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I 

Kurzzusammenfassung 

Das Hauptthema dieser Arbeit war die Untersuchung der optischen Eigenschaften 

von Nanopartikeln bestehend aus metallischen Nickelsulfid-Phasen. Dazu wurden neue 

Synthesen entwickelt, um kolloidale Dispersionen von Ni3S2-, Ni3S4- und α-NiS-

Nanostrukturen sowie Kern-Schale-Partikel mit Goldkernen zu erhalten. Diese 

Materialien zeigen auffällige Extinktionsbanden im sichtbaren Teil des 

elektromagnetischen Spektrums, die lokalisierten Oberflächenplasmonenresonanzen 

(LOPRs) zugeordnet werden konnten. Da das Feld der in diesem Spektralbereich 

aktiven plasmonischen Materialien auf Edelmetall-Nanopartikel beschränkt ist, wurden 

die neuartigen Nickelsulfid-Partikel hinsichtlich ihres molaren Extinktionskoeffizienten 

untersucht. Ein Vergleich der Ergebnisse mit denen der häufig verwendeten 

Goldnanokristalle zeigte, dass Ni3S2-Nanostrukturen sehr ähnliche Werte erreichen 

können, während die für ihre Synthese notwendigen Vorstufen deutlich günstiger sind 

als die der Edelmetalle. Darüber hinaus wurden hohle Nickelsulfid-Nanopartikel 

synthetisiert, um die Vorteile hohler Nanostrukturen im Hinblick auf Anwendungen als 

Nanosensoren nutzen zu können. Dies wurde über den nanoskaligen Kirkendall-Effekt 

ausgehend von Nickel-Nanopartikeln erreicht. Die erhaltenen hohlen Nickelsulfid-

Nanopartikel zeigten eine deutlich schärfere LOPR-Extinktionsbande, was sie zu einem 

vielversprechenderen Material für die Sensorik macht. Darüber hinaus wurden α-NiS- 

und Au-α-NiS-Nanopartikel hinsichtlich ihres Metall-Isolator Übergangs und dessen 

Einfluss auf ihre LOPR untersucht. Es konnte gezeigt werden, dass die optische Dichte 

der kolloidalen Dispersionen durch Variation der Temperatur eingestellt werden kann, 

was sie zu einem temperaturschaltbaren plasmonischen Material macht. 

Schlagworte: Lokalisierte Oberflächenplasmonenresonanz, hohle 

Nanopartikel, Nickelsulfid 
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Abstract 

The main topic of this thesis was the examination of the optical properties of 

nanoparticles consisting of metallic nickel sulfide phases. For this, new syntheses to 

obtain various colloidal dispersions of Ni3S2, Ni3S4, and α-NiS nanostructures as well as 

core-shell particles with gold cores were developed. These materials all exhibit 

prominent absorbance features in the visible part of the electromagnetic spectrum which 

were confirmed to be caused by localized surface plasmon resonances (LSPRs). Since 

the field of plasmonic materials active in this spectral region is otherwise confined to 

noble metal nanoparticles, the novel nickel sulfide particles were evaluated with regard 

to their molar extinction coefficient. An analysis of the results compared to commonly 

used gold nanocrystals showed that Ni3S2 nanostructures could achieve very similar 

values while the necessary precursors for their synthesis are much less expensive than 

the respective noble metal precursors. 

Furthermore, hollow nickel sulfide nanoparticles were synthesized to be able to profit 

from the advantages of hollow nanostructures in regards to applications as nanosensors. 

This was achieved via the nanoscale Kirkendall effect starting from nickel 

nanoparticles. The obtained hollow nickel sulfide nanoparticles showed a much sharper 

LSPR absorbance band making them a more promising material for sensorics. 

Additionally, α-NiS and Au-α-NiS nanoparticles were investigated regarding their 

metal-insulator type phase transition and its influence on their LSPR. It could be shown, 

that the optical density of the colloidal dispersions can be tuned by varying the 

temperature, resulting in a temperature-switchable plasmonic material. 

Keywords: Localized Surface Plasmon Resonance, Hollow Nanoparticles, Nickel 

Sulfide 
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Preface 

The results presented in this thesis were obtained between 2016 and 2021 during my 

time as part of the research group of apl. Prof. Dr. Dirk Dorfs at the Institute of Physical 

Chemistry and Electrochemistry of the Leibniz Universität Hannover. The thesis 

consists of 4 publications, which were written by me as the first author. In the following, 

the contributions of each author are mentioned. 

The first article, Localized Surface Plasmon Resonances of Various Nickel Sulfide 

Nanostructures and Au-Ni3S2 Core-Shell Nanoparticles (Chapter 2.2), was written by 

me. I also conducted all syntheses as well as the optical, x-ray diffraction (XRD), and 

dynamic light scattering (DLS) characterization of the Ni3S2 and Au-Ni3S2 structures. 

The shared first author Pascal Rusch performed the synthesis and initial optical, XRD, 

and DLS characterization of the Au nanocrystals and the Ni3S4 nanorods. Dr. Dominik 

Hinrichs did transmission electron microscopy (TEM) analysis of the samples and 

created the table of content (TOC) graphic for the manuscript while Dr. Torben Kodanek 

performed the selected area electron diffraction (SAED) measurements. Dr. Jannika 

Lauth conducted transient absorption spectroscopy (TAS) experiments, the results of 

which were discussed with Dr. Sachin Kinge and Prof. Dr. Laurens D. A. Siebbeles. 

Apl. Prof. Dr. Dirk Dorfs provided helpful advice and discussions. 

The second article, Extinction Coefficient of Plasmonic Nickel Sulfide Nanocrystals 

and Gold-Nickel Sulfide Core-Shell Nanoparticles (Chapter 2.3), was written by me. I 

also performed the synthesis and characterization of the Ni3S2 and Au-Ni3S2 

nanoparticles. The shared first author Dr. Dominik Hinrichs conducted the synthesis and 

characterization of the Au nanocrystals. He also wrote the respective part of the 
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experimental section and did most of the TEM analysis. Apl. Prof. Dr. Dirk Dorfs 

provided helpful advice and discussions. 

The third article, Halide Ion Influence on the Formation of Nickel Nanoparticles and 

their Conversion into Hollow Nickel Phosphide and Sulphide Nanocrystals 

(Chapter 3.2) was written by me. I also conducted all syntheses and characterizations 

except for the ones mentioned in the following. Dr. Dominik Hinrichs performed a 

fraction of the TEM and SAED analysis. Dr. Joachim Sann performed and analyzed the 

x-ray photoelectron spectroscopy (XPS) experiments while Dr. Anica Weller did the 

inductively-coupled plasma mass spectrometry (ICP-MS) measurements, which were 

discussed with Prof. Dr. Georg Steinhauser. Apl. Prof. Dr. Dirk Dorfs provided helpful 

advice and discussions. 

The fourth article, Nickel Sulfide Nanoparticles with Temperature-Switchable 

Plasmon Resonances (Chapter 4.2), was written by me. I also performed all syntheses 

and characterizations except for the ones mentioned in the following. Dr. Dirk Baabe 

conducted the magnetic susceptibility experiments and also wrote the respective parts 

of the “methods” and “results & discussion” sections of the manuscript. Christoph 

Wesemann provided helpful discussions about the magnetic susceptibility results and 

worked on important side experiments which are not included in the manuscript. Patrick 

Bessel did a fraction of the TEM analysis, while Dr. Dominik Hinrichs synthesized and 

characterized the Au seed particles. Anja Schlosser performed additional TEM 

measurements and helped to create the TOC graphic. Prof. Dr. Nadja C. Bigall and apl. 

