and Ag+- doped 

NCs can be tuned easily by changing the size of the host materials.78 

Till now, a number of synthetic routes including nucleation/growth doping, partial 

cation exchange, and diffusion-controlled doping have been developed for the fabrication 

of doped semiconductor NCs. However, some shortcomings are still present in many 

doped systems. First, it still remains difficult to disperse dopants homogeneously in the 

host matrix. The inhomogeneous distribution of dopant ions can result in reduced optical 

properties such as low PLQY and impure emission. Second, it has been experimentally 

observed that dopant ions in ultra-small hosts tend to be expelled and easily diffuse to the 

surface, which is called “self-purification” effect.71, 79 This is also detrimental to the 

optoelectronic properties of NCs. Third, controllable doping for achieving desired 

features is challenging. To solve these issues, many researchers have made great efforts. 

Peng’s group prepared Mn2+-doped ZnSe/ZnS core/shell QDs with nearly monodisperse 

electronic environment of Mn2+ ions using hot-injection method.80 It is found that a 

certain amount of fatty amine is necessary to disperse Mn2+ ions homogeneously. They 

also found that the “self-purification” effect can be suppressed largely during a fast 

reaction (within ~5 min). In addition, the authors grew an additional shell on the QDs to 

ensure that all Mn2+ ions were far away from the surface. Pradhan et al. successfully 
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obtained pure dopant emission in ZnSe NCs through decoupling doping from nucleation 

and/or growth.81 Cao and co-workers developed a three-step synthesis to achieve precise 

control of the Mn2+ ion radial position and doping level in core/shell dots.82 By tuning the 

dopant position, the PLQY was increased up to ~60%. In a recent report, Feng et al. 

realized atomically precise doping of supertetrahedral nanoclusters with Mn2+ ions.83 The 

dopant ions can be dispersed orderly to avoid the formation of clusters. 
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2.1 Introduction 

2.1.1 Background 

Ultrathin 2D semiconductor NCs with thicknesses below their exciton Bohr radius 

have attracted intensive research interests since the discovery of graphene.84-85 As briefly 

mentioned in Section 1.3.1 compared to 0D and 1D semiconductor NCs, 2D 

semiconductor NCs have highly anisotropic morphologies, leading to distinct features 

such as giant oscillator strength, strong quantum confinement effects, and reduced auger 

recombination rates.48, 86 To date, a wide variety of 2D nanomaterials with various 

compositions and crystal structures have been synthesized. According to their structures, 

these 2D nanomaterials can be roughly divided into two categories: layered and non-

layered materials. For a layered nanostructure, atoms are covalently bound within a layer 

but the atomic layers are connected by weak van der Waals forces. A typical example is 

graphite that consists of weakly stacked graphene sheets. In contrast, the non-layered 

materials form atomic bonding in all three spatial directions, thus 3D structures are 

favorable. Many metal chalcogenides (e.g. ZnSe, ZnS, and PbS) belong to non-layered 

structures. 

Among 2D nanomaterials, quasi-2D semiconductor NPLs with atomically precise 

thicknesses are attractive, because they show superior thickness-dependent optoelectronic 

properties and emerge as a new class of nanomaterials. To date, many efforts have been 

made to prepare semiconductor NPLs. The mostly studied ones are CdSe NPLs.48, 87-88 

However, the reports on ZnS NPLs are still scarce. In 2011, Pradhan’ group first obtained 

hexagonal ZnS NPLs by using the hot-injection method.89 In 2014, starting from CdS 

NPLs, Dubertret et al. prepared rectangular ZnS NPLs via a cation exchange approach.90 

Later on, the same group reported on direct synthesis of ZnS NPLs using a one-pot 

method.91 Nevertheless, no excitonic PL was reported for the mentioned structures. To 

the best of our knowledge, the synthesis of robust well-defined ZnS with high-quality is 

still a challenge. 

To obtain high-quality semiconductor nanostructures, shape control have to be taken 

into account because of shape-dependent optical and electrical characteristics.6, 34, 92 With 

the assist of a shape control strategy, semiconductor nanostructures can be tailored to 
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gain optimized properties. Several works have been made to achieve shape control in ZnS 

nanostructures. Wang et al. presented a one-pot solvothermal preparation of ZnS 

nanostructures from 0D NPs and 1D NWs to branched nanotetrapods in the presence of 

ethylenediamine (EN) as a soft template.93 Acharya et al. showed controllable synthesis 

of various ZnS nanostructures including nanodots (NDs), NRs, and NWs by varying the 

precursor concentration, capping ligands, and annealing temperatures.94 In addition to the 

shape control, the phase transition also plays a vital role in the manipulation of 

optoelectronic properties. It is known that ZnS exhibits polymorphism having two types 

of structure: the cubic ZB and the hexagonal WZ structure.95 Thanks to differences in the 

atomic arrangement, the ZB-ZnS and WZ-ZnS have quite different properties. For 

example, the WZ-ZnS was shown to produce a spontaneous polarization and internal 

electric field, leading to better charge carrier separation and transfer compared to the ZB-

ZnS.96 This makes WZ-ZnS attractive for more efficient photocatalytic processes and 

energy conversion. Besides, Cheng et al. found that the ZB-ZnS and WZ-ZnS exhibit 

obvious differences in chemical activities due to the different atom-terminated surfaces.97 

In general, ZB-ZnS is a low-temperature phase,98 while WZ-ZnS corresponding to the 

high-temperature polymorph forms at high temperatures (around 1023 ℃).99 Thus, it is 

difficult to achieve the phase transition between ZB and WZ, even if the temperature for 

the fabrication of WZ-ZnS has been reduced to 150 °C.100 Recently, Pradhan et al. 

achieved reversible ZB/WZ phase changes in ZnS nanostructures at 300 °C by 

insertion/ejection of Mn2+ ions.89 However, the obtained ZB-ZnS nanostructures were not 

pure, and the used temperature is still relatively high.  

2.1.2 Motivation 

In the past decade, colloidal Cd-based NPLs such as CdSe and CdS have exhibited 

superior optical and electronic properties based on their controlled thickness at the atomic 

scale, which attracts extensive attention. However, Cd-based NPLs are toxic. In 

comparison to CdSe and CdS, ZnS exhibits relatively low toxicity and has a large direct 

band gap of approximately 3.7−3.8 eV at room temperature. The small Bohr radius of 2.5 

nm and the large exciton binding energy of 40 meV make ZnS a promising candidate for 

electroluminescence, sensor, laser technology, and photocatalysis.101-102 Based on these
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advantages, one goal is to develop a simple and effective colloidal method to synthesize 

high-quality ZnS NPLs. As motioned above, semiconductor NCs show shape and phase 

dependent properties. Hence, the second goal is to tune the shape and phase of ZnS NCs 

by tuning the experimental parameters.  

2.2 Results and Discussion 

2.2.1 Synthesis of ZnS Nanoplatelets 

Soft-template approaches have been applied for syntheses of 2D CdSe, CdS, and 

CdTe plates,51-53 which show potential for the fabrication of 2D NCs. The formed 

metastable lamellar structures in soft-template-based syntheses can guide the growth of 

NCs into a 2D mode. Based on this, this promising approach was applied into the 

synthesis of ZnS NPLs. Here, octylamine (OTA) and oleylamine (OAm) were chosen as 

the soft-template for two purposes. First, it has been experimentally proven that OTA 

exhibits appropriate reactivity for the synthesis of lamellar-structured semiconductor 

NSs.44 Second, the long OAm molecular chain can serve to enhance the steric repulsion 

between organic layers, resulting in weakened interactions between NCs.44, 103 In a 

typical synthesis, zinc chloride (ZnCl2) and sulfur powder with a nominal Zn:S molar 

ratio of 1:3 were dissolved in a mixture of OAm and OTA, followed by purging with 

nitrogen at 100 ℃ for half an hour. Afterwards, the reaction solution was heated to 

150 °C for 6 h under nitrogen atmosphere. After cooling down, the resulting NCs were 

purified by precipitation with acetone/isopropanol and re-dispersion in toluene or hexane 

for further characterization. A TEM image (see Figure 2-1a) clearly shows that the 

resulting NCs have a platelet-like shape with lateral dimension of 7.1 ± 0.8 and 19.4 ± 

2.2 nm (see Figure 2-1b). X-ray diffraction (XRD) was performed to determine the 

crystal structure of the NPLs. The XRD pattern (see Figure 2-1c) indicates that the 

synthesized NPLs possess a hexagonal WZ phase of ZnS (ICPDS 00−080−0007). 
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Figure 2-1. Shape and phase characterization of ZnS NPLs. (a) TEM image of ZnS NPLs 

synthesized with a Zn:S molar ratio of 1:3 in the synthesis. The corresponding (b) size 

distribution histograms and (c) XRD pattern. At the bottom, the diffractogram of the bulk ZnS 

(wurtzite, ICPDS 00−080−0007) is shown. 

The finding of the WZ structure for the ZnS NPLs was confirmed by the selected area 

electron diffraction (SAED) analysis (see Figure 2-2a). A HRTEM image (see Figure 2-

2b) of an individual NPL exhibits well-resolved lattice fringe patterns, illustrating that 

the NPL is well crystallized. The observed lattice spacings were calculated to be 3.09 and 

3.27 Å, matching that of the (0001) and (10-10) planes of WZ-ZnS structure, respectively. 

The corresponding fast Fourier transform (FFT) (see Figure 2-2c) indicates that the [0001] 

and [10-10] directions span the basal plane of the NPL. Figure 2-2d exhibits the atomistic 

models for the WZ-ZnS NPLs, revealing that side (0001) facets are either Zn-rich (gray) 
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or S-rich (yellow), whereas the lateral (1-210) facets and side (10-10) facets exhibit a 

mixed composition of Zn and S. 

 

Figure 2-2. Structural characterization of ZnS NPLs. (a) SAED pattern, (b) HRTEM image, and 

(c) FFT pattern of ZnS NPLs synthesized with a Zn:S molar ratio of 1:3 in the synthesis. (d) 

Schematic illustration of the crystallographic nature of the ZnS NPLs. Gray: Zn atoms; yellow: 

S atoms. 

The thickness of the NPLs is 1.8 ± 0.2 nm, directly measured from TEM images of 

stacked NPLs that stand vertically on the TEM grid (see Figure 2-3a). According to the 

structural parameters of WZ-ZnS (see Figure 2-3b), the NPLs were estimated to have 5 

MLs along the thickness direction (1 ML corresponds to one crystal unit of WZ-ZnS). 
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Figure 2-3. Thickness characterization of ZnS NPLs. (a) TEM image shows that ZnS NPLs 

synthesized with a Zn:S molar ratio of 1:3 in the synthesis vertically stand on the TEM grid. (b) 

Scheme for the atomic arrangement of the WZ-ZnS NPLs. Gray: Zn atoms; yellow: S atoms. 

2.2.2 Optical Properties of ZnS Nanoplatelets 

The optical properties of ZnS NPLs were characterized by steady-state UV−vis 

absorbance and PL spectroscopy. A strong and narrow peak at λ = 283 nm (4.38 eV) in 

the absorption spectrum was observed (see Figure 2-4a), which can be attributed to an 

excitonic transition substantially enhanced by the Coulombic attraction between electrons 

and holes. The sharpness of the absorption peak suggests that the NPLs are homogeneous 

in thickness (one population). The PL spectrum exhibits a distinct emission band centered 

at 292 nm (4.25 eV) with a full width at half-maximum (FWHM) of 105 meV, revealing a 

Stokes shift of 9 nm (130 meV). In addition to the excitonic peak (4.38 eV), less 

pronounced peaks at 4.8 and 5.62 eV with a shoulder at 5.78 eV were shown in the 

absorbance spectrum (see Figure 2-4b). The appearance of several absorption features in 

the spectra of colloidal CdSe NPLs has been reported, which is attributed to electronic 

transitions from h0 (heavy-hole (hh) in ZB or A-band in WZ), h1 (light-hole (lh) in ZB or 

B-band in WZ), and h2 (spin−orbit (so) in ZB or C-band in WZ) valence bands to the e0 

(first conduction band or conduction band minimum (CBM)),48 as well as interband 

transitions from lower valence to higher conduction bands.104 Particularly, the main 

absorption peak of CdSe NPLs was shown to originate from hh−e0 and lh−e0 transitions,48 
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separated by ca. 180 meV for the ZB43 and 220 meV for the WZ NPLs.87 However, the 

splitting of the absorption bands based on the level structure of the top of the valence 

band was shown to be smaller for bulk ZnS films105 because of lighter atoms and hence 

weaker spin−orbit coupling. Pronounced hydrogenic 1s, 2s lines were observable even at 

room temperature, and the so−e0 transition smeared out after heating over 200 K. 

 

Figure 2-4. Optical characterization of ZnS NPLs. (a) UV−vis absorbance (black) and PL (red) 

spectra of ZnS NPLs synthesized with a Zn:S molar ratio of 1:3 in the synthesis. (b) (αhv)2 vs 

photon energy representation of the absorbance spectra for ZnS NPLs.  

To figure out the origin of the absorption features in the spectrum of ZnS NPLs, ab 

initio calculations using atomic effective pseudopotentials (AEPs)106-108 were performed 

in the framework of cooperation with the group of Prof. Gabriel Bester with 

contributions from Dr. Anastasia Karpulevich and Dr. Abderrezak Torche. A WZ-ZnS 

slab with a growth direction of [11-20] and a thickness (5 MLs) of 1.91 nm was used as 

the calculation model. From the theoretical simulation of the dipole transitions using Γ-

point wave functions, it can be concluded that the first absorption peak corresponds to a 

sum of three transitions, namely, from the h0, h1, and h2 nodeless states derived from the 

A-, B-, and C-bulk valence (WZ) bands to the e0 nodeless state CBM. The experimental 

absorption spectrum and the calculated dipole allowed transitions along with the 

eigenvalues and eigenfunctions are presented in Figure 2-5. 
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Figure 2-5. ab initio simulations of absorption features for the WZ-ZnS NPLs. (a) Normalized 

absorbance spectrum (black solid) of WZ-ZnS NPLs after subtraction of a scattering 

background along with calculated dipole transitions (red dashed). The first exciton energy was 

fitted to the experimental value and a temperature broadening was applied to the results. (b) 

Single particle eigenvalues at Γ-point (left) and 1d atomistic wave functions (right) of the 

relevant near-band gap states (see experimental section). Atomic structure of the ZnS slab used 

in the simulations (bottom right). 
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It appears that the observed first absorption peak is dominated by the third valence band 

state (h2), which has an offset from the valence band maximum (VBM or h0) less than 

100 meV. Obviously, the dominant h2 state in the absorption peak contributes to the 

observed considerable Stokes shift. The calculations show that crystal field and 

spin−orbit splitting between hh, lh and so states in the valence band for the 2D ZnS NPLs 

with experimental thickness (1.82 nm) are in the range of tens of meV and hence not 

large enough to produce experimentally distinct absorption peaks. The latter two peaks 

(4.8 and 5.62 eV) and the weak shoulder (5.78 eV) correspond to h4−e1 transition, h1−e3 

transition, and h5−e2 transition, respectively. 

The agreement between the calculations and the experimental results is qualitatively 

good with some quantitative differences. It can be seen that the second simulated peak 

(4.87 eV) slightly shifts to higher energy and the third simulated peak (5.62 eV) and 

shoulder (5.6 eV) slightly shift to lower energy compared to the experimental peaks. Note 

that the band gap of the single NPL in simulations is 4.25 eV, which is over 100 meV 

below the experimental result. The differences are attributed to the lack of correlation 

effects in the calculations and possibly the presence of out-of-plane strain, which would 

explain our underestimated band gap. Indeed, owing to surface reconstruction, the 

interatomic distances may be altered leading to the appearance of strain and to a shift of 

bands.109 Analyzing the XRD data (see Figure 2-1c), it is noted that the (002) reflex 

corresponding to the lateral direction exactly coincides with the reference. However, the 

(10-10) and (10-11), which contains information from directions piercing the flat basal 

plane of NPLs at an angle different from zero, shift to higher angles. This might be 

attributed to the presence of compressive strain in the thickness direction. In any case, the 

large blue shift (ca. 0.6 eV) of the excitonic absorption peak relative to the bulk WZ-ZnS 

band gap (3.77 eV)110-111 indicates the existence of a very strong 1D quantum 

confinement effect,112 which is mainly attributed to the ultrathin thickness of the NPLs. 

The present results explain the relatively large broadening of the first absorption band in 

comparison with the PL and absorption broadening of CdSe NPLs since it consists of 

unresolved hh-, lh-, and so-valence band contributions (h0,1,2−e0 transitions) in the case of 

the WZ-ZnS NPL. 
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2.2.3 Formation Mechanism of ZnS Nanoplatelets 

The formation of the ultrathin ZnS NPLs is ascribed to the soft-template-guided 

growth mechanism. It has been reported that the alkylamines and inorganic metal halides 

can form a lamellar structure via van der Waals attractions between hydrocarbon side 

chains of the alkylamine.44, 49-50 Such a lamellar structure can direct the lateral growth of 

NCs to form 2D NSs and NPLs. 

To verify the presence of the [ZnCl2 (OTA, OAm)x] lamellar structure (x represents 

the total number of N atoms in OTA and OAm molecules coordinated with Zn atoms), the 

following control experiments were conducted. A certain amount of ZnCl2 dissolved in a 

mixture of OTA and OAm was degassed at 100 °C for half an hour. After cooldown, the 

precipitate was collected by addition of acetone to the reaction solution, centrifugation, 

and removal of the supernatant. A representative solution 1H nuclear magnetic resonance 

(NMR) spectrum of the purified product is shown in Figure 2-6a. From this spectrum (see 

Figure 2-6a, blue), the characteristic resonances of OTA and OAm at 2.6 and 5.3 ppm can 

be observed, indicating that the product is composed of OTA and OAm. The formation of 

the [ZnCl2 (OTA, OAm)x] complex was confirmed by a TEM image (see Figure 2-6b) of 

the product (Inset: white solid dissolved in hexane) collected upon precipitation. From 

the TEM image, irregular bundled strands with weak contrast can be clearly seen, 

suggesting that they mainly consist of organic species. The XRD pattern (see Figure 2-6c) 

shows that the complex possesses a lamellar structure. The series of XRD peaks can be 

assigned to “00l” (l = 1, 2, 3, 4, ...) with a layer spacing (d) of ∼4.56 nm that 

approximately equal to the double length (4.88 nm) of the OAm molecule chain. The 

length of the OAm molecule chain is calculated to be 2.44 nm according to the formula, L 

(nm) = 0.15 + 0.127n,113 where n is the number of carbon atoms in the alkyl chain. The 

slight difference (ca. 0.32 nm) could be ascribed to two reasons. First, it is important to 

note that the calculated value (2.44 nm) for the case where the alkyl chain of OAm is 

fully expanded,113-114 whereas the actual value of the OAm length should be smaller than 

2.44 nm due to the bending of the molecule chain in the reaction solvent. Second, the 

interpenetration (η) of the OAm molecule chains leads to a decrease in the interlay 

distance. Similar interpenetration structures of the OAm bilayer has been reported in the 

synthesis of CdSe nanobelts.115 
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Figure 2-6. Characterization of the soft templates. (a) 1H NMR of [ZnCl2 (OTA, OAm)x] 

complex in CDCl3. The peaks are indexed as indicated in the spectrum. OTA (black), OAm 

(red), [ZnCl2 (OTA, OAm)x] complex (blue), and acetone (solvent) marked with an asterisk. (b) 

TEM image and photograph (inset) of the [ZnCl2 (OTA, OAm)x] strands formed from OTA, 

OAm, and ZnCl2. (c) XRD pattern for the polymer strands. 

Based on the above experimental results, the estimated overall synthetic procedure 

for the ZnS NPLs can be described with the schematics in Figure 2-7. At the initial stage 

of the reaction, ZnCl2, OTA, and OAm assemble into the [ZnCl2 (OTA, OAm)x] lamellar 

structure at 100 °C. The newly formed [ZnCl2 (OTA, OAm)x] complex is employed as a 
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soft template to guide 2D growth of ZnS NCs. With further increase of the temperature, 

ZnS NPLs capped with OTA/OAm are obtained. 

 

Figure 2-7. Schematic illustration of the formation of the ultrathin WZ-ZnS NPLs. 

2.2.4 Influence of Oleylamine/Octylamine as Ligands 

In the template-guided synthesis, the soft templates apparently play an important role 

in affecting the morphology of the final products. Here, the volume ratio between OAm 

and OTA (R = VOAm / VOTA) was tuned and other parameters were fixed. A series of TEM 

images (see Figure 2-8, a−g) show the morphology evolution of ZnS NCs upon varying R. 

When only OAm was added, small ZnS NPs with irregular shapes were synthesized (see 

Figure 2-8a). A similar result was seen (see Figure 2-8b) as R was set to 8/1. This is not 

surprising, because the OAm volume is still dominant. R then was decreased to 2/1 and 

rectangular ZnS NPLs with uniform size were prepared (see Figure 2-8c). This 

observation indicates that a proper amount of OTA is essential for the formation of NPLs. 

With further decreasing R to 1/1, irregular NPs formed in addition to the ZnS platelets 

(see Figure 2-8d). When the OTA volume fully exceeded the OAm volume (R < 1/1), 

aggregated ZnS NSs with different contrast were observed (see Figure 2-8, e−g). The 

aggregation of NSs is probably due to the lack of long-chain ligands on the particle 

surface. Apart from the morphology evolution, it is also found that the size of the product 

increased dramatically with decreasing R, which could be related to the reaction activity 

of the mixed solvent. The crystal structure of the products obtained at different R was 

determined by XRD. It turns out that all the products have a WZ structure of ZnS (ICPDS 

00−080−0007) (see Figure 2-9). 
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Figure 2-8. Influence of the volume ratio between OAm and OTA on the shape of ZnS NCs. 

TEM images of (a, b) small ZnS NPs (pure OAm, R = 8/1), (c) ZnS NPLs (R = 2/1), (d) a 

mixture of ZnS NPLs and NPs (R = 1/1), and (e−g) ZnS NSs with irregular shapes (R = 1/2, 1/8, 

and pure OTA). 

The R-dependent experiments demonstrate that both OTA and OAm take part in the 

assembly of the soft template needed for the formation of the ZnS NPLs with uniform 

thickness, indirectly confirming that the bilayer structure is responsible for the 2D 

formation of ZnS. However, the phase choice (WZ) was not dependent on R. 
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Figure 2-9. Influence of the volume ratio between OAm and OTA on the crystal structure of 

ZnS NCs. XRD patterns of ZnS NCs synthesized with different volume ratios between OAm 

and OTA. At the bottom (WZ, ICPDS 00-080-0007), the diffractograms of the bulk ZnS is 

shown. The XRD patterns are vertically shifted for clarity. 

2.2.5 Shape/Phase Transformation of ZnS Nanocrystals 

In addition to the volume ratio between OTA and OAm, the influence of the amount 

of sulfur on the shape and phase of ZnS was studied in detail. A series of syntheses with 

varying the amount of sulfur while keeping all other parameters constant were conducted. 

It is noted (see Figure 2-10, a−f) that the shape of ZnS NCs changes upon increase of the 

amount of sulfur. With a small amount (0.45 mmol) of sulfur, homogenous ZnS NPLs 

were synthesized (see Figure 2-10a). When the amount of sulfur was increased from 0.45 

to 4.05 mmol, the shape of NCs changed from NPLs to a mixture of NPLs and NRs (0.90, 

1.35, and 2.70 mmol, see Figure 2-10, b−d) to NRs (4.05 mmol, see Figure 2-10e). The 

average diameter of the rods is 2.8 ± 0.3 nm (see Figure 2-11, blue) directly measured 

from TEM images. Further increase in the amount of sulfur to 8.1 mmol, thicker rods 

with a mean diameter of 3.6 ± 0.4 nm were obtained (see Figure 2-11, olive).  
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Figure 2-10. Shape transformation of ZnS NCs controlled by the amount of sulfur. TEM 

images of (a) ZnS NPLs (0.45 mmol), (b−d) a mixture of ZnS NPLs and NRs (0.90, 1.35, and 

2.70 mmol), and (e, f) ZnS NRs (4.05 and 8.10 mmol). The scale bars represent 20 nm. 

 

Figure 2-11. Size distribution histograms of ZnS NRs synthesized with 4.05 (blue) and 8.1 

(olive) mmol sulfur, respectively. 
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The sulfur-dependent shape evolution of the ZnS NCs shows that the NPLs are 

formed preferentially at a relatively small amount of sulfur. When the amount of sulfur 

was continually decreased to 0.3 and 0.15 mmol, only small ZnS NPs with irregular 

shapes were obtained (see Figure 3-12a and b). This result suggests that the minimum 

required amount of sulfur for the formation of the NPLs is around 0.45 mmol.  

 

Figure 2-12. Shape transformation of ZnS NCs controlled by the amount of sulfur. TEM 

images of ZnS NCs synthesized with (a) 0.15 and (b) 0.3 mmol sulfur, respectively. 

To study the influence of the amount of sulfur on the crystal structure of ZnS NCs, 

XRD was performed. The XRD patterns (see Figure 2-13) reveal that a change in the 

crystal structure from WZ to ZB occurred, accompanied by the shape evolution of ZnS 

NCs from NPLs to NRs (see Figure 2-10) with the amount of sulfur. At a small amount 

(0.45 mmol) of sulfur, the characteristic diffraction peaks correspond to the WZ structure 

of ZnS (ICPDS 00−080−0007). Upon increase in the amount of sulfur from 0.45 to 2.7 

mmol, the hexagonal (100), (101), (102), and (103) peaks diminish gradually, while the 

characteristic peaks of cubic (111), (220), and (311) planes corresponding to the ZB 

structure of ZnS (ICPDS 00−077−2100) become discernible. When the amount of sulfur 

exceeds 2.7 mmol, the XRD pattern (see Figure 2-13, cyan and pink) displays all 

characteristic peaks of the ZB-ZnS pattern without impurity peaks. It was reported that 

the width of the diffraction peaks correlates with the growth direction for the ZB-ZnS 
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NWs.116 A narrow peak and a broad peak are assigned to long axis directions and short 

axis directions, respectively. Thus, for the ZB-ZnS NRs, the narrowest (111) and broadest 

(220) peaks uncover that the long axis grows along [111] direction and the short axis is 

along [220] direction. Besides, it is discovered that the (220) peak corresponding to the 

diameter of NRs narrows (FWHM: from 2.9 to 2.4 degree) as the amount of sulfur is 

increased from 4.05 to 8.1 mmol, indicating that the average crystallite sizes are larger. 

The mean diameters of the two different NRs, as estimated from Scherrer’s equation by 

fitting the (220) XRD peak, are 2.99 and 3.63 nm, which is nearly consistent with the 

sizes determined by the TEM observations. 

 

Figure 2-13. Phase transformation of ZnS NCs controlled by the amount of sulfur. XRD 

patterns of ZnS NCs synthesized with increasing amounts of sulfur. At the bottom (WZ, ICPDS 

00−080−0007) and the top (ZB ICPDS 00−077−2100), the diffractograms of the bulk ZnS are 

shown. The XRD patterns are vertically shifted for clarity. 

The ZB structure of the ZnS NRs is confirmed by SAED pattern, HRTEM image, and 

FFT pattern. The SAED pattern (see Figure 2-14a) corresponds to reflections from two 
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crystal planes, indicating (111) and (220). The distinct lattice spacings shown in the 

HRTEM image (see Figure 2-14b) were measured to be ~3.13 Å, matching the (111) 

plane spacing of the bulk cubic ZB-ZnS structure (ICPDS 00−077−2100). It is also 

observed that the [111] crystallographic axis is parallel to the long axis of the rod, 

indicating that the rod grows along the [111] direction, a thermodynamically favorable 

growth direction of ZB-ZnS.116 This observed [111] growth direction is supported by the 

corresponding FFT pattern (see Figure 2-14c), which is consistent with the XRD 

observations (see Figure 2-13). The atomic models for the ZB-ZnS NRs as discussed 

above are shown in Figure 2-14d, revealing that the basal (111) facets are either Zn-rich 

(gray) or S-rich (yellow), while the side {110} and {11-2} facets are mixtures of Zn and 

S. In addition, the energy dispersive X-ray (EDX) spectrum of the rods (see Figure 2-15) 

suggests the atomic ratio of Zn:S to be 0.95:1, in agreement with the stoichiometric ratio 

of ZnS compound. 

 

Figure 2-14. Structural characterization of ZnS NRs. (a) SAED pattern, (b) HRTEM image, and 

(c) FFT pattern of ZnS NRs synthesized with a Zn:S molar ratio of 1:27 in the synthesis. (d) 

Schematic illustration of the crystallographic nature of the ZnS NRs. Gray: Zn atoms; yellow: S 

atoms. 
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Figure 2-15. Component characterization of ZnS NRs. EDX spectrum of ZnS NRs synthesized 

with a Zn:S molar ratio of 1:27 in the synthesis. 

The optical properties of ZnS NRs were characterized by UV−vis absorbance and PL 

spectra. The absorption spectrum (see Figure 2-16a, black curve) shows a continuum-like 

absorption ranging from the blue to the ultraviolet region. A shoulder absorption peak 

appears at 305 nm in the spectrum, which is attributed to the BE absorption onset. The 

band gap value (Eg) of the NRs, as estimated by the Tauc linearization, is ~3.87 eV (see 

Figure 2-16b) slightly blue-shifted by 0.15 eV compared to the bulk ZB-ZnS band gap 

(3.72 eV).111, 117 This small blue-shift in the optical band gap implies a weak quantum 

confinement effect, which is in agreement with recent ab initio simulations of ZnS 

NRs.118 The PL spectrum (see Figure 2-16a, red curve) exhibits a broad and asymmetric 

emission band consisting of peaks at 335 and 359 nm and weak shoulders at 395 and 468 

nm, respectively. These peaks can be ascribed to the BE emission (335 nm, 3.7 eV), the 

exciton emissions at interstitial S (359 nm, 3.45 eV) and Zn (395 nm, 3.14 eV), and the 

dangling S bonds at the interface of ZnS (468 nm, 2.65 eV).25, 119 In the current case, the 

well-known deep-trap emission around 450 nm (2.76 eV) generated from surface sulfur 
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vacancies is not observed,25, 120 which can be explained by the excess sulfur in the rods as 

demonstrated by the EDX analysis (see Figure 2-15). 

 

Figure 2-16. Optical characterization of ZnS NRs. (a) UV−vis absorbance (black) and PL (red) 

spectra of ZnS NRs synthesized with a Zn:S molar ratio of 1:27 in the synthesis. (b) (αhv)2 vs 

photon energy representation of the absorbance spectra for ZnS NRs. The band gap (Eg) of ZnS 

NRs is analyzed from the UV−vis absorbance spectra by calculating the absorption coefficient 

(α). Eg is calculated by using the relation for direct band gap semiconductors: (αhv)2 = Eg − hv. 

The sulfur-dependent syntheses show that the shape control of ZnS NCs can be 

realized simply by varying the amount of sulfur. Recently, Peng and co-workers showed 

that the shape-evolution was correlated with the monomer concentration.40-41, 121 For a 

given solution system, a high monomer concentration can support the growth of NCs in 

1D growth stage, which generates rod-shaped NCs. In contrast, the dot-shaped NCs are 

preferentially formed due to the 3D growth stage at a low monomer concentration. In our 

case, it is clearly observed that the shape of ZnS NCs changed from dots to rods when the 

amount of sulfur was increased from 0.15 to 8.1 mmol, which is in line with Peng’s 

growth mode. Furthermore, both the HRTEM image (see Figure 2-14b) and FFT pattern 

(see Figure 2-14c) confirm the 1D growth stage. Thus, the formation of the ZnS NRs is 

attributed to the effect of the high monomer concentrations.   
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2.3 Conclusions 

In this work, a relatively simple, robust and effective method was developed for the 

synthesis of colloidal atomically precise ZnS NPLs. The resulting ZnS NPLs with well-

defined structures exhibit narrow excitonic emission that has not been observed in 

previous reports. The observed optical features such as a considerable Stokes shift and 

several excitonic peaks in the absorption spectrum were confirmed by ab initio based 

calculations. It reveals that the observed absorption and emission bands arise from 

electronic interband transitions (h0,1,2−e0, h4−e1, h1−e3, h5−e2), and the splitting of hh-, lh-, 

and so-sublevels contributes merely to the broadening of excitonic transitions observed at 

room temperature. Moreover, a precise shape/phase control in ZnS NCs was achieved at a 

relatively low temperature (150 °C). By increasing the amount of sulfur, the shape was 

tuned from NPLs to NRs and the phase was transformed from WZ to ZB, which is 

confirmed by TEM, XRD, SAED, HRTEM, and FFT. The shape/phase transformation can 

be attributed to changes in nucleation and growth of NCs induced by different reactant 

concentrations. A phase switch of NPLs from WZ to ZB by tuning of the synthetic 

parameters (sulfur amount, volume ratio between OAm and OTA, reaction temperature, 

and reaction time) was unrealized revealing strong linking of the shape and crystal phase 

of the ZnS NCs. The evolution of the shape and phase shown in this chapter endows the 

nanomaterials with tunable optoelectronic properties, making them potentially attractive 

for optoelectronic and catalytic applications. 

2.4 Experimental Section 

2.4.1 Chemicals 

Zinc chloride (97+%), octylamine (OTA, 99+%) and methanol (99.8%) were 

purchased from Acros. Sulfur powder (99.998%) and oleylamine (OAm, 70%) were 

ordered from Sigma-Aldrich. Toluene (99.5%), isopropanol (99.7%), and hexane (95%) 

were purchased from VWR. Acetone (99%) was purchased from Th. Geyer. Chloroform-d 

(CDCl3, 99.80%) was ordered from Euriso-Top. Tetramethylsilane (TMS, 100%) was 

purchased from Deutero. All chemicals were used without further purification. 
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2.4.2 Synthesis of ZnS Nanoplatelets 

Standard Synthetic Procedure for ZnS NPLs. In a typical synthesis, 0.15 mmol 

(20.4 mg) of ZnCl2 and 0.45 mmol (14.4 mg) of sulfur powder were dissolved in a 

mixture of 5 mL OTA and 10 mL OAm in a round-bottom three-necked flask (25 mL) 

equipped with a septum and a thermocouple in a glass mantle. The mixed solution was 

purged with nitrogen at 100 ℃ for 30 min under vigorous stirring. Then the reaction 

solution was heated to 150 ℃ and maintained for 6 h at this temperature with 

magnetically stirring under nitrogen atmosphere. After the reaction, the solution was 

cooled down naturally to room temperature by removing the heating mantle. The 

resulting NCs were purified by precipitation with a mixture of acetone/isopropanol (1 : 1 

vv), centrifugation, removal of the supernatant, and re-suspension in hexane or toluene 

for further characterization. 

Synthesis of a mixture of ZnS NPLs and NRs. The synthetic procedure was the 

same as that for ZnS NPLs, except that the amounts of sulfur powder in each experiment 

were 0.9, 1.35, and 2.70 mmol, respectively. 

Synthesis of ZnS NRs. The synthetic procedure was the same as that for ZnS NPLs, 

except that the amounts of sulfur powder in each experiment were 4.05 and 8.1 mmol, 

respectively. 

2.4.3 Preparation of the Soft Template 

Preparation of the [ZnCl2 (OTA, OAm)x] soft template. The synthetic procedure 

was similar to that for ZnS NPLs, except that 0.15 mmol of ZnCl2 without sulfur powder 

was added to a mixture of 5 mL OTA and 10 mL OAm. After the reaction, the resulting 

products were purified by precipitation with acetone, centrifugation, removal of the 

supernatant, and re-suspension in hexane for further characterization. For the 1H NMR 

characterization, the samples were re-dispersed in CDCl3. 
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2.4.4 Characterizations and Simulations 

TEM and SAED. TEM images and SAED patterns were performed on a JEOL Jem-

1011 microscope at an acceleration voltage of 100 kV. Samples for the TEM and SAED 

analyses were prepared by drop-casting 10 μL of the dilute NC dispersion onto carbon-

coated copper grids.  