Prof. Dr. Dirk Dorfs provided helpful advice and discussions. 
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1 Introduction 

 

1.1 Motivation 

Generally, particles with dimensions between 1-100 nm are considered 

nanoparticles.1 This size domain is interesting and has been intensely investigated in the 

last decades since some material classes like semiconductors and metals show 

drastically different properties as nanomaterials when compared to their bulk form.1–3 

In the case of nanoparticles consisting of materials displaying a large number of free 

charge carriers, there is an important change to their optical properties.4,5 On the 

nanoscale, the free charge carriers of the particle can be collectively excited by light 

irradiation, leading to an oscillation of the charge carrier density.5 This effect is called 

localized surface plasmon resonance (LSPR) and will be further elaborated upon in 

chapter 1.2.4 In the past, plasmonic particles have been used by mankind to color glass 

structures such as drinking cups or church windows.6 While the underlying physical and 

chemical causes for the obtained coloration were unknown to people in these cases, in 

the more recent past, since researchers were able to understand and explain the LSPR, 

several more applications for plasmonic nanoparticles have been discovered.7–9 Today, 

they are used in sensing and bioimaging (e.g. in pregnancy or SARS-CoV-2 tests),10–18 

as optical antennas or waveguides,19,20 in photovoltaic cells,21,22 in photothermal 

therapy,23–25 for plasmon-enhanced fluorescence (PEF),15,26 as well as in surface-

enhanced Raman spectroscopy (SERS).27,28 Since these applications are almost 

exclusively based on the optical properties of the particles, the respective usefulness of 

a given plasmonic material depends a lot on the resonance frequency and therefore on 

the wavelength of the absorbed light. Here, the materials showing LSPRs differ 
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especially due to their free charge carrier density.29 While the most intensely 

investigated and best known plasmonic materials are nanoparticle dispersions of the 

noble metals gold and silver, which show an LSPR in the visible part of the 

electromagnetic spectrum, semiconductors can also exhibit an LSPR which is then 

found at far longer wavelengths.29 Degenerately doped semiconductors like some 

copper chalcogenides and tin-doped indium oxide (ITO) for example exhibit sufficient 

charge carrier densities, leading to LSPR maximum wavelengths in the near-infrared 

region of the electromagnetic spectrum.29–35 

For most applications, especially in the case of sensorics, a resonance that is 

observable by the human eye is often preferable since additional systems or methods to 

alert the user to the reaction of the LSPR are unnecessary.13,36 Because of this and their 

superior property relationship between conductivity and surface plasmon magnitude as 

well as due to the far greater knowledge about them and their chemical stability, 

nanoparticles consisting of noble metals are by far the most commonly used plasmonic 

materials.37 However, they also have some obvious disadvantages, the most prominent 

of them being the high cost of the raw material or to be more precise – the cost of the 

precursors. It would therefore be important to find a less costly alternative that shows 

the same or similar optical properties and could therefore substitute the expensive noble 

metal nanoparticles in their applications. This is one of the main focuses of this thesis. 

The goal is to show that nanoparticles consisting of different metallic nickel sulfide 

phases can serve similar purposes when compared to noble metal nanoparticles since 

they show LSPRs with very similar resonance wavelengths and are additionally much 

cheaper in their synthesis. This will be the subject of chapter 2. 

The optical properties of plasmonic nanostructures are furthermore dependent on 

their shape.5 Especially hollow particles have been shown to exhibit very favorable 
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plasmonic properties for sensory applications.38 Examples for this are a strongly tunable 

resonance wavelength as well as a high sensitivity of the LSPR maximum to changes in 

the particle surroundings.39,40 Chapter 3 of this thesis will therefore focus on developing 

a way to obtain hollow nickel sulfide nanoparticles and to characterize their optical 

properties. 

Lastly, employing nickel sulfide as plasmonic material allows the utilization of 

different special properties of some of its specific phases. α-NiS for example shows a 

metal-insulator type phase transition that drastically alters its electronic and optical 

properties when it is cooled below roughly −10 °C.41 Using this, a novel temperature-

switchable plasmonic material could be developed. This avenue will be explored in 

chapter 4 of this thesis. 
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1.2 The Localized Surface Plasmon Resonance (LSPR) 

In this chapter, a few basic concepts about the movement of free charge carriers 

through conductive materials will be presented. Some of the shown models have been 

developed with the goal to describe the processes in bulk materials and need to be 

adapted in order to properly represent the behavior of free charge carriers in 

nanoparticles. 

1.2.1 Theoretical Background 

The Drude-Sommerfeld Model 

The original purpose of this model, developed by Paul Drude in 1900, was to describe 

the charge transport in metals under an external electric field.42 Here, the influence of 

the field on single electrons is examined. Unfortunately, the model assumes that all 

electrons in the metal are strongly coupled to each other and collectively take part in the 

charge transport of the material. This is not reflective of reality, as only the electrons 

close to the Fermi level are able to do that. To account for this, Arnold Sommerfeld 

improved the approach in 1933 by introducing quantum mechanics in the form of Fermi-

Dirac statistics.43 The thusly created Drude-Sommerfeld model can be used to describe 

the electrical conductivity of metals as well as their dielectric function which is needed 

in order to understand and predict the optical properties of the material. The conduction 

electrons are treated as an ideal electron gas and therefore as being able to move freely 

in relation to the fixed and positively charged cores of the metal atoms. Hence, 

interactions between electrons are neglected in this approach. The movement of a single 

electron in an alternating external electric field E(t) can thus be described according to 

equation (1), where e corresponds to the elemental charge while meff denotes the 

effective mass of the electron and Γ a phenomenological damping constant which 
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represents the collision rate of the electron with other electrons as well as with lattice 

phonons and crystal defects.5     

 
𝑚eff

𝜕2𝑟

𝜕𝑡2
+ 𝑚effΓ

𝜕𝑟

𝜕𝑡
= 𝑒𝐸(𝑡)  (1) 

Translating the resulting oscillation to the whole electron gas consisting of n free 

charge carriers leads to a polarization of the metal, as the electrons are treated as 

independent of each other. Employing the respective motion equation of the ensemble, 

a term for the complex dielectric function ε(ω) (equation 2) of the material, depending 

on the frequency of the oscillation, can be derived (equation 3).5 

 𝜀(𝜔) = 𝜀1(𝜔) + i𝜀2(𝜔) (2) 

 
𝜀(𝜔) = 1 −

𝜔P
2

𝜔2 + iΓ𝜔
  (3) 

Here, ε1 represents the real part of the dielectric function corresponding to the 

polarization of the metal and ε2 is the imaginary part connected to energy dissipation 

(equations 4 and 5, respectively) while ωp denotes the Drude plasma frequency which 

can be described by equation 6. ε0 represents the vacuum permittivity.5 

 
𝜀1(𝜔) ≈ 1 −

𝜔P
2

𝜔2
  (4) 

 
𝜀2(𝜔) ≈ 1 −

𝜔P
2

𝜔3
Γ  (5) 

 

𝜔P = √
𝑛𝑒2

𝜀0𝑚eff
  (6) 

The Quasi-Static Approximation 

As alluded to in chapter 1.1, a plasmon is an oscillation of the free charge carrier 

density in electrically conductive materials. There are volume plasmons and also surface 

plasmons, which can occur on surfaces between dielectric materials and bulk conductors 
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like metals where they propagate over long distances.44,45 In nanoparticles, this surface 

propagation is severely limited due to the small size of the particle. Here, the oscillation 

is therefore called localized surface plasmon resonance. Since the particle surface is 

strongly curved as opposed to the comparably flat surface of a bulk material, a strong 

restoring force is affecting the excited charge carriers, resulting in the observed 

resonance.46 Furthermore, the curvature is enabling the excitation of the plasmon via 

direct light irradiation while the plasmons propagating on larger surfaces can only be 

excited when phase-matching techniques are employed.46 The situation of such a 

particle in an oscillating electric field, as is the case upon its exposure to visible light, is 

schematically shown in Figure 1. 

 

Figure 1. Schematic representation of an electrically conductive particle in an 

oscillating electric field. The free charge carriers of the material are excited by the field, 

leading to a polarization of the particle. Over time, an oscillation of the free charge 

carrier density results. 