HRTEM and EDXS. HRTEM images and EDX spectra were obtained with a Philips 

CM 300 UT microscope operated at an acceleration voltage of 200 kV.  

XRD. XRD measurements were performed with a Philips X’Pert PRO MPD 

diffractometer with monochromatic X-Ray radiation from a copper anode with a 

wavelength of 0.154 nm (CuKα). Samples for the XRD analysis were prepared by drop-

casting a few μL of the concentrated NC solution onto silicon wafer substrates with 

subsequent solvent evaporation.  

UV−vis absorbance and PL spectra. UV−vis absorbance and PL spectra were 

obtained with a PerkinElmer Lambda 25 two-beam spectrometer and a Horiba 

Fluoromax-4 spectrometer, respectively. Samples were prepared by adding a few μL of 

the NC solution into 3 mL hexane in quartz vessels with an optical path length of 10 mm.  

1H NMR. 1H NMR spectra were recorded on a Bruker AVANCE 400 MHz 

Spectrometer (AV4002), and referenced to TMS as the internal standard. 

ab initio simulations. The simulations were performed in cooperation with the group 

of Prof. Gabriel Bester (University of Hamburg) (contributions from Dr. Anastasia 

Karpulevich and Dr. Abderrezak Torche). The DFT-LDA based atomic effective 

potentials106 with non-local beta-correction,122 spin-orbit coupling,108 and pseudo 

hydrogen passivation of the surface107 were used. Absorption spectra were modeled by 

calculations of the dipole transitions matrix elements within independent particle 

approximation.123 Temperature-dependent broadening of the dipole transitions was 

implemented according to a previous work reported by Sun and co-workers.124 
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3.1 Introduction 

3.1.1 Background 

Since the first milestone in the preparation of Mn2+-doped ZnS (ZnS:Mn) QDs,125 

doping of ZnS NCs with Mn2+ ions has been extensively explored due to advantages of 

low toxicity and high thermal and environmental stability. Besides, the absorption of ZnS 

NCs is limited to the UV-blue range. Doping ZnS with Mn2+ ions can lead to a large red-

shift of emission with respect to the ZnS absorption, which can effectively avoid self-

absorption. Recently, numerous approaches have been developed to fabricate ZnS:Mn 

QDs.76, 126-127 Apart from 0D ZnS QDs, Liu and co-workers doped 1D ZnS QRs with 

Mn2+ ions, and the resulting Mn2+-doped QRs had a high PLQY of up to 45%.128 Despite 

the syntheses of the ZnS:Mn dots, rods, and wires have been reported, the literature 

related to the ZnS:Mn NPLs is scarce. As far as I know, only one work showed the 

preparation of colloidal ZnS:Mn NPLs by a post-synthesis treatment so far,89 but the as-

synthesized ZnS:Mn NPLs were quite unstable at room temperature. The Mn2+ ions are 

ejected immediately from the ZnS NPLs when the temperature is below 180 °C. This 

research reflects that the synthesis of ZnS:Mn NPLs still remains a big challenge. 

3.1.2 Motivation 

In Chapter 2, ultrathin colloidal ZnS NPLs were successfully synthesized and display 

the advantage of superior excitonic absorption and fluorescence properties in the UV 

range. To investigate the excitonic features further, doping the ZnS NPLs with Mn2+ ions 

was taken into account.  

The ZnS NPLs represent an attractive choice as a matrix for Mn2+ ions. First of all, 

zinc and manganese ions in tetrahedral coordination have similar ionic radii (74 vs 80 

pm),129-130 which is beneficial for insertion of Mn2+ ions into a Zn-containing matrix. 

Because of the strong quantum confinement in NPLs, the matrix absorption and Mn2+ 

emission can be separated in the spectrum by more than 2 eV. Moreover, it is found that 

the WZ phase of ZnS shows enhanced spontaneous polarization being able potentially to 

influence the dopant PL.96 Altogether, this creates a perspective nonexplored platform for 

low-toxic energy conversion units with no self-absorption and dramatically enhanced 
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oscillator strength. However, as mentioned above, the synthetic methods for stable 

colloidal ZnS:Mn NPLs are lacking, which promotes us to explore an effective and 

“green” synthetic route. Besides, doping the ZnS NPLs with Mn2+ ions can open a new 

avenue for ZnS NPLs. The investigation of the relationship between excitons of ZnS and 

Mn2+ ions is helpful to understand the relaxation mechanisms for the excited charge 

carriers in NPLs. 

3.2 Results and Discussion 

3.2.1 Structural Characterizations of ZnS:Mn Nanoplatelets 

Colloidal ZnS:Mn NPLs were synthesized by adapting the soft-template method. This 

method is similar to that for the synthesis of ZnS NPLs except that Mn(OAc)2 was added. 

The experimental parameters such as temperature, reaction time, and molar ratio of Zn 

and S have been optimized to obtain the most stable and homogeneous product in the 

synthesis of ZnS NPLs. Thus, the parametric window for the doped NPLs was very 

narrow. In a typical synthesis, the nominal Mn:Zn:S molar ratio was set as x:1:3, where x 

can be varied between approximately 0.03% and 16%. After reaction, the resulting 

product was purified by precipitation with acetone/isopropanol and re-dispersion in 

toluene or hexane for further characterization. 

An exemplary TEM image (see Figure 3-1a) of the as-synthesized ZnS:Mn (x = 4%) 

nanostructures shows that they have a platelet-like shape similar to the undoped NPLs 

(see Figure 3-1b). The HRTEM image (see Figure 3-1c) and FFT pattern (see Figure 3-1d) 

reveal that the doped NPLs are well crystallized. The interplanar spacings shown in 

Figure 3-1c were measured as 3.09 and 3.27 Å, corresponding to the (0001) and (10-10) 

planes of WZ-ZnS, respectively. The crystal structure of the NPLs with and without Mn2+ 

doping was compared using XRD. It is found (see Figure 3-1e) that the doped NPLs have 

the same phase (WZ-ZnS, ICPDS 00-080-0007) as that of the undoped NPLs, suggesting 

that doping has no obvious influence on the crystal structure of the NPLs.  
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Figure 3-1. Shape and phase characterization of the doped and undoped NPLs. TEM images of 

(a) doped and (b) undoped NPLs synthesized with an Mn:Zn:S ratio of 0.04:1:3 and 0:1:3 in the 

synthesis, respectively. (c) HRTEM image and (d) the corresponding FFT pattern of an 

individual doped NPL. (e) XRD patterns of the undoped (red) and doped (blue) NPLs. Vertical 

lines indicate the bulk WZ-ZnS pattern (ICDD card no. 00-080-0007). The XRD patterns are 

vertically shifted for clarity. 

The EDX spectrum (see Figure 3-2) confirms the presence of an Mn component in 

the doped NPLs, showing the atomic ratio of Mn:Zn:S to be 0.02:1:1.1, different than the 

ratio of 0.04:1:3 as set for the precursors. To accurately determine the content of Mn in 

the NPLs, inductively coupled plasma optical emission spectroscopy (ICP-OES) was 
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performed and the result will be discussed below. Additionally, the atomic ratio of Zn:S 

is found to be 1:1.1, which is close to the stoichiometric ratio of ZnS compound, 

indicating a slight zinc deficiency. 

 

Figure 3-2. Component characterization of ZnS:Mn NPLs. EDX spectrum of ZnS:Mn NPLs 

synthesized with a nominal Mn:Zn:S ratio of 0.04:1:3. The atomic ratio of the Mn:Zn:S is listed 

in the tables. 

3.2.2 Optical Properties of ZnS:Mn Nanoplatelets 

The optical properties of doped NPLs (x = 4%) were characterized by steady-state 

UV−vis absorbance and PL spectroscopy. The absorbance spectra (see Figure 3-3, left) 

show that the doped and undoped samples possess nearly identical spectral features, 

manifesting that the electronic structure of the host was unaltered when Mn2+ ions were 

added. A narrow excitonic absorption peak centered at 283 nm (4.38 eV) is clearly 

observed, reflecting a high uniformity in thickness (5 MLs thick, 1.8 nm) of the doped 

NPLs.131 The PL spectra of the samples with and without doping were recorded with an 

excitation wavelength of 260 nm. Note that the prominent peak at 520 nm in the spectra 
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is not a PL signal, but a signal originating from the second diffraction order of the 

excitation light. A smaller peak around 560 nm can be assigned to the second diffraction 

order of the Raman signal from the solvent (hexane).128 The PL spectrum of doped NPLs 

(Figure 3-3, right) displays an emission band centered at 601 nm (2.06 eV) with a FWHM 

of ~237 meV, which is not observed in the PL spectrum of undoped NPLs. This band can 

be assigned to the 4T1−6A1 transitions of Mn2+ ions.76-77 A typical orange emission of the 

ZnS:Mn sample is observed by eye, as proven by a photograph of a NPL-coated cover 

slide under UV illumination (inset in Figure 3-3), which is a clear indication of the 

successful doping of the ZnS crystal lattice with Mn2+ ions. 

 

Figure 3-3. Optical characterization of doped and undoped NPLs. Left: UV−vis absorbance 

spectra of undoped (black) and doped (red) NPLs. The spectra are vertically shifted for clarity. 

Right: The corresponding steady-state PL spectra (λexc = 260 nm). The inset shows a photograph 

of the doped NPL dispersion under UV illumination. The scattered light of the lamp (narrow 

peaks at 520 nm) and the solvent (hexane) Raman peaks (marked with an asterisk) are also 

detected.  

The PL excitation (PLE) spectrum of doped NPLs was recorded for which the 

detection wavelength was set to 600 nm. The intense feature at 300 nm (see Figure 3-4a, 

red solid) is again a signal from the second diffraction order of the spectrometer grating. 
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It is found that the PLE spectrum of the Mn2+ emission resembles the absorbance 

spectrum (see Figure 3-4a, black dashed), indicating that upon ZnS excitation an energy 

transfer from the host material to the dopant occurs before the Mn2+ PL is emitted. This 

finding of the energy transfer is further supported by comparison of the PL spectra of 

undoped and doped NPLs (see Figure 3-4b). Here, the excitation wavelength was set to 

280 nm for two purposes. First, this excitation wavelength is in resonance with the 

exciton absorption, which significantly increases the PL intensity of the sample. 

 

Figure 3-4. Optical characterization of doped and undoped NPLs. (a) UV−vis absorbance 

(black dashed) and PLE (red solid) spectra of doped NPLs monitored at 600 nm. (b) PL spectra 

of undoped (purple) and doped (orange) NPLs (λexc = 280 nm). (c) PL spectra of doped NPLs 

with different excitation wavelengths. The scattered light of the lamp (the narrow peak at 300 

nm in panel b) and the solvent (hexane) Raman peaks (marked with an asterisk) are also 

detected. 

As shown in Figure 3-4c, the maximum of the PL peak increases by ~2.5 times when the 

excitation wavelength is changed from 260 to 280 nm. Second, the spectral overlap 

between the exciton emission of the ZnS NPLs and the Raman peak of the solvent 

(hexane) is minimized. Without Mn2+ doping, the spectrum of the sample (see Figure 3-

4b, purple) shows a discernible emission band centered at 292 nm, which originates from 

the exciton recombination of ZnS NPLs.131 With Mn2+ doping, the exciton emission 

disappears (see Figure 3-4b, orange), suggesting a strong coupling of excitons and Mn2+ 



3.2 Results and Discussion 

59 
 

ions in the NPLs. The overall photophysical process between the host and dopants is 

summarized in Figure 3-5. 

 

Figure 3-5. Schematic illustration of the photophysical processes in ZnS:Mn NPLs.127, 132 

3.2.3 Influence of the Mn2+ Concentration on the Optical Properties of ZnS:Mn 

Nanoplatelets 

In this section, the effect of Mn2+ concentrations on the optical properties of ZnS:Mn 

NPLs was studied. A set of samples with a nominal Mn:Zn atomic ratio of the precursors 

varying from approximately 0.03% to 16% were synthesized. The XRD patterns (see 

Figure 3-6) show that the characteristic diffraction peaks of these samples correspond to 

the hexagonal WZ-ZnS structure (ICDD card no. 00−080−0007). As the doping level 

increases, no significant changes in the crystal structure are observed, which is very 

different from the results in previous reports.133-135 The detailed discussion will be given 

after the presentation of detailed X-ray photoelectron spectroscopy (XPS) and ICP-OES 

results. 
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Figure 3-6. Influence of the Mn2+ concentration on the crystal structure of ZnS:Mn NPLs. XRD 

patterns for a set of samples with different doping levels. Vertical lines indicate bulk WZ-ZnS 

pattern (ICDD card no. 00−080−0007). The XRD patterns are vertically shifted for clarity. 

To determine the actual Mn:Zn atomic ratios in the doped NPLs, ICP-OES was 

performed. The nominal Mn:Zn ratios used in the synthesis and the actual Mn:Zn ratios 

in the NPL samples were compared, which is summarized in Table 3-1. Notably, the 

actual Mn:Zn atomic ratio in the NPLs is generally lower than the nominal ratio in the 

reaction solution, indicating that Mn2+ ions are less active than Zn2+ ions during the 

synthesis. Additionally, it is found that the actual ratio is close to the nominal ratio at 

very low (0.03%) and very high (16%) doping levels, while the strongest deviations occur 

at medium doping levels. According to the average NPL dimensions of 15.8 and 6.4 nm 

in length and width, as measured from TEM images and 1.8 nm in thickness, the average 

number of Mn2+ ions per NPL can be estimated. For the set of samples, the range of 

0.03−16.64% Mn:Zn ratios corresponds to 1.4−793 Mn atoms per NPL (see Table 3-1). 
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Table 3-1. Determination of the Mn2+ concentration in the ZnS:Mn NPLs. The nominal Mn:Zn 

atomic ratio used in the synthesis, the actual Mn:Zn atomic ratio in the NPL samples determined 

by ICP-OES, and the average number of Mn2+ ions per NPL determined via ICP-OES. 

 

The optical properties of these samples were characterized using the steady-state 

UV−vis absorbance and PL spectroscopy. With increase in the Mn2+ doping level from 

0.03% to 1.52% (corresponding to up to 73 Mn2+ ions per NPL), no other particular 

features in the absorbance spectra of doped NPLs occur as compared to the undoped 

NPLs (see Figure 3-7a, left). When the doping level exceeds 1.52%, the excitonic 

absorption peak at 283 nm broadens slightly (see Figure 3-7b), which could be a result of 

perturbation of Mn2+ ions to the electronic structure of ZnS.136 The PL spectra of doped 

NPLs show a broad Mn emission peak with a nearly stable value for the FWHM of 

0.24−0.29 eV. Looking closer at the emission spectra, a red-shift can be seen in the PL 

peak center with increasing doping level (see Figure 3-7c). This large shift (Δλ = ~15 nm) 

can be attributed to the Mn2+−Mn2+ interaction.137-138 
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Figure 3-7. Influence of the Mn2+ concentration on the optical properties of ZnS:Mn NPLs. (a) 

Steady-state UV−vis absorbance and PL spectra of NPLs with increasing Mn2+ doping levels 

determined by ICP-OES (λexc = 260 nm). The solvent (hexane) Raman peaks (marked with an 

asterisk) are also shown. The spectra are vertically shifted for clarity. (b) Magnified view of the 

UV−vis absorbance spectra for doped NPLs. (c) Variation of the Mn2+ emission peak position 

against the doping level determined by ICP-OES. 

Apart from the Mn2+ PL, the influence of Mn2+ concentrations on the exciton 

emission of ZnS was investigated. To directly compare the intensity of the exciton 

emission, the samples with the same NPL concentration (i. e. the same optical density at 

the maximum of the exciton absorption peak) were measured. The emission spectrum of 

undoped NPLs (see Figure 3-8a) exhibits the characteristic exciton emission around 292 

nm. As the average number of Mn2+ ions per NPL increases, the intensity of the exciton 

emission decreases gradually and the peak is quenched when each NPL is doped with 73 

Mn2+ ions on average. This result indicates that the competitive kinetics between excitons 
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and Mn2+ ions is dramatically affected by doping, which is further uncovered by 

comparing the intensity of the host and dopant emission. As shown in Figure 3-8b, the 

intensity ratio of the exciton and Mn2+ emission decreases from 0.27 to 0 when the 

doping level was increased from 0.03% to 16.64%. 

 

Figure 3-8. Influence of the Mn2+ concentration on the host and dopant emission. (a) PL spectra 

of ZnS:Mn NPLs with different Mn2+ doping levels. The spectra are vertically shifted for clarity. 

The solvent (hexane) Raman peaks (marked with an asterisk) are also shown. (b) Intensity ratio 

of the ZnS and Mn2+ emission as a function of the Mn2+ doping level. 

3.2.4 Investigation of Mn2+ Distribution 

In addition to the Mn2+ concentration, the Mn2+ distribution in the host can also 

influence the optical properties of ZnS:Mn NPLs. Many researches show that the 

emission of doped NCs can be tuned by controlling the dopant position.81-82, 137 In the 

present ZnS:Mn system, electron paramagnetic resonance (EPR) spectroscopy was 

employed to investigate the exact location of Mn2+ ions in the ZnS NPLs. At a very low 

doping level (0.04%), some multiplet hyperfine splitting lines can be seen in the EPR 

spectrum (see Figure 3-9, black), revealing the existence of several Mn2+ species. Two 

sets of six-line signals of Mn2+ ions at g = 2.004 with resolved hyperfine structure (A = 

70 and 92 G, zero-fine-splitting parameter D = 410 and 189 MHz, respectively) are 
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extracted from the EPR spectrum of the sample (0.04%). The one with higher degree of 

symmetry (A = 70 G) can be assigned to the tetrahedral symmetry of Mn2+ ions 

incorporated in the ZnS lattice,76, 128, 136 and the other one with lower degree of symmetry 

(A = 92 G) is close to surface/edges or on the surface of NPLs.139-140 Based on this result, 

it can be deduced that the Mn2+ ions were incorporated not only inside the NPLs but also 

on the surface of the NPLs during the synthesis. When the doping level increases, the 

contribution of hyperfine splitting signals diminishes gradually and they nearly disappear 

at a doping level of 4.89% (see Figure 3-9, blue), whereas a broad signal develops and 

becomes more and more apparent. This broad, smooth signal indicates the presence of 

magnetically interacting Mn2+ species and/or Mn2+ aggregations141 at high doping levels. 