It can be observed that the oscillation of the charge carrier density leads to a 

polarization of the particle and hence to the formation of an electric dipole. In this state, 

the charge carriers are displaced in relation to the oppositely charged atomic cores 
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resulting in a strong coulombic attraction between them, which acts as a restoring force. 

Unfortunately, it is not trivial to describe this process mathematically since the electric 

field is not constant over the whole volume of the particle, leading to retardation effects. 

Generally, it is therefore necessary to solve Maxwell's differential equations, named 

after their inventor James C. Maxwell.47 However, if the particle radius r is much 

smaller than the incident wavelength λ (r << λ), which is the case for small nanoparticles 

in visible light, a constant field can be approximated to simplify the problem.5,48 This 

approach is called the quasi-static approximation and is schematically presented in 

Figure 2.46 

 

Figure 2. Schematic visualization of the quasi-static approximation. As opposed to the 

picture painted in Figure 1, the particle size needs to be much smaller than the 

wavelength of the electric field in order to assume an approximately constant field over 

the whole nanoparticle. The direction of the resulting internal field Eint inside the particle 

is exactly opposite to the one of the external field. 

Using the quasi-static approximation, retardation effects can be neglected and an 

electro-static approach is possible.46 To describe the optical response of a perfectly 

spherical nanoparticle, Laplace's equation (equation 7), developed in the 18th century by 

Pierre-Simon Laplace, can thus be solved without using Maxwell's equations. Here, ϕ 

denotes the electric potential of the applied electric field and ∇ the nabla operator.46 
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 ∇2𝜙 = 0  (7) 

From this, the electric field E can be calculated.46 

 𝐸 = −∇𝜙  (8) 

For the internal field Eint, this can be written as shown in equation 9. Here, εm 

represents the dielectric permittivity of the surrounding medium, ε(ω) the dielectric 

function of the plasmonic material, and E0 the amplitude of the external electric field.46 

 
𝐸int =

3𝜀m

𝜀(𝜔) + 2𝜀m
𝐸0  (9) 

The polarizability α of the sphere can be calculated as presented in equation 10.5  

 
𝛼 = 4π𝜀0𝑟3

𝜀(𝜔) − 𝜀m

𝜀(𝜔) + 2𝜀m
  (10) 

It is obvious that both Eint and α become very large, and therefore resonant, when 

|ε(ω)+2εm| becomes minimal. If the imaginary part of the dielectric function is 

sufficiently small (ε2(ω) << 1), the resonance condition can thus be described by 

equation 11.5 

 𝜀1 = −2𝜀m  (11) 

Using this and combining the resonance condition with equation 4, the LSPR 

frequency ωLSPR can be formulated.5 

 𝜔LSPR =
𝜔p

√1 + 2𝜀m

  (12) 

According to equation 12, the LSPR frequency and therefore also the wavelength of 

the absorbed or scattered light depends on the plasma frequency ωp and the permittivity 

of the surrounding medium εm. As shown by equation 6, the plasma frequency is 

influenced by the number of free charge carriers n in the material and the effective mass 

meff of these carriers. With an increasing free charge carrier density or a decreasing meff, 
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the LSPR frequency is shifted to larger frequencies and therefore to shorter wavelengths. 

In the case of εm, larger values lead to smaller LSPR frequencies and hence to longer 

wavelengths. The latter dependency is the main measuring principle of plasmonic 

sensors since a change in the particles dielectric surroundings can be detected via the 

change of the respective absorbance spectrum and thus also through the color of a 

nanoparticle dispersion or film.10 

If the resonance condition is met, the absorption and scattering cross-sections of the 

examined spherical particle (Cabs and Csca, respectively) become maximal due to the 

enhanced polarizability of the material. They can be described as shown in equations 13 

and 14. In this case, k represents the wave vector.46 

 
𝐶abs = 4𝜋𝑘𝑟3Im {

𝜀(𝜔) − 𝜀m

𝜀(𝜔) + 2𝜀m
}  (13) 

 
𝐶sca =

8𝜋

3
𝑘4𝑟6 |

𝜀(𝜔) − 𝜀m

𝜀(𝜔) + 2𝜀m
|

2

  (14) 

It can be seen that while the absorption of the particle scales with r3 the scattering 

scales with r6. Furthermore, the extinction or absorbance cross-section Cext of the 

spheres is a sum of absorption and scattering processes and is therefore given by 

equation 15.46 

 𝐶ext = 𝐶abs + 𝐶𝑠𝑐𝑎  (15) 

The Mie Theory 

In 1908 Gustav Mie made great progress toward the understanding of the optical 

properties of dispersions containing noble metal nanoparticles. He solved Maxwell's 

equations for the case of spherical particles, explaining the observed colors by a 

combination of absorption and scattering processes of light.47,49 To understand the 

optical properties of plasmonic nanoparticles which are not accurately described via the 
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quasi-static approximation due to their large dimensions, it is necessary to apply the 

more complex Mie theory. Fortunately, all the particles covered in this thesis are small 

enough for the approximation to be sufficient in this regard. 

1.2.2 LSPR of Anisotropic Particles 

So far, the LSPRs of perfectly isotropic, spherically-shaped nanoparticles have been 

discussed. In this case, there is only one resonance frequency that can be described as 

shown in chapter 1.2.1. However, if the examined particle is anisotropic this is not the 

case anymore. It has been established previously that the LSPR maximum occurs at a 

wavelength, where the polarizability of the nanoparticle is maximal. Yet, in an 

anisotropic particle, the polarizability along its different axes varies, resulting in the 

existence of multiple resonance frequencies and therefore plasmon modes.5 In Figure 3, 

the example of a rod-shaped nanoparticle is schematically shown.  

 

Figure 3. Schematic representation of an anisotropic, rod-shaped nanoparticle in an 

oscillating electric field. Depending on the orientation of the particle in relation to the 

incoming field, a polarization happens either along the transversal or the longitudinal 

axis of the rod. Both result in LSPRs with very different frequencies. 
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Depending on the orientation of the rod in relation to the external electric field, it can 

be polarized over its transversal or its longitudinal axis, leading to two resonance 

frequencies that differ greatly. Since the polarizability of the particle is larger and the 

coulombic restoring force smaller along its longitudinal axis, the respective plasmonic 

absorbance band is found at longer wavelengths than the one corresponding to the 

transversal plasmon mode.5 

For the case of ellipsoid particles, the direction-dependent polarization αi along the 

three principal axes (i = a, b, c) can be considered mathematically by introducing a 

geometrical depolarization factor Li (equation 16), leading to equation 17. Here, V 

represents the volume of the nanoparticle.5 

 ∑ 𝐿i = 𝐿a + 𝐿𝑏 + 𝐿c = 1  (16) 

 
𝛼i = 𝜀0

𝜀(𝜔) − 𝜀m

𝜀m + [𝜀(𝜔) − 𝜀m]𝐿i
𝑉  (17) 

1.2.3 LSPR of Core-Shell Nanostructures 

In core-shell nanostructures, the additional interface between the core and the shell 

is important to consider when describing the LSPR of either material or the particle as 

a whole. Plasmon modes, which tend to strongly couple with each other, can be excited 

in both parts of the nanoparticle depending on the chosen material combination, 

resulting in much more complicated absorbance spectra. For the sake of simplicity, a 

perfectly isotropic, spherical core-shell particle with only one shell is examined in the 

following. In this case, the quasi-static polarizability can be described according to 

equation 18 with εs representing the dielectric function and d the thickness of the shell, 

while εc denotes the dielectric function and r the radius of the core.5 
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 𝛼 = 𝜀0

(𝜀s − 𝜀m)(𝜀c + 2𝜀s) + (
𝑟

𝑟 + 𝑑
)

3
(𝜀𝑐 − 𝜀𝑠)(𝜀m + 2𝜀s)

(𝜀s + 2𝜀m)(𝜀c + 2𝜀s) + (
𝑟

𝑟 + 𝑑
)

3
(𝜀𝑐 − 𝜀𝑠)(2𝜀s − 𝜀m)

4𝜋

3
(𝑟 + 𝑑)3 (18) 

In practice, the formation of a thin shell around a plasmonic material initially leads 

to a broadening of its LSPR and possibly to the occurrence of multiple different plasmon 

modes. With an increasing shell thickness, this effect becomes less pronounced and the 

plasmon can be more accurately described as it has been in the previous chapters.5 There 

are however significant differences visible in the respective absorbance spectra 

depending on the chosen material combination. 