 

Figure 3-9. Determination of the local environment of Mn2+ ions in the ZnS:Mn NPLs. EPR 

spectra of ZnS:Mn NPLs with different Mn2+ doping levels determined by ICP-OES. Two sets 

of vertical lines indicate the sextet lines hyperfine splitting of 70 and 92 G. 

To study the chemical state of the doped samples, XPS was conducted. The XPS 

survey spectrum of ZnS:Mn (1.52%, determined via ICP-OES) in Figure 3-10 shows that 
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Zn, S, Mn, O, C, and N elements can be detected in the doped NPL sample. The presence 

of C and N elements results from the OAm and OTA capping on the surface of NPLs.  

 

Figure 3-10. XPS survey spectrum of ZnS:Mn NPLs synthesized with a nominal Mn:Zn:S ratio 

of 0.04:1:3 in the synthesis.  

The high-resolution Zn-2p, S-3p, Mn-2p3/2, and O-1s core-level XPS spectra of 

ZnS:Mn NPLs are given in Figure 3-11 to determine the oxidation states of the 

constituent elements. The Zn-2p core level XPS spectrum (see Figure 3-11a) splits into 

Zn-2p3/2 (1021.7 eV) and Zn-2p1/2 (1044.8 eV) with a spin−orbit splitting energy of 23.1 

eV, in line with that of Zn2+.142 The spectrum in the S-2p region (see Figure 3-11b) can 

be fitted by two species. The two strong peaks located at 161.8 eV (S-2p3/2) and 163 eV 

(S-2p1/2) confirms the exsitence of the bivalent S2− state with its characteristic peak 

separation of 1.2 eV. The S-2p3/2 signal centered at 161.8 eV is assigned to Zn−S 

bonds.143 The signals of Mn-2p core level are very weak (see Figure 3-10), suggesting 

low content of Mn in the sample, which has been verified by the ICP-OES analysis. The 

XPS spectrum of Mn-2p3/2 core level is asymmetric and multiplet peaks are detecable, 
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signifying a complicated electronic environment of Mn. The models reported by 

Biesinger et al.144 was applied to fit the Mn-2p3/2 spectrum. 

 

Figure 3-11. Core-level XPS spectra of (a) Zn-2p, (b) S-2p, (c) Mn-2p3/2, and (d) O-1s regions 

of ZnS:Mn NPLs synthesized with a nominal Mn:Zn:S ratio of 0.04:1:3 in the synthesis. 

As seen in Figure 3-11c, a set of peaks centered in the region of 640−645 eV can be 

assigned to Mn(II) (or Mn2+),144 indicating that Mn2+ ions are placed in slightly different 

electronic environment during doping. The different local environment of Mn2+ ions in 

NPLs is likely caused by their different degrees of coupling. Additionally, a small shake-

up peak assigned to surface oxidation of Mn (Mn−O),144 appears around 646 eV, which 

could be a sign of the presence of surface Mn. The spectrum in the O-1s region (see 
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Figure 3-11d) can be deconvoluted into three peaks located at 530.8, 531.9, and 533.3 eV. 

The former corresponds to oxygen in metal oxides (O2−)145 and might be partially 

attributed to Mn2+ conjugated to O2−. The latter two result from O2− in the oxygen-

deficient regions and the surface hydroxyl groups (O−H) adsorbed on the surfaces of the 

samples.146 As mentioned above, the EPR results show that the doped NPL samples 

contain several Mn species: some incorporated into the ZnS lattice (inner Mn), and the 

other ones located presumably on the surface/edges of the NPLs (surface Mn), which is 

further supported by the XPS analyses. 

From the XPS spectra, the atomic ratio of Mn:Zn can be obtained. A significant 

difference in the Mn content is found when the results of the ICP-OES and XPS analyses 

are compared. It appears (see Table 3-2) that the ratio of Mn:Zn measured by XPS is 

much higher than the one determined by ICP-OES in all samples.  

Table 3-2. The nominal Mn:Zn atomic ratio used in the synthesis and the measured Mn:Zn 

atomic ratios determined via XPS and ICP-OES, respectively. 

 

The discrepancy is attributed to two factors. First, despite the ultrathin structure of the 

NPLs, the surface sensitivity of XPS might still contribute. Because ICP-OES probes the 

entire composition of the sample by dissolving the NPLs, XPS would then suggest that 

Mn2+ ions might occupy the surface more readily than the volume. Similar results were 

observed in a study of mercury-doped CdSe NPLs.147 Second, the surface of the NPLs is 
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zinc-deficient jointly confirmed by EDX (see Figure 3-2) and the experiments of the Zn2+ 

treatment that will be discussed in the following section. Both two factors lead to an 

increase in the Mn:Zn ratio when XPS probes the NPLs. It is worth noting that the Mn 

content determined by XPS exceeds the nominal value added in the synthesis, revealing 

that Mn atoms readily occupy the surface of the NPLs during the doping process. This 

phenomenon can be well explained by the “self-purification” effect,71, 79 which is usually 

observed in ultrasmall or ultrathin nanostructures. For the ultrathin ZnS:Mn NPLs, Mn2+ 

ions tend to be expelled and easily migrate to the surface due to the small interior volume 

of the NPLs. 

The invariability in the XRD patterns of NPLs after strong Mn2+ doping is mentioned 

above (see Figure 3-6), which can be mainly ascribed to the “self-purification effect” 

along with close ionic radii of Zn2+ ions and Mn2+ ions (74 vs 80 pm).129-130  

 

Figure 3-12. Diagrams visualizing a comparison of average distance between neighboring 

dopant ions inside a NPL and a QD of identical volume exemplarily for (a) 20 and (b) 70 dopant 

ions per NC. 

Besides, in comparison to spherical particles the geometrical peculiarity of the 2D NPLs 

offers the following advantage: dopants (such as Mn2+ ions) induce less stress due to the 

smaller packing density. This conclusion can be supported by means of the Monte-Carlo 

approach (The Monte-Carlo calculations were contributed by Dr. Rostyslav Lesyuk). For 

the NPLs and QDs with the same volume and random dopant distribution, the average 

distance between dopants in NPLs is estimated to be 1.6 times larger than that in QDs at 
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the same doping level (see Figure 3-12). This also can contribute to the invariability of 

the XRD patterns. 

3.2.5 Investigation of Mn2+ Photoluminescence Kinetics 

To further study the Mn2+ emission kinetics, a series of samples with increasing Mn2+ 

doping concentration ranging in average from 1.4 to 793 dopants per NPL were measured 

with time-resolved PL (TRPL) at a low repetition rate (240 Hz) and a long integration 

time (1 hour). For all samples, the PL decay curves exhibit a multi-exponential decay 

behavior (see Figure 3-13), suggesting an inhomogeneous local environment of Mn2+ ions 

in the NPLs. This coincides with the previous EPR results. 

 

Figure 3-13. PL decay curves of ZnS:Mn NPLs with increasing Mn2+ doping levels detected at 

the maximum of the Mn2+ emission peak with an excitation wavelength of 285 nm. The spectra 

are vertically shifted for clarity. 
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These decay curves can be well fitted by a triexponential function148: 

𝐼(𝑡) = 𝑦 + 𝐴 exp −𝑡
𝜏  + 𝐴 exp −𝑡

𝜏 + 𝐴 exp  −𝑡
𝜏 ,     (3-1) 

where τ1, τ2, and τ3 are the time constants and A1, A2, and A3 are the normalized 

amplitudes of the components. The average lifetime (τave) can be determined by the 

equation148: 

𝜏 =   (𝐴 𝜏 + 𝐴 𝜏 + 𝐴 𝜏 ) (𝐴 𝜏 + 𝐴 𝜏 + 𝐴 𝜏 )⁄ .     (3-2) 

With increasing doping level, the average decay lifetime decreases (see Figure 3-14a), 

which can be assigned to the increasing Mn2+−Mn2+ coupling. The strong magnetic 

coupling between Mn2+ ions, evidenced by the previous EPR results, could partially lift 

the spin-forbidden 4T1−6A1 d−d transition, resulting in reduced PL decay lifetimes.149 The 

development of the time constants of the three components is shown in Figure 3-14b. 

 

Figure 3-14. Plots of (a) the average lifetime of the Mn2+ emission and (b) the time constants of 

the three components as a function of the Mn2+ doping level. 

The samples with the mean number of Mn2+ ions per NPL ≤ 18 are classified as “Group 

I” and the rest as “Group II”. For the Group I, the decay time constants of the three 

components (long, intermediate, and short components) are found to be on the scale of 

1−2 milliseconds, hundreds of microseconds, and tens of microseconds, respectively. As 
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the average number of Mn2+ ions per NPL increases from 1.4 to 18, the time constants of 

the intermediate and short components keep nearly constant, while the time constant of 

the long component decreases slightly. Looking at the Group II, the time constant of the 

short components is almost unchanged, whereas the time constants of the long and 

intermediate components decrease as the doping level increases. It is worth noting that 

the long component drops much faster than the intermediate component. When the doping 

level was further increased to the maximum (793 Mn2+ ions per NPL), the time constant 

of the long component reaches the same time scale as that of the intermediate component. 

In order to investigate the microscopic origin of the three decay components, density 

functional theory (DFT) calculations were performed in cooperation with the group of 

Prof. Gabriel Bester (contributed by Dr. Abderrazak Torche). A slab containing 288 

atoms with a thickness of 1.52 nm was constructed to simulate the experimentally 

synthesized ultrathin ZnS:Mn NPLs (~1.8 nm in thickness), because the thickness was 

limited by the consumable numerical algorithm. Since the Mn2+ d−d transition is orbital- 

and spin- forbidden, spin polarization and spin-orbit coupling have to be considered in 

the ground state calculation in order to relax these selection rules and reveal a finite 

lifetime. Figure 3-15 shows the unit cell used to simulate the Mn2+-doped slab (left panel) 

together with the resulting eigen-energies from the DFT calculations (middle panel) and a 

schematic of the energy levels in the area around the band gap (right panel). It is worth 

noting that the situation where the Mn2+ ions reside on the surface is more complex 

involving a large number of atoms for the passivation and could not be simulated within 

DFT. In Figure 3-15b the color bar denotes the d-character of the state (higher value 

means approaching the pure d-state). The half-filled and 10-fold degenerate d-states of 

the Mn2+ ion split in the ZnS environment because of the spin-orbit, spin polarization, 

and ligand field effects. The filled states reside near the VBM while the empty states 

reside near the CBM. Note that this splitting between filled and empty d-states which 

corresponds to the observed orange emission might be overestimated in the calculations 

because of the local density approximation (LDA) used in DFT, which is known to 

perform less well in the description of localized states. Nevertheless, for lifetime 

calculations DFT gives reliable results, which is consistent with the experiments as 
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discussed later. In the independent particle approximation (i.e. DFT level without 

excitonic effects) the lifetime of the optical transition can be estimated as150: 

𝑡 (ns) =
.    

,             (3-3) 

where t is the lifetime in nanoseconds, E is the d−d transition energy (in Hartree), n is the 

refractive index (~2.5 for ZnS), and Mif  is the dipole matrix element between in the i and 

f states in atomic units. The situation where a Mn2+ ion substitutes a Zn2+ ion in the 288 

atom unit cell as in Figure 3-15a corresponds to a doping of 0.6 % and an Mn2+−Mn2+ 

distance of 19.8 Å, for which the Mn2+ ions can be considered as non-interacting. 

 

Figure 3-15. (a) The Mn (purple) doped ZnS unit cell (gray and yellow) with 288 atoms used to 

simulate the platelet. (b) Energy level of the doped slab in (a) at the DFT-LDA level. The color 

bar reflects the d-character of the Mn2+ states. (c)  Schematics of the energy levels in (b) around 

the gap areas showing the origin (orbital hybridization) of the state involved the Mn2+ emission 

(long and short components). 

At this doping level, lifetime calculations reveal (see Table 3-3) that the Mn2+ ion has 

two lifetime components, a longer one in the range of a few milliseconds (3.2 ms) and a 

shorter one in the range of hundreds of microseconds (370 μs). The origin of these two 

components is schematically depicted in Figure 3-15c as transitions between filled and 

empty d-states with different hybridization with the host material. The longer component 

occurs between p(S) + d(Mn) orbits so it is an p−d-like transition whereas the shorter 

component occurs between an p(S) + d(Mn) hybridized orbit and an p(S) + d(Mn) + s(Zn) 
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orbit so it is closer to an s−p-like transition. It is known that s−p transitions are the 

strongest, thus, they should indeed reflect a faster decay. 

To trace back the variation of the Mn2+ PL lifetime with doping within DFT, lifetime 

calculations with two Mn2+ ions inside the unit cell at different distances were performed. 

The results are depicted in Table 3-3. In all cases, two different decay components are 

revealed. The longer component lifetime decreases with decreasing distance between 

Mn2+ ions rather evenly from 3.2 to 1.27 ms. The reduction in the longer component 

lifetime is due to the increased hybridization between d-orbitals of the two Mn2+ ions, 

which lifts the selection rule for spin-forbidden transitions and makes the decay of the 

Mn2+ transition more probable and thus faster. Interestingly, the shorter component first 

does not change strongly, only for the smallest distance (3.82 Å) possible in the lattice 

between the Mn2+ ions, the lifetime drastically shortens by nearly one order of magnitude 

to 50 μs.  

Table 3-3. DFT calculations of the Mn2+ (long and short components) PL lifetime as a function 

of the Mn2+−Mn2+ distance. 

 

Based on Table 3-3, Mn2+ ions with different Mn2+−Mn2+ distances in the ZnS NPLs 

can be classified into three scenarios: non-interacting isolated Mn2+ ions (distance ≥ 
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19.8 Å), weakly coupled Mn2+ ions (3.82 Å < distance < 19,8 Å), and strongly coupled 

Mn2+ ions (distance = 3.82 Å). Although the simulation results reveal that each Mn2+ 

species has only two decay components (long and short), a triexponential function is 

found to fit the PL decay curves well because the ensemble NPLs were measured. From 

the simulations, it is known that the longer component has the slowest decay time when 

the Mn2+ ions are non-interacting (distance ≥ 19.8 Å), and then it shortens by a factor of 

almost 3 as the Mn2+−Mn2+ distance decreases from 19.8 to 3.82 Å, which corresponds to 

the variation of the fitted long component lifetime (see Figure 3-14b, black dotted line). 

Thus, for the isolated Mn2+ ions, the “actual” time constant of the longer component can 

be estimated to be 1.2 ms by averaging the fitted long time constants of the Group I 

(shown in Figure 3-14b, black dotted line) since the local environment of the isolated 

Mn2+ ions in the Group I is stable. Based on simulations, it is also found that the shorter 

component of the strongly coupled Mn2+ ions (distance = 3.82 Å) has the fastest decay 

time in the range of tens of microseconds. This value matches well the fitted lifetime of 

the short component (see Figure 3-14b, blue dotted line). It is easy now to explain the 

observed doping independence of this component as shown in Figure 3-14b. In fact, since 

the shorter component with a time constant of tens of microseconds appears only when 

the Mn2+ ions are at the smallest distance, there is no way to change the lifetime of this 

transition by changing the doping level as this will not bring the ions closer together 

anymore. Similarly, the “actual” time constant of the shorter component for the strongly 

coupled Mn2+ ions is estimated to be 24 μs by averaging the fitted short time constants of 

the whole series of the samples (shown in Figure 3-14b, blue dotted line). To study the 

fraction of the three Mn2+ species as a function of the doping level, global fitting was 

performed with sharing the fixed time constants for the isolated Mn2+ ions (1.2 ms) and 

the strongly coupled Mn2+ ions (24 μs), while the time constant for the weakly coupled 

Mn2+ ions is not fixed because the distance between weakly coupled Mn2+ ions differs in 

samples with different doping levels. The results (see Figure 3-16) show that the fraction 

of the isolated Mn2+ ions changes slightly in the Group I, confirming the relatively stable 

environment of Mn2+ ions. However, apparent changes are observed in the Group II. The 

fraction of the isolated Mn2+ ions decreases sharply, which in turn leads to an increasing 

fraction of the other two Mn2+ ion species. 
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Figure 3-16. Plots of the fraction of the three Mn2+ species as a function of the doping level. 

To disclose the relationship between the orange emission around 550−675 nm and 

Mn2+ species, the PL decay behavior of ZnS:Mn NPLs at variable emission wavelengths 

was investigated further. For that, a typical sample with 18 Mn2+ ions per NPL was 

measured. Figure 3-17a shows that the PL decay kinetics of the sample differ from one 

wavelength to another, revealing the heterogeneous character of the orange emission. The 

global fitting was performed again to fit these PL decay curves. It is found (see Figure 3-

17b) that the fraction of the isolated Mn2+ ions decreases with increasing wavelength, 

while the coupled Mn2+ ions (weakly and strongly coupled Mn2+ ions) has a reverse 

variation trend. This suggests that the isolated Mn2+ ions preferentially emit at shorter 

wavelengths, whereas the coupled Mn2+ ions preferentially emit at longer wavelengths. 

The average lifetime of the Mn2+ emission decreases with an increase in the emission 

wavelength (see Figure 3-17c), which is reasonable because the fraction of the short-

living coupled Mn2+ ions becomes more and more dominant at longer wavelengths.  
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Figure 3-17. (a) PL decay curves of ZnS:Mn (18 Mn2+ ions per NPL) NPLs at different 

emission wavelengths. (b) Wavelength-dependent fraction of the isolated and coupled Mn2+ ions. 