If a dielectric shell is grown onto a plasmonic core, the LSPR of the latter is only 

shifted toward shorter or longer wavelengths depending on the dielectric permittivity of 

the shell material. In the reversed case, where a plasmonic shell is grown onto a 

dielectric, the LSPR is split due to the two different plasmonic interfaces of the shell.5 

This will be discussed in more detail in chapter 1.2.4.  

In the case of a plasmonic shell around a core which is likewise conductive, the LSPR 

of the core material is attenuated with an increasing shell thickness until the optical 

properties are finally almost exclusively dominated by the outer material. In practice, 

this means that for an example of a silver shell around a gold core, the LSPR of the 

nanoparticle is gradually and hypsochromically shifted from the LSPR wavelength of 

gold toward the one of silver with an increasing thickness of the shell. Conversely, in a 

silver-gold system, the silver LSPR shifts bathochromically until the spectral position 

of pure gold is reached.50,51 

1.2.4 LSPR of Nanoshells 

In essence, nanoshells are a special subcase of core-shell particles, where the core is 

either a dielectric material or entirely empty (as is the case for hollow nanoparticles). 



Introduction 

 

 

13 

As mentioned in chapter 1.2.3, here, the LSPR splits in two owing to the different 

surfaces along which a charge carrier density oscillation can take place, namely the outer 

surface of the sphere and the inner, cavity surface. The optical properties of such a 

nanostructure are then a result of a combination of these plasmon modes. This is 

schematically shown in Figure 4. 

 

Figure 4. The LSPR of a hollow nanoparticle/nanoshell consists of a combination of 

the contributions of a “normal” sphere LSPR with the frequency ωsp and an LSPR along 

the inner surface which is called cavity LSPR and has a frequency ωc. Adapted by 

permission from the Materials Research Society, N. Halas, Playing with Plasmons: 

Tuning the Optical Resonant Properties of Metallic Nanoshells, MRS Bulletin 2005, 30 

(5), 362-367, Copyright 2005.52 

The sphere and cavity LSPRs couple to each other which can be described using a 

hybridization model analogous to the combination of atomic orbitals to create molecular 

orbitals according to the molecular orbital theory.53 Thus, from the coupling of the two 

plasmon modes two new combined modes arise. One of those is an energetically 

favorable “bonding” mode ω− which is shifted toward lower energy and therefore a 

longer wavelength and one is an “anti-bonding” mode ω+ which is accordingly 

energetically elevated, resulting in a hypsochromic shift of the corresponding 

absorbance band.52 

In the case of the bonding mode, which is also called bright mode and couples 

strongly to the optical field, the polarization of the cavity and shell plasmon is coherent, 

https://doi.org/10.1557/mrs2005.99
https://doi.org/10.1557/mrs2005.99
https://doi.org/10.1557/mrs2005.99
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leading to a maximal polarization of the nanoshell. In the anti-bonding or dark plasmon 

mode, on the other hand, the polarization of the two surface plasmons is opposite to 

each other, resulting in a diminished total polarization and stronger restoring Coulomb 

forces.52 The combination of sphere and cavity LSPR is schematically presented in 

Figure 5. 

 

Figure 5. Schematic representation of the interaction between the sphere and cavity 

plasmon modes in nanoshells. Analogous to the molecular orbital theory, an 

energetically favorable “bright” or “bonding” mode ω− with a maximally polarized 

particle and a dark or “anti-bonding” mode ω+, where the oscillations of the sphere and 

cavity plasmon are directly opposed to each other, develop. The energetic positions of 

these two modes are furthermore dependent on the thickness of the nanoshell. With a 

decreasing shell thickness, the bonding plasmon mode which is coupling more strongly 

to the optical field is shifted toward lower energies while the anti-bonding mode is 

shifted in the opposite direction. Adapted by permission from the Materials Research 

Society, N. Halas, Playing with Plasmons: Tuning the Optical Resonant Properties of 

Metallic Nanoshells, MRS Bulletin 2005, 30 (5), 362-367, Copyright 2005.52 

As shown, the intensity of the plasmon coupling is strongly dependent on the 

thickness of the nanoshell and therefore on the proximity of the two conductive surfaces. 

If the dielectric cavity is small in relation to the plasmonic shell, the energetic shift of 

https://doi.org/10.1557/mrs2005.99
https://doi.org/10.1557/mrs2005.99
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the combined plasmon modes is small, while a thin shell around a large cavity leads to 

much larger differences.52 

This can be used in order to tune the spectral position of an LSPR as well as its 

absorbance efficiency. Figure 6 shows the evolution of simulated optical absorbance 

spectra of spherical nanoparticles with a diameter of 40 nm consisting of a silica core 

and a gold shell. It can be observed that along with the expected bathochromic shift of 

the LSPR, its absorbance efficiency is strongly increased with a decreasing thickness of 

the nanoshell.54 

 

Figure 6. Extinction/absorbance efficiencies Qext of nanoparticles with a size of 40 nm 

consisting of a dielectric silica core and a plasmonic gold shell, calculated using the Mie 

theory. The total diameter of the particles is constant while the thickness of the shell is 

varied from 4 to 40 nm (solid Au sphere). With a decreasing shell thickness, the 

extinction efficiency of the LSPR increases and the resonance wavelength is 

bathochromically shifted. Reprinted with permission from Nano Letters 2007, 7, 9, 

2854–2858. Copyright 2007 American Chemical Society.54 

https://doi.org/10.1021/nl071496m
https://doi.org/10.1021/nl071496m
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For this system, the spectral position λ of the LSPR absorbance band can be 

calculated using equation 19, where Δλ = λ − λ0 denotes the spectral shift of the LSPR 

maximum in relation to the wavelength λ0 of the maximum of a solid particle of the 

same size. 54 

 
∆𝜆

𝜆0
= 0.97𝑒

(
−𝑑/𝑟
0.18

)
 (19) 

In comparison to the LSPR of solid nanoparticles, the hybridized plasmon modes of 

nanoshells are much more sensitive to changes in their dielectric environment due to a 

stronger plasmonic field on their surface which is a direct result of the coupling between 

the plasmons along the two interfaces.38 For instance, hollow gold nanospheres can 

show a sensitivity factor that is about 4-6 times larger than that of similarly sized solid 

spheres.38,39 Because of this, hollow plasmonic nanoparticles are more interesting for 

usage in sensorics while their larger surface-to-volume ratio also makes them superior 

candidates for applications in catalysis when compared to solid particles.38  
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1.3 Nanoparticle Synthesis 

In this chapter, the most common wet chemistry methods to obtain nanoparticles will 

be described. A distinct focus will lie on the syntheses of core-shell structures and 

hollow particles as they are especially pertinent to the work presented in this thesis. 

1.3.1 Direct Synthesis 

Particles or structures with dimensions on the nanoscale (1-100 nm) can generally be 

obtained via two different approaches. The first, the so-called “top-down” method, is 

characterized by taking larger, bulk materials and breaking them up into smaller pieces 

using various means like laser ablation or ball milling.55 The second route is the 

“bottom-up” approach, which relies on growing the nanoparticles starting from 

molecular precursors.55 The latter is the general technique that is used to produce the 

particles presented in this thesis. 

According to the still prevailing nucleation theory of Viktor K. LaMer and Robert H. 

Dinegar, it is necessary to separate the nucleation and growth phases of the synthesis in 

order to obtain monodisperse colloids using wet chemistry.56 This can be achieved in 

different ways. One of those is the “hot-injection” method which was first developed in 

the group of Moungi Bawendi.57 Here, the “cold” precursors are quickly injected into a 

reaction solution at high temperatures, resulting in a fast oversaturation of monomers 

and consequently in a burst of nucleation events. Then, the temperature is quickly 

decreasing and the monomer concentration is rapidly falling under the saturation limit. 

From this point onward, no further nucleation is possible and the remaining precursor is 

used solely to grow the existing particles. 

Another approach to produce colloidal dispersions of nanoparticles is the “heat-up” 

method.58 In this case, all precursors and other substances needed for the synthesis are 
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mixed at room temperature. Then, the temperature of the resulting reaction solution is 

increased in a controlled manner (usually very quickly) until a threshold is reached and 

monomers are formed rapidly. Like this, a large number of nuclei are simultaneously 

created. From this point onward, the synthesis progresses similarly to the way described 

in the case of the hot-injection. 

After the nanoparticles have been formed and are grown to the desired size and shape, 

it is imperative to end the reaction and remove all the residual monomer and precursor 

concentrations since a colloidal solution of similarly sized small particles is generally 

not a thermodynamically favored state.59 Over time and given the opportunity, smaller 

particles tend to dissolve leading to the further growth of their larger counterparts via 

the addition of the now available monomers.59 This process is called Ostwald-ripening 

since it was discovered by Wilhelm Ostwald in the eighteen-nineties.60 

In this thesis, both the hot-injection and the heat-up approach are used to produce 

different nickel sulfide nanoparticles. In the literature, there are existing synthesis 

procedures to obtain nanoparticles of various nickel sulfide phases such as Ni3S2, Ni9S8, 

α-NiS, β-NiS, Ni3S4, and NiS2.
61–67 However, the quality of the products is often very 

low regarding their size distribution and phase purity. So far, only the β-NiS and Ni3S4 

phases can be produced with a high degree of control over the particle shape and 

monodispersity.68–70 β-NiS can be synthesized in the form of nanoprisms and nanorods 

while in the case of Ni3S4, elongated nanoprisms and nanopyramids can be reliably 

obtained.68,70 Yet, prior to this thesis, the optical properties of metallic nickel sulfide 

nanoparticles have not been investigated regarding a possible occurrence of an LSPR. 
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1.3.2 Core-Shell Synthesis 

Unlike the methods described in chapter 1.3.1, the bottom-up synthesis routes to 

obtain core-shell nanoparticles are generally two-step procedures.71 They can, however, 

also be divided into two kinds of approaches. Firstly, the particle shells can be grown 

in-situ directly after the formation of the cores in a one-pot synthesis.72–75 Secondly, the 

core particles can be produced in a completely separate step after which they are cleaned 

up and stored or potentially functionalized before further usage.76,77 Then, they are 

introduced as seed particles in a subsequent coating procedure. 

One of the main goals of core-shell syntheses is always the suppression of primary 

nucleation events of the shell material which is why the respective monomers should 

not be provided in too large concentrations.71 Furthermore, the seed particles need to be 

optimized via suitable surface ligands to make secondary nucleation onto them 

energetically favorable.71 The temperature is also an important parameter and should, if 

secondary nucleation is thermodynamically favorable compared to homogeneous 

nucleation, be lower than it would be in the case of a direct synthesis of nanoparticles 

consisting only of the shell material.71 

As far as plasmonic core-shell systems are concerned, gold has been investigated 

intensely as core and also as shell material.71 For instance, it can be used as a core for 

the growth of silver, cobalt, nickel, platinum as well as palladium shells or, alternatively, 

be coated onto iron, copper, and cobalt seed particles instead.75,78–84 Besides gold-

including plasmonic core-shell structures, there are also ways to obtain various different 

core-shell systems where nickel, cobalt, iron, and copper often serve as core material 

while the shell consists of comparably more noble metals like silver, copper, platinum, 

and palladium.83–87 
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Within this thesis, shells of different metallic nickel sulfide phases are grown onto 

previously synthesized gold core particles. To the best of the author's knowledge, there 

are no previous works on this subject. 

1.3.3 Synthesis of Hollow Nanoparticles 

In general, synthesis routes to obtain hollow nanostructures can be divided into two 

categories. On the one hand, there are templated syntheses where the material which is 

supposed to enclose a cavity is grown onto a soft- or hard-template which is then 

removed in a subsequent step.88 This way, hollow structures consisting of various metal 

oxides, carbon as well as many other materials can be produced.89–91 

On the other hand, there are template-free synthesis procedures that are more 

commonly used in the case of plasmonic nanoparticles and will therefore be explained 

in more detail here. Examples of this kind of route are the chemical etching of structures, 

galvanic replacement reactions, and the nanoscale Kirkendall effect.92 

Chemical Etching 

It is possible to obtain hollow nanostructures by selectively etching the particle 

interior.92 This has been reported in the case of iron nanocubes which could be 

transformed into hollow nanoframes due to their insides being corroded by molten 

sodium salt which was generated in-situ during the synthesis.93 Similarly, cubic cobalt 

nanoskeletons and palladium nanoboxes/nanocages could be produced via the 

controlled corrosion of cubic particle cores.94,95 Further examples of hollow 

nanostructures which can be obtained by chemical etching are nanoparticles consisting 

of various transition metal oxides such as zinc, copper, iron, and manganese oxide.96–98 
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Galvanic Replacement Reactions 

In the case of noble metals, galvanic replacement reactions are the most commonly 

used method in order to obtain hollow nanostructures.99 For this, a material with a lower 

electrode potential, in most cases silver, is used to grow precursor particles which are 

then subsequently converted to a more noble metal like gold, palladium, or platinum 

through a galvanic reaction, resulting in hollow structures.99 For instance, gold 

nanocages can be obtained from silver nanocubes since the less noble silver is oxidized 

and consequently dissolved in a redox reaction with gold ions, which are in turn reduced 

and deposited on the edges of the cubes.100 Besides nanocages, nanoboxes, triangular 

nanorings, nanotubes (single- or multiple-walled), nanorattles, and nanoshells can be 

produced with this technique.101–106 Platinum and palladium nanocages can be obtained 

in the same way starting from silver nanocubes.107 

Instead of silver, other metals like cobalt can also be used as a precursor material. In 

this way, hollow gold, silver, platinum, palladium, or alloyed AuPt as well as CoPt 

nanostructures can be synthesized.108–113 Here, the magnetic properties of cobalt 

particles and their tendency to form template structures like 1D chains can be used to 

obtain even more elaborate products.113,114 

The Nanoscale Kirkendall Effect 

In the 1940es, Ernest O. Kirkendall discovered that by heating copper-coated α-brass 

to 765 °C a directed transport of mass can be induced in the material due to different 

diffusion rates of copper and zinc atoms.115,116 Generally, if two metals are in contact 

and the temperature is high enough, an alloy can be obtained. The resulting phase 

borders gradually move over time while voids are being formed owing to the respective 

diffusion coefficients of the metal atoms in the different materials. Here, the atomic 
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diffusion mechanism is based on the movement through lattice vacancies.117 This 

accordingly named Kirkendall effect, which is likewise observed for other compounds 

besides pure metals, can also be employed to create cavities on the nanoscale, leading 

to the formation of hollow nanoparticles.118–120 This is schematically depicted in 

Figure 7.  

 

Figure 7. Schematic representation of the nanoscale Kirkendall effect in metal (M) 

nanoparticles. When a reactive substance X, which can be a pnictogen or chalcogen, is 

provided, a reaction M +  𝑛X →  MX𝑛 takes place and a shell around the metal core is 

formed. If the diffusion rate of X− anions in the material MXn is smaller than that of Mn+ 

cations and if X is constantly added, a hollow nanostructure develops. Republished with 

permission of the Royal Society of Chemistry, from B. D. Anderson, J. B. Tracy, 

Nanoparticle Conversion Chemistry: Kirkendall Effect, Galvanic Exchange, and Anion 

Exchange, Nanoscale 2014, 6 (21), 12195–12216, Copyright 2014; permission 

conveyed through Copyright Clearance Center, Inc.119 

One of the most intensively investigated processes of this kind is the oxidation of 

particles consisting of transition metals like cobalt, nickel, and iron.121–124 Here, upon 

exposing the particles to an oxygen source, a thin metal oxide layer is formed. To keep 

the reaction going, O2− anions and/or M2+ cations then need to diffuse through said 

layer.124,125  

The diffusion processes during the oxidation of a metal can be described with the 

Cabrera-Mott model which was developed by Nicolás Cabrera and Sir Nevill F. Mott in 

1949 and is shown schematically in Figure 8.126 Briefly, once a very thin metal oxide 

https://doi.org/10.1039/C4NR02025A
https://doi.org/10.1039/C4NR02025A
https://doi.org/10.1039/C4NR02025A
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layer has formed, electrons start to tunnel through the forming shell due to the creation 

of electronic surface states which are located below the Fermi level energetically. 