(c) PL average lifetime for the sample at different emission wavelengths. 

3.2.6 Enhancement of the Photoluminescence Quantum Yield 

The PLQY of ZnS:Mn NPLs as a function of the Mn2+ doping level is demonstrated 

in Figure 3-18a. For each doping level, the PLQY was measured three times with 

different samples and the error bars are also displayed. It appears that initially the PLQY 

increases with increasing doping level and reaches a maximum of 1.25% at a doping level 

of 0.69%. This increase can be ascribed to the introduction of more Mn2+ luminescent 

centers. With continually increasing the doping level, however, the PLQY decreases 

gradually, which can be assigned to the strong concentration-quenching effect.151 From 
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the PLQY results, it seems that the doping level of 0.69% is a critical point where the 

Mn2+−Mn2+ interaction becomes dominant, which strongly influences the optical 

properties of doped NPLs. It is also possible to evaluate the PLQY contribution per Mn2+ 

ion for the series of samples. As shown in Figure 3-18b, the PLQY contribution per Mn2+ 

ion decreases monotonically in the entire doping range. This is perhaps due to 

competitive effects of addition of more luminescent centers, self-purification, and 

introduction of more strain and defects on the surface and inside. 

 

Figure 3-18. Influence of the Mn2+ concentration on the PLQY of ZnS:Mn NPLs. Plots of (a) 

the PLQY of ZnS:Mn NPLs and (b) the corresponding PLQY contribution per Mn2+ ion as a 

function of the doping level determined by ICP-OES. 

The PLQY (0.22−1.25%) of Mn2+-doped NPLs shown above is relatively low in 

comparison to the reported Mn2+-doped dots and rods,128, 152 which is probably due to the 

presence of numerous surface trap states. To investigate the influence of the surface trap 

states, the following control experiments exemplarily for the ZnS:Mn NPL sample with 

estimated 18 Mn2+ ions per NPL (0.38% doping level determined by ICP-OES) were 

performed. First, the PLQY of the original OAm/OTA-capped sample was measured to be 

0.93% (see Figure 3-19, red). After washing once, the PLQY of the sample dropped 

significantly to 0.43% (cf. Figure 3-19, green). A further decrease in the PLQY of the 

sample was observed after a second washing step (cf. Figure 3-19, blue). According to 

the literature,153-154 the reduced PLQY upon removal of ligands could be ascribed to two 
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mechanisms: (1) the formation of unstable structures and (2) the exposure of more 

surface trap states. In the current case, the first possibility can be ruled out because the 

UV−vis absorbance and PL spectral profile of the sample did not change before and after 

washing (see Figure 3-19). In a next step, the surface of the sample was passivated again 

by OAm and OTA via the addition of the ligand solution. 

 

Figure 3-19. Influence of the ligand passivation on the optical properties of ZnS:Mn NPL. Left: 

UV−vis absorbance spectra of ZnS:Mn NPLs synthesized with a nominal Mn:Zn:S ratio of 

0.01:1:3 in the synthesis. Right: The corresponding room-temperature PL emission spectra (λexc 

= 260 nm). The second-order scattering of the solvent (hexane) Raman peaks (marked with an 

asterisk) and the lamp peaks (narrow peaks at 520 nm) are also visible. The spectra are 

vertically shifted for clarity. 

Afterwards, it is noted that the PLQY of the passivated sample increased to 0.96% (cf. 

Figure 3-19, orange) basically consistent with that of the initial sample. This ligand-

related luminescence change proves the existence of numerous surface trap states in 

ZnS:Mn NPLs. The decrease in the PLQY can be thus explained by the increasing number 

of unpassivated surface trap states. 
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Furthermore, the spectra of the washed samples show no other emission except the 

Mn2+ emission band centered at ~590 nm (see Figure 3-20), indicating that the energy 

released by the surface trap states was through a nonradiative process. 

 

Figure 3-20. Room temperature PL spectra of ZnS:Mn NPLs synthesized with an Mn:Zn:S 

ratio of 0.01:1:3 in the synthesis (λexc = 260 nm). The 2nd order scattering of the solvent (hexane) 

Raman peaks (marked with an asterisk) and the lamp (narrow peaks at 520 nm) are also shown.  

The surface trap states induced low PLQY of ZnS:Mn NPLs was further confirmed 

by employing the following post-synthetic treatment. In this treatment, a zinc-containing 

precursor solution (ZnCl2 in hexane) was used to passivate the surface of the ZnS:Mn 

NPLs. As in the experiment above, the ZnS:Mn NPLs with 18 Mn2+ ions per NPL were 

studied. After addition of the Zn2+ ion solution to the doped NPL dispersion, it can be 

seen that the PLQY of the sample increased substantially from 0.93% to 2.32% (cf. 

Figure 3-21a, right). Both absorption and PL peak positions of the sample remained 

nearly unaltered (cf. Figure 3-21a, left), suggesting that the thickness and uniformity of 

the NPLs were not affected significantly during this treatment. For comparison, a S2− 

solution (hexane) was introduced into the doped NPL dispersion. It turns out that the 

PLQY of the sample dropped significantly compared to the original one (cf. Figure 3-

21b).  
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Figure 3-21. Enhancement of the PLQY. (a) Left: UV−vis absorbance spectra of ZnS:Mn NPLs 

before (black dashed) and after (red solid) the post-treatment with a Zn2+ solution. Right: The 

corresponding room-temperature PL emission spectra (λexc = 260 nm) of the sample. (b) PL 

emission spectra (λexc = 260 nm) of ZnS:Mn NPLs before (black dashed) and after (red solid) 

the post-treatment with a S2− solution. (c) Plot of the PLQY of ZnS:Mn NPLs as a function of 

the doping level. (d) The enhancement factor of the PLQY over the doping level. The second 

order scattering of the solvent (hexane) Raman peaks (marked with an asterisk) and the lamp 

peaks (narrow peaks at 520 nm) are also visible.  

This decrease in the PLQY is a result of the quenching effect of S2− ions due to 

photogenerated hole trapping.155-156 This post-treatment with a Zn2+ ion solution is also 

applicable to other samples with different doping levels. Figure 3-21c shows that the 
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PLQY of all samples (from 0.02% to 16.64%) was boosted after the surface passivation. 

The enhancement factor for all samples was calculated to be ∼2.5 (see Figure 3-21d). 

This is reasonable since all samples have an identical surface-to-volume ratio. 

3.3 Conclusions 

In this work, direct doping of the colloidal ZnS NPLs with Mn2+ ions via the 

nucleation-doping strategy was achieved, which was not reported in literature for the ZnS 

NPLs so far. With a certain amount of Mn2+ ions incorporated into the ZnS matrix, the 

shape and phase of the host were unchanged. The obtained ZnS:Mn NPLs exhibit orange 

luminescence that can be clearly observed by eye and is attributed to the d−d transitions 

of Mn2+ ions. The correlation between the doping level and the evolution of PL properties 

was established, which reveals the presence of the energy-transfer between ZnS and Mn2+ 

ions. The atomic environment of the dopant ions was determined using EPR and XPS. 

Based on that, it provides insights into the relaxation mechanisms of the excited charge 

carriers in quasi-2D NPLs. The relationship between Mn2+ species (isolated and coupled 

Mn2+ ions) and Mn2+ PL kinetics was revealed by means of TRPL, which is further 

supported by DFT-based calculations. 

In addition, the surface of the NPLs was found to be a critical and limiting factor for 

the effective energy conversion. It is shown that the PLQY can be substantially enhanced 

by passivating the surface of the samples with an appropriate ion solution. The presented 

synthetic strategy of the ZnS:Mn platelets and the surface post-treatment opens a new 

pathway to synthesize further doped systems of quasi-2D NPLs and to improve their 

PLQY. 

 

3.4 Experimental Section 

3.4.1 Chemicals 

Zinc chloride (97+%), octylamine (OTA, 99+%), and methanol (99.8%) were 

purchased from Acros. Sulfur powder (99.998%), manganese (II) acetate (98%, 

Mn(OAc)2), nitric acid, and oleylamine (OAm, 70%) were ordered from Sigma-Aldrich. 

Toluene (99.5%), isopropanol (99.7%), and hexane (95%) were purchased from VWR
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.Acetone (99%) was purchased from Th. Geyer Chemicals. All chemicals were used 

without further purification. 

3.4.2 Synthesis of ZnS:Mn Nanoplatelets 

Standard Synthetic Procedure for ZnS:Mn NPLs. In a three-necked flask equipped 

with a septum and a thermocouple in a glass mantle, 0.15 mmol (20.4 mg) of ZnCl2, 0.45 

mmol (14.4 mg) of sulfur powder, and a certain amount of Mn(OAc)2 were dissolved in a 

mixture of 10 mL of OAm and 5 mL of OTA. The mixed solution was bubbled with 

nitrogen at 100 °C for 30 min under vigorous stirring. Afterwards, the reaction solution 

was heated to 150 °C for 6 h with magnetic stirring under nitrogen flow. After the 

reaction, the solution was naturally cooled to room temperature. The resulting NCs were 

purified as follows: (1) 15 mL of reaction solution was mixed with 5 mL of acetone and 5 

mL of isopropanol. (2) The mixture was shaken well and centrifuged for 10 min at 9000 

rpm. (3) The supernatant was discarded, and the precipitation was dispersed into 3 mL of 

hexane or toluene for further characterization.  

Synthesis of ZnS:Mn NPLs with variable Mn2+ concentrations. For the synthesis 

of ZnS:Mn NPLs with different Mn2+ concentrations, the amount of Mn(OAc)2 was 

varied while the amounts of ZnCl2 and sulfur powder in the initial mixture were fixed. 

3.4.3 Ligand-dependent Photoluminescence 

A certain volume of ZnS:Mn NPL dispersion (hexane) was purified by precipitation 

with a mixture of acetone/isopropanol (1:1 vv), centrifugation, removal of the supernatant 

and re-suspension in hexane. The purification process can be repeated to further get rid of 

ligands. To passivate the NPLs again, a mixture of OAm/OTA (2:1 vv) was added. The 

NPL dispersion was stirred for 10 min at room temperature, followed by centrifugation 

for 10 min at 9000 rpm to remove excess OAm and OTA. Finally, the passivated NPLs 

were re-dispersed into hexane. 
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3.4.4 Characterizations 

TEM. TEM images were taken by using a JEOL Jem-1011 microscope at an 

acceleration voltage of 100 kV. Samples for the TEM analysis were prepared by drop-

casting 10 μL of the dilute NC dispersion onto carbon-coated copper grids. HRTEM 

images and EDX spectra were obtained with a Philips CM 300 UT microscope operated 

at an acceleration voltage of 200 kV. 

XRD. XRD measurements were performed with a Philips X’Pert PRO MPD 

diffractometer with monochromatic X-ray radiation from a copper anode with a 

wavelength of 0.154 nm (Cu Kα). Samples for the XRD analysis were prepared by drop-

casting a few μL of the concentrated NC solution onto silicon wafer substrates with 

subsequent solvent evaporation. 

UV−vis Absorbance and PL Spectra. Steady-state UV−vis absorbance and PL 

spectra were obtained with a PerkinElmer Lambda 25 two-beam spectrometer and a 

Horiba Fluoromax-4 spectrometer, respectively. TRPL measurements were performed 

with Picoquant FluoTime 300 fluorescence spectrometer. Samples were prepared by 

adding a few μL of the NC solution into 3 mL of hexane in quartz vessels with an optical 

path length of 10 mm. 

ICP-OES. Mn2+ concentrations in the NPLs were determined via ICP-OES (type: 

ARCOS) produced by Fa. Spectro. Samples for the ICP-OES analysis were prepared with 

three steps: (1) 2 mL of the concentrated NC solution was pipetted into a 25 mL beaker 

and evaporated at room temperature. (2) The dried sample was dissolved in 4 mL of 

concentrated HNO3 at 160 °C. (3) The mixed solution was diluted in a 25 mL volumetric 

flask. 

XPS. XPS was performed on a Kratos Axis Supra instrument using a monochromatic 

Al Kα X-ray source operated at 225 W (15 mA emission current). For each sample wide 

scans were performed at a pass energy of 160 eV over the 1200−0 eV binding energy 

range to identify all the elements present on the surface. Based on the survey scans, high-

resolution spectroscopy was recorded for each element as a pass energy of 40 eV. 

Typically high-resolution spectra were recorded with a step size of 0.1 eV, with a 1000 
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ms dwell time and repeated sweeps to improve the signal:noise. The charge neutralizer 

was used to eliminate any differential charging, and subsequently the binding energy axis 

was corrected to the CxHy component of the carbon components at 284.8 eV. Data were 

quantified by using CasaXPS (2.3.23rev1.1K) with the Kratos sensitivity factor library 

based on Shirley backgrounds. 

EPR Spectroscopy. EPR measurements were recorded at 100 K on a Bruker EMX 

CW-micro X-band EPR spectrometer equipped with an ER4119HS high-sensitivity 

resonator, with a microwave power of Ca 6.9 mW, modulation frequency of 100 kHz, and 

amplitude of 5 G. The EPR spectrometer was equipped with a temperature controller and 

liquid N2 cryostat for low-temperature measurements. For each measurement, 2 mL of 

ZnS:Mn NPLs with different Mn2+ doping levels (in hexane) was used. For calculation of 

g values, the equation hν = gβB0 was used with β, B0, and ν being the Bohr magneton, 

resonance field, and frequency, respectively. Calibration of the g values was performed 

by using a DPPH standard (g = 2.0036 ± 0.0004). The EPR spectra of the samples were 

simulated by using the software package Easyspin implemented in MATLAB. 

DFT Calculations. DFT calculations have been carried out within the LDA in 

coorperation with the group of Prof. Gabriel Bester (contributed by Dr. Abderrezak 

Torche). The slab was constructed as 3 × 3 × 4 repetition of a ZnS bulk supercell with 8 

atoms and thus containing 288 atoms. Structural relaxation with stress minimization has 

been performed using the default convergence values of the quantum espresso package 

followed by ground state calculations to generate the Kohn−Sham energies and wave 

functions. Note that the relative position of the d-level of Mn2+ ions with respect to the 

ZnS bulk VBM and CBM are not accurate at the DFT-LDA level due to the known lack 

of correlation. This could have been corrected with post-DFT methods such as the GW 

approximation. However, due to the large simulation cell, this type of calculations could 

not be performed. It is also worth noting that the previous problem is not supposed to 

influence the lifetime calculation as this latter is mainly wave-function-dependent only 

through eh M_if and DFT and GW wave functions are in most cases identical up to a very 

good approximation. 
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4.1 Introduction 

4.1.1 Background 

In the past two decades, core/shell NCs are highly demanded in practical applications 

because of their improved optical and electronic properties. When designing core/shell 

NCs, the lattice mismatch between the core and the shell compound has to be considered. 

Generally, the lattice mismatch should be small enough so that the shell can epitaxially 

grow on the core without inducing interfacial defects.157 These defects can act as trap 

states for photogenerated charge carriers, and thereby diminish the PLQY. Besides, other 

growth modes (i.e. “island” growth) will take place and the formation of core/shell 

structures will be less likely as the shell and core exhibit a large lattice mismatch. 

A variety of methods have been applied to achieve high-quality shell growth. To 

minimize the interfacial defects induced by large lattice mismatch, either alloyed shells 

or shells with graded composition were coated on the core materials. For example, Xie et 

al. showed that the shell composition can be gradually tuned from CdS to alloyed 

Zn0.5Cd0.5S to ZnS through a successive ion layer adhesion and reaction technique, which 

effectively reduces the interfacial defects.158 Consequently, the obtained core/shell QDs 

exhibit a high PLQY of up to 85%. Similarly, CdSe/Cd1−xZnxS core/shell NRs with 

graded composition were synthesized by Banin et al.159 By tuning the Zn amount, the 

core/shell NRs show bright and highly polarized green emission with minimal 

intermittency. Heavy-metal-free core/shell Zn chalcogenide NCs are also well developed. 

The lattice mismatch between ZnSe and ZnS is relatively small (~4.5%) compared to that 

between CdSe and CdS (7.6%).160 Therefore, less strain will be induced when the ZnS 

shell is coated on the ZnSe core. Many research groups have shown successful syntheses 

of highly fluorescent ZnSe/ZnS core/shell QDs.161-163 Very recently, Banin et al. 

investigated the effect of the ZnSe shell growth rate on the structure and optical 

properties of ZnSe/ZnS core/shell QDs.164 The authors noted that the growth mode of the 

ZnS shell on ZnSe cores can be tuned from kinetic (fast) to thermodynamic (slow) growth 

regimes by changing the precursor reactivity. The thermodynamic growth promotes the 

epitaxial growth of a ZnS shell, and therefore core/shell QDs with enhanced PLQY and 

reduced on−off blinking are achieved. 
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Unlike core/shell QDs, the synthesis of core/shell NPLs is still a big challenge. For 

example, NPLs with anisotropic structures have big energy differences between basal and 

side facets, which commonly leads to inhomogeneous or selective deposition of a shell. 

As a consequence, core/crown NPLs form. The second issue is the poor thermal stability 

of NPLs. As discussed in Chapter 1, NPLs tend to re-dissolve at high temperatures due to 

the high solubility. Recently, efforts have been made to improve the thermal stability. In 

a synthesis of CdSe/CdS core/shell NPLs, Norris and co-workers62 added excess Cd 

precursor into the shell-growth solution prior to raising the reaction temperature. When 

the concentration of Cd precursor is above the solubility of CdSe NPLs, the dissolution 

becomes unfavorable, and thereby CdS shells can grow on CdSe cores. Although 

successful preparation of core/shell NPLs has been shown, precise control in shell 

thickness and morphology is still difficult. Additionally, the mechanisms for the shell 

growth on NPLs via high-temperature methods are not fully understood. 