Hence, an electric field is generated. This field, in turn, drives the transport of metal 

cations and oxygen anions through the oxide.119,126 

 

Figure 8. Schematic representation of the oxidization of a metal nanoparticle according 

to the Cabrera-Mott model. Through the initial surface reaction of metal and oxygen, a 

thin metal oxide film is formed. Subsequently, an electric field is generated in the metal 

oxide layer leading to the directed flow of ions and electrons. Republished with 

permission of the Royal Society of Chemistry, from B. D. Anderson, J. B. Tracy, 

Nanoparticle Conversion Chemistry: Kirkendall Effect, Galvanic Exchange, and Anion 

Exchange, Nanoscale 2014, 6 (21), 12195–12216, Copyright 2014; permission 

conveyed through Copyright Clearance Center, Inc.119 

The Cabrera-Mott theory was originally created to model the oxidization of bulk 

materials. Thus, in order to accurately apply it to nanoparticle systems some adaptations 

regarding the particles' geometry, volume changes during the process as well as their 

ligand coverage are needed.127–129 

If the diffusion of the oxygen anions is faster than the one of the metal cations or the 

nanoparticles are very small, the whole particle is slowly converted to the metal oxide 

while the overall particle shape is usually preserved. Alternatively, core-shell structures 

https://doi.org/10.1039/C4NR02025A
https://doi.org/10.1039/C4NR02025A
https://doi.org/10.1039/C4NR02025A
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can be formed this way.130–134 However, if the diffusion of the metal cations is quicker, 

which is often the case due to their smaller ionic radius, a cavity is developing and 

hollow nanostructures can be obtained.119 

Besides oxides, many different materials can be produced and modeled this way.92,119 

For instance, hollow metal phosphide nanostructures can be obtained via the  

phosphidation of particles consisting of transition metals like iron, cobalt, nickel, gold, 

platinum, palladium, or rhodium with reactive phosphorus-containing substances like 

trioctylphosphine.135–140 Other examples are hollow nanostructures of metal 

chalcogenides (sulfides, selenides, or tellurides) resulting from the conversion of cobalt, 

cadmium, lead, and silver nanoparticles or the transformation of copper and zinc oxide 

particles to copper selenide and zinc sulfide, respectively.141–148 

Since the conversion chemistry of nickel nanoparticles via the nanoscale Kirkendall 

effect is very effective in the case of oxidization and phosphidation, experiments 

regarding the analogous synthesis of hollow nickel sulfide nanostructures were 

conducted as a part of this thesis. So far, this has only been shown on the microscale 

and not for actual nanoparticles.149–155 
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1.4 The Ni-S System 

The Nickel-Sulfur system consists of a wide range of different compositions and 

phases. A phase diagram for temperatures above 0 °C is shown in Figure 9. 

 

Figure 9. Phase diagram of the Ni-S system at atmospheric pressure. The bolded 

temperatures refer to the melting point of nickel and the boiling point of sulfur, 

respectively. Reprinted by permission from Springer Nature, H. Okamoto, Ni-S (Nickel-

Sulfur) Journal of Phase Equilibria and Diffusion 2009, 30, 123, Copyright 2009.156 

The most common phases, which also naturally occur as minerals, are heazlewoodite 

(Ni3S2), which has a rhombohedral crystal structure, trigonal millerite (β-NiS, denoted 

as NiS in Figure 9), as well as cubic polydymite (Ni3S4) and vaesite (NiS2).
156–160 Due 

to the strong covalent nature of the Ni-S bonds in these structures and the large overlap 

between the Ni 3d- and S 3p-orbitals combined with Ni-Ni distances, which in some 

cases can be almost as small as in elemental nickel, all of these materials exhibit a large 

https://doi.org/10.1007/s11669-008-9430-9
https://doi.org/10.1007/s11669-008-9430-9
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density of states (DOS) at their respective Fermi level.161 The overlap between the 

orbitals and therefore also the metallic behavior of the Ni-S phases decreases with a 

decreasing Ni:S ratio, resulting in all of these nickel sulfides apart from one exhibiting 

the properties of a metal. The exception to this is NiS2, which is a Mott insulator (this 

will be explained in more detail in chapter 1.5).161,162  

The phases relevant to this thesis are Ni3S2, Ni3S4, and the hexagonal α-NiS phase 

(Ni1-xS, denoted as δ in Figure 9), which crystallizes in the NiAs structure type.41,156,157 

It can be observed that while Ni3S2 and Ni3S4 are thermodynamically stable at the used 

synthesis conditions (usually up to slightly over 200 °C) and at room temperature, this 

is not the case for α-NiS.156,157 It is metastable and can therefore only be obtained at 

kinetically controlled synthesis conditions. However, if it is stabilized and subsequently 

cooled below roughly 265 K, a first-order phase transition, which is accompanied by a 

sudden and drastic change in electrical conductivity, can be triggered.41,163 The nature 

of this and similar transitions will be further explained in chapter 1.5. 
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1.5 Metal-Insulator Transitions 

It is a general convention that materials can be classified as metallic or 

semiconducting depending on the position of their respective Fermi level.164–166 If it is 

positioned between classical bands, a band gap exists and the material is classified either 

as a semiconductor or even as an electrical insulator depending on the size of the gap. 

If the Fermi level is located inside a partially filled band/the conduction band, the 

material should show metallic properties. However, there are some examples of 

semiconducting/insulating materials which according to those rules should be a metal 

due to their band structure and DOS (e.g. NiS2, see chapter 1.4).167  This phenomenon, 

which was first explained by Sir Nevill F. Mott in 1949, is caused by electron-electron 

correlations which are neglected in the simpler energy-band model.168 The underlying 

principle for these correlations is the fact that a significant amount of Coulomb repulsion 

exists between the individual electrons. The original model by Mott described the 

situation of a crystal consisting of atoms with one electron each at 0 K and proposed 

that there should be a discontinuous transition from insulating to metallic behavior 

depending on the interatomic distance.169 This change is caused by the pairing energy 

which needs to be overcome when moving an electron from one atom to the next where 

it then has to share its orbital. 

This idea was later expanded by Robert S. Knox, who described the situation of a 

semiconducting material whose bands are forced to overlap by changes to its 

stoichiometry or specific volume.170 Here, it was reasoned that the change from 

semiconductor to metal would need to be discontinuous and therefore result in a sharp 

transition because small numbers of free electrons and holes would form excitons 

instead of behaving like an electron gas.169,170 
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The insulating state, which is usually antiferromagnetic, is termed Mott insulator, 

while the transition toward the metallic state is called a Mott transition.169 During these 

sharp transitions there can also be changes to the structure of the material. 

Further knowledge was added by John Hubbard who introduced the Hubbard energy 

U which represents the intra-atomic interaction energy of electrons.171 He found out that 

a metal-insulator transition occurs when the ratio B/U of the corresponding bandwidth 

B to the Hubbard energy is equal to 1.15.169 This means for strongly correlated materials 

with a large U compared to their respective bandwidth an insulating state is favored 

even though the classical band model would otherwise predict a metal. The resulting 

split bands are called the upper and lower Hubbard band, respectively.169 A schematic 

picture of this can be seen in Figure 10. 