4.1.2 Motivation 

Quasi-2D NPLs possess a large number of exposed surface atoms because of higher 

surface to volume ratio relative to 0D and 1D NCs. These surface atoms are incompletely 

bonded to the other atoms in the crystal structure, which can result in dangling bonds. 

When the surface of NPLs is not completely passivated, the unshared atomic orbitals of 

surface atoms can create energy levels within the band gap.165-166 The generated surface 

trap states are detrimental to the PLQY of NPLs, because trapping of charge carriers can 

reduce the overlap between the electron and hole wave functions, thereby the radiative 

recombination becomes less likely. Instead, the exciton decays nonradiatively. 

To address the low PLQY issues, it is necessary to develop strategies to protect 

charge carriers away from the surface and/or eliminate surface trap states. Currently, two 

approaches are reported: (1) coating the surface with suitable ligands and (2) 

overgrowing a shell of a material (e.g. a semiconductor with a larger band gap) on the 

bare NPLs. The ligand-based approach has been experimentally proven to be effective for 

the enhancement of the PLQY in Chapter 3. Here, the fabrication of type-I core/shell 

structures is taken into account to achieve highly luminescent NPLs. Secondly, doping is
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also applied into such core/shell NPLs to investigate the emission kinetics of the host and 

dopants, as well as the influence of the shell on the optical properties of NPLs. 

4.2 Results and Discussion 

4.2.1 Synthesis of ZnSe Nanoplatelets 

ZnSe NCs, as heavy-metal-free semiconductors, emit light in wavelength ranging 

from ~320 nm to 460 nm, making them promising candidates for blue light-emitting 

diodes.167-168 Moreover, ZnSe has a smaller band gap than ZnS, which allows designing 

ZnSe-based type-I core/shell heterostructures. Because of high similarity between ZnS 

and ZnSe, the recipe for the synthesis of ZnS NPLs was extended to prepare ZnSe NPLs. 

In all syntheses, temperature, and amounts of precursors were unchanged. Briefly, zinc 

chloride and selenium powder with a nominal Zn:Se molar ratio of 1:3 were dissolved in 

a mixture of OAm and OTA. The mixture was purged with nitrogen at 100 °C for half an 

hour and then was heated to 150 °C for 6 hours. After the reaction, the purified products 

were characterized by TEM. The result (see Figure 4-1b) shows that the products have a 

platelet-like shape, but they were connected forming branched structures. 

 

Figure 4-1. Influence of the amount of the Zn precursor on the shape of ZnSe NCs. TEM 

images of ZnSe NCs synthesized at 150 ℃ with (a) 0.05, (b) 0.15, and (c) 0.3 mmol Zn, 

respectively. Scale bars represent 20 nm. 

The formation of platelets indicates that the soft-template-based recipe is effective for the 

synthesis of ZnSe NPLs despite the existence of some by-products. To remove the 
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branched structures, the recipe was modified. First, the variation of the precursor amount 

is taken into account since it can strongly influence the formation of the final products in 

colloidal syntheses.87, 169 Here, the amount of the Zn precursor was changed while the 

molar ratio between Zn and Se was fixed to 1:3. When the amount of the Zn precursor 

was reduced to 0.05 mmol, the branched structures were still present and the width of the 

platelets narrowed (see Figure 4-1a). Apparently, reduction in the amount of precursors 

plays a negative role in achieving well-separated NPLs. The amount of the Zn precursor 

was then increased to 0.3 mmol. It is found that the result was similar compared to that of 

0.15 mmol Zn (see Figure 4-1c). This suggests that the variation of the precursor amount 

has almost no impact on the removal of the branched structures. 

Temperature, as another critical parameter in the NC synthesis, can tune the 

morphology of NCs by changing the reaction activity.10, 39 In the following synthesis, the 

temperature was increased while other parameters were fixed. 

 

Figure 4-2. Shape and phase characterization of ZnSe NPLs. (a) TEM image of ZnSe NPLs 

synthesized with 0.15 mmol Zn at 170 ℃. The scale bar represents 100 nm. (b) XRD patterns of 

ZnS NPLs purified without (red) and with (orange) TOP. At the bottom, the reference patterns 

of WZ-ZnSe (dark blue, ICPDS 01-080-0008) and Se powder (purple, ICPDS 01-073-0465) are 

also shown. The XRD patterns are vertically shifted for clarity. 
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Note that the highest temperature that can be raised is ~170 ℃, which is very close to the 

boiling point of OTA. The TEM image (see Figure 4-2a) of the product obtained at 170 ℃ 

shows that the NPLs were separated without branched structures. The uniform contrast 

suggests that the NPLs have a homogeneous thickness. This result reveals that a higher 

temperature is required for the synthesis of ZnSe NPLs in comparison to that of ZnS 

NPLs. To determine the crystal structure of the obtained NPLs, XRD was performed. The 

XRD pattern (see Figure 4-2b, red) indicates that the NPLs have the WZ structure of 

ZnSe (ICPDS 01-080-0008). However, the product is not phase-pure and several 

diffraction peaks (marked with asterisks) that matches to Se powder (ICPDS 01-073-0465) 

were observed. Considering that Se is in excess (molar ratio of Zn:Se = 1:3) in the 

synthesis, the diffraction peaks of Se could be from the unreacted Se powder. To confirm 

this, a certain amount of trioctylphosphine (TOP) that was used as dispersant for the 

preparation of TOP-Se in many syntheses55, 170-171 were added into the product solution 

after reaction. The XRD pattern of the purified sample (see Figure 4-2b, orange) displays 

all characteristic peaks of the WZ-ZnSe pattern (ICPDS 01-080-0008) without any 

impurity peaks. 

The optical properties of ZnSe NPLs were characterized by steady-state UV−vis 

absorbance and PL spectroscopy, respectively. The UV−vis absorbance spectrum (see 

Figure 4-3, black) shows two sharp peaks at 328 nm (~3.78 eV) and 345 nm (~3.59 eV), 

which can be assigned to the light hole−electron and heavy hole−electron transitions, 

respectively.172 The absorption peaks were significantly blue-shifted compared to peaks 

of bulk ZnSe (Eg = 2.7−2.8 eV),5 suggesting the existence of strong quantum confinement. 

The steady-state PL spectrum (see Figure 4-3, red) shows an obvious emission band at 

347 nm, which is not reported for ZnSe NPLs perhaps due to massive surface trap 

states.173 The narrow emission with a FWHM of 7.5 nm indicates a uniform thickness of 

the NPLs, which agrees with the TEM results. 
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Figure 4-3. Optical characterization of ZnSe NPLs. UV−vis absorbance (black line) and PL 

(red line) spectra of ZnSe NPLs synthesized with 0.15 mmol ZnCl2 and 0.45 mmol Se powder 

at 170 ℃. 

4.2.2 Doping of ZnSe Nanoplatelets with Mn2+ Ions 

The recipe for the synthesis of ZnSe:Mn NPLs is the same as that for the ZnSe NPLs, 

except that a certain amount of Mn precursor (nominal Mn:Zn:S molar ratio of x:1:3) is 

added. Here x is set to 8%. The TEM image (see Figure 4-4a) shows that the as-

synthesized ZnSe:Mn (x = 8%) NCs retain platelet-like as Mn2+ ions were added. The 

mean length and width of ZnSe:Mn NPLs were calculated to be 61.1 and 17.3 nm (see 

Figure 4-4b and c), respectively. Additionally, the crystal structure of the doped NPLs is 

found to be nearly unchanged by Mn2+ ions (see Figure 4-4d). The main diffraction peaks 

correspond to the WZ structure of ZnSe (ICPDS 01-080-0008). Both TEM and XRD 

results suggest that all experimental parameters of the ZnSe NPL synthesis also work 

very well for the synthesis of the ZnSe:Mn NPLs. 
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Figure 4-4. Shape and phase characterization of ZnSe:Mn NPLs. (a) TEM image and (d) XRD 

pattern of ZnSe:Mn (x = 8%) NPLs. At the bottom, the reference pattern of WZ-ZnSe (black, 

ICPDS 01-080-0008) is displayed. The (b) length and (c) width distribution histograms of 

ZnSe:Mn (x = 8%) NPLs. 

To check if Mn2+ ions were incorporated into the ZnSe NPLs, optical spectroscopy 

measurements were performed. From the UV−vis absorbance spectrum of ZnSe:Mn (x = 

8%) NPLs (see Figure 4-5a, black), no significant change was observed in comparison to 

ZnSe NPLs. However, a new strong emission band centered at 590 nm was observed in 

the PL spectrum in addition to the typical BE emission of ZnSe NPLs (see Figure 4-5a, 

red). This broad orange emission can be attributed to the Mn2+ ion 4T1−6A1 transitions,76 

revealing the successful doping of the ZnSe crystal lattice with Mn2+ ions. It is worth 

noting that the peak marked with an asterisk is not a PL signal but a Raman signal from 
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the solvent (hexane).128 The presence of the energy-transfer between the ZnSe and Mn2+ 

ions was evidenced by comparing the UV−vis absorbance and PLE spectra monitored at 

590 nm. As can be seen (see Figure 4-5b), the PLE spectrum of Mn2+ ions coincides 

perfectly with the absorbance spectrum of ZnSe. 

 

Figure 4-5. Optical characterization of ZnSe:Mn (x = 8%) NPLs. (a) UV−vis absorbance (black) 

and PL (red) spectra of ZnSe:Mn (x = 8%) NPLs (λexc = 325 nm). The scattering of the solvent 

(hexane) Raman peaks (marked with an asterisk) is also visible. (b) The corresponding PLE 

(blue) spectrum monitored at the maximum of the Mn2+ emission. 

As “seeds” for the preparation of the ZnSe:Mn/ZnS core/shell NPLs, ZnSe:Mn NPLs 

play a significant role in influencing the optoelectronic properties of the final core/shell 

products. Hence, tuning the Mn2+ amount to optimize the optical properties of the doped 

NPLs is very important. Here, the nominal Mn:Zn atomic ratio of the precursors was 

changed from ~0.06% to 64%. The actual Mn:Zn atomic ratio in the ZnSe:Mn NPLs was 

determined by ICP-OES, which is shown in Table 4-1. The presented results show that 

the Mn:Zn atomic ratio determined by ICP-OES is much lower than the one used in the 

synthesis, revealing that only small parts of Mn2+ ions were incorporated into ZnSe NPLs. 

The average number of Mn2+ ions per NPL in the series of samples can be estimated by 

knowing the mean volume of NPLs (61.1 × 17.3 × 1.4 nm3). The doping range between 

0.01% and 10.23% corresponds to 3−3404 Mn2+ ions per NPL. 



4.2 Results and Discussion 

95 
 

Table 4-1. The nominal Mn:Zn atomic ratio used in the synthesis, the actual Mn:Zn atomic 

ratio in the ZnS:Mn NPL samples determined by ICP-OES, and the average number of Mn2+ 

ions incorporated per ZnSe:Mn NPL determined via ICP-OES. 

 

The absorption and PL features of the series of samples with increasing Mn2+ doping 

level were recorded, which are shown in Figure 4-6. When the doping level increased 

from 0 to 16%, no obvious change on the absorption spectra was observed. The two 

characteristic absorption peaks corresponding to the light hole−electron and heavy 

hole−electron transitions appear in all spectra. With further increase in the doping level, 

the two absorption peaks broaden slightly, which could be a result of the Mn2+ ion 

influence on the electronic structure of the host.136 Analyzing the PL spectra, it is found 

that the center of the BE emission keeps nearly fixed, while the Mn2+ emission band red-

shifts as the doping level increases (see Figure 4-7a). This distinct red-shift (Δλ = 17 nm) 

can be ascribed to the Mn2+−Mn2+ interaction, which is similar to the previous result of 

ZnS:Mn NPLs in Chapter 3. 
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Figure 4-6. Effect of the Mn2+ doping level on the optical properties of ZnSe:Mn NPLs. 

UV−vis absorbance and PL spectra of ZnSe:Mn NPLs with increasing Mn2+ doping level added 

in the synthesis. The scattering of the solvent (hexane) Raman peaks (marked with an asterisk) 

is also detected. The spectra are vertically shifted for clarity. 

Although no shift in the BE emission band is observed, the BE emission kinetics 

might be changed by the Mn2+ doping. To verify this, the TRPL feafures of an undoped 

sample and a doped sample with a high doping level (x = 8%) were compared. Figure 4-

7b shows that the doped NPLs have a faster BE emission decay lifetime in comparison to 
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the undoped NPLs. This change reveals that doping the ZnSe NPLs with Mn2+ ions 

increases the relaxation rate of the excited charge carrires of ZnSe NPLs. 

 

Figure 4-7. (a) Variation of the emission peak position with increasing doping level.  (b) 

BE emission decays of undoped NPLs (black) and doped (x = 8%) NPLs (red).  

It is also noted that the BE emission diminishes gradually as the doping level 

increases, and it almost vanishes at the doping level of 64%. To quantitatively describe 

the variation in intensity of the BE and Mn2+ emission, the PLQYs of the series of the 

samples were calculated, which is shown in Figure 4-8a. With increasing doping level, 

the PLQY of the BE emission monotonically decrease from ~0.17% to 0.0%. In contrast, 

the PLQY of the Mn2+ emission increases until the doping level reaches 8%. With further 

increase in the doping level, it drops. The initial increase can be attributed to the 

increasing number of Mn2+ luminescent centers, while the subsequent decrease is due to 

the “quenching effect” induced by the strong Mn2+−Mn2+ interaction.136  Such a 

“quenching effect” is verified by investigating the variation of the Mn2+ PLQY per Mn2+ 

ion as a function of the doping level. It shows (see Figure 4-8b) a decrease of the Mn2+ 

PLQY per Mn2+ ion with increasing doping level. Besides, it is also found that the total 

PLQY of ZnSe:Mn NPLs decreases gradually as the doping level increases from 0.0625% 

to 64%. One of the reasons for the decrease can be attributed to the increasing 

“quenching effect” between Mn2+ ions, which is in line with previous reports.140, 174 The 

changes in the PLQY for the BE and Mn2+ emission indicate a change in the energy-
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transfer efficiency (ΦET) between the host and the dopant. It is known that the intensity 

ratio of the Mn2+ emission (IMn) and the host BE emission (IBE) is proportional to the 

relaxation rate of the host−dopant energy-transfer (kET) (i.e. IMn/IBE ∝ kET).140 As the 

doping level increases, it is found that IMn/IBE increases (see Figure 4-8c), suggesting an 

increase in the energy-transfer rate. 

 

Figure 4-8. Effect of the Mn2+ concentration on the BE and Mn2+ emission. (a) Plot of the 

PLQY as a function of the Mn2+ doping level added in the synthesis. (b) Variation of the PLQY 

contribution per Mn2+ ion with increasing doping level. (c) Intensity ratio of the BE and Mn2+ 

emission as a function of the Mn2+ doping level. 

The influence of Mn2+ concentrations on the dopant emission kinetics of ZnSe:Mn NPLs 

was also investigated via TRPL measurements. Interestingly, the average lifetime of the Mn2+ 
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emission increases gradually from 19.8 to 23.1 μs as the doping level increases from 0.0625% to 

8% (see Figure 4-9a and b), which is contrary to the previous observation in ZnS:Mn NPLs (see 

Figure 3-14). Although the reason is unclear, the result suggests that the local environment of 

Mn2+ ions in the ZnSe NPLs is altered by changing the doping level. When the doping level 

exceeds 8%, the average lifetime of the Mn2+ emission decreases dramatically. This decrease can 

be well-explained by the magnetically coupled Mn2+ ions, which coincides with the reported 

results.136, 175 

 

Figure 4-9. Influence of the Mn2+ concentration on the Mn2+ emission kinetics. (a) Mn2+ PL 

decay of ZnSe:Mn NPLs with increasing Mn2+ doping level added in the synthesis. (b) Plot of 

the average lifetime of the Mn2+ emission as a function of the doping level. 

4.2.3 ZnS Shell Growth 

The above results show that colloidal ZnSe:Mn NPLs with well-defined structure 

were successfully synthesized. To improve the optical properties and environmental 

stability, ZnS shells were grown on the ZnSe:Mn NPLs to obtain ZnSe:Mn/ZnS core/shell 

NPLs using the c-ALD method.65 This method allows the precise control of the ZnS shell 

at the atomic scale. Additionally, unlike other methods (e.g. one-pot and hot-injection), c-

ALD can be conducted at room temperature, which effectively avoids the poor thermal 

stability issue of platelets.62 Here, ZnSe:Mn (x = 8%) NPLs were chosen as “seeds” for 

the fabrication of core/shell NPLs since they exhibit better optical performance (e.g. a 
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higher PLQY and longer lifetime) compared to the samples with other doping levels. 

After five cycles of c-ALD was performed, the product still remains platelet-like (see 

Figure 4-10). Nevertheless, different from the core NPLs (see Figure 4-4a), the edges of 

the core/shell NPLs are not smooth and have higher contrast than their center. Similar 

results can be seen in previous reports.176-177 This suggests that the ZnS shell is 

inhomogeneous. 

 

Figure 4-10. TEM image of ZnSe:Mn/ZnS core/shell NPLs synthesized by using the c-ALD 

method. 

To check if the ZnS shell really grows on the ZnSe:Mn NPLs, atomic force microscopy 

(AFM) measurements were performed to compare the thickness of the ZnSe:Mn NPLs and 

ZnSe:Mn/ZnS core/shell NPLs. To minimize the deviation, the thickness of each NPL was 

measured four times in different directions. Figure 4-11a shows that the mean thickness of the 

ZnSe:Mn NPLs is measured to be ~1.70 nm, smaller than the mean thickness (~3.98 nm) of the 

ZnSe:Mn/ZnS core/shell NPLs (see Figure 4-11b). This increase in thickness of the NPLs 

qualitatively suggests that the ZnS shell successfully grows on the ZnSe:Mn core NPLs via the c-

ALD method. Additionally, according to the measured values, it can be known that the thickness 

of the ZnS shell is ~1.14 nm. Assuming that each cycle of the c-ALD process can generate one 

ML of the ZnS (~0.31 nm173, 178), the shell thickness of the sample performed with 5 cycles of 
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the c-ALD process is 1.55 nm, which is close to the measured value (1.14 nm). The slight 

difference can be attributed to the experimental errors. 