 

Figure 10. Intra-atomic electron-electron interaction induced splitting of the conduction 

band of a transition metal with a half-filled d-band into two Hubbard bands, leading to 

the semiconducting/insulating material properties of a Mott insulator. For the sake of 

simplicity, the scheme suggests that the bandwidths B1 and B2 of the two Hubbard bands 

are equal, which is not the case.169 Adapted figure with permission from the American 

Physical Society, M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 1998, 70, 

1039, Copyright 1998.172 

https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1103/RevModPhys.70.1039
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Metal-insulator transitions described by the Hubbard model are called Mott-Hubbard 

transitions and can be triggered by different means such as temperature, pressure, or 

compositional changes which alter the ratio B/U and therefore cause the two Hubbard 

bands to overlap. 

Prominent examples of materials with metal-insulator transitions are transition metal 

chalcogenides such as NiO, VO2, V2O3, and Ti2O3.
169 As mentioned previously (in 

chapter 1.4), NiS2 is also a Mott insulator.169 In this case, a Mott-Hubbard type transition 

can be induced by applying pressure to the material.173 However, if a sufficient amount 

of sulfur atoms is replaced with selenium to form NiS2-xSex, the transition also occurs 

due to the accompanying change in bandwidth, resulting in a metallic state at standard 

conditions.169,174 This threshold is reached when x equals 0.5-0.6 at room temperature 

or 0.44 at 0 K.174 

Another material from the Ni-S system which exhibits a similar transition is α-NiS 

(Ni1-xS). Here, the transition can be triggered by cooling the material below roughly 

265 K.163,169 Furthermore, the transition temperature can be altered by changes to the 

composition of the material in the form of nickel deficiencies or doping with other 

transition metal atoms.169,175,176 However, the antiferromagnetic low-temperature phase 

is not a classical Mott insulator in this case. Instead, even though its specific resistivity 

is increased by a factor of 100 in relation to the paramagnetic high-temperature phase, 

it still shows the electrical properties of a poorly conducting metal.163 The changes to 

the structure, however, are minimal. The lattice parameters a and c expand by 0.3 and 

1.0 %, respectively, while the cell volume of the NiAs-type structure is increased by 

1.3 %.41,163 The phase transition is of the first order, which means the corresponding 

changes to the material properties are likely accompanied by a hysteresis.172 
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The influence of a metal-insulator type transition on the LSPR of nanoparticles has 

to date only been investigated in the case of VO2 films that show a plasmonic absorbance 

band in the near-infrared regime of the electromagnetic spectrum.177–179 So far, there are 

no studies dealing with colloidally dispersed particles or resonances that are excitable 

by visible light. As a part of this thesis, α-NiS nanoparticles are synthesized and 

examined regarding their temperature-dependent optical properties in order to further 

investigate this subject. 
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2 Optical Properties of Different Nickel Sulfide 

Nanostructures 

 

2.1 Summary 

The results presented in chapter 2.2 represent the first investigation of the optical 

properties of nickel sulfide nanoparticles regarding the possible occurrence of a 

localized surface plasmon resonance. They show that in the case of particles consisting 

of the metallic phases Ni3S2 and Ni3S4 absorbance maxima in the visible regime of the 

electromagnetic spectrum can be found using optical spectroscopy. To confirm the 

plasmonic nature of these features, multiple experiments were conducted. The 

dependency of the LSPR maximum on the dielectric surroundings was investigated by 

changing the solvent of the particle dispersions. As expected for a plasmonic material, 

the maximum was bathochromically shifted with an increasing dielectric permittivity of 

the solvent. Additionally, novel Au-Ni3S2 core-shell nanostructures were synthesized. 

The LSPR maximum of these particles hypsochromically shifted from that of the Au 

cores toward the respective spectral position of pure Ni3S2 with an increasing shell 

thickness instead of bathochromically shifting the gold plasmon as it would be the case 

for most semiconducting shells grown onto gold cores. Furthermore, prismatic Ni3S4 

nanorods with much broader absorbance features were examined. Since these particles 

were not colloidally stable over longer time spans, they tended to aggregate over time, 

resulting in a bathochromically shifted and broadened LSPR maximum due to plasmon 

coupling. This change to the optical spectra could be reversed by ultrasonicating the 

sample. When compared to the smaller, spherical Ni3S2 nanoparticles, the nanorods also 

showed a very broad absorption at longer wavelengths. This can be attributed to an 
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LSPR along the longitudinal axis of the rods. In general, the nickel sulfide 

nanostructures show much broader absorbance bands than comparable Au nanoparticles 

which are attributed to a larger damping constant in the material. Finally, transient 

absorption spectroscopy measurements were conducted in order to further confirm the 

metallic nature of the particles. It was found that upon irradiation with 180 femtosecond 

laser pulses at the maximum wavelength the plasmon was bleached for a very short time. 

After initially shifting to longer wavelengths, it was regained in a few picoseconds. All 

performed measurements and experiments lead to the conclusion that nanoparticles of 

the investigated nickel sulfide phases show an LSPR maximum in the visible regime of 

the electromagnetic spectrum. 

To examine the nickel sulfide particles as a potential substitute for more expensive 

noble metal nanoparticles, their optical properties were directly compared to those of 

Au nanoparticles of the same size. This is shown in chapter 2.3. A method to determine 

and compare the molar extinction coefficient of both particle species was developed and 

its results were verified by comparison with literature values for Au nanocrystals. 

Additionally, Au-Ni3S2 core-shell particles were investigated and their synthesis was 

improved compared to the study shown in chapter 2.2 by minimizing homogeneous 

nucleation via a lower reaction temperature. It was found that at the respective LSPR 

maximum wavelength the extinction coefficient of Au particles is only about two times 

larger than the one of Ni3S2 particles of the same diameter. The respective value of the 

core-shell particles can be tuned in between the ones of the pure nanoparticles by 

varying the shell thickness. However, this comparison does not take into account that 

the LSPR maximum of the nickel sulfide is much broader and therefore a lot more 

photons are absorbed at shorter and longer wavelengths than it is the case for the 
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comparably sharp Au absorbance band. Hence, in total, the number of photons the Ni3S2 

samples absorb might be similar. 

In conclusion, nickel sulfide nanostructures of previously unattainable quality were 

synthesized and found to exhibit LSPR maxima in the visible part of the electromagnetic 

spectrum while displaying molar extinction coefficients similar to Au nanocrystals, 

making them an interesting alternative to noble metal nanoparticles. 
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3 Synthesis of Hollow Nickel Sulfide Nanocrystals 

 

3.1 Summary 

After nickel sulfide nanostructures have been established as a promising plasmonic 

material with similar optical properties to noble metal nanoparticles, the need to further 

improve the range of obtainable particle geometries and shapes arises. As explained in 

chapter 1.2.4, hollow plasmonic nanoparticles exhibit optical properties which are ideal 

for several types of applications. Especially in sensors, the higher sensitivity of the 

LSPR maximum towards the particles' surroundings is important to achieve an optimal 

sensing material. Hence, the goal of chapter 3.2 was to synthesize hollow nickel sulfide 

nanoparticles and to evaluate their optical properties. As mentioned in chapter 1.3.3, 

there are several ways to obtain hollow nanostructures. However, in the case of nickel 

sulfide, methods such as chemical etching or galvanic replacement reactions, which are 

very commonly used to produce hollow noble metal nanoparticles, are not easily 

applicable. Hence, the chosen route was to first synthesize nickel nanoparticles and then 

convert them to hollow nickel sulfide structures via the nanoscale Kirkendall effect. 

This was achieved successfully for nickel oxide and nickel phosphide in the literature. 

It was quickly found that the results of the chosen nickel synthesis are very dependent 

on the number of halide ions present in the reaction solution leading to completely 

amorphous nanoparticles when none are present or fully crystalline particles when a lot 

of halide ions are used. In between, the size of the crystalline areas inside the nickel 

nanoparticles can be readily controlled by varying the halide ion concentration. Since 

the nanoscale Kirkendall effect is only possible in crystals, this way the size of the 

obtained cavities inside the particles could in turn also be tuned. This could be shown 
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in great detail in the case of the more commonly known nickel phosphide system. 