 

Figure 4-11. AFM images of (a) ZnSe:Mn NPLs and (b) ZnSe:Mn/ZnS NPLs. Bottom: The 

height determination of the NPLs from the cross sections of individual NPL circled by the white 

rectangles. 

To study the influence of the ZnS shell on the optical properties of ZnSe:Mn/ZnS 

core/shell NPLs, a series of samples with increasing ZnS ML were prepared. Compared to 

the core NPLs, the absorbance spectra of the core/shell NPLs display enhanced 
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absorption in the UV range between 250 and 300 nm (see Figure 4-12a), which could be 

due to the absorption of ZnS. 

 

Figure 4-12. (a) UV−vis absorbance and PL spectra of ZnSe:Mn NPLs and ZnSe:Mn/ZnS 

core/shell NPLs with different ZnS MLs. (b) Zoomed-in UV−vis absorbance spectra. The 

scattering of the solvent (hexane) Raman peaks (marked with an asterisk) is also detected. The 

spectra are vertically shifted for clarity. 

With increasing number of the ZnS-shell ML, the absorption in the UV range increases 

gradually, followed by a red-shift of the two main absorption peaks (see Figure 4-12b). 

Such a small red-shift in absorption was also observed in the previous report on the 

core/shell ZnSe/ZnS QDs, which is regarded as a sign of the formation of a shell.60, 164, 179 

This is consistent with the AFM results. Looking at the PL spectra, it is surprising to find 

that the BE emission of the host disappeared and only the Mn2+ emission was detectable 
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after the deposition of ZnS. The disappearance of the BE emission is probably due to the 

surface defects, considering the rough edges of the core/shell NPLs. In addition, the 

PLQY of core/shell NPLs was still relatively low (< 0.2%). One reason could be the 

inhomogeneous ZnS shell with low crystallinity since c-ALD was conducted at room 

temperature. To address this issue, post-treatment such as annealing is required. Recently, 

Dubertret and co-workers176 found the same issue in the fabrication of the CdSe/CdZnS 

core/shell NPLs. The as-synthesized CdSe/CdZnS NPLs were then annealed at 300 °C in 

trioctylamine in the presence of an excess of cadmium oleate. After this treatment, the 

CdZnS shell became smooth and homogeneous. 

Although the Mn2+ PLQY was not improved after the growth of the ZnS shell, the 

Mn2+ PL kinetics may be changed. To verify this, TRPL measurements were performed. 

Figure 4-13 (a−b) shows a significant increase in the Mn2+ PL average lifetime from 27 

μs to 200 μs upon deposition of the first ML of ZnS. This change suggests that the Mn2+ 

PL kinetics were highly influenced by the ZnS shell. With increasing thickness of the 

ZnS shell, the Mn2+ PL average lifetime remains almost unchanged. 

 

Figure 4-13. (a) The Mn2+ PL lifetime of the ZnSe:Mn/ZnS core/shell NPLs as a function of the 

layer number of the ZnS shell. (b) The average lifetime of the NPLs as a function of the layer 

number of the ZnS shell. 
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It is well-known that the Mn2+ PL decay lifetime from 4T1–6A1 transitions is proportional 

to the Mn2+−Mn2+ distance.80, 137 For a given Mn2+-doped system, there are two ways to 

increase the Mn2+−Mn2+ distance and thereby leading to a long Mn2+ PL decay lifetime: 

(1) decrease the Mn2+ concentration and (2) place Mn2+ ions further away from each other. 

Considering that no additional Mn2+ ions were added during the formation of the ZnS 

shell, the Mn2+ concentration in the NPLs should remain unchanged before and after the 

ZnS growth. Thus the increase in Mn2+ PL decay lifetime is likely due to the increase in 

Mn2+−Mn2+ distance. Recently, Zheng’s group140, 180 showed that interface between the 

core and the shell can create a driving force to trigger migration of Mn2+ ions from the 

core to the interface. Here, the migration of Mn2+ ions, which leads to an increase in the 

Mn2+−Mn2+ distance, is considered as a possible reason for the increase in PL decay 

lifetime of Mn2+-doped core/shell structures. 

4.3 Conclusions 

In this work, atomically precise ZnSe NPLs with a sharp BE emission were successfully 

synthesized by adapting the soft-template-guided approach. The subsequent introduction of Mn2+ 

ions into the ZnSe endows the doped NPLs with dual emission. The coupling between excitons 

and Mn2+ ions was investigated in detail using spectroscopic characterization. By varying the 

concentration of Mn2+ ions, the intensity ratio of the BE and Mn2+ emission can be easily tuned. 

To improve the optical properties, ZnS shells were successfully grown on the ZnSe:Mn NPLs 

through the c-ALD method. The formation of the ZnS shell is evidenced by the TEM, UV−vis 

absorbance, and AFM measurements. After the growth of the ZnS shell, the Mn2+ emission 

kinetics is found to be significantly changed. The decay of Mn2+ PL becomes more 

homogeneous, accompanied by a dramatical increase in lifetime from tens of μs to hundreds of 

μs when the ZnS shell grows on the ZnSe:Mn NPLs. 

4.4 Experimental Section 

4.4.1 Chemicals 

Zinc chloride (97+%), octylamine (OTA, 99+%), and methanol (99.8%) were 

purchased from Acros. Manganese (II) acetate (98%, Mn(OAc)2), selenium powder,
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oleylamine (OAm, 70%), trioctylphosphine (TOP, 97%), formamide (99+%), N-

methylformamide (NMF, 99%), and ammonium sulfide ((NH4)2S, 20 wt% in H2O) were 

ordered from Sigma-Aldrich. Toluene (99.5%), isopropanol (99.7%), and hexane (95%) 

were purchased from VWR. Acetone (99%) was purchased from Th. Geyer Chemicals. 

All chemicals were used without further purification. 

4.4.2 Synthesis of ZnSe Nanoplatelets 

Standard Synthetic Procedure for ZnSe NPLs. In a three-necked flask equipped 

with a septum and a thermocouple in a glass mantle, 0.15 mmol (20.4 mg) of ZnCl2 and 

0.45 mmol (35.5 mg) of selenium powder were dissolved in a mixture of 10 mL of OAm 

and 5 mL of OTA. The mixed solution was bubbled with nitrogen at 100 °C for 30 min 

under vigorous stirring. Afterwards, the reaction solution was heated to 170 °C for 6 h 

with magnetic stirring under nitrogen flow. After the reaction, the solution was naturally 

cooled down by removal of the heating mantle. When the temperature reached 100 °C, ~2 

mL of TOP was added into the flask to remove unreacted selenium. The resulting NCs 

were purified as follows: (1) 15 mL of reaction solution was mixed with 5 mL of acetone 

and 5 mL of isopropanol. (2) The mixture was shaken well and centrifuged for 10 min at 

9000 rpm. (3) The supernatant was discarded, and the precipitation was dispersed into 3 

mL of hexane or toluene for further characterization. 

4.4.3 Synthesis of ZnSe:Mn Nanoplatelets 

Standard Synthetic Procedure for ZnSe:Mn NPLs. In a three-necked flask 

equipped with a septum and a thermocouple in a glass mantle, 0.15 mmol (20.4 mg) of 

ZnCl2, 0.45 mmol (35.5 mg) of selenium powder, and a certain amount of Mn(OAc)2 

were dissolved in a mixture of 10 mL of OAm and 5 mL of OTA. The mixed solution was 

bubbled with nitrogen at 100 °C for 30 min under vigorous stirring. Afterwards, the 

reaction solution was heated to 170 °C for 6 h with magnetic stirring under nitrogen flow. 

After reaction, the solution was naturally cooled down by removal of the heating mantle. 

When the temperature reached 100 °C, ~2 mL of TOP was added into the flask to remove 

unreacted selenium. The resulting NCs were purified as follows: (1) 15 mL of reaction 

solution was mixed with 5 mL of acetone and 5 mL of isopropanol. (2) The mixture was 
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shaken well and centrifuged for 10 min at 9000 rpm. (3) The supernatant was discarded, 

and the precipitation was dispersed into 5 mL of hexane for further preparation of 

ZnSe:Mn/ZnS core/shell NPLs.  

Synthesis of ZnSe:Mn with Variable Mn2+ Concentrations. For the synthesis of 

ZnSe:Mn NPLs with different Mn2+ concentrations, the amount of Mn(OAc)2 was varied 

while the amounts of ZnCl2 and selenium powder in the initial mixture were fixed. 

4.4.4 Synthesis of ZnSe:Mn/ZnS Core/Shell Nanoplatelets 

Standard Synthetic Procedure for ZnSe:Mn/ZnS Core/Shell NPLs. 200 μL of 

ZnSe:Mn NPLs was purified by centrifugation, and the precipitation was then re-

dispersed into 1 mL of hexane in a 5 mL glass vial. 1 mL of NMF and 22 μL of aqueous 

(NH4)2S solution (20 wt% in H2O) were added into the vial. The two-phase mixture was 

stirred vigorously until complete phase transfer of NPLs from hexane to NMF. The upper 

phase (hexane) was discarded. The lower phase (NMF) containing S2−-coated NPLs was 

rinsed two times with hexane, followed by centrifugation and re-dispersion in 1 mL of 

NMF. To deposit a layer of Zn2+ ion, 120 μL of 0.1 M ZnCl2 solution in formamide was 

added, and the mixture was stirred vigorously for 30 s. Finally, the NPLs were purified 

by centrifugation and re-dispersed in 1 mL of NMF. The above procedure was repeated 

until the desired number of layers was obtained. 

4.4.5 Characterizations 

TEM. TEM images were taken by using a JEOL Jem-1011 microscope at an 

acceleration voltage of 100 kV. Samples for the TEM analysis were prepared by drop-

casting 10 μL of the dilute NC dispersion onto carbon-coated copper grids. HRTEM 

images and EDX spectra were obtained with a Philips CM 300 UT microscope operated 

at an acceleration voltage of 200 kV. 

XRD. XRD measurements were performed with a Philips X’Pert PRO MPD 

diffractometer with monochromatic X-ray radiation from a copper anode with a 

wavelength of 0.154 nm (Cu Kα). Samples for the XRD analysis were prepared by drop-
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casting a few μL of the concentrated NC solution onto silicon wafer substrates with 

subsequent solvent evaporation. 

UV−vis Absorbance and PL Spectra. UV−vis absorbance and steady-state PL 

spectra were obtained with a PerkinElmer Lambda 25 two-beam spectrometer and a 

Horiba Fluoromax-4 spectrometer, respectively. TRPL measurements were performed 

with Picoquant FluoTime 300 fluorescence spectrometer. Samples were prepared by 

adding a few μL of the NC solution into 3 mL of hexane in quartz vessels with an optical 

path length of 10 mm. 

ICP-OES. The Mn2+ concentration in NPLs was determined via ICP-OES (type: 

ARCOS) produced by Fa. Spectro. Samples for the ICP-OES analysis were prepared with 

three steps: (1) 2 mL of the concentrated NC solution was pipetted into a 25 mL beaker 

and evaporated at room temperature. (2) The dried sample was dissolved in 4 mL of 

concentrated HNO3 at 160 °C. (3) The mixed solution was diluted in a 25 mL volumetric 

flask. 

AFM. AFM from JPK Instruments was used to determine the thickness of NPLs. 

Data processing was done with the software package Gwyddion. The samples were 

prepared by drop-casting a diluted NPL suspension on a silicon wafer. 
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5.1 Conclusions 

In the first part of the project, a simple and effective colloidal method for the preparation of 

2D ZnS NPLs was developed. This method can be applied for the synthesis of layered and non-

layered 2D nanomaterials. The soft-template-guided formation mechanism for the ZnS NPLs 

was studied using TEM, XRD, and 1H NMR and confirmed in the OAm/OTA/Zn2+ precipitation 

experiment. The synthesized ZnS NPLs exhibit not only distinct absorption features, but also a 

noticeable excitonic emission that is not seen in previous reports. The observed absorption bands 

at 4.38, 4.8, 5.62, and 5.78 eV reveal the genuine 2D nature of the obtained NPLs, which can be 

assigned to h0,1,2−e0, h4−e1, h1−e3, and h5−e2 transitions, respectively. Moreover, it is found that 

the amount of sulfur and volume ratio between amine ligands can significantly influence the 

shape and phase of ZnS NCs. By changing the amount of sulfur, a simultaneous shape/phase 

transformation between WZ-ZnS NPLs and ZB-ZnS NRs occurs at a relatively low temperature 

(150 ℃). 

The ZnS NPLs synthesized in Chapter 2 represent an attractive choice as the matrix for 

transition metal ions due to their flat and uniform structure, which prompts us to dope such NPLs 

with Mn2+ ions. The experimental results show that the recipe of ZnS NPLs can be extended to 

prepare the ZnS:Mn NPLs without changing the shape and phase of the products. In addition to 

the excitonic emission in the UV range, the resulting ZnS:Mn NPLs exhibit an orange emission 

originating from Mn2+ 4T1−6A1 transitions. It is noted that both the dopant and the host optical 

properties (e.g. PL intensity ratio, lifetime, and PLQY) are highly dependent on the Mn2+ 

concentration. The connection between Mn2+ species and Mn2+ PL kinetics were also 

systematically investigated using TRPL and DFT-based calculations. It appears that Mn2+ ions 

with less coupling have a longer PL lifetime and tend to emit at shorter wavelengths. 

Additionally, it is found that the surface of ZnS:Mn NPLs is a critical and limiting factor for the 

effective energy conversion. By passivating the surface with zinc-containing ligands, the PLQY 

of ZnS:Mn NPLs can be substantially improved. 

Based on that, preparation of type-I ZnSe:Mn/ZnS core/shell NPLs were considered. The 

goal is to improve their optical properties (e.g. PLQY and lifetime) and to enhance the 

environmental stability. The experience in the synthesis of ZnS:Mn NPLs help us to design a 

synthetic protocol for ZnSe:Mn NPLs. The result appears that a higher temperature (170 °C) is
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required for the preparation of the well-separated ZnSe:Mn NPLs in comparison to that of 

ZnS:Mn NPLs (150 °C). To remove impurities (e.g. unreacted Se powder), it is necessary to add 

TOP (cosolvent) into the reaction solution during the cooling. The sample (8% in the synthesis) 

with a relatively high PLQY was used as “seeds” for the ZnS shell growth. Considering the poor 

thermal stability of NPLs, a moderate method named c-ALD was adopted to synthesize the 

core/shell NPLs. The formation of the ZnS shell was evidenced by TEM and AFM 

measurements. Although the PLQY of core/shell NPLs is still low, the shell growth is found to 

extend the PL lifetime from tens of microseconds to hundreds of microseconds. To improve the 

PLQY, several optimizations such as annealing via physical and chemical methods are proposed 

for future studies. Finally, the successful preparation of a series of Zn chalcogenide NPLs (ZnS, 

ZnSe, and ZnSe/ZnS) shown in the dissertation provides general guidelines for the design of 

other non-layered 2D semiconductor nanomaterials. 

5.2 Outlook 

The research of 2D semiconductor NPLs and their heterostructures (e.g. doping, core/shell, 

and core/crown) is still in its infancy. Thus, many aspects need to be addressed in the future to 

meet the increasing demands of practical applications. First of all, in addition to Cd-based NPLs, 

the research on other composition NPLs is still lacking. This leads to immature synthetic 

strategies and unclear formation mechanisms. More efforts should be made to prepare diverse 

NPLs. Second, it is well-known that the optical properties of NPLs are mainly governed by their 

thickness. Thus, precise control over the thickness of NPLs is very significant. For example, the 

emission spectrum of CdSe NPLs can be tuned in a wide range from 460 to 625 nm by changing 

their thickness.43, 56 However, the zinc-containing NPLs (ZnS and ZnSe) presented here exhibit 

spectrally fixed PL due to the lack of thickness tunability. Future work should focus on 

developing new recipes to achieve thickness control of NPLs. Third, because of the large lateral 

dimension and ultrathin thickness, NPLs tend to fold and stack during synthesis, which is 

detrimental to their properties. For instance, it has been observed that the stacking of NPLs 

results in a low energy emission peak.181-182 Further research on the stabilization of NPLs is 

desired.  

For doping of NPLs, the “self-purification” issue induced by the ultra-small volume of NPLs 

is not well resolved. This phenomenon is also observed in the ZnS:Mn NPLs in Chapter 3. 
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Besides, it is still difficult to dope NPLs with impurities homogeneously and controllably. 

Further studies on enhanced control over the dopant position are required. 

Unlike the core/shell QDs, most core/shell NPLs are prepared at a low temperature (or room 

temperature) due to the poor thermal stability of NPLs, and these core/shell NPLs generally 

exhibit a very low PLQY. In future studies, high-temperature based approaches need to be 

developed. Second, NPLs with highly anisotropic morphologies have large energy differences 

between basal and side facets, which commonly results in inhomogeneous or selective deposition 

of a shell. The low-quality shell can generate structural defects (e.g. grain boundaries, impurities, 

and dislocations), which leads to reduced optical/electronic performance. Therefore, an advanced 

control over the shell growth on NPLs is highly demanded. 

Finally, thanks to the distinct optoelectronic properties, quasi-2D NPLs, as well as their 

heterostructures (e.g. doping, core/shell, and core/crown), have shown great potential in many 

fields. For example, the extremely narrow emission performance of NPLs makes them attractive 

for applications in lasing and displays. Because of the large absorption cross sections, NPLs 

shows promising for energy conversion and storage. Moverover, core/shell NPLs with good 

stability are ideal materials for lighting devices. However, the development of the NPL-based 

technology is relatively slow in comparion to QDs. Thus, more attention should be paid to the 

use of NPLs in the future. 
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Appendix B. List of Hazardous Substances 

Table B-1. Hazard statements of the chemicals used in the presented dissertation. 

Chemical Pictogram Symbol Hazard Statement 
Precautionary 

Statement 

Zinc (II) chloride 

 

H302, H314, H410 

P260, P280, P301 + 
P312 + P330, P303 + 
P361 + P353, P304 + 
P340 + P310, P305 + 

P351 + P338 

Sulfur powder 
 

H315 
P264, P280, P302 + 
P352, P332 + P313, 

P362 + P364 

Manganese (II) 
acetate 

 
H373, H412 

P260, P273, P314, 
P501 

Selenium powder 
 

H301 + H331, H373, 
H413 

P260, P264, P273, 
P301 + P310, P304 + 
P340 + P311, P314 

Octylamine 

 

H226, H301 + H311, 
H314, H332, H335, 

H410 

P210, P273, P280, 
P303 + P361 + P353, 
P304 + P340 + P310, 
P305 + P351 + P338 

Oleylamine 

 

H302, H304, H314, 
H335, H373, H410 

P273, P280, P301 + 
P330 + P331, P303 + 
P361 + P353, P304 + 
P340 + P310, P305 + 

P351 + P338 

Trioctylphosphine 
 

H314 

P280, P301 + P330 + 
P331, P303 + P361 + 
P353, P305 + P351 + 

P338 

Ammonium sulfide 

 

H226, H314, H400 

P210, P233, P273, 
P280, P303 + P361 + 
P353, P305 + P351 + 

P338 

Methanol 

 

H225, H301 + H311 + 
H331, H370 

P210, P233, P280, 
P301 + P310, P303 + 
P361 + P353, P304 + 

P340 + P311 
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Toluene 

 

H225, H304, H315, 
H336, H361d, H373, 

H412 

P201, P210, P273, 
P301 + P310, P303 + 
P361 + P353, P331 

Isopropanol 
 

H225, H319, H336 
P210, P233, P240, 

P241, P242, P305 + 
P351 + P338 

Hexane 

 

H225, H304, H315, 
H336, H361f, H373, 

H411 

P201, P210, P273, 
P301 + P310, P303 + 
P361 + P353, P331 

Acetone 
 

H225, H319, H336 
P210, P233, P240, 

P241, P242, P305 + 
P351 + P338 

Chloroform-d 
 

H302,H315, H319, 
H331, H336, H351, 

H361d, H372 

P201, P301 + P312, 
P302 + P352, P304 + 
P340 + P311, P305 + 
P351 + P338, P308 + 

P313 

Tetramethylsilane 
 

H224 P210 

Formamide 
 

H351, H360D, H373 
P201,P202, P260, 

P280, P308 + P313, 
P405 

N-methylformamide 
 

H312, H360D 
P201, P280, P302 + 

P352 + P312, P308 + 
P313 

Nitric acid 

 

H272, H290, H314, 
H331 

P210, P220, P280, 
P303 + P361 + P353, 
P304 + P340 + P310, 
P305 + P351 + P338 
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Table B-2. Phrases of GHS hazard statements according to Regulation (EC) No. 1272/2008. 

H200 Unstable, explosive. 
H201 Explosive, risk of mass explosion. 
H202 Explosive; great danger from splinters and explosives. 
H203 Explosive; Danger from fire, air pressure or splinters, and explosives. 
H204 Danger from fire or splinters and explosives 
H205 Risk of mass explosion in case of fire. 
H220 Extremely flammable gas. 
H221 Flammable gas. 
H222 Extremely flammable aerosol. 
H223 Flammable aerosol. 
H224 Extremely flammable liquid and vapor. 
H225 Highly flammable liquid and vapor. 
H226 Flammable liquid and vapor. 
H228 Flammable solid. 
H229 Pressurized container: may burst if heated. 
H230 May react explosively even in the absence of air. 
H231 May react explosively even in the absence of air at increased pressure 

and/or temperature. 
H240 Heating can cause an explosion. 
H241 Heating can cause fire or explosion. 
H242 Heating can cause fire. 
H250 Self-ignites in contact with air. 
H251 Self-heating, can heat itself; can catch fire. 
H252 Self-heating in large quantities; can catch fire. 
H260 Contact with water produces flammable gases which can ignite 

spontaneously. 
H261 Contact with water releases flammable gases. 
H270 May cause or intensify fire; Oxidizing agent. 
H271 May cause fire or explosion; strong oxidizing agent. 
H272 May intensify fire; Oxidizing agent. 
H280 Contains gas under pressure; can explode if heated. 
H281 Contains frozen gas; can cause cold burns or injuries. 
H290 Can be corrosive to metals. 
H300 Fatal if swallowed. 
H301 Toxic if swallowed. 
H302 Harmful if swallowed. 
H304 Can be fatal if swallowed and enters airways. 
H310 Danger to life in contact with skin. 
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H311 Toxic in contact with the skin. 
H312 Harmful to skin contact. 
H314 Causes serious irritation of the skin and serious eye damage. 
H315 Causes skin irritation. 
H317 May cause an allergic skin reaction. 
H318 Causes serious eye damage. (not applicable if also H314) 
H319 Causes serious eye irritation. 
H330 Danger to life if inhaled. 
H331 Toxic if inhaled. 
H332 Harmful if inhaled. 
H334 May cause allergy or asthma symptoms or breathing difficulties if 

inhaled. 
H335 May cause respiratory irritation. 
H336 May cause drowsiness and dizziness. 
H340 May cause genetic defects (state route of exposure if it is conclusively 

proven that no other routes of exposure cause the hazard). 
H341 Suspected of causing genetic defects (state route of exposure if it is 

conclusively proven that no other routes of exposure cause the hazard). 
H350 May cause cancer (state route of exposure if it is conclusively proven 

that no other routes of exposure cause the hazard). 
H351 Suspected of causing cancer (state route of exposure if it is 

conclusively proven that no other routes of exposure cause the hazard). 
H360 May impair fertility or damage the unborn child (if known, state 

specific effect) (state route of exposure if it is conclusively proven that 
no other routes of exposure cause the hazard). 

H361 Suspected of damaging fertility or the unborn child (state specific effect 
if known) (state route of exposure if it is conclusively proven that no 
other routes of exposure cause the hazard). 

H362 May cause harm to babies through breast milk. 
H370 Causes damage to organs (or state all organs affected, if known) (state 

route of exposure if it is conclusively proven that no other routes of 
exposure cause the hazard). 

H371 May cause damage to organs (or name all organs affected, if known) 
(state route of exposure if it is conclusively proven that no other routes 
of exposure cause the hazard). 

H372 Causes damage to organs (state all organs affected) through prolonged 
or repeated exposure (state route of exposure if it is conclusively 
proven that no other routes of exposure cause the hazard). 

H373 May cause damage to organs (state all organs affected) through 
prolonged or repeated exposure (state route of exposure if it is 
conclusively proven that no other routes of exposure cause this hazard). 

H300 + H310 Danger to life if swallowed or in contact with skin. 
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H300 + H330 Danger to life if swallowed or inhaled. 
H310 + H330 Danger to life in case of skin contact or inhalation. 
H300 + H310 + H330 Danger to life if swallowed, in contact with skin or if inhaled. 
H301 + H311 Toxic if swallowed or in contact with skin. 
H301 + H331 Toxic if swallowed or inhaled. 
H311 + H331 Toxic if in contact with skin or if inhaled. 
H301 + H311 + H331 Toxic if swallowed, in contact with skin or if inhaled. 
H302 + H312 Harmful if swallowed or in contact with skin. 
H302 + H332 Harmful if swallowed or inhaled. 
H312 + H332 Harmful in contact with skin or if inhaled. 
H302 + H312+ H332 Harmful if swallowed, in contact with skin or if inhaled. 
H400 Very toxic to aquatic organisms. (not applicable if also H410) 
H410 Very toxic to aquatic life with long lasting effects. 
H411 Toxic to aquatic life with long lasting effects. 
H412 Harmful to aquatic organisms, with long-term effect. 
H413 May be harmful to aquatic organisms with long-term effects. 
H420 Harms public health and the environment by depleting ozone in the 

external atmosphere. 
H350i May cause cancer if inhaled. 
H360F May impair fertility. 
H360D May harm the unborn child. 
H361f Suspected of damaging fertility. 
H361d Suspected of damaging the unborn child. 
H360FD May impair fertility. May harm the unborn child. 
H361fd Suspected of damaging fertility. Suspected of damaging the unborn 

child. 
H360Fd May impair fertility. Suspected of damaging the unborn child. 
H360Df May harm the unborn child. Suspected of damaging fertility. 
EUH001 Explosive when dry. 
EUH014 Reacts violently with water. 
EUH018 Can form explosive / flammable vapor / air mixtures when used. 
EUH019 Can form explosive peroxides. 
EUH029 Develops toxic gases on contact with water. 
EUH031 Develops toxic gases on contact with acids. 
EUH032 Develops upon contact with acid very poisonous gases. 
EUH044 Risk of explosion when heated under inclusion. 
EUH066 Repeated contact can lead to rough or cracked skin. 
EUH070 Toxic in contact with the eyes. 
EUH071 Corrosive to the respiratory tract. 
EUH201 Contains lead. Do not use for painting objects 



Appendix 
 

140 
 

EUH201A that could be chewed or sucked by children. Danger! Contains lead. 
EUH202 Cyanoacrylate. Danger. Bonds skin and eyelids in seconds. Keep out of 

the reach of children. 
EUH203 Contains chromium (VI). Can cause allergic reactions. 
EUH204 Contains isocyanates. Can cause allergic reactions. 
EUH205 Contains compounds containing epoxy. Can cause allergic reactions. 
EUH206 Danger! Do not use together with other products as dangerous gases 

(chlorine) can be released. 
EUH207 Danger! Contains cadmium. Hazardous fumes are generated during 

use. Follow the manufacturer's instructions. Comply with safety 
instructions. 

EUH208 Contains (name of the sensitizing substance). Can cause allergic 
reactions. (EUH08 can be omitted if EUH204 or EUH 205 is required.) 

EUH209 Can become highly flammable in use. 
EUH209A Can become flammable in use. 
EUH210 Safety data sheet available on request. 
EUH401 To avoid risks to people and the environment, follow the instructions 

for use. 
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Table B-3. Phrases of GHS Precautionary statements according to Regulation (EC) No. 
1272/2008. 

P101 If medical advice is needed, have container or label ready. 
P102 Keep out of the reach of children. 
P103 Read label before use. 
P201 Obtain special instructions before use. 
P202 Read and understand all safety advice before use. 
P210 Keep away from heat, hot surfaces, sparks, open flames and other 

ignition sources. Do not smoke. 
P211 Do not spray on an open flame or other ignition source. 
P220 Keep away from clothing and other combustible materials. 
P222 Avoid contact with air. 
P223 Do not allow any contact with water. 
P230 Keep wet with .... 
P231 Handle and store contents under inert gas /… 
P232 Protect from moisture. 
P233 Keep container tightly closed. 
P234 Store only in the original packaging. 
P235 Keep cool. 
P240 Earth the container and the system to be filled. 
P241 Use explosion-proof [electrical / ventilation / lighting /…] devices. 
P242 Use low-spark tools 
P243 Take measures against electrostatic discharges. 
P244 Keep valves and accessories free of oil and grease. 
P250 Do not grind / bump / rub /…. 
P251 Do not pierce or burn, even after use. 
P260 Do not breathe dust / smoke / gas / mist / vapor / aerosol. 
P261 Avoid inhalation of dust / smoke / gas / mist / vapor / aerosol. 
P262 Do not get in eyes, on skin, or on clothing. 
P263 Avoid contact during pregnancy and breastfeeding. 
P264 Wash thoroughly after handling. 
P270 Do not eat, drink or smoke when using. 
P271 Use only outdoors or in a well-ventilated area. 
P272 Do not wear contaminated work clothing outside of the workplace. 
P273 Avoid release to the environment. 
P280 Wear protective gloves / protective clothing / eye protection / face 

protection. 
P282 Wear protective gloves with cold insulation / face shield / eye 

protection. 
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P283 Wear flame retardant or flame retardant clothing. 
P284 [In case of insufficient ventilation] wear respiratory protection. 
P231 + P232 Handle and store contents under inert gas /…. Protect from moisture. 
P301 IF SWALLOWED: 
P302 IF ON SKIN: 
P303 IF ON SKIN (or hair): 
P304 IF INHALED: 
P305 IF IN CONTACT WITH THE EYES: 
P306 IN CASE OF CONTACT WITH CLOTHING: 
P308 IF exposed or concerned: 
P310 Call a POISON CENTER / doctor / ... immediately. 
P311 Call a POISON CENTER / doctor /…. 
P312 Call a POISON CENTER / doctor /… if you feel unwell. 
P313 Get medical advice / assistance. 
P314 Get medical advice / assistance if you feel unwell. 
P315 Get medical advice / assistance immediately. 
P320 Special treatment is urgently required (see ... on this label). 
P321 Special treatment (see ... on this label). 
P330 Rinse out mouth. 
P331 DO NOT induce vomiting. 
P332 In case of skin irritation: 
P333 If skin irritation or rash occurs: 
P334 Soak in cold water [or put on a wet bandage]. 
P335 Brush off loose particles from the skin. 
P336 Thaw icy areas with lukewarm water. Do not rub the affected area. 
P337 If eye irritation persists: 
P338 Remove any existing contact lenses if possible. Continue rinsing. 
P340 Move the affected person into fresh air and make sure they can breathe 

freely. 
P342 If there are symptoms of the respiratory tract: 
P351 Rinse gently with water for a few minutes. 
P352 Wash with plenty of water /…. 
P353 Wash skin [or shower] with water. 
P360 Wash contaminated clothing and skin immediately with plenty of water 

and then take off clothing. 
P361 Take off immediately all contaminated clothing. 
P362 Take off contaminated clothing. 
P363 Wash contaminated clothing before reuse. 
P364 And wash before wearing again. 
P370 In case of fire: 
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P371 In the event of a major fire and large quantities: 
P372 Risk of explosion. 
P373 DO NOT fight fire if fire reaches explosive substances / mixtures / or 

products. 
P375 Fight fire remotely due to the risk of explosion. 
P376 Stop leak if without risk. 
P377 Leaking gas fire: Do not extinguish until leak can be stopped safely. 
P378 ... use to delete. 
P380 Clear the environment. 
P381 In the event of a leak, remove all sources of ignition. 
P390 Absorb leaked quantities to avoid material damage. 
P391 Catch spilled quantities. 
P301 + P310 IF SWALLOWED: Immediately call a POISON CENTER / doctor /…. 
P301 + P312 IF SWALLOWED: Call a POISON CENTER / doctor /… if you feel 

unwell. 
P301 + P330 + P331 IF SWALLOWED: rinse mouth. DO NOT induce vomiting. 
P302 + P334 IF ON SKIN: Immerse in cold water or wrap in wet bandages. 
P302 + P335 + P334 IF ON SKIN: Brush off loose particles from skin. Soak in cold water 

[or put on a wet bandage]. 
P302 + P352 IF ON SKIN: Wash with plenty of water /…. 
P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated clothing. 

Wash skin [or shower] with water. 
P304 + P340 IF INHALED: Remove the person to fresh air and ensure that they can 

breathe freely. 
P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove 

any existing contact lenses if possible. Continue rinsing. 
P306 + P360 IF ON CLOTHING: Wash contaminated clothing and skin immediately 

with plenty of water and then take off clothing. 
P308 + P311 IF exposed or concerned: Call a POISON CENTER / doctor /…. 
P308 + P313 IF exposed or concerned: Get medical advice / attention. 
P332 + P313 If skin irritation occurs: Get medical advice, get medical attention. 
P333 + P313 If skin irritation or rash occurs: Get medical advice / attention. 
P336 + P315 Thaw icy areas with lukewarm water. Do not rub the affected area. Get 

medical advice / assistance immediately. 
P337 + P313 If eye irritation persists: Get medical advice / assistance. 
P342 + P311 If you experience symptoms of the respiratory tract: Call a POISON 

CENTER / doctor /…. 
P361 + P364 Immediately take off all contaminated clothing and wash it before 

reuse. 
P362 + P364 Take off contaminated clothing and wash it before reuse. 
P370 + P376 In case of fire: Stop leak if without risk. 
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P370 + P378 In case of fire: Use ... to extinguish. 
P370 + P372 + P380 +  
P373 

In case of fire: risk of explosion. Clear the environment. DO NOT fight 
fire if fire reaches explosives. 

P370 + P380 + P375 In case of fire: evacuate the area. Fight fire from a distance due to the 
risk of explosion. 

P370 + P380 + P375 
[+ P378] 

In case of fire: evacuate the area. Fight fire remotely due to the risk of 
explosion. [... use to extinguish.] (Note: Specify in [...] if water is not 
suitable as an extinguishing agent) 

P371 + P380 + P375 In the event of a major fire and large quantities: Evacuate the area. 
Fight fire remotely due to the risk of explosion. 

P401 Store in accordance with…. 
P402 Store in a dry place. 
P403 Keep in a well-ventilated place. 
P404 Store in a closed container. 
P405 Store locked up. 
P406 Store in a corrosion-resistant / ... container with a corrosion-resistant 

inner liner. 
P407 Leave air gap between stacks or pallets. 
P410 Protect from direct sunlight. 
P411 Keep at temperatures not exceeding… ° C /… ° F. 
P412 Do not expose to temperatures exceeding 50 ° C / 122 ° F. 
P413 Store bulk goods in quantities of more than… kg /… lbs at 

temperatures not exceeding… ° C /… ° F. 
P420 Store separately. 
P402 + P404 Store in a dry place. Store in a closed container. 
P403 + P233 Keep in a well-ventilated place. Keep container tightly closed. 
P403 + P235 Keep in a well-ventilated place. Keep cool. 
P410 + P403 Protect from direct sunlight. Keep in a well-ventilated place. 
P410 + P412 Protect from direct sunlight. Do not expose to temperatures exceeding 

50 ° C / 122 ° F. 
P501 Dispose of contents / container to. 
P502 Contact the manufacturer or supplier for information on reuse or 

recycling. 
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