Amorphous nickel particle regions were simply converted to nickel phosphide while 

crystalline nickel underwent the Kirkendall effect forming cavities. This knowledge was 

then applied to the nickel sulfide synthesis, resulting in hollow nickel sulfide 

nanoparticles when fully crystalline nickel precursor particles were used. The obtained 

sulfide material showed a very narrow LSPR band compared to the one exhibited by the 

nickel sulfide nanoparticles discussed previously. This was attributed to the improved 

crystallinity of the Kirkendall product which could be a reason for a smaller damping 

constant of their respective LSPR. Additionally, it was found that the obtained nickel 

sulfide phase could be varied by using different sulfur precursors during the synthesis. 
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4 Nickel Sulfide Nanoparticles with Temperature-Switchable 

Plasmon Resonances 

 

4.1 Summary 

Since metallic nickel sulfide nanoparticles have been established as a viable 

alternative to noble metal particles, it is also interesting to investigate if there are specific 

properties of certain nickel sulfide phases that could pose an additional opportunity to 

create novel plasmonic materials. The α-NiS phase, which is metastable at room 

temperature (see chapter 1.4), for example, shows a reversible Mott-transition (see 

chapter 1.5) at about 265 K in the bulk. Because the electronic properties of the material 

are heavily altered with this change, the LSPR of nanoparticles consisting of α-NiS 

should also be drastically influenced. Therefore, in this chapter, α-NiS nanoparticles and 

Au-α-NiS (Au-NiS) core-shell particles were synthesized and their plasmonic properties 

were examined using temperature-dependent optical spectroscopy. The obtained results 

were then compared to those of Au nanocrystals which served as reference material. 

It could be shown that the optical density of the α-NiS particles' LSPR band is 

strongly tunable by varying the temperature in a range from 235-295 K in toluene. 

Below a temperature of about 240 K, the LSPR is completely switched off and can be 

switched on again by reheating the particle sample. This reversal shows a slight 

hysteresis (the optical density only starts to increase again at temperatures above 250 K) 

as can be expected for a first-order phase transition. In the case of the Au-NiS core-shell 

particles, the change in absorbance is much smaller. This could be due to the remaining 

charge carrier density of the Au cores in combination with different amounts of 

uncompensated magnetic moments present inside the particles which were revealed by 
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magnetic susceptibility measurements. However, also in this system, a reversible 

switching behavior at similar temperatures was observed. Hence, nanoparticles 

consisting of α-NiS could be an exciting subject for applications that benefit from a 

temperature-switchable plasmonic material.  
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5 Conclusion 

 

5.1 Summary 

One of the main goals of this thesis was to investigate the optical properties of 

colloidal, metallic nickel sulfide nanostructures and to examine if they could be a 

potential alternative to the widely used plasmonic noble metal nanoparticles. 

Absorbance spectra of prismatic Ni3S4 nanorods and novel Ni3S2, as well as Au-Ni3S2 

core-shell nanostructures, which were synthesized for the first time, were therefore 

collected. In all cases, absorbance bands, located in the visible regime of the 

electromagnetic spectrum, could be found. According to the results of several different 

experiments, these can indeed be attributed to an LSPR. 

To be able to directly compare the absorbance properties of the nickel sulfide 

particles to those of noble metal nanocrystals, molar extinction coefficients of Ni3S2, 

Au, and Au-Ni3S2 nanoparticles with equivalent diameters were determined using the 

same technique. It was found that the extinction coefficient of the nickel sulfide plasmon 

at the LSPR maximum wavelength is about 0.5 times as large as the one of Au 

nanocrystals. However, due to the much larger plasmon damping in the Ni3S2 material, 

its respective absorbance band is much broader than the comparably sharp Au band. 

Hence, when comparing the total amount of absorbed light in the visible part of the 

electromagnetic spectrum the nickel sulfide material could offer a more similar value. 

Yet, a direct comparison is difficult due to inter-band transitions occurring in the Au 

nanocrystals that result in significant additional absorbance in the respective spectrum. 

Additionally, the cost of the precursors used in the Ni3S2 synthesis is much lower. In 

order to synthesize the same number of particles of an identical diameter, the gold 
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precursor is about 47 times more expensive than the nickel and sulfur precursors 

combined.1 Consequently, plasmonic nickel sulfide nanoparticles could be a much 

cheaper alternative to Au nanocrystals. 

For specific uses like sensory applications, it is also useful to be able to control the 

shape and geometry of the nanoparticles. In addition to the previously investigated 

nanorods, hollow nanoparticles should therefore be synthesized because of their more 

sensitive reaction to changes to their dielectric surroundings. This could be achieved by 

fine-tuning a known Ni nanoparticle synthesis with different amounts of halide ions, 

which were added to the reaction solution. Depending on the used sulfur precursor, fully 

crystalline Ni nanoparticles could then be converted to hollow Ni3S2 or Ni3S4 particles 

via the nanoscale Kirkendall effect. These hollow particles showed a much sharper 

LSPR band than their conventionally synthesized counterparts. For applications as 

plasmonic sensors, this band sharpening leads to a direct increase in sensitivity. 

Finally, the Ni-S system offers special material properties which can be examined in 

combination with the LSPR. α-NiS nanoparticles and Au-α-NiS core-shell particles 

were synthesized and investigated using temperature-dependent optical spectroscopy. A 

strongly temperature-dependent absorbance behavior of the colloidally dispersed 

particles caused by a reversible metal-insulator type phase transition was revealed. 

Hence, these α-NiS nanoparticles represent the first temperature-switchable plasmonic 

material active in the visible regime of the electromagnetic spectrum. Exploring this 

further could be interesting for various applications. 

 

                                                 
1 Calculated using the prices for HAuCl4∙3H2O (>99.99% purity), NiCl2∙6H2O (>99.9% purity) and 1-

dodecanethiol (>98% purity) at http://www.sigmaaldrich.com looking at quantities of 5 g (762.00 €), 5 g 

(30.70 €), and 500 mL (51.10 €), respectively. Visited on the 26.11.2021.  

http://www.sigmaaldrich.com/
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5.2 Outlook 

Based on the discoveries presented in this thesis, metallic nickel sulfide 

nanomaterials could be implemented in applications and devices where plasmonic noble 

metal nanoparticles are used. Examples of this are sensorics, plasmon-enhanced 

fluorescence, and, to name a more specific example, surface-enhanced Raman 

spectroscopy (SERS). This should be done in order to examine if this new material class 

suffers from drawbacks that are unknown at this point or if it is able to act as a cheaper 

substitute for the commonly used and more expensive noble metal particles. 

To further improve the suitability of the nickel sulfide for specific applications, the 

presented syntheses should be improved and adapted further in order to gain a wider 

spectrum of obtainable particle sizes. This is necessary because many applications favor 

larger particles than those discussed in this thesis. Additionally, nanoparticles of 

different metallic nickel sulfide phases such as β-NiS could be synthesized and 

investigated. 

Regarding the study on hollow nanoparticles shown in chapter 3, it could also be 

worthwhile to examine the optical properties of the presented nickel phosphide particles 

in more detail. As shown in the supporting information of the paper, they exhibit 

absorbance bands in the visible regime of the electromagnetic spectrum which could 

also be caused by an LSPR. 

The α-NiS synthesis should be adapted or a new experimental procedure needs to be 

found which permits the doping of the material with other transition metals like cobalt 

or iron. A possible alternative route to achieve this could be cation exchange reactions. 

Through the doping, the transition temperature of the nanoparticles could be finetuned 

and switching temperatures at or above room temperature should be possible making 
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the system even more interesting for potential applications since optical spectroscopy at 

temperatures below 0 °C is a very tenuous process. Alternatively, the NiS2-xSex system 

could be investigated since the temperature of the respective metal-insulator transition 

can also be tuned via the composition of the material. 
